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226 Materials

Plastics abbreviations with chemical names and
trade names 3 )
Code Chemicalname Trade names
ABS Acryloitrite butadene styrene Cycolac, Novedur, Ronlaln, Teriran

ACM Polyacrylate rubber Cyanacryl, Hycar

EAM1) Ethylene acrylate rubber Varac
APE') rubber Ayief, APEC
ASA Acrylate styrene acrylonitrile Luran S
AU Polyrethano elastomers Urepan
CA Cellulose acelate, BerocellTejii______

CAB Cetlulosacetebulyrate CeIdor, Tenite
Cm Chlorinatedpolyethylene Bayer CM, CPR
CR Chloroprene rubber Bapron, Neoprene
CSM Chlorcsultona~edpolyethylene Hypalon
ECO Epichoroiydrin ubber Hercor, Hydrn
EPRpx Ara eld

EUM Ethylene propylene rubber Buna AP Dural, Kelan, Nordel Vistalon
EU Polyurethaneelastomers Adiprene C
FPM Fluorcerbnrubber DAI-EL, Fluor 1,TenotlVon, on

HNB) Hydrogitilerubber Therban Zepot
R Isopren-e rubber Cariflex I, Nalsyn
VF eamno-tormaldohybe Bakelite, Resinol, S praplast. Rcsopai

MPF M e Spraplastealtest

MVD SilcoOerubber Rhodorsil, Silastic, Silopren
NBR Nirit lienerubber RuneN,Chem:qurHycar,Perbunan
PA 4 PoIdo4r Stanyi
PA 6-3- AmorphouspoTyamide Trogamid T

PA 6 Polyamide 6 Akulon, Durethan 8, Grilon. Nivionplast,
(polymers of -caprolactam) Perlon, Renyl, Snlamid, Technyl, Ultra-

mid B, Wellarnid

PA 66 Polyamide 66 Akulon Durethan B, Grilon. Nivionplast
(polymers of hexamethylene diamide Perlon, Renyl, Siamid, Techyl Ultra-
and adipic acid) mid B, Wellamid

PA XI) X = partially aromatic polyamides Ultramid TI), Amodel 1 ... ), Amodel 4 . ),
Grivory GVr). Grivory HTV8), Zytel HTN),
IXEF C)

PA 11 Polyamide 11 Rilsan 6
(polymers of 11-aminoundecanoic acid)

PA 12 Polyanide12 Grilamid, Rilsan A, Vestamid
S(polymers otdodecalaclam) __________________

PAl _ Po yamide imide lorlon
PAN Polyacrylonitrile Dralon. Orlon
PBTP Pryautylenelerephthelete Crestin, Pocan, Ultradur, Vestodur, Colanex

PC Polycarbonate Makrolon. Orgalan, Sinvet. Lexan
PA 612 Polyamide 612 (polymers of hexamethy- Zytel

lene diamine and dodecanoic acid
COC |Cyclo-olefin copolymers Topas

LCP Liquid cryslal polymers Vectra, Zerite
PA 6/66 Copotyamide 6/66 UltramidOQ Technyl, G'lIon ISV

SPS) Syndiotactic polystyrene
PK ( Polvkeron

Questra, Xarec
CarilonI . Carilon
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Materials 227

Code Chemical name
I- I.

LF) [Long-fiber reinforced thermoplastic

(PC+ ABS)[ Bend of polycarbonate + ABS

Trade names
Cestran

Bayblend, Cycoloy

(PC + ASA) rBlend of polycarbonate - ASA Terblend S
(PC-PBT) Blend of polycarbonate + PET Xenoy

PE Polyethylene Hostalen. Lupolen, Stamylan, Vestolen

PE K Polytheretherketone Victrex "PEEK'

PEI Polyether snide Ultem

PES Polyeother suphone Victrex "PES, Ultrason E
PETFEI) Ethylen )etrafluorethylene copoiymer Hostaflon ET, Tetzel

PETP Potyethyene terephthalale Arnite, Crasfin, Mylar, Rynife, Impet

PF Phenol-formaldehyde Bakelite, Supraplast, Vyncoite

PFA Perfkioralkoxyethylane Teflon PFA
PFEP1) Fluorinatedethylene-propylene Teflon FEP

-I copolymer _________________

PI Polyimide Kapton, Kerimid, Kinel. Vespel

PWMA Polyrethy!methacrytate Degalan, Dakon, Lucryl, Perspex,
Plexiglas, Vedril

PCM Polyoxymothylone,polytonnaloahyde Deirin, HostaformU traform
'a polvecetal)

PIP Polypropylene Dapten, Hoslaaen PP, Moplen
SSlamylan PStarpylen, Vestolen

(PPE + SB) Blend of polyphenylene ether SB Noryl, Luranyl
)PPE+ PA) Blond of polyphenylene ether ±PA Noryl GTX, Ultranyl, Vesloblend
PPS Polyphenylene sulfide Fortron, Ryton, Tedur
PS Polystyrene Edisfir, Hostyen. ustrex
PSU Polysulphone Udel, Ultrason S
PTFE PoFytetrefluorethyiene Fluon, Hostaflon, Teflon
PLR Polyurethane Lycra,.Vulkollan

PVC-P Polyvinylchloride,plasticized Trosplast, Vestolit, Vinoflex

PVC-U Polyvinyl chlorid, unplasticizec Trovidur, Hostalit, Vinidur, Vestolid
PVDF Potyvinylidenefluoride DyflrKnar.Solef
PVF Polyvinylfluoride Tedlar
SAN Styreneacrylnitrile Kostil, Luran. Tyril
SE Styrenobutadiene Hoslyren, Lustrex
SER StyreneBbuadienerubber una -Is, Buna S Cariflex S
TPE-A) Polyetherblockamide Pebax, Vestamid E
TPE-EIl TPE 2)polyester base Arnitel, Hytret, Riteftex

TPE-0) TPE2)clefinbase Leraflex, Santoprene
TPS!S TPS') styrene base Cariflex, Evoprene, Kraton

P E-li1 Polyester urethane Desmopan,SElastollan

UP Urea-formaldehyde Bekelite, Pollopas
UP tUnsaturated pofyester Keripol, Leguval, Palatal

) Materal code notyet standardized. 2) TPE: Thermoplastic rubber
3) SO 1043/DIN 7728 (Thermoplastics, thermosetting plastics), ISO 1629 (Rubbers)
Material codes ) PA 66T 8) PA 61/6T
) -) are standardized )PA 6T/61/66 9) PA 6TIMPMDT

) PA 6T/66 c PA MXD 6
7) PA 66+PA 61/6T
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230 Lubricants

Lubricants

Terms and definitions

Lubricants provide mutual insulation for
components in a state of relative motion.
The lubricant's function is to prevent di-
rect contact between these components,
thereby reducing wear and minimizing, or
optimizing, friction. Lubricants serve as
coolants, sealants and corrosion in-
hibitors, and can also reduce operating
noise. The lubricant can be solid, consis-
tent, liquid or gaseous in form. Specific lu-
bricants are selected with reference to de-
sign characteristics, materials combina-
tions, the operating environment and the
stress factors encountered at the friction
surface.

Additives
Additives are substances mixed into the lu-
bricant in order to improve specific proper-
ties. These substances modify either the
lubricant's physical characteristics (e.g.
viscosity index improvers, pour-point de-
pressors) or its chemical properties (e.g.
oxidation inhibitors, corrosion inhibitors). In
addition, the properties of the friction sur-
faces themselves can be modified with ad-
ditives which change the friction character-
istics (friction modifiers), protect against
wear (anti-wear agents), or provide protec-
tion against scoring and seizure (extreme-
pressure additives). Great care must be
exercised in order to ensure that the addi-
lives are correctly matched with each other
and with the base lubricant.

AFC (Anti-Friction-Coating)
Solid lubricant combinations which a
binding agent holds in place on the friction
faces.

ATF (Automatic Transmission Fluid)
Special-purpose lubricants specifically for-
mulated to meet stringent requirements
for operation in automatic transmissions.

Ash (DIN 51575, 51803)
The mineral residue which remains after
oxide and sulfate incineration.

Bingham bodies
Materials whose flow characterisi cs differ
from those of Newtonian liquids.

Bleeding (Oil separation, DIN 5 817)
Separation of the base oil and the thick-
ener in a lubricating grease.

Cloud point (DIN ISO 3015)
The temperature at which mineral oil be-
comes opaque due to the formation of
paraffin crystals or precipitation of other
solids.

Consistency (DIN SO 2137)
A measure of the ease with wh ch lubri-
cating greases and pastes can be de-
formed.

Doped lubricants
Lubricants containing additives for im-
proving specific properties (e.g. aging sta-
bility, wear protection, corrosion protec-
tion, viscosity-temperature characteris-
tics).

Dropping point (DIN ISO 2176)
Temperature at which a lubricating grease
attains a specified viscosity under defined
conditions.

EP Lubricants (Extreme Pressure)
See high-pressure lubricants.

Fire pointiflash point (DIN ISO 2592)
The lowest temperature (referred to
1013 hPa) at which a gaseous mineral
product initially flashes (fire point), or con-
tinues to burn for at least 5 secs (burning
point).

Flow pressure (DIN 51805)
According to Kesternich, the gas pressure
required to press a consistent lubricant
through a standardized test nozzle. The
flow pressure is an index of a lubricant's
starting flow characteristics, particularly at
low temperatures.

Friction modifiers
Polar lubricant additives which reduce
friction in the mixed-friction range and in-
crease bearing capacity after adsorption
on the surface of the metal. They also in-
hibit stick-slip behavior.
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Lubricants 231

Gel-type greases
Lubricants with inorganic gelling agents
(eig. Bentonites, Aerosiles, silica gels).

Graphite
Soid lubricant with layer-lattice structure.
Graphite provides excellent lubrication
when combined with water (e.g. high at-
mcspheric humidity) and in carbon-diox-
ide atmospheres or when combined with
oils. It does not inhibit friction in a vacuum.

High-pressure lubricants
Ccntain additives to enhance load-bear-
ing capacity, to reduce wear and to re-
duce scoring (generally provide good per-
formance in steel-to-steel and steel-to-ce-
ramic applications).

Induction period
The period which elapses before sub-
stantial changes occur in a lubricant (e.g.
aging of an oil containing an oxidation in-
hibitor).

Inhibitors
Lubricant protection additives (e.g. oxida-
tion and corrosion inhibitors).

Low-temperature sludge
Products of oil degradation which form in
the engine crankcase due to incomplete
ccmbustion and condensation at low en-
gine load. Low-temperature sludge in-
creases wear and can cause engine dam-
age. Modern high-quality engine oils in-
hibit its formation.

Metal soaps
Reaction products from metals or from
their compounds with fatty acids. They
are used as thickeners for grease and as
friction modifiers.

Mineral oils
Mineral oils are distillates or raffinates
produced from petroleum or coal. They
consist of numerous hydrocarbons in var-
ious chemical combinations. Classifica-
tion is according to the predominant com-
ponent: paraffin-based oils (chain-shaped
saturated hydrocarbons), naphthene-
based oils (closed-chain saturated hydro-
carbons, generally with 5 or 6 carbon
a'oms per ring) or aromatic oils (e.g.

alkylbenzene), These substances are dis-
tinguished by major variations in their re-
spective chemical and physical proper-
ties.

Molybdenum disulfide (MoS,)
A solid lubricant with layer-lattice struc-
ture. Only low cohesive forces are present
between the individual layers, so their mu-
tual displacement is characterized by rel-
atively low shear forces. A reduction in
friction is only obtained when MoS, is ap-
plied in suitable form to the surface of the
metal (e.g. in combination with a binder
such as (MoS, anti-friction coating).

Multigrade oils
Engine and transmission oils with good
resistance to viscosity-temperature
change (high viscosity index VI). These
oils are formulated for year-round use in
motor vehicles; their viscosity ratings ex-
tend through several SAE grades.

Penetration (DIN ISO 2137)
Depth (in 10-1 mm) to which a staidard-
ized cone penetrates into a consistent'lu-
bricant within a defined period and at a
specified temperature. The larger the
number, the softer the lubricant.

Polar substances
Dipolar molecules are easily adsorbed
onto metal surfaces. They enhance adhe-
sion and bearing capacity, thus reducing
friction and wear. This category includes,
for example, esters, ethers, polyglycols
and fatty acids.

Pour point (DIN ISO 3016)
The lowest temperature at which an oil
continues to flow when cooled under de-
fined conditions.

Rheology
Science dealing with the flow characteris-
tics of materials. These are generally rep-
resented in the shape of flow curves.
Coordinate plotting:
Shear stress r = FIA (N/m2- Pa)

F force, A surface area
against
Shear rate )= v/v (s)
(linear shear rate)
v velocity, v thickness of lubricating film,

)
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232 Lubricants

Dynamic viscosity
q= rID(Pa s)
The formerly-employed unit 'centiPoise"
cP) is equal to the unit (mPa s).

Kinematic viscosity
q1/0 (mm2/s)

pdensity (kg/m3 ).
The formerly-employed unit "centiStokes"
(cSt) is equal to the unit (mm2/s).

Newtonian fluids
These display a linear relationship be-
tween r and D in the shape of a straight
line through zero, with the slope increas-
ing as a function of viscosity

All materials not characterized by this
kind of flow behavior are classified as
non-Newtonian fluids.

Intrinsicallviscous flow behavior
Decrease in viscosity with increasing
shear rate (e.g. liquid grease, multigrade
oil with VI improvers).

Dilatant flow behavior
Increase in viscosity with increasing
shear rate.

Plastic flow behavior
Formability of an intrinsically viscous fluid
supplemented by yield value (e.g. lubri-
cating greases).

Flow curves
1 Rheopex. 2 Thixotropic 3 Newtonian,
4 Plastic, 5 Dilatant, 6 Intrinsically viscous.
7 Yield limit,

Pa

3

74

6

Velocity gradient -- s-

Thixotropy
A characteristic of those non-Newtonian
fluids that display an increase in viscosity
proportional to shear time, and only grad-
ually recover their original viscosity once
shearing ceases.

Rheopexy
A characteristic of those non-Newtonian
fluids that display a reduction in viscosity
proportional to shear time, and only grad-
ually recover their original viscosity once
shearing ceases.

Stribeck curve
Portrays friction levels between two liquid-
or grease-lubricated bodies separated by
a narrowing gap (e.g. lubricated plain or
roller bearings) as a function o sliding
speed.

Solid-body friction
The height of the lubricant layer is lower
than that of the roughness protrusions in
the material's surface.

Mixed friction
The height of the lubricant layer is approx-
imately equal to that of the roughness
protrusons

Hydrodynamics
Complete separation between primary
and opposed body (virtually frictionless
condition).

Stribeck curve
R Surface roughness, FN Normal force.
d Distance betwcca basic and counter-body
Range a: solid friction, high wear Range b:
mixed friction moderate wear: Range c
hydrodynamics, no wear.

C

u

0

0
cc~0

cc
0
C)

~- -*1.-- C------ c7

LL-

d-o SlidiR d>R

Sliding velocity v -
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Lubricants 233

Viscosity (DIN 1342, DIN 51550)
Defines the internal friction of sub-
stances. It indicates the degree of resis-
tance (internal friction) with which the
substance's molecules oppose displace-
mEnt forces (see Rheology).

Viscosity index (VI) (DIN ISO 2909)
The viscosity index VI is a mathemati-
ca ly-derived number expressing the
change in a mineral-oil product's viscosity
relative to its temperature. The greater the
VI, the lower the effect of temperature on
the viscosity.

Viscosity classification
Classification of oils in specific viscosity
ranges. ISO viscosity classifications
(DIN 51519, see Table 1).

SAE viscosity grades (DIN 51511,
SAE J300, DIN 51512, SAE J306c, see
Tables 2 and 3).

Yield point (DIN 13342)
The minimum shear stress at which a
substance begins to flow. Above the yield
point, the rheological characteristics of
plastic substances are the same as those
ofliquids.

Table 1. Viscosity classes for industrial
lubricating oils to ISO3448 (DIN 51519)

ISO Medium Kinematic
viscosity viscosily viscosity
class at40'C limits

at 40'C
mm2/s mM 2/s

min. Tax-

ISOVS 2 2.2 1.98 2,42

ISO VS 3 3.2 288 3.52

ISO VG 5 4-6 4.14 5.06

ISOVC 7 68 6-12 7.48

ISO VG 10 10 9.00 11.0

ISO VG 15 15 13.5 16.5
ISOV 22 22 198 24.2

ISOV 32 32 28-8 35-2

ISOVG 46 46 414 50.6
ISOV 68 68 61.2 74.8

ISOVG 10 100 90.0 10

ISO VO 150 150 135 -65

ISOV 220 220 198 242

ISOVG 320 320 288 152

ISO VG 460 460 414 508

ISOV 680 680 612 48

ISOV 1000 1000 900 1 100

i S0 1500 1350 1650

Table 2. SAE viscosity grades for engine oils/transmission lubricants (SAE J300, Dec. 95)

SAE Viscosity Limit punping Kinematic viscosy Viscosity under
viscos- (ASTM D 5293) viscosity (ASTM D 445) high shear
iy (ASTM D 4684) (ASTM D 4683,
grade with no yield point CEC L-36-A-90.

ASTM D 4741)
mPa s at 'C mPa s at C mm2/ at 100 C mPa - s at 150 C

and 10 s-
max. max. min. max. rmn.

0W 3250al-30 60000 at -40 3.8 -
5 W 3500at-25 60000at-35 3.8 - -

19W *350*a *-2 0 0at-30 4.1 - -

15W 3500a i -60000 at5.6 - -

23W 4500t-10 60000 at -20 5.6 - -

25W at-5 60000at 93 - -

2) - - 5.6 <9.3 2.6

3) - - 9.3 <12.5 2.9

43 - - 12.5 <16.3 2.9 (OW-40,
5W-40, 10W-40)

43 - 12.5 <16.3 3.7 (15W-40,
20W-40. 25W-40, 40

50 - - 16. <21,9 3,7

60 21.9 <26-1 3,7 '4,,iw

iI~
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234 Lubricants

Table 3. SAE viscosity grades for
transmission lubricants (SAE J306c,
March 85)

SAE Maximum Kinematic
viscosity temperature 'C viscosity
grade for dynamic mm1s,

viscosityyat at10T
150,C00m-Pa s (AST.M0D445)
(ASTM0D2983), {mnm ax-

70W V1 -55 4.1 -

75 W -40 4.1 -

BOWV -26 7.0 -

90 13.5 24.0
140 24.0 tt.0i
250 - 41.0 -

Worked penetration (DIN ISO 2137)
Penetration of a grease sample after it is
warmed to 25'C and processed in a
grease kneader,

Engine oils
Engine oils are employed primarily to lu-
bricate contiguous components in relative
motion within the internal-combustion en-
gine. The oil also removes heat generated
by friction, carries particles removed by
friction away from the source, washes out
contaminants and holds them in suspen-
sion, and protects metals against corro-
sion. The most common engine oils are
mineral oils treated with additives (HD
oils: Heavy Duty for extreme operating
conditions). Higher stress-resistance re-
quirements combined with extended oil-
change intervals have led to widespread
application of fully and semi-synthetic oils
(e.g. hydro-rack oils). The quality of an
engine oil is determined by its origin, the
refining processes used on the mineral oil
(except in the case of synthetic oils) and
the additive composition.

Additives are classified according to
their respective functions:
- Viscosity-index (VI) improvers.
- Pour-point improvers,
- Oxidation and corrosion inhibitors,
- Detergent and dispersant additives,
- Extreme-pressure (EP) additives,

- Friction modifiers,
- Anti-foaming agents.

Oil is subjected to considerable thermal
and mechanical stresses in the Iengine,
The data on the oils' physical properties
provide information on their operating
range, but are not indicative of Iieir other
performance characteristics,

There thus exist several different proce-
dures for evaluating engine oils (see com-
parison of engine-oil performance cate-
gories):
- ACEA (Association des Constructeurs

Europ6ens de I'Automobile) standards,
replaced the CCMC standard: (Comite
des Constructeurs d'Automobiles du
Marche Commun) at the beginning of
1996,

- API Classification (American Petro-
leum Institute)

- MIL Specifications (Military),
- Manufacturer's specifications
The approval criteria include the follow-
ing:
- Sulfate-ash content,
- Zinc content,
- Engine type (diesel or spaik-ignition

engines, naturally-aspirated or forced-
induction engines),

- Load on power-transmissior compo-
nents and bearings,

- Wear-protection properties,
-Oiloperating temperature (in oil pan),

Viscosity/Temperature curves for single
and multigradeengineoils

SAEs45ic'is2!l020J W

Im. -

moo

['7 ____

1000.

300:
yoo-

41
20

10 - 01 0
-20 0 20 40 60 80 100 |

Temperalure
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Lubricants 235

- Combustion residue and chemical
stress exerted upon the oil by acidic
combustion products,

- The oil's detergent and residue-scav-
enging properties,

- Its suitability for use with gasket and
sealing materials.

ACEA (CCMC) Specifications
Engine oils for gasoline engines
Al-98: Special high-Lubricity oils with re-
duced viscosity at high temperatures and
high shear.
A2-96: Conventional and high-lubricity
engine oils without any restriction on vis-
cosity class. Higher requirements than
CCIVIC G4 and API SH.
A-98 Oils of this category meet higher
requirements than A2-96 and CCMC G4
and G5.

Engine oils for passenger-car diesel
engines
B1-98: Corresponding to Al-98 for low
friction losses and, consequently, re-
duced fuel consumption.
B2-98: Conventional and high-lubricity
ergine oils compliant with the current
minimum requirements (higher than those
of CCMC PD2).
B3-98: Exceeds B2-98.
B4-98: Corresponds to B2-98, particularly
suitable for VW TDI engines.

Engine oils for commercial-vehicle diesel
engines
El-96: Oils for naturally aspirated and tur-
bocharged engines with normal intervals
between oil changes.
E2-96: Derived from MB Specification
Sheet 228.1, Primarily for engine designs
predating the Euro-ll standard.
E3-96: For Euro-li engines, derived from
MB Specification Sheet 228.3. In compar-
ison with the predecessor category
CCMC D5, these oils evince a significant
improvement in soot dispersion capability
and a much reduced tendency to thicken.
E4-98: Currently the highest quality cate-
gory for diesel engines compliant with the
Euro-I and Euro-l standards and with
high requirements, particularly for ex-
tended intervals between oil changes (ac-
cording to manufacturer's specification).
Based to a large extent on MB 228.5.

API Classifications
S Classes (Service) for gasoline engines.
C Classes (Commercial) for diesel en-
gines.
SF: For engines produced in the 80s.
SG: For engines built since 1989, with
more stringent sludge test, improved oxi-
dation stability and friction protection.
SH: Since mid-1993, corresponds to API
SG quality level, but with more str ngent
process requirements for oil quality testing.
SJ: Since October 1996, more tests than
API SH.

CC: Engine oils for non-turbocharged
diesel engines with low stress factors.
CD: Engine oils for non-turbocharged and
turbocharged diesels, replaced by API CF
in 1994.
CD-2: API CD requirements, plus addi-
tional requirements relevant to 2-stroke
diesel engines.
CF-2: Oils with special 2-stroke proper-
ties (since 1994).
CE: Oils with CD performance character-
istics, with supplementary test operation
in American Mack and Cummins engines.
CF: Replaced API CD in 1994. Specially
for indirect injection. even if the sulfur con-
tent of the fuel is >0.5%.
CF-4: As API CE. but with more stringent
test procedure in single-cylinder Caterpil-
lar turbo-diesel engines.
CG-4: For diesel engines operating under
very stringent conditions. Exceecs API
CD and CE. Fuel sulfur <0.5%. Required
for engines compliant with posl- 19 94

emission-control regulations.

SAE viscosity grades
(DIN 51511, SAE J300, DIN 51512,
SAE J306c)
The SAE (Society of Automotive Engi-
neers) classifications are the internation-
ally-accepted standard for defining vis-
cosity. The standard provides no informa-
tion on the quality of the oil. A distinction
is drawn between single-grade and multi-
grade oils. Multigrade oils are the :ype in
widespread use today.
Two series are employed for the designa-
tion (see Table 2) with the letter W(Win-
ter) being used to define specific ccid-flow
properties. The viscosity grades including
the letter "W"are rated according t) max-

ftN
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4
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imum low-temperature viscosity, maxi-
mum viscosity pumping temperature and
the minimum viscosity at 100CC; viscosity
crades without the "W" are rated only ac-
cording to viscosity at 100 C.

Multigrade oils
Multigrade oils are characterized by a less
pronounced proportional relationship be-
tween temperature and viscosity They re-
cuce friction and wear, can be used all
year round, and provide rapid lubrication
for all engine components in cold starts.

High-lubricity oils
Lubricating oils with multigrade proper-
ties, low viscosity at low temperatures,
and special anti-friction additives. Ex-
tremely low engine friction under all oper-
ating conditions reduces fuel consump-
tion.

Transmission lubricants
Specifications for transmission lubricants
are defined by the type of transmission
and the stresses to which it is subjected
through the entire range of operating con-
ditions, The requirements (high pressure
resistance, high viscosity stability relative
to temperature, high resistance to aging,
good anti-foaming properties, compatibil-
itV with gaskets and seals) can only be
satisfied by lubricants treated with special
additives. The use of unsuitable and qual-
itatively inferior oils typically results in
damage to bearings and gear-tooth
flanks.

The viscosity must also suit the specific
application. Viscosity grades for vehicular
transmissions are defined in DIN 51512
and SAE J 306 (see Table 3).

Synthesized oils are being increasingly
used to meet special requirements (e.g.
pcly-a-olefines). Advantages over stan-
dard mineral lubricants include superior
temperature-viscosity properties and in-
creased aging resistance.

API Classifications for transmission
lubricants
C-L1-GL3: Outdated, no longer of practi-
cal significance.
GL4: Transmission lubricants for moder-

ately-stressed hypoid-gear transmissions
and for transmissions which operate at
extreme speeds and impact loacs, high
rotational speeds and low torques, or low
rotational speeds and high torques.
GL5: Transmission lubricants for highly-
stressed hypoid-gear transmissions in
passenger cars and in other vehicles
where they are exposed to impact loads
at high rotational speeds, and at high ro-
tational speeds and low torques, or low
rotational speeds and high torques.
MT-1: Non-synchromeshed manual trans-
missions in American trucks.

Lubricants for automatic transmissions
(ATF: Automatic Transmission Fluid)
Automatic transmissions differ from their
manually shifted counterparts in the way
that they transfer torque; positive mechani-
cal and hydrodynamic force transfer being
supplemented by friction coupling arrange-
ments. Thus the friction response of auto-
matic-transmission fluids is extremely im-
portant. Applications are basically classi-
fiedaccordingtothefrictioncharactristics:

General Motors: Superseded classifi-
cations: Type A, Suffix A, DEXRONO,
DEXRON BDEXRONtl IC, DEXRONIl D.
DEXRON 0 II E (valid through 1994).
DEXRON 5I IL. Valid since 1 January,
1994. Features more stringent require-
ments for oxidation stability and consis-
tency in frictional coefficient.
Ford: MERCON (valid since 1987).
Other manufacturers: In accordance with
operating instructions.

Lubricating greases
Lubricating greases are thickened 1ibricat-
ing oils. A great advantage that greases en-
joy over oil is that they do not drain f -om the
contact location. Complicated measures
designed to seal them in place are there-
fore unnecessary (e.g. application in wheel
bearings and moving systems such as
ABS, alternators, ignition distributors, wind-
shield-wiper motors, servo motors).Table 4
provides a general overview of the compo-
nents in a consistent lubricating grease as
blended from three basic components -
base oil, thickener and additive.
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Mineral oils are usually employed as
the basic oil component, although full- -
syntietic oils have recently become more -
common as a replacement (e.g. due to -
more stringent requirements for aging re-
sistance, cold-flow properties, viscosity- T
temperature characteristics). a
Thickeners are used as a binder for the c
base oil; metal soaps being generally em- el
ployed. They bind the oil in a sponge-like (p
soap structure (micelle) via occlusion and s
Van der Waals forces. The higher the pro-
portion of thickener in the grease (de- p
pends upon the type of thickener), the p
greater the grease's consistency (depth of d
penetration of a test cone into the grease
sample) and the higher the NLGI classii- st
cation (see Table 5). te

The additives serve to modify physical ro
and chemical properties of the grease to te
achieve specific objectives (such asim-
provement of anti-oxidation properties, in- f
creased load capacity (EP additives), and
rediction of friction and wear).

Solid lubricants (e.g MoS2) are also g
added to lubricating greases (for instance
for lubricating constant-velocity joints in 0

moor vehicles).
Specific lubricating greases are se-

leced with reference to their physical
characteristics and their effects upon the
slicing surface, and to minimize interac-
tion between the grease and the contact
materials.

Example:
Mutually antagonistic effects with poly-
mars:

Taole 4. Composition of lubricating greases
Ease oils 1Thickeners

Formation of stress cracks,
Consistency changes,
Polymer degradation,
Swelling, shrinkage, brittleness.

hus, tor example, mineral-oil greases
nd greases based on synthetic hydro-
arbons should not come into contact with
astomers used together with brake fluid
olyglycol base), as this could provoke

ubstantial swelling.
In addition, greases with varying com-

ositions should not be mixed (changes in
hysical properties, grease liquefaction
ue to drop-point reduction).
The correct lubricating grease can sub-
antially enhance the performance po-
ntial of products with sliding cortact-

surfaces (e.g. transmissions, friction and
ller bearings, actuator and control sys-
ins).

able 5. Consistency classifications
or lubricating greases (DIN 51 813)
NLGI Worked penetration as
rade per DIN ISO 2137

in nits (0. 1 mm

00 445 ... 475

00 400 ... 430

0 3552.385
1 310 ...340

2 265...295
3 220 ... 250

4 175 ... 205

5 130 .160
6 85"..15

Whatever the friction pairing, the multiplicity of lubricant components can be used to devlop Z high-
performance lubricant.

V-

Additives
nerdloils 1Metal soaps Oxidation inhibitors
Paratfinic (Li,NaCa,BaAI Fe, Cu ions, sequestering agents

- Naphthenic Norral Corroston inhibitors
Aromatic Hydroxi- Exreme-pressure addives

Complex (EP additives)
Poly-u-oletines Wear-protection additives
Alkyl aromatics Polyureas (anti-wear additives)
Esterols IFriction reducers
Polyaicohols PE (friction modifiers)
Slnets Bentonites ADeesion isprovers
ilenyietherols Seica gels Dtergents, dispersants

Perfluorpolyethers VImprovers
Solid lubricants

I
itir
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Fuels
Characteristics

Net and gross calorific values
The specific values for the net (formerly:
low) and gross (formerly: high, or com-
bustion) calorific values, or He and Ho re-
spectively, provide an index forthe energy
content of fuels. Only the net calorific
value H, (combustion vapor) is significant
in dealing with fuels with which water is
produced as a byproduct of combustion.

Oxygenates, fuel constituents which
contain oxygen, such as alcohols, ether,
and fatty-acid methyl ester have a lower
calorific value than pure hydrocarbons,
because their bound oxygen does not con-
tribute to the combustion process. Power
comparable to that achievable with con-
ventional fuels can thus only be attained at
the cost of higher consumption rates.

Calorific value of air-fuel mixture
The calorific value of the combustible air-
fuel mixture determines the engine's out-
put. Assuming a constant stoichiometric
ratio, this figure remains roughly the same
for all liquid gases and fuels (approx.
3500. 3700 kJ/m3 ).

Fuels for spark-ignition
engines (gasoline/petrol)

The minimum requirements for these
types of fuels are contained in various na-
tional and international standards. Euro-
pean Standard EN228 defines the un-
leaded fuels which have been introduced
within Europe ("Euro-Super").D 0N EN228
contains the corresponding German
specifications along with supplementary
descriptions of unleaded regular and su-
per premium ("Super-Plus") fuels. In the
USA, fuels for spark-ignition engines are
defined in ASTM D439 (American Society
for Testing and Materials). Fuels for
spark-ignition engines are hydrocarbon
compounds which may contain supple-
ments in the form of oxygenous organic
components or other additives to improve
performance.

A distinction is made between regular
and premium (super-grade) gasolines.
Premium gasoline has higher anti-knock
qualities and is formulated for use in high-
compression engines. Volatility ratings
vary according to region and whether the
fuel is intended for summer or winter use.

Unleaded gasoline (EN 228)
Unleaded fuel is indispensable for vehi-
cles equipped with catalytic converters for
treating exhaust gases, as lead would
damage the noble metals (e.g. platinum)
in the catalytic converter and rerder it in-
operative. It would also des:roy the
Lambda sensors employed to monitor ex-
haust gas composition for closed-loop
control.

Unleaded fuels are a special mixture of
high-grade, high-octane components
(e.g. platformates, alkylates and iso-
merisates). The anti-knock qualities can
be effectively increased with non-metallic
additives such as methyl tertiary butyl
ether (MTBE) in concentrations of 3...
15% and/or alcohol mixtures (methanol
2.3%, and higher alcohols) .s of the
year 2000, the maximum lead content is
limited to 5mg/L.

Leaded gasoline
In Europe, sales of leaded gasoline are
prohibited as of the year 2000, although
for a transitional period it will still be avail-
able in exceptional cases.

Leaded fuel is still available in some
countries, although their number is
steadily decreasing.

Density
European Standard EN228 limitf the fuel
density range to 720...775 kg,'m3. Be-
cause premium fuels generally iiclude a
higher proportion of aromatic com-
pounds, they are denser than regular
gasoline, and also have a slightly higher
calorific value.

Anti-knock quality (octane rating)
The octane rating defines the gasoline's
anti-knock quality (resistance to pre-igni-
tion). The higher the octane raing, the
greater the resistance to engine knock.
Two differing procedures are in interna-
tional use for determining the octane rat-
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Table 1. Essential data for unleaded gasoline, European Standard EN 228
(valid since 1 January2000)
Requirements Unit Specification
Anti-knock quality

Premium, min. RON/MON 95185

Fegular, mi 1 ) RON/MON 9 182. 5
Super Plus!) RON/MON 98/888

Denity kgm3  720._.775
Sulfur, max. mg/g 150
Benzene, max %1volume

Lead, max. mg/I 5
Volatility

Vapor pressure, summer. mnr/max. Pa 45160

Vapor pressure, winter, minmax. kPa 60901
Evaporated vol. at 70 C, summer, min1ma. % volume 20`4b

Evaporated vol. at 7000, winter, mnimax. % volume 22/50
Evaporated vol. at 100'C, min./max, % volume 4671

Evaporated vol. at 150'C, min./max. volume j75-
Final boiling point, max, 'C 210
/LI transitional periods), max.2) 11501)

) National values for Germany, 2) VLI= Vapor Lock Index, 3)spring and fall.

ing, these are the Research Method and
the Motor Method.

RON, MON
The number determined in testing using
the Research Method is the Research
Oclane Number, or RON. It serves as the
essential index of acceleration knock.

-he Motor Octane Number, or MON, is
derived from testing according to the Mo-
tor Method. The MON basically provides
an indication of the tendency to knock at
high speeds.

The Motor Method differs from the Re-
search Method by using preheated mix-
tures, higher engine speeds and variable
ignition timing, thereby placing more strn-
gent thermal demands on the fuel under
examination. MON figures are lower than
those for RON.

Octane numbers up to 100 indicate the
vo umetric content in percent of CHB iso-
octane (trimethyl pentane) contained in a
mixture with CJHIG n-heptane at the point
where the mixture's knock-resistance in a
test engine is identical to that of the fuel
being tested. Iso-octane, which is ex-
tremely knock-resistant, is assigned the
octane number 100 (100 RON and MON),
while n-heptane, with low-resistance to
pre-ignition, is assigned the number 0.

Increasina the anti-knock oualitv

'<Ii

hi

-a-
.1'

A

A
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Normal (untreated) straight-run gasoline
displays little resistance to knock. Vcrious
refinery components must be added to
obtain a fuel with an octane rating which
is adequate for modern engines. The
highest-possible octane level must also
be maintained throughout the entire boil-
ing range. Cyclic hydrocarbons (aramat-
ics) and branched chains (iso-paraffins)
provide greater knock resistance than
straight-chain molecules (n-paraffins).

Additives based on oxygenous compo-
nents (methanol, ethanol, methyl tertiary
butyl ether (MTBE)) have a positive effect
on the octane number, but can lead to
difficulties in other areas (alcohols raise
the volatility level and can damage fuel-
system components).

Volatility
Gasolines must satisfy stringent volatility
requirements to ensure satisfactory oper-
ation. The fuel must contain a large
enough proportion of highly volatile com-
ponents to ensure good cold starting, but
the volatility must not be so high as to im-
pair operation and starting when the en-
gine is hot (vapor lock). In addition, envi-
ronmental considerations demand that
evaporative losses be held low, Volatility
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s defined in various ways.
EN228 defines 10 different volatility

classes distinguished by various levels of
vapor pressure, boiling-point curve and
ILl (Vapor Lock Index). To meet special
'equirements stemming from variations in
climatic conditions, countries can incor-
corate specific individual classes into
heir own national standards.

Boiling curve
ndividual ranges on the boiling curve ex-

ercise a particularly pronounced effect on
operating behavior. They can be defined
according to volumetric fuel evaporation
at three temperatures. The volume which
Evaporates up to70aC must be adequate
to ensure good cold starting, (particularly
important for old carburetor-type en-
gines). but not so large as to promote for-
mation of vapor bubbles when the engine
s hot. The percentage of vaporized fuel at
100'C determines the engine's warm-up
qualities, as well as its acceleration and
response characteristics once it has
reached normal operating temperature.
The vaporized volume up to 150'C
should be high enough to minimize dilu-
lion of the engine's lubricating oil, espe-
cially with the engine cold.

Vapor pressure
Fuel vapor pressure as measured at
38 0C/100F in accordance with prEN
13016-1 is primarily an index of the safety
with which the fuel can be pumped into
and out of the vehicle's tank. The Reid
method is an alternative method of mea-
suring fuel vapor pressure. All specifica-
tions place limits on this vapor pressure.
Germany, for example, prescribes max-
ma of 60 kPa in summer and 90 kPa in
winter. In the case of modern fuel-njected
(EFI) engines though, when trouble-
shooting vapor-lock malfunctions, it is
more important to know the vapor pres-
sure at higher temperatures (80, 100C).
Research procedures are in place, and a
definitive standard is currently being pre-
oared. Fuels to which methanol is added
are characterized by a pronounced rise in
vapor pressure at high temperatures.

Vapor/liquid ratio
This specification provides an index of a

fuel's tendency to form vapor bubbles. It is
based on the volume of vapor generated
by a specific quantity of fuel at a set tem-
perafure. A drop in pressure (e.g. when
driving over a mountain pass) accompa-
nied by an increase in temperature will
raise the vapor/liquid ratio and with it the
probability of operating problems. ASTM
D439, for example, defines specific va-
por/liquid ratios for gasolines.

Vapor Lock Index (VLI)
This parameter is the sum of the Reid va-
por pressure (in kPa x 10), and that pro-
portion of the fuel that vaporizes up to a
temperatureof 70'C. Both components in
the equation are absolute data, tie latter
being derived from the boiling-point curve
prior to multiplication by a factor of 7. The
VLI provides more useful information on
the fuel's influence on starting and oper-
ating a hot engine than that supplied by
conventional data.

The correlation between VLI and va-
por/liquid ratio is good in the case of fuels
that contain no alcohol additives.

Sulfur
Direct-injection systems for gasoline en-
gines require fuels with a low sufur con-
tent on account of their exhaust-emission
control systems. The byproducts of sulfur
combustion would render the catalytic
converters inoperative. Consequently,
and also on account of the target reduc-
tion in SO2 emissions, the sulfur content
of fuels will have to be further reduced in
future; figures in the range <10 pm are
desirable.

Additives
Along with the structure of the hydrocar-
bons (refinery components), it is the addi-
tives which determine the ultimat quality
of a fuel. The packages generally used
combine individual components with vari-
ous attributes,

Extreme care and precision are re-
quired both when testing additives and in
determining their optimal concertrations.
Undesirable side-effects must be
avoided. To obtain optimal resilts, the
quantities used remain the province of the
manufacturer, who can add the correct ra-
tios in the desired concentrations when
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filling the tanker at the refinery. Vehicle
operators should refrain from adding sup-
plementary additives of their own.

Anti-aging additives
These agents are added to fuels to im-
prove their stability during storage, and
are particularly important when the fuel
also contains cracked components. They
inhibit oxidation due to atmospheric oxy-
gen and prevent catalytic reactions with
metal ions (metal deactivators).

InIake-system contamination inhibitors
TIe entire intake system (injectors, intake
valves) must be kept free of contamina-
tion and deposits for several reasons. A
clean intake tract is essential for maintain-
ing the factory-defined A/F ratios, as well
as for trouble-free operation and minimal
exhaust emissions. To achieve this end,
etlective detergent agents should be
acded to the fuel.

Corrosion protection
Moisture entrained with the fuel can lead
to corrosion in the fuel system. An ex-
tremely effective remedy is afforded by
arti-corrosion additives designed to form
a protective layer below the film of water.

Environmentally compatible
gasolines
Environmental authorities and legislative
bodies are imposing increasingly strin-
gent regulations for fuels to ensure low
evaporation and pollutant emissions (eco-
logically sound fuels, reformulated gaso-
line). As defined in the regulations, these
fuels' salient characteristics include re-
dtced vapor pressure along with lower
levels of aromatic components, benzene
and sulfur, and special specifications for
the final boiling point. In the USA, addi-
tives designed to prevent deposit forma-
ticn in the intake tract are also mandatory.

Diesel fuels
Diesel fuels contain a multiplicity of indi-
vidual hydrocarbons with boiling points
ranging from roughly 180'C to 370"C.

They are the product of graduated distilla-
tion of crude oil. The refineries are edding
increasing amounts of conversion prod-
ucts to the diesel fuel; these "cracked
components" are derived from heavy oil
by breaking up (cracking) large mole-
cules. Specifications for diesel fuels are
defined in national standards, while Euro-
pean Standard EN 590 applies though-
out Europe. The most important specifi-
cations in this standard are listed in
Table 2

Ignition quality, cetane number,
cetane index
Because the diesel engine dispenses with
an externally-supplied ignition spark, the
fuel must ignite spontaneously (auta-igni-
tion) and with minimal delay (ignition lag)
when injected into the hot, compressed
air in the combustion chamber. Ignition
quality is an expression of the fuel's suit-
ability for spontaneous auto-ignition in a
diesel engine. The higher the cetane
number, the greater the fuel's tendency to
ignite. The cetane number 100 is as-
signed to n-hexadecane (cetane), which
ignites very easily, while slow-birning
methyl naphthalene is allocated the
cetane number 0. The cetane number is
determined using a test engine. A cetane
number in excess of 50 is desirable for op-
timal operation in modern engines
(smooth operation, emissions). High-
quality diesel fuels contain a high propor-
tion of paraffins with elevated CN ratings.
Conversely, the aromatic compounds
found in cracked components have a
detrimental effect on ignitability.

Yet another indication of ignitabilty is
provided by the cetane index, which can
be calculated on the basis of density and
various points on the boiling curve. In con-
trast to the cetane number, this index
does not reflect the positive influence of
"ignitionenhancers"onthefuel'signitabil-
ity.

Cold-flow properties, filtration
Precipitation of paraffin crystals at low
temperatures can result in fuel-filter block-
age, ultimately leading to interrup-ion of
the fuel flow. Under unfavorable condi-
tions paraffin particles can start to form at
temperaturesof00Corevenhighe. Spe-
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cial selection and manufacturing proce-
dures are thus necessary for winter diesel
fuels in order to ensure trouble-free oper-
ation during cold seasons of the year.
Normally, flow improvers are added to the
fuel at the refinery. Although these do not
actually prevent paraffin precipitation,
they severely limit the growth of the crys-
tals, which remain small enough to pass
through the pores in the filter material.
Other additives can be used to maintain
the crystals in a state of suspension, ex-
tending the filtration limit downward even
further,

Suitability for cold-weather operation is
defined with reference to a standardized
procedure for determining the "limit of fil-
tration". This is known as the CFPP, or
Cold Filter PluggingPoint. European
Standard EN590 defines CFPPs for vari-
ous classes. Individual classes are then
selected according to the country and
season (summer/winter) in which the fuel
is to be used.

At one time owners frequently improved
the cold response of diesel fuel by adding
kerosene or regular gasoline to the con-
tents of their vehicles' fuel tanks. Fuels
conforming to modern standards have
rendered this measure unnecessary, and
it is no longer recommended by vehicle
manufacturers.

Flash point
The flash point is the temperature at
which the quantities of vapor which a
combustible fluid emits into the atmos-
phere are sufficient to allow a spark to ig-
nite the vapor-air mixture above the fluid.
Safety considerations (transport, storage)
dictate that diesel fuels must meet the re-
quirements for Class A Ill (flash point
>55"C).Less than 3% gasoline in the
diesel fuel is sufficient to lower the flash
point to such an extent that ignition be-
comes possible at room temperature.

Boiling range
The boiling range affects several parame-
ters of major importance in determining
the diesel fuel's operating characteristics.
Extending the boiling range downward to
embrace lower temperatures improves
the fuel's cold-operation properties, but at
the price of a reduction in the cetane num-

ber. Particularly critical is the negative el-
fect on the fuel's lubrication prperties,
with the attendant increase in the risk of
wear to injection-system components. In
contrast, raising the final temperature at
the upper end of the boiling range, al-
though desirable from the standpoint of
efficient utilization of petroleum re-
sources, also results in higher soot emis-
sions as well as carbon deposits (com-
bustion residue) in the injection nozzles.

Density
There is a reasonably constanl corre-
spondence between a diese fuel's
calorific value and its density: higher den-
sities have a higher calorific value. As-
suming constant injection-pump settings
(and thus constant injection volume), the
use of fuels with widely differing densities
in a given system will be accompanied by
variations in mixture ratios stemm ng from
fluctuations in calorific value. Higher den-
sities provoke increased particula:e emis-
sions, while lower densities lead to reduc-
tions in engine output.

Viscosity
Leakage losses in the injection pump re-
sult it viscosity is too low, and this in turn
results in lower power, while on the other
hand high viscosity has a detrimental ef-
fect on fuel atomization. The viscosity of
diesel fuels, therefore, is limited to a nar-
row bandwidth.

Lubricity
The hydrodynamic lubricity of diesel fuels
is not as important as that in the mixed-
friction range. The introduction of environ-
mentally compatible, hydrogenation-
desulfurized fuels resulted in huge wear
problems with distributor injectior pumps
in the field. Lubricity enhancers have to be
added to the fuel to avoid these problems.
Lubricity is tested using a high-frequency
reciprocating rig (HFRR). Minimum lubric-
ity is defined in EN 590.

Sulfur
Diesel fuels contain chemically bonded
sulfur, with the actual quantities depend-
ing upon the quality of the crude petro-
leum and the components which are
added at the refinery. Cracked compo-
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nents are generally characterized by es-
pecially high sulfur contents, but these
can be reduced with hydrogen treatment
at the refinery. The sulfur converted to sul-
fur cioxide (SO 2) during combustion in the
engine is undesirable due to its environ-
mertally harmful acidic reactions. For this
reason, the legal limits placed on sulfur
levels in diesel fuels have been progres-
sive y tightened in recent years. As of
1 January, 2000, the European limit is
350mg/kg, Reducing particulate mass
(sulfate in the soot) is another reason why
vehicles with oxidation catalytic convert-
ers require fuel with a low sulfur content.
The same applies in terms of avoiding
darage to the converters used for re-
moving nitrogen from the exhaust gas
(NO, treatment). Sulfur contents <10 ppm
are desirable.

Carbon-deposit index (carbon residue)
The carbon-deposit index describes the
fuel's tendency to form residues on the in-
jection nozzles. The mechanisms of de-
posit formation are complex and not eas-
ily described.

Tie components (particularly the
cracking constituents) which the diesel
fuel contains at the end of vaporization
exercise a not inconsiderable influence on
deposit formation.

Additives
Additives, long a standard feature in
gasolines, have attained increasing signif-
icarce as quality improvers for diesel fu-
els. The various agents are generally
combined in additive packages to achieve
a variety of objectives. As the total con-
cenration of the additives generally lies
<0,1%, the fuel's physical characteristics
- such as density, viscosity and boiling
range - remain unchanged.

Flow inprovers: Flow improvers are poly-
mers whose application is generally re-
stricted to winter (see Cold-flow proper-
ties).

Cetane imorovers: Cetane improvers are
added to promote good ignition response;
they are in the form of alcohol-derived es-
ters of azotic acid. These agents improve
the fuel's combustion properties, with

positive effects upon noise and particu-
late emissions.

Deteroent additives: Detergent addives
help clean the intake system to ensure ef-
ficient mixture preparation and inhibi: the
formation of carbon deposits on the injec-
tion nozzles.

Corrosion inhibitors: Corrosion inhibitors
resist corrosion on metallic components
(when fuel-borne moisture is entrained
into the system).

Anti-foaming aqents: Anti-foaming agents
prevent the fuel foaming, so it is easier to
refuel the vehicle.

Environmentally compatible
diesel fuels
Some countries and regions (inIlding
Sweden and California) are promoting re-
ductions in exhaust emissions by provid-
ing fiscal incentives for the use of 'eco-
logically sound/environmentally compati-
ble" fuels and/or making their use
mandatory. In these fuels the final boiling
point and the aromatic content are re-
duced, while sulfur is virtually eliminated.
Introduction of these fuels was accompa-
nied by serious problems stemming from
component wear and elastomer damage
in fuel-injection systems. Special addi-
tives are required to prevent this type of
damage.

Alternative fuels

Coal hydrogenation
The essential raw materials are coal and
coke. These emerge from initial process-
ing in the form of water gas (H2 + CO),
while subsequent catalytic convesion
produces hydrocarbons. These, in turn,
provide the basic materials for the pro-
duction of gasoline and diesel fuel. The
byproducts are liquefied petroleum gas
(LPG) and paraffin. Fischer-Tropsch syn-
thesis has acquired particular signifi-
cance in South Africa. where it is in wide-
spread use in large industrial installations.
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Table 2. Essential data for diesel fuels, European Standard EN 590
(valid since 1 January 2000)
Requirements Unit Specification

Flame point, min. C 55
Water, max mgkg 200
Sulfur content, max. mg/kg 350
Lubricity, 'wear scardiameter max. pm 460

For temperate climates:
Density (at 15'C), minnmax. k4W820/845
Viscosity (at 40 C),mmin ax mm/s 2/4.5
Cetane number, trin. - 51
Cetane index, min. 46

up to 250'C, distilled, max, %volume 65
up to 350C, distilled, min. % oune 85
up to 360'C, distilled, min. %voue 95

CFPP ) in 6 ciasses A...F, max. +5-20
For arctic climates (in 5 classes 0...4):

Density (at 15'C), min/max. kgm3  8001845... 800/840
Viscosity (at 40'C), min /max, mm is 1 4 2i4
Cetane nmber, min. 49.. 47
bane index, min, 46. 43

up to 180 'C, distilled, max. vlume 10
up to 340'C, distilled, rnin volume 95

CFPPI), max

1FilRaticn limt
c -20...-44

Liquefied Petroleum Gas (LPG)
The two major components of LPG are
butane and propane. It is in limited use as
a fuel for motor vehicles. LPG is a byprod-
uct of the petroleum-refining process, and
can be liquefied under pressure. LPG is
distinguished by a high octane number
(RON >100).

CNG (Compressed Natural Gas)
This usually assumes the form of com-
pressed methane, and is suitable for ob-
taining ultra-low emissions from combus-
tion engines. Due to its high H/C ratio (rel-
ative to other fuels), CNG also produces
less CO. CNG is being tested in both
diesel and spark-ignition engines. Soot
production is virtually zero when this fuel
is combusted in the diesel cycle. The ve-
hiclesmustbespeciallyadaptedforoper-
ation on this type of alternative fuel.

Alcohol fuels
Methanol, ethanol, and their various
byproducts (e.g. ether) are the main con-
tenders as alternative fuels for spark-igni-

tion engines, being the focus of both dis-
cussion and actual application. Methanol
can be derived from the plentifil hydro-
carbon reserves represented by coal, nat-
ural gas, and heavy oils, etc. In certain
countries (such as Brazil, but also in the
USA), biomass (sugar cane, wheat) is
distilled to produce ethanol for use as an
engine fuel and fuel additive.

Methanol additives S3% by volume are
permissible in many countries. Methanol,
however, should be used only in conjunc-
tion with solubilizers. Fuels with higher
concentrations (15...85%) have been
subjected to large-scale testing (flexible
fuel).

Ethanol fuel mixtures are commercially
available in countries with high agricul-
tural yield (e.g. E22 in Brazil).

Both calorific value and other factors
differ from those of conventional fuels, so
special vehicle modifications are some-
times required.

Dimethylether (DME)
This is a synthetic product witi a high
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cetane number, producing little soot and
reduced nitrogen oxide when combusted
in diesel engines. Its caorific value is low,
on account of its low density and high oxy-
gen content. It is a gas-phase fuel, so the
fuel-injection equipment has to be modi-
fied. Other ethers (dimethoxymethane, di -
n-pentylether, and others) are also being
tested.

Emulsions
Emulsions of water and alcohols in diesel
fuels are undergoing testing by a number
of different institutes. Water and alcohols
(particularly methanol) are difficult or im-
possible to mix with diesel. Emulsifiers
are required to keep the mixture stable
and prevent it from de-emulsifying. Corro-
sion-inhibiting measures are also neces-
sary. Soot and nitrogen-oxide emissions
car be reduced by these emulsions, but
to date their use has been restricted to
certain fleet applications; there has been
no broad-based testing for a variety of in-
jection systems.

Fatty-acid methyl ester (FAME)
Fatty-acid methyl ester is the generic term
applied to all vegetable and animal oils
and greases transesterified with
methanol, including rapeseed (RME), soy,
and sunflower methyl esters, among oth-
ers. The use of vegetable oils for combus-
tion in diesel engines is a field of investi-
gation because it would allow agricultural
areas to be used for the production of re-
generative energy. Considerable prob-
lems arise with pure vegetable oils, due to
their high viscosity and severe tendency
to :ause nozzle coking; oils transesteri-
fied with methanol are free of these diffi-
culties.

Fatty-acid methyl esters are used in
puie form and as additives for diesel fuel
( i%). In concentrations as low as
1 .2% they boost the lubricity of the fu-
els. A definitive standard for these sub-
stances is now in preparation. This stan-
dard will have to lay down characteristics,
stability and maximum permissible conta-
minants in order to ensure trouble-free
operation of the injection equipment and
engines. FAME fuels are uneconomical in
comparison with conventional fuels and
their use will require subsidization.

Antifreeze and brake
fluid

Brake fluids
Brake fluid is the hydraulic medium em-
ployed to transmit actuation forces within
the braking system. Compliance with
stringent requirements is essential to
ensure reliable brake-system operation,
These requirements are defined in
various standards of similar content
(SAE J 1703, FMVSS 116, ISO 4925).
The performance data contained in
FMVSS 116 (Federal Motor Vehicle
Safety Standard), mandatory in the US
also serve as an international reference
The US Department of Transportation
(DOT) has defined specific ratings for
salient characteristics (Table 1).

Requirements

Equifibrium boilinq point
The equilibrium boiling point provides an
index of the brake fluid's resistance to
thermal stress. The heat encounteied in
the wheel cylinders (with the highest tem-
peratures in the entire braking system)
can be especially critical. Vapor bubbles
can form at temperatures above the )rake
fluids instantaneous boiling point, rsult-
ing in brake failure.

Wet boiling point
The wet boiling point is the fluid's equilib-
rium boiling point subsequent to mosture
absorption under specified conditions
(approx. 3.5%). Hygroscopic (glycol-
based) fluids respond with an especially
pronounced drop in boiling point. The wet
boiling point is tested to quantify the re-
sponse characteristics of used brake
fluid. Brake fluid absorbs moisture, mostly
by diffusion through brake-system hoses.
This is the main reason why it should be
replaced every 1.. 2 years. The illistra-
tion shows the reductions in boiling point
that result from moisture absorption in two
different brake fluids.

_4
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248 Antifreeze and brake fluid

Table 1. Brake fluids
Reference standard for testing FMVSS116 SAE J1703
Requirements/Date 013 DOT4 DOT5 N ov 1983
Dry boiling point mm. C 205 230 260 205
Wet boiling point mm. C 140 155 180 140
Cold viscosity at -40'C mm 2/s 1500 1800 900 1800

Viscosity
To ensure consistent reliability throughout
the braking system's extended operating
range (-400C...+100'C), the viscosity
should remain as constant as possible,
with minimal sensitivity to temperature
variations. Maintaining the lowest possi-
ble viscosity at very low temperatures is
especially important in ABSTCS/ESP
Systems.

Compressibility
The fluid should maintain a consistently
low level of compressibility with minimal
sensitivity to temperature fluctuations.

Corrosion protection
FMVSS 116 stipulates that brake fluids
shall exercise no corrosive effect on those
metals generally employed in braking sys-
tems. The required corrosion protection
can be achieved only by using additives,

Elastomer swelling
The elastomers employed in a particular
brake system must be able to adapt to the
type of brake fluid being used. Aithough a
small amount of swelling is desirable, it is
imperative that it not exceed approxi-
mately 10%. Otherwise, it has a negative
effect on the strength of the elastomer
components. Even minute levels of min-
eral-oil contamination (such as mineral-
oil-based brake fluid, solvents) in glycol-
based brake fluid can lead to destruction
of rubber components (such as seals)
and ultimately lead to brake-system fail-
ure.

Chemical composition

Glycol-ether fluids
Most brake fluids are based on glycol-
ether compounds. These generally con-
sist of monoethers of low polyethylene
glycols. Although these components can
be used to produce a brake fluid which
conforms to the DOT 3 requirements,
their undesirable hygroscopic properties
cause this fluid to absorb moisture at a
relatively rapid rate, with an attendant
swift reduction in the boiling point.

If the free OH (hydroxyl) groups are
partially esterified with boric acid, the
result is a superior DOT 4 (or "DOT4+ ,
"Super DOT4, "DOT51") brake fluid ca-
pable of reacting with moisture to neutral-
ize its effects. As the DOT 4 brake fluid's
boiling point drops much more s owly than
that of a DOT 3 fluid, its service life is
longer

Mineral-oil fluids (ISO 7308)
The great advantage of mineral-oil-based
fluids is the fact that they are not hygro-
scopic, so the boiling point does not drop
owing to moisture absorption. The min-
eral and synthetic oils for this fluid must
be selected with utmost care. Viscosity-
index improvers are generally added to

Brake-fluid boiling points as a function
of moisture content

o250
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achieve the desired relationship between
viscosity and temperature

The petroleum industry can also supply
a range of further additives to improve
other brake-fluid properties. It should be
noted that mineral-oil-based fluids should
never be added to braking systems de-
signed for glycol ether (or vice versa), as
this destroys the elastomers.

Silicone fluids (SAE J1705)
Because silicone fluids - like mineral oils
- do not absorb moisture, they formerly
saw occasional use as brake fluids. The
disadvantages of these products include
considerably higher compressibility and
inferior lubrication, both of which reduce
their suitability for use as hydraulic fluid in
many systems. A critical factor with brake
fluids based on silicone or mineral oils is
the absorption of free water in a fluid
state, as the water forms vapor bubbles
when it heats up to more than 100C and
freezes when it cools to less than 0-.

Coolants

Requirements
The cooling system must dissipate that
part of the engine's combustion heat that
is not converted into mechanical energy.
A fluid-filled cooling circuit transfers the
hea absorbed in the cylinder head to a
hea exchanger (radiator) for dispersal
into the air. The fluid in this circuit is ex-
posed to extreme thermal loads; it must
also be formulated to ensure that it does
not attack the materials within the cooling
system (corrosion).

Owing to its high specific heat and its
correspondingly substantial thermal-ab-
sorption capacity, water is a very good
cooling medium. Its disadvantages in-
clude its corrosive properties and limited
suitability for application in cold conditions
(freezing).

This is why additives must be mixed
with the water for satisfactory perfor-
marce.

Table 2. Ice flaking and boiling points
for water-glycol mixtures
Glycol Ice flaking Boiling

point point
Vol.% OC o0

10 -4 101
20 -9 102
30 -17 104
40 -26 106
50 -39 108

Antifreeze
It is possible to lower the coolant's freez-
ing point by adding ethylene glycol, When
glycol is added to form a mixture with wa-
ter the resulting coolant no longer freezes
at a given temperature. Instead, ice crys-
tals are precipitated in the fluid once the
temperature drops to the flaking poirt At
this temperature the fluid medium can still
be pumped through the cooling circuit.
Glycol also raises the coolant's boiling
point (Table 2).

In their owner's manuals automobile
manufacturers usually specify various op-
tional antifreeze mixture ratios for differ-
ent levels of low-temperature frost protec-
tion.

Additives
Coolants must include effective additives
to protect the glycol against oxidation
(with formation of extremely corrosive
byproducts) and to protect metallic cool-
ing-system components against corro-
sion. Common additives include:
- Corrosion inhibitors: silicates, nitrates,

nitrites, metal salts of organic acids,
benzthiazole derivates,

- Buffers; borates,
- Antifoaming agents: silicones.

Many of these additives are subject to ag-
ing deterioration, leading to a gradual re-
duction in coolant performance The man-
ufacturers have responded to this fact by
granting official approval exclusively for
coolants of proven long-term stability.
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256 Corrosion

Corrosion and corrosion protection

Corrosion is the attrition of metal as a re-
sultofelectrochemicalreactionswithsub-
stances in the environment, As it pro-
ceeds, metal atoms oxidize to form non-
metallic compounds in a process
emanating from the affected material's
surface. In thermodynamic terms, the
process can be viewed as an entropic
transition from an ordered, high-energy
state into a less-ordered state of lower en-
ergy and consequently greater stability.

Corrosion processes are always inter-
phase reactions. An example of this type
of reaction is metal scaling, i.e. oxidation
in hot gases. The following deals exclu-
sively with the corrosion that occurs at the
phase limit between the metal and aque-
ous phases, generally referred to as elec-
trochemical corrosion

Corrosive attack
Two distinct reactions occur in every cor-
rosive attack: in the anodic subprocess -
the directly visible corrosive effect - the
difference in respective potentials causes
the metal to oxidize as described in the re-
action equation

Me -> Men+ + ne

freeing an equivalent number of elec-
trons. The metal ions thus formed can ei-
ther be dissolved in the electrolyte, or can
precipitate out on the metal after reacting
with constituents in the attacking medium.

This anodic subprocess can continue
only as long as the electrons it produces
are consumed in a second process. This
second subprocess is a cathodic subre-
action in which oxygen is reduced to hy-
droxyl ions in neutral or alkaline media, in
accordance with the reduction equation

02 +2H 20+4e ->40H-.

These hydroxyl ions, in turn, are able to
react with the metal ions, whereas in
acidic media the hydrogen ions are re-
duced via the formation of free hydrogen,
which escapes as a gas according to the
following formula:

2 H' 2 e- -> He

When two different metals moistened by
the same fluid are in mutual electrical
contact, the cathodic subprocess occurs
at the more noble metal while the anodic
subprocess progresses at the baser ma-
terial. This is called contact corosion,

However, it is also possible for both re-
actions to occur on the same retal in a
process termed "free corrosion". Anodic
and cathodic subprocesses can alternate
continuously at the metallsolLtion inter-
face with statistically random time and lo-
cation distributions for the indiidual sub-
processes.

Each of the individual subreactions cor-
responds to a partial current/voltage
curve. The total current is the sum of the
two currents la and le:

'Ito la + /k

The two partial current/voltage curves
combine to produce the cumLlative cur-
rent/voltage curve.

If no voltage is supplied externally, i.e., in
free corrosion, the system assumes a
state in which the anodic and cathodic
partial currents are precisely bilanced:

la = - 1o =h lar

The anodic current is called the corrosion
current lor'while the corresponding po-
tential at which this current conpensation

Free corrosion at the metaI/corresive-
medium phase boundary
In an aggressive fluid oxygen is reduced at
thecorrodingnielaend corrosion products
are si.-uLItaneously formed.

- -Me 2 O -

-Aggressive

Me MetM
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Partial and cumulative current/voltage curves for free corrosion (left) and contact
corrosion (right)
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d 202+H 20+2e - 20H-(atMe 2)

occurs is called the "open-circuit poten-
tial" Ecmu

The open-circuit potential is a mixed
pctential in which there is no equilibrium
matter is converted continuously, as de-
fined in the following general equation:

Op + 2 H 20 + 4Me -- Men + 40H-n n

The above is essentially applicable for
contact corrosion, although the interrela-
tionships are more complicated. In addi-
tion to pairs of partial current/voltage
curves for each of the two metals and the
resulting two cumulative current/voltage
curves, the resultant total current/voltage
curve for the entire system must be con-
sidered as a value which can be mea-
sured externally.

Electrochemical series of
metals
Metals are often ranked in "electrochemi-
cal series of metals" corresponding to

consecutively higher "standard oten-
tials" Here, the term "standard potential"
indicates that the specified values apply
to standard conditions, especially to the
activities (in the electrochernically active
part of the concentration) of the dissolved
metal ions and hydrogen in a concentra-
tion of 1 molli at a hydrogen pressure of 1
bar at 25:C. Such conditions are seldom
found in practice; in fact, most solutions
are virtually free of ions from the metal in
question.

It should be emphasized that the table
("Standard electric potentials of the met-
als") is limited to thermodynamic values,
and does not reflect the effects of corro-
sion kinetics, for example as encouitered
in the formation of protective layers. For
instance, lead is shown as a base metal;
as such it should dissolve in sulfuriC acid,
Although the "practical" and "technical"
electrochemical series of metals do not
have this disadvantage, their practical ap-
plication range remains restricted. In con-
trast, electrochernical corrosion measure-
ments provide unambiguous data. it
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258 Corrosion

For general reference purposes, the fol-
lowing relationships between electrical
potential and corrosion susceptibility can
be specified for metals with no application
of external voltages provided that the
metal's response is not affected by sec-
ondary reactions such as complexing re-
actions or the formation of protective lay-
ers:

ery base retat (potential less than
- 0.4V), e.g. Na, Mg, Be. Al, Ti and Fe,
corrode in neutral aqueous solutions,
even in the absence of oxygen,

Base metals (potential between
-0.5 and 0 V), e.g. Cd, Co, Ni, Sn and Pb,
corrode in neutral aqueous solutions in
the presence of oxygen, and corrode in
acids to produce hydrogen even in the ab-
sence of oxygen.

Standard electrode potentials of the
metals

Na/Na'   I
Mg/Mg?
Be/Be?<
AAiAP+

Mn/Mn"
Zn/'Zn24

Cr/CO'
Fe/Fe" t
Cd/Cd2

Ni/Ni'"
Sn/Sn

Cu/C&+

P/Pt 4

Au/Air
-3 -2 -I1 0 +1 V-t r r t y

Potentials referred tohiydrogen

Semi-noble metals (potential between
0 and+0.7V), e.g. Cu, Hg andAg, cor-
rode in all solutions only if oxygen is pre-
sent.

Noble metals (potentials above + 0.7V),
e~g Pd, Pt and Au, are generally stable.

These response patterns can vary
sharply when external voltage is applied
to the metals. The variations areexploited
in the field of electrochemical corrosion
protection (see corresponding section).

Types of corrosion

General surface corrosion
Uniform removal of material over the en-
tire contact surface between the material
and the attacking medium. This is a very
frequent type of corrosion in which the
material penetration rate (removal depth)
can be calculated per unit of time based
on the corrosion current.

Pitting corrosion
Limited localized attack by a corrosive
medium which penetrates the material by
forming holes, or pits, whose depth is al-
most always greater than their diameter.
Practically no material is removed from
the surface outside the pitted areas. Pit-
ting corrosion is frequently caused by
halogenide ions.

Crevice corrosion
Corrosive attack primarily occurring in
narrow crevices, caused by concentration
differences in the corrosive medium, e.g.,
as a result of long oxygen diffusion paths.
This type of corrosion generates potential
differences between the crevice's extrem-
ities, leading to intensified corosion in
more poorly ventilated areas.

Stress corrosion cracking
Corrosion stemming from the sinultane-
ous concerted action of a corrosive
medium and mechanical tensile stress
(which can also be present as internal
stress in the object itself). Intercrystalline
or transcrystalline fissures form, in many
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cases without the appearance of visible
corrosion products.

Vibration corrosion cracking
Cor-osion caused by the simultaneous ef-
fects of a corrosive medium and mechan-
ical fatigue stress, e.g., caused by vibra-
tions. Transcrystalline fissures are
formed, frequently without visible defor-
mation.

Freting corrosion
Corrosion caused by the simultaneous ef-
fect of a corrosive medium and mechani-
cal friction; sometimes called frictional ox-
idation.

Intercrystalline and transcrystalline
corrosion
Types of corrosion characterized by se-
lect ve formation along the grain bound-
aries or roughly parallel to the deforma-
tion plane in the grain's interior.

Dezincification
Selective dissolution of zinc from brass,
leaving behind a porous copper structure.
Denickelification and dealuminification
are analogous processes

Rust formation
Formation of ferriferous oxide and hydrox-
ide corrosion products on iron and steel.

Corrosion testing

Electrochemical corrosion-testing
procedures
In electrochemical testing procedures, in
addition to determining the relationship
between potentials and object materials
during the corrosion reaction, above all
the corrosion currents are measured. In
the case of uniform surface corrosion,
these are then used for the precise cefin-
ition of the periodic weight and thickness
losses. The relevant conversion factors
are listed in Table 2.

These electrochemical processes thus
represent a valuable supplement to non-
electrochemical methods,

The rate of fr_rnrosion is deined
based on the polarization resistance
(slope of the total-current/voltage curve).
Testing entails subjecting the met31 to
minimal, alternating anodic and cathodic
pulses.

Electrochemical Impedance Spec-
troscopy (EIS) is employed to examine
corrosion mechanisms. This alternating-
current technique determines the AC re-
sistance (impedance) and the phase an-
gle of an electrochemical test object as a
function of frequency A low-amplitude si-
nusoidal alternating voltage is superim-
posed on the working electrode's poten-
tial, and the current response is mea-
sured. After measurement, the system is
approximated in the form of an equivalent
network. By way of example, the illustra-
tion captioned "Evaluation of EIS data"
shows the equivalent network for the
metal/coating/mediumsystem.

The parameter-fit method is used to fit
the equivalent networks to the experimen-
tal data. The impedance elements (resis-

Evaluation of EIS data
I Metal, 2 Coating, 3 Aggressive medium
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Table 1. Overview of selected standardized non-electrochemical corrcsion-
testing procedures

Stanoard Type of corroson-testing procedure

DIN') EN ISO 195 Testing of copper and copper alioys: mercury 'itrate test
(replaces DIN 50 911)

DIN EN ISO 3651 Testing intercrystallinc corrosion in stainless steels
(replaces DIN 50 914)

DN EN ISO 4628-3
(draft)
DIN 53210

DIN EN ISO 8565
(repl. DIN 50917-1)

DIN EN ISO 11306
(repl. DIN 50917-2)

DIN 50016

DIN 50017

DIN 50018

DIN 50021

DIN 50900 -1..3

DIN 50905 -1-.4

DIN 50 915

DIN 50 919

DIN 50 920 -1

DIN 50 922

Evaluation of degradation of parnt coatings, Part 3: evaluation of degree of
rusting
Desigwation of degree of rustng of paint surfaces and silar coat igs (will
be replaced by DIN EN ISO 4628-3)

Corrosion tests in atmosphere; natural weathering tests

Corrosion of metals; testing under natural conditions; testing ln se water

Method of tesnt damp- alternatng atmosphere

Condensation watertet atmosoheres

Testing In a saturated atmosphere in the presence of sulur dioxide

Salt spray testing

General terrns, electrochemical terms, terms of corrosion testing

Corrosion testing; principles, corrosion characeristics under uniforn corro-
sion attack, corrosion characteristics undor non-uniform and localiad corro-
sion attack without mechanical stress

Testing intercrystalline stress corrosion in non-alloy and low-alloy steels

Testing contact corrosion in electrolyte solutions

Testing corrosion in flowing liquids

Testing resistance of metallic materials against stress corrosion cracking

DIN 50 928 Testing and eva'uating protection of coated metallic materials against aque-
ous corrosive media

DIN 51213 Testing metallic wire coatings (tin, zinc)

N42AP 206 Climatic tests; testing in consant condensate climate

N42AP 209 Climatic ests;cyc!lic humdityt ests

N42AP 213 Climatic tests; industrial-cimate tests

1) Deutsches Institut fur Nrmung e.V
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tances, capacitances, inductances) are
assigned physical properties. Direct con-
clusions can then be drawn about various
characteristics, such as the effectiveness
o corrosion-protection measures, poros-
it/, thickness, a coating's ability to absorb
water, the effectiveness of inhibitors, the
rate of corrosion of the base metal, and so
01.

The Scanning Reference Electrode
Technique (SRET) is used for detecting
corrosion in its early stages and for exam-
ining local corrosion processes.

Pit, gap, and intercrystalline corrosion
are examples of local processes that can
s gnificantly impair mechanical properties
and even result in failure in extreme
cases. A high local rate of corrosion and a
ciange in local potential are typical of
these processes.

The illustration captioned "SRET princi-
ple" is a diagrammatic view of the equipo-
tential lines at a local, active corrosion
point. A sensor consisting of two offset
platinum tips measuring the micropoten-
tial changes above a rotating probe is
used to pick up the signal.

Data is recorded automatically on a PC
using the appropriate software for analy-
sis and presentation in the form of 2D
graphics.

SRET is used to examine pitting corro-
sion, activation and repassivation, to de-
tect defects in organic coatings and at
welds, and to trace delamination, etc.

To measure contact corrosion, tie cur-
rent which flows between the two affected
metals is measured directly with both im-
mersed in the same corrosive mecium.

The degradation rates determined
through electrochemical measurements
closely reflect those obtained in field test-
ing. In addition to the small amount of cor-
rosive medium required, another advan-
tage of electrochemical procedures over
non-electrochemical methods is that they
provide quantitative data on ccrrosion
rates.

Table 2. Loss of mass and thickness
due to surface corrosion of various
metals with a corrosion current den-
sity of 1 pAcm2

Me:- Relative Density Lcss of Loss of
als atomic g!cm3  mass :hick-

mass mg/ less
(cm2 year) .m/year

Fe 55.8 7.87 9,13 11.6

CU 63.5 8.93 10.40 11,6

Cd J112.4 j8.64 18.40 21.0

Ni 58.7 8.90 9.59 10.8

Zn 65.4 7.14 1070 15.0

Al 27.0 2.70 2,94 10.9

Sn 118.7 728 19.40 26,6

Pb 2072 11.0 33.90 30.0

SRETprinciple
1 Cathode, 2 Anode, 3 Electrons,

4 Metal ions, 5 Equipotentialines,
6 Platinum tips.

L_____________ _ ___6

I
1-
0

4-

.1.'

7
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Table 3. Degree of rusting and
proportion of rust penetrations and
visible sub-rusting at the surface to
DIN EN ISO 4628-3

Degreeof rusting Rustsurfacein %

RO 0

6,1 0.0

R,2 0.5

R3 1

R4 8

R5 40...50

Non-electrochemical corrosion-
testing procedures
Non-electrochemical test procedures rely
on determining the weight loss by weigh-
ing, or defining the rust level- DIN EN ISO
4628-3 (formerly DIN 53210) defines
5 different rust categories according to
rust coverage or surface perforation
(Table 3).

The corrosion tests have been defined
to reflect actual field requirements. In ad-
dition to the standard DIN corrosion-test-
ing procedures (Table 1), processes have
evolved to reflect specific requirements,

Good and bad orientations of sections
Direction of gravitational force

e.g. motor-vehicle testing. These tests
provide reliable indices of projected ser-
vice life under normal operatin condi-
tions by using short-term exposure in ex-
tremely harsh conditions to simulate long-
term stresses in the real world. (These
tests include operating exposura to cli-
matic factors, splash-water tests of
air/fuel mixture systems).

Corrosion protection

The manifestations and mechanisms of
corrosion are many and varied, so widely
differing methods can be adopted to pro-
tect metals against corrosion attsck. Cor-
rosion protection means intervening in the
corrosive process with the obje:t of re-
ducing the rate of corrosion in order to
prolong the service life of the compo-
nents.

Corrosion protection can be achieved
by applying four basic principles:
- Measures in planning and design: the

choice of suitable materials and the
suitable structural design of compo-
nents,

- Measures that intervene in the
corrosive process by electrochemical
means,

Design of beads and folds
I Sloping faces (foreign matter slides offl,
2 Wide gap with drain, 3 Accretions of dirt
and oisture.

Direction of gravitational force

000
eAr L>

I H__

BadGood

-3II

I

Good Bad

i
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- Measures that separate the metal from
tie corrosive medium by protective lay-
ers or coatings, and

- Measures that influence the corrosive
medium, for example the addition of in-
hibitors to the medium.

Corrosion protection by means of
suitable structural design
Selecting suitable materials which feature
op:imum resistance to corrosion under
the expected conditions can be of consid-
erable assistance in avoiding corrosion
damage. When the costs that would oth-
ervise be incurred for upkeep and repair
are factored into the long-term cost of
ownership equation, a more expensive
material can often be the more cost-effec-
tive alternative.

Design measures, too, are of major im-
portance. A great deal of skill and expertise
goes into design, particularly regarding the
connections between parts that are made
of the same material or different materials,

Corners and edges of sections are diffi-
cult to protect, and this is where corrosion
can easily attack. Favorable orientation
can reduce corrosion.

Beads and folds can trap dirt and mois-
ture, Suitable surfaces and drain open-
ings can help avoid this problem.

[Design-related crevices in welds and how1
they can be avoided

Good
(thorough fusion)

Bad
(crevice)

-'4

IL IL

Welds, which generally modify the mi-
crostructure for the worse, are another
weak point. In order to avoid crevice cor-
rosion, welds have to be smooth and free
of gaps.

Contact corrosion can be avoided by
joining same or similar metals, or 3y in-
stalling washers, spacers or sleeves to
ensure that both metals are electrically in-
sulated.

Electrochemical processes

The schematic current/voltage curves for
a metal suitable for passivation coating
show how these processes work. The
current-density values arranged in as-
cending order on the y-axis represent an-
odic currents corresponding to the corro-
sion reaction defined in the equatioi

Me -- Me" + ne

In contrast, the descending current-den-
sity values represent cathodic c rrents
with the reaction equation progressing
from right to left. The diagram incicates
that external voltage can be applied to
suppress corrosion. There are two basic
ways of doing this:

For cathodic protection the poteitial is
shifted so far toward the left that no an-

Electric insulation to avoid contact
corrosion
I Insulating washer 2 Insulating space.

2

It

x
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odic currents flow, leading to U < a, As
an alternative to applying voltage from an
external source, it is also possible to shift
the potential by using a base metal to act
as a "sacrificial" reactive anode

Another option is to shift the potential of
Ihe threatened electrode into the passive
range, i.e., into the potential range be-
1ween U. and U.d This is called anodic
protection The anodic currents which
low in the passive range are less than
hose in the active range by exponential
powers of between 3 and 6, depending
upon the type of metal and the corrosive
medium. The result is excellent protection
or the metal-

However, the potential should not ex-
ceed U, as oxygen would be produced in
:his transpassive range, potentially lead-
ng to higher rates of oxidation. Both of
:hese effects would cause the current to
ncrease.

Schematic currentAvoltage curve
ofametalsuitableforpassivation
U. Free corrosion potential of the metal

in activeste
U Passivatig potential,
UA Breakthrough potential

Active Passive Transpas

Anodic current density
=ate of metal dissolution

C

Cathodic current density
=rate of metal deposition

e Up a Ud
Potential U

Coatings
Coatings inhibit corrosion by forming pro-
tective films applied directly to the metal
to be protected, where they resist attack
by the corrosive medium. These protec-
tive coatings should be neither po ous nor
electrically conductive. Because ade-
quate application depths are also essen-
tial, considerable difficulties may be en-
countered when attempts are made to ap-
ply these substances in systems with
close dimensional tolerances.

Inorganic nonmetallic coatings
Protective coatings can be formed inter-
actively with the material to be protected.
The formation of stable oxide coatings
can be promoted in many metals cy alloy-
ing in small amounts of foreign metals,
such as silicon in the case of cas: iron, or
molybdenum with chrome-nicke steels.
Phosphates, chromates and silicates can
also produce coatings. Examples are
found in the automotive industry, where
these substances are employed in body
panel manufacture ("phosphate coating")
and in cooling systems

Diffusion process
Surface treatment can be selectively com-
bined with surface hardening by using the
diffusion process to thermochemically
carburize, carbonitride or chromate the
metal, or treat it with boron or vanadium.
The metal can also be oxidized, nitrited or
sulfided without hardening.

Brownin
Browning is used to produce coetings for
limited protection over a short period of
time. A ferrous material is browned by dip-
ping it in hot concentrated sodium hydrox-
ide containing NaNOp.

Anodizing
Anodizing applications are resticted to
aluminum. This anodic oxidation process
in electrolytes containing sulfuric,
chromic, or oxidic acids generally pro-
duces very durable coatings, which can
be further stabilized and colored by chro-
mating. Cadmium and magnes um sur-
faces can also be chromated.

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4640



Corrosion 2135

Enamielng
Enameling furnishes high levels of corro-
sion protection, particularly on unalloyed
steel, On the negative side, enamel coat-
ings are brittle and thus particularly sus-
ceptible to impact and thermal shock. In
addition, they are subject to consistent in-
ternal compressive stress. and tensile
stress factors (e.g. when the yielding point
of the carrier material is exceeded) cause
fissures in the relatively inflexible enamel.
To improve enamel bonding, an interme-
diate layer consisting of a base material is
first fused to the metal; this intermediate
layer is then covered with the actual silica-
based protective coating.

Glass ceramics
Glass ceramics do not display the disad-
vartages of enamel under mechanical or
thermal loading. They are applied to the
material in the form of a sem-crystalline
coating using controlled crystallization of
thermodynamically unstable glasses.
Subsequent heat treatment establishes
roughly 50% crystallinity.

Metalliccoatings
Numerous options are available for apply-
ing foreign metals or metal compounds to
base materials. In many cases, corrcsion
protection is combined with enhanced
wear resistance and with the formation of
decorative surfaces. Standard proce-
dures, suitable metals and application
ranges are listed in Table 4. It should be
noted though that not every metal is suit-
able for every type of protection (e.g. alu-
minum applied to base materials in ther-
mal spray processes provides no protec-
tion against wear).

Electropiating (electrolytic depositioril
In electrolytic plating, metals suspended
in ionized metallic-salt solutions are de-
posited on conductive bases in a cathodic
reaction. Under controlled condition3 it is
possible to produce alloys and dispErsion
coatings (layers of finely dispersed addi-
tives) of a type not amenable to duplica-
tion in fusion processes. Most meta s are
deposited from suspensions in aqueous
solutions. In contrast, aluminum - en ex-
tremely base metal - can only be applied
using water-free organic or molten saline
solutions.

Table 4. Uses of inorganic protective coatings

Method of application

Chemical deposition

Vaoor deposition

Type of metal

Ni (NiB NiP, NiPCui, Cu,
dispersion coatings
(NiB + SiC, NiP + SIC).

Al, Au, Ta.

Primarily used for

Corrosion protection, prctec-
tion against wear, decorative
surpaces.

Corrosion protection

Electroplating AgAgAu,CdCrNi,Sn, Corrosion protection,
(external power source) Zn,ZnNiZnNi decorative surfaces

Plating Al,lCu,Ni,Pb,Ti, nd Corrosion protection
their alloys, stainless stoals

Hot immersion (including AtPb,Sn,Zn. Corrson protection
'hot-dip galvanization")

Thermal soraying AtandallosCrgNi.NiC, Corrosion protection,
NiCrOlTi, borides, car protection against wear.
bides ox)des,

-lii

p
¶

4'?

~if
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. M111111110
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Chemical deposition
The basic principles are the same as in
the electroplating process, but the elec-
tions required for reduction do not come
frm an external power source. Instead,
they are furnished by an added reducing
agent (usually sodium hypophosphite or
sodium boranate). This is why phospho-
rus and boron are present in most nickel
coatings.

[lot immersion priming
The most common immersion process is
the hot-dip galvanizing of iron and steel
this process is also the one most fre-
quently used in the automotive industry.
Here the pretreated (pickled and wetted
with flux) material is immersed in the
molten coating metal to produce alloy lay-
ers: this process progresses at the phase
limit in accordance with solubility condi-
tions in the phase diagrams. The alloy lay-
ers promote bonding between the coating
and the base material. This process al-
lows substantially greater layer depths
than electroplating methods.

Evaporation
Due to its high cost, the evaporation
process is limited to special applications
particularly in applying thin coatings to
objects with limited surface areas (sub-
strates). These thin layers often require
additional protection from supplementary
inorganic or organic coatings (example:
headlight reflectors). The coating material
(metal) is heated by an electric current
and evaporated in an intense vacuum. It
condenses on the substrate, forming a
fine metal coating.

Thermal spraying
In thermal spraying, the coating material
(usually in powdered form) is melted by a
plasma ("plasma spraying") or an arc as it
leaves the spray gun. Because this
process entails accepting a certain
amount of inconsistency and porosity in
the final coating, thick layers (150 to 200
pm) are required to ensure effective cor-
rosion protection.

Flating
Eating is the joining of two or more metal
layers at high temperature and/or under

high pressure. These metal layers do not
separate under normal stress. Plating
methods are divided into rolling, transfer
and mechanical cladding. The materials
are joined by using diffusion processes,
bonding with alloying techniques, or me-
chanical interlocking. The applicaton ma-
terials are several millimeters in thick-
ness.

Organic coatings
Thermoplastics, elastomers and
duromers are the primary types of arganic
protective coatings. They are used in the
automobile industry in paints, wiirn-sin-
tered compounds, interior coatings, fiber-
reinforced resins and fillers. How well
these coatings protect the underly ng ma-
terial depends not only on the individual
plastic, but also on the binder, anti-aging
agent, UV stabilizers and the type of filler
and pigment used. Organic coatings can
be used alone or together with on, of the
inorganic coatings mentioned above.

Painting
Depending upon individual requirments,
paint can be applied with brushes and
rollers, using compressed-air or high-
pressure sprays, and by immersion
processes (with and without elec-
trophoresis), and with electrostatic spray
painting. An adhesion-promoting primer
coat is applied to the pretreated metal
surface with subsequent application of
the actual protective coat on top of the
primer. Solvent evaporation and/or oxy-
gen absorption then promote formation of
a homogenous, continuous surface layer.

Powder coating
Powdered plastics, which are very difficult
to transform into a liquid phase at room
temperature, can be applied usirg pow-
der coating processes. The powder can
either be fused onto the preheated parts,
flame-sprayed or electrostatically spray-
ed. Heat treatment can be employed to
form homogenous sealed layers as re-
quired. Powder coating processes are
usually more economical than painting
processes, while environmental and oc-
cupational safety are both less of a prob-
lem.
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Internal rubber and plastic coatings
Rubber and plastic coatings are fre-
queitly used to protect the insides of
transport and storage tanks, vessels and
pipes. Prelinked natural and synthetic
rubber, and pretreated thermoplastic films
are applied with interlacing adhesives; fi-
nal inkage takes place either catalytically
or by applying heat after the coatings
have been applied to the bare carrier ma-
terials.

Plasmaj;olymerization
Plasma polymerization is a process in
which a gaseous-discharge plasma pro-
motes polymerization of organic mono-
mers on the object material. This type of
polymer film represents a suitable coating
for any metal. The result is an organic
layer without gas enclosures or the
volatile components frequently found in
solid polymers,

inhibitors

Inhibitors are substances added to the
corrosive medium in low concentrations
(up to a maximum of several hundred
pp) for absorption at the surface of the
protected metal. Inhibitors drastically re-
duce the rate of corrosion by blocking ei-
the, the anodic or the cathodic sub-
process (frequently blocking both sub-
processes simultaneously). Organic
amnes and amides of organic acids are
the most frequent inhibitors. In automo-
tive applications, for example, inhibitors
are used in fuel additives; they are also
added to antifreeze in order to inhibit cor-
rosion damage in the coolant circuit.
Vapor-phase inhibitors provide only tem-
porary protection for metallic products
during storage and shipping. They must
be easy to apply and remove.

The drawback of vapor-phase inhibitors
is that they are potentially injurious to
health.

Vapor-phase inhibitors (VPI), or volatile
corrosion inhibitors (VCI), are organic
substances of moderate vapor pressure.
They are frequently enclosed in special-
purpose packing materials or as solvents
in liquids or emulsions with oil. The in-
hibitors evaporate or sublimate over the

course of time, and are adsorbed as
monomolecules on the metal, where they
inhibit either anodic or cathodic corrosion
subreactions, or both at once, Dicclo-
hexylamin nitrite is a typical example.

For optimal effectiveness. the inhibitor
should form a sealed coating exterding
over the largest possible surface area.
This is why they are generally enclosad in
packing materials such as special paper
or polyethylene foil. An airtight edge seal
is not required; the packing can be
opened briefly for inspection of contents.
The duration of the packing's effective-
ness depends on the tightness of the seal
and the temperature (normally appr)x. 2
years, but less in environments substan-
tially hotter than room temperature).

Standard commercial vapor-phase in-
hibitors are generally a combination of nu-
merous components capable of providing
simultaneous protection for several met-
als or alloys. Exceptions: cadmium, lead,
tungsten and magnesium.

I
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Heat treatment of
metallic materials

Heat treatment is employed to endow
metallic tools and components with the
specific qualities required either for sub-
sequent manufacturing processes or for
actual operation. The heat-treating pro-
cess includes one or several time and
temperature cycles. First, the parts to be
treated are heated to the required tem-
perature, where they are maintained for a
specific period before being cooled back
down to room temperature (or below in
some processes) at a rate calculated to
achieve the desired results.

The process modifies the microstruc-
ture to achieve the hardness, strength,
ductility, wear resistance, etc., required to
withstand the stresses associated with
static and dynamic loads. The most
significant industrial processes are
summarized in Table 1 (see DIN EN 10 052
for terminology).

Hardening

Hardening procedures produce a marten-
sitic microstructure of extreme hardness
and strength in ferrous materials such as
steel and cast iron.

The parts being treated are heated to the
austenitizing, or hardening temperature, at
which they are maintained until an

Table 1. Summary of heat-treatment proce

Table 2. Standard austenitizing
temperatures

Cast iron 850.900

austenitic structure emerges, and until an
adequate quantity of carbon (released in
the decay of carbides, such as graphite in
cast iron) is dissolved in the treated ma-
terial. The material is then quenched or
otherwise cooled back to room tempera-
tureasquicklyas possiblein orderloobtain
a maximum degree of conversion to a mar-
tensitic microstructure (the time-tempera-
ture transformation chart for the specific
steel in question contains the reference fig-
ures for the necessary cooling rate).

The austenitizing temperature varies
according to the composition of the ma-
terial in question (for specific data. consult
the DIN Technical Requirements for
Steels). Table 2 above furnishes refer-
ence data. See DIN 17 022, Parts 1 and
2, for practical information on hardening
procedures for tools and components.

Isolhermic
transforma-
tion in the
bainie stage

Tempering
hardened
parts

Hardening
and
tempering
above 550'

of

C

Stress-reief

Recrystalliza-
tion annaling

Softannealing,
spheroidization'

Austempering TemperingHardening

Through
hardening

Surface
hardening

Hardening of
carburized
parts (case-
hardening)

Thermo.
chemical
treatment

Carburizing

Carbonthd-
ing

Nitriding

Nitrocarbur-
azing
Boron
treatment

Chroratng

Normalizing

Hornogenizing

Type of steel Duality !Aus~tnil>-
specifica- zing tempe-
tion rature 'C

Unalloyedand DIN EN
low-alloysteels 10083-1

lDIN 17 211
DIN 17 212 780...950

<0.8% by mass of C
0.8%by mas of C- 780820

Cold- and hot- DIN 17350 950.1100
workingtool1stee

High-speed steels 11 ,0_1230

Annreal' ng Precipitalion
hardening

90""i""

tr,,, rT' nt
and a ling
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Not all types of steel and cast iron are
suitable for hardening. The following
equation describes the hardening poten-
tial for alloyed and unalloyed steels with
mass carbon contents of between 0.15
and 0-60%, and can be applied to esti-
mate the hardness levels achievable with
a completely martensitic microstructure-

Max. hardness= 35+ 50 (%C) ±2 HRC

If tie microstructure does not consist en-
lirely of martensite, then the maximum
ha'dness will not be reached.

When the carbon content exceeds
0.6% by mass, it may be assumed that
the material's structure contains untrans-
formed austenite (residual austenite) in
addition to the martensite. This condition
prevents the maximum hardness from be-
ing achieved, and the wear resistance will
be lower. In addition, residual austenite is
metastable, i.e. there exists a potential for
suosequent transformation to martensite
at temperatures below room temperature
or under stress, with changes in specific
volume and internal stress as the possible
results. Low-temperature follow-up proce-
dures or tempering operations at over
230 C can be useful in cases where
residual austenite is an unavoidable prod-
uct of the hardening procedure.

The surface and core hardnesses re-
main virtually identical in components with
material thicknesses up to approx. 10 mm.
Beyond this point the core hardness is
lower; there is a hardness progression or
gradient. The rate of the progression de-
pends upon the hardening response (test-
ing described in DIN 50 191), which is a
function of the material's composition (Mo,
Mn, Cr). This factor requires particular at-
tetion with parts which do not cool well
(thick parts and/or slow or graduated cool-
ing processes designed to minimize the
risk of cracks and/or distortion),

DIN 50 150 defines the method for us-
ing hardness as the basis for estimating
tensile strength R; this method can only
be applied in cases where the surface and
core hardnesses are virtually identical:

R, = (34...37.7), Rockwell C hardness
number in N/mm 2 or

R, = (3-2...3,35). Vickers hardness
number in N/mm 2.

The specific volume of the martensitic mi-
crostructure is approximately 1.0% greater
than that of the original material. In addi-
tion, stresses result from the rearrange-
ment of the microstructure and from con-
traction during cooling. As the lattei phe-
nomenon does not take place at a uniform
rate in all sections of the part, it produces
variations in shape and dimensions; ten-
sile stresses near the surface and pressure
tension at the core are the commonresult

Surface hardening
The process is especially suited to' inte-
gration within large-scale manufacturing
operations, and can be adapted to fit the
rhythm of the production line

Heating and hardening are restricted to
thesurface, thereby minimizing alterations
in shape and dimensions. Heating is
generally provided by high- or medium-
frequency alternating current (inductive
hardening) or by a gas burner flame
hardening) Friction (friction hardning)
and high-energy beams (e.g. electron or
laser beams) can also provide the heat
required for austenitizing. Table 3 provides
a summary ofthe specific heat energies for
the individual procedures.

These methods can be used to treat
both linear and flat surfaces, meaning that
the parts can be heated either while sta-
tionary or in motion. The heat source itself
can also be moved. Rotation is the best
way of dealing with radially symrretrical
parts, as it ensures concentric harcening.
Either immersion or spraying arrange-

Table 3. Comparison of power
densities when heating with different
sources

Energy source Nmalpowrer
_____________________de ns it Y

Laserb eam 10 ... 10

Electronbeam 0 10

Induction (MF, 10 .. 104
HF. HF pulse)
Flame heating 10..6 10"

Plsabeam 101

lt 20
iconvectenl

Air/gas 0.5
(convection)
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270 Heat treatment

ments can be applied for quenching.
Heat rise is rapid, so the temperatures

must be 50...100'-C higher than those
used in furnace heating so as to
compensate for the shorter dwell period.
The procedure is generally employed with
low-alloy or unalloyed steels with mass
carbon contents of 0.35...0.60% (consult
DIN 17 212 for list of suitable steels).
However, surface hardening processes
can also be applied with alloyed steels,
cast iron and rolling-bearing steels. The
parts can be heat-treated to provide a
combination of improved base strength
and high surface hardness, making them
suitable for high-stress applications
(recessed edges, bearing surfaces, cross-
sectlonal transitions).

Surface hardening generally results in
internal compression stresses along the
edge. This leads to increased fatigue re-
sistance, especially when notched parts
are exposed to inconstant vibration stress
(see illustration).

The relationship defined above can be
employed to estimate the potential surface
hardness. There is a substantial reduction
in hardness between the surface and the
unhardened core region. The hardening
depth Rh - the depth at which 80% of the
Vickers surface hardness is found - can
be derived from the hardness progression
curve (see DIN 50 190, Part 2).

Austempering

The object of this process is to achieve a
bainite microstructure. This microstruc-
lure is not as hard as martensite, but does
display greater ductility as well as smaller
changes in specific volume.

After austenitizing (see hardening), the
arts for austempering are first cooled to a

temperature of 200...350 0C (depending
upon the exact composition of the
material) at the required rate. The parts are
.hen held at this temperature until the
microstructure's transformation into
oainite has been completed. The parts can
:hen be cooled to room temperature (no
special procedure required).

Austempering is an excellent alterna-
ive for parts whose geometrical configu-
'ation makes them sensitive to distortion

Cyclically alternating stress acconing to
surface-layer hardening
+ u Tensile stress, -o Compression
1 Case layer 2 Bending stress,
Reductionoftensile stress.

4 Resulting tension. 5intrinsic stress
6 Increase in compression stress.

_ 2

4
- mn

5If)TX
___ ii
6

L fl -p- II6

and/or cracks, or in which high dictility is
required together with substantial hard-
ness, or which should combine -ardness
with a low level of residual austenite.

Draw tempering

Parts emerge from the hardening process
in a brittle state; they must be tempered to
increase their ductility in order to reduce
the risk of damage associated with exces-
sive internal tension, such as delayed
cracking after hardening or splintering
during grinding. This tempering process
is based on the elimination of cabides, a
phenomenon accompanied by an in-
crease in ductility, albeit at the price of re-
ductions in hardness.

The parts are heated in the draw to a
temperature of between 180 anc 6500 C;
they are then held there for at least one
hour before being allowed to cool to room
temperature. Depending upon the specific
composition of the material, tempering at
temperaturesinexcessof2300Cmayre-
suit in any residual austenite being trans-
formed into bainite and/or martersite

Tempering at temperatures as low as
1800C is enough to reduce the rardness
of unalloyed and low-alloy steels by ap-
prox. 1...5 HRC. The individual riaterials
respond to higher temperatures with spe-
cific characteristic hardness loss. The
graph at the right shows a characteristic
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tempering curve for typical types of steel.
The graph illustrates the fact that the
hardness of high-alloy steels remains
constant until the temperature exceeds
55CC, after which it drops.

The mutual relationships between tem-
per ng temperature on the one side, and
hardness, strength, yield point, fracture
contraction and ductility on the other, can
be laken from the tempering diagrams for
the various steels (see DIN EN 10083)

Tempering of hardened parts is accom-
paried by a reduction in specific volume.
In some cases, tempering can also in-
duce changes in the progressive variation
in internal tension at different depths in
the parts.

11 must be remembered that steels al-
loyed with manganese, chromium, man-
gariese and chromium, chrome-vana-
diun, and chromium and nickel should
not be tempered at temperatures of
350...500 0C, as brittleness could result.
When these types of materials are cooled
from higher tempering temperatures, the
transition through this critical range
should also be effected as rapidly as pos-
sible (see DIN 17022, Parts 1 and 2 for
additional information).

Quench and draw

This type of quench and draw process
combines hardening and tempering at
temperatures above 500'C. This proce-
dure is designed to achieve an optimal re-
latibnship between strength and ductility.
It is applied in cases where extreme duc-
tility or malleability is required.

Particular care must be devoted to
avoiding brittleness in the quench and
draw operation (see above).

Thermochemical treatment

In thermochemical treatment, the parts
are annealed in agents which emit spe-
cific elements. These diffuse into the sur-
face layer of the parts being treated and
modify their composition. This results in
very specific properties. Of particular im-
potance for this process are the ele-
ments carbon, nitrogen and boron.

Tempering response of various types
ofsteel
I Non-alloyed tempering steel (C45).
2Non-alloyedcold-workingtootsteel
(C80W2),
3 Low-alloyed cold-working tool steel
(105WCr6),
4 Alloyed cold-working toot steel
(xt65crv12),
5 Hot-working tool steel (X4CrMoV571),
6 High-speed tool steel (S6-5-2).

HRC --..

So &
7-

~ - -' 1N 5

so

Im45 -

35

O0 200 400' 600 C
Tempering temperature

Carburizing, carbonitriding,
case hardening
Carburizing increases the carbon ccntent
in the surface layer, while carbonitiding
supplements the carbon enrichment with
nitrogen. This process is generally carried
out in molten salt, granulate, or gas at-
mospheres at temperatures ranging from
850.1000'C. The actual hardeniig is
performed subsequently, either by
quenching directly from the carburizing/
carbonitriding temperature (direct hard-
ening), or by allowing the parts to col to
room temperature (single hardening). or
by allowing them to cool to a suitable in-
termediatetemperature (e.g.620'C prior
to reheating (hardening after isothermic
conversion). This process produces a
martensitic surface layer, while the de-
gree of martensite at the core is a function
of hardening temperature, hardenability
and part thickness.

Specific temperatures can be selected
for either surface hardening in the upper
layers with higher carbon content (case
refining), or for the non-carburized core
(core refining) (see DIN 17022, Part 3)

Carburizing and carbonitriding produce
a characteristic carbon declivity, with lev-
els dropping as the distance from the sur-
face increases (carbon curve). The dis-
tance between the surface and the point
at which the mass carbon content is still

i

I

0
~1'

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4647



272 Heat treatment

1.35% is normally defined as the carbur-
zation depth Aro, 3

The length of the carburizing or car-
conitriding process depends upon the
-equired carburization depth, the temper-
ature and the atmosphere's carbon-diffu-
.ion properties. A reasonable approxima-
ion is possible:

At = K j - D/13 in mm

Depending on temperature and carbon
levels, K lies between 0,3 and 0.6 during
carburization in a gas atmosphere, for ex-
ample; the correction factor /[3 is gener-
ally 0.1...0.3 mm; the time t in h must be
inserted.

Generally, the objective is to achieve a
carbon gradient with a concentration of at
least 0.60% mass carbon content, the ul-
limate goal being a surface hardness of
'750 HV (corresponding to 65 HiRC).
Higher concentrations of carbon can lead
to residual austenite and/or carbide diffu-
sion, which could have negative effects on
the performance of case-hardened parts
in actual use. Control of the atmosphere's
carbon level, and thus the part's ultimate
carbon content, is thus extremely impor-
tant.

The gradient defining the relationship
between hardness and depth corre-
sponds to the carbon concentration
curve. The hardness gradient is used to
define the case depth Eh. DIN 50 190,
Part 1 defines this as the maximum dis-
tance from the surface before the hard-
ness drops below 550 HV.

The case-hardened part generally ex-
hibits compression tension at the surface,
arnd tensile stresses at the core, As with
surface-hardened materials, this distribu-
tion pattern provides enhanced resis-
tance to vibration loads.

In carbonitriding, nitrogen is also ab-
sorbed; it serves to improve the material's
tempering properties, increase its durabil-
ily and enhance its wear resistance. The
positive effects are especially pro-
nounced with non-alloyed steels. For addi-
t onal, more detailed information on case-
hardening procedures consult DIN 17022,
Part 3, and Information Sheet 452 of the
Steel Information Center, Dsseldorf.

Nitriding and nitrocarburizing
Nitriding is a thermal treatment process
(temperature range. 500...600T) which
can be used to enrich the surface layer
of virtually any ferrous material with
nitrogen. In nitrocarburizing, a certain
amount of carbon is diffused into the
material at the same time.

The nitrogen enrichment is accompa-
nied by precipitation hardening. This
strengthens the surface layer, enhancing
the materials resistance to wear, corro-
sion and alternating cyclic stress.

Because the process emplojs rela-
tively low temperatures, there are no vol-
umetric changes of the kind associated
with transformations in the microstruc-
ture, so that changes in dimensians and
shape are minute.

The nitrided region consists of an outer
layer, several millimeters in depth, and a
transitional white layer, the harcness of
which may be anywhere from 700 to over
1200 HV, depending upon the composi-
tion of the material. Still deeper is a softer
diffusion layer extending several tenths of
a millimeter. The thickness of the individ-
ual layers is determined by the tempera-
ture and duration of the treatment pro-
cess. The process produces a hardness
gradient (similar to that which results from
surface and case-hardening); this gradi-
ent furnishes the basis for determining the
nitriding depth Nht. DIN 50 190, Part 3 de-
fines this as the depth from the surface at
which the hardness is still 50 HV above
the core hardness.

The material's resistance to wear and
corrosion is essentially determined by the
white layer, which contains up to -0 mass
components of nitrogen in %. The nitrid-
ing depth and the surface hardness deter-
mine the material's resistance to alternat-
ing cyclic stress (for additional details, see
DIN 17022, Part 4, and Information Sheet
447 from the Steel Information Center,
Dusseldorf).

Boron treatment
This is a thermochemical treatment
method which employs boron to errich the
surface layer of ferrous materials.
Depending upon duration and tempera-
ture (normally 850._1000 tC), en iron-
boron white layer of 30um...0.2mm in
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depth and with a hardness of 2000...2500
HV is produced.

Boron treatment is particularly effective
as a means of protecting against abrasive
wear. However, the comparatively high
process temperature leads to relatively
large changes in shape and dimensions,
meaning that this treatment is only suit-
able for applications in which large toler-
ances can be accepted.

Annealing

Anealing can be applied to optimize cer-
tain operational or processing character-
istics of parts. With this method, the parts
are heated to the required temperature
and maintained there for an adequate pe-
riod before being cooled to room temper-
ature. Table 1 lists the various processes
used in specific individual applications.

Stress-relief
Depending upon the precise composition
of the parts, this operation is carried out at
temperatures ranging from 450...650C.
The object is to achieve the maximum
possible reduction in internal stress in
components, tools and castings by induc-
ing physical deformation,

After an oven time of 0.5...1 h, the parts
are cooled back to room temperature; this
coding should be as gradual as possible
to prevent new stresses from forming.

Recrystallization annealing
Recrystallization annealing is applied with
parts that have been formed using non-
cut:ing procedures. The goal is to restruc-
ture the grain pattern in order to prevent
increased hardening, thereby facilitating
subsequent machining work.

The temperature requirement depends
upon the composition of the material and
the degree of deformation: it lies between
550...730 0C for steel.

Soft annealing, spheroidization
Sol annealing is intended to facilitate the
machining and/or shaping of workpieces
which have hardened owing to detorma-
tion processes or other heat treating pro-
cedures.

The temperature requirement is deter-
mined by the material's composition. it is
in a range of 650...720C Ofor steel, and
lower for nonferrous materials,

Spheroidizing of cementite is applied
when a microstructure with a granular
carbide pattern is desired. If the -itial
structure is martensite or bainite, the re-
sult will be an especially homogeneous
carbide distribution.

Normalizing
Normalizing is carried out by heating the
parts to austenitizing temperature and
then allowing them to gradually cool to
room temperature. In low-alloy and non-
alloyed steels, the result is a structure
consisting of ferrite and perlite. This
process is essentially employed to reduce
grain size, reduce the formation of coarse
grain patterns in parts with limited re-
shaping, and to provide maximum homo-
geneity in the distribution of ferrite and
perlite.

Precipitation hardening treatment
This process combines solution treatment
with aging at ambient temperature. The
parts are heated and then maintained at
temperature to bring precipitated struc-
tural constituents into a solid solution, and
quenched at room temperature to form a
supersaturated solution. The aging
process comprises one or several cycles
in which the materialis heated and held at
above-ambient temperatures (hot aging).
In this process, one or several phases, i.e.
metallic bonds between certain base al-
loys, are formed and precipitated in the
matrix.

The precipitated particles enhance the
hardness and strength of the base mi-
crostructure. The actual characteristics
are determined by the temperature and
duration of the aging process (option of
mutual substitution); exceeding a certain
maximum will usually reduce the strength
and hardness of the final product.

Precipitation hardening is mostl ap-
piled for nonferrous alloys, but some hard-
enable steels (maraging steels) can also
be processed.
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Hardness

Hardness testing
Hardness is the property of solid materi-
als that defines their resistance to defor-
mation. In metallic materials the hardness
is used to assess mechanical properties
such as strength, machinability, malleabil-
ity, and resistance to wear. DN 50 150 de-
fines guidelines for converting hardness
to tensile strength. Measurement proces-
ses are practically nondestructive.

The test data are generally derived
from the size or depth of the deformation
produced when a specified indentor is ap-
plied at a defined pressure.

A distinction is made between static
and dynamic testing. Static testing is
based on measurement of the permanent
impression left by the indentor Conven-
tional hardness tests include the Rock-
well, Vickers and Brinell procedures. Dy-
namic testing monitors the rebound of a
lest tool accelerated against the surface
:f the test specimen.

Another option for obtaining an index of
surface hardness is to scratch the surface
with a hard testtool and then measure the
groove width. The table (next page) com-
oares the standard application ranges for
lhe Rockwell, Vickers and Brinell hard-
-iess tests.

Rockwellhardness
(DIN EN10109)

This method is particularly suitable for
large-scale testing of metallic workpieces.
A steel or diamond indentor is positioned
vertically against the surface of the test
specimen and a minor load appl ed prior
to application of the full test pressAre (ma-
jor load) for a period of at least 30 s. The
Rockwell hardness is the resulting pene-
tration depth e in mm (see Table I).

The test surface should be smooth (de-
pending on hardness range, Rmx 5
12.34 pm) and as flat as possible. If the
specimen's radius of curvature is less
than 20 mm then the results must be
scaled using the correction factor for the
individual resistance level

Selection of the individual test proce-
dures enumerated in Table 1 is based
upon either the specimen's thickness or
the case depth of the hardened surface
layer (refer to Figs. A.1...A.3 in DIN
EN 10109). The abbreviation fot the se-
lected test method should be appended to
the numerical data when specifyiig hard-
ness, e.g. 65 HRC. 76 HR 45 N. The
Rockwell C procedure's error range is ap-
prox.±1 HRC.

Advantages of the Rockwell test
method include minimal specimei prepa-
ration and rapid measurement; this test
process can also be completely auto-
mated.

Table 1. Rockwell test methods

Abbreviation Indentor Minorload Totallest Hardness number
force (eindenter penetration depth)

HRC Diamond 1471 ±9 20..7
cone 100 - e 0-002

HRA 588 t 5 60 -. 381
98 t 2-

HHB 980 6.5 35..100
Steel ball 130 e 0.002

HRF 588 5 60 ... 100

HR15N 147 1 66. 32
HR30N Diamond 29.4 0.6 294 2 39...84
HR4SN cone 441 +3 17 ..73

100-e/0.001 - -
HR15T 15 ±0.1 50...3 4
HR30T Steel ball 3 ± 0.06 30-0.2 10 ... 34
HR45T 45 t 0.3 0 ... 75
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Hardness 275

Any tester vibration, or shifting and Comp
movement of either the test probe or the differ
specimen itself can lead to testing errors, The fi
as can an uneven support surface or a the ha
damaged indentor. meth

Brinell hardness (DIN EN 10003)

This procedure is used for metallic ma- l000
terials of low to medium hardness. The
test tool (indentor) is a hard-metal or
hardened-steel ball. It is applied to the
surface of the specimen at an individually
specified force Ffor at least 15 s"). Micro- 800
scopic examination of the resulting defor-
mat on diameter d provides the basis for
calculating the Brinell hardness. These
data can be correlated with standard
cha.-ts or calculated as follows: soo

Brinell . 0.204 F HB
hardness - (D (D- N, b2)2) SOO

F Force in N
) Ball diameter in mm 40o

d Indentation diameter in mm

Tes: pressures range from 9.81 to
29,420 N. Results obtained using spheres
of cifferent diameters are only condition- 20
ally comparable, and any comparisons
should be based on testing at identical
force levels. Testing should always be per-
formed using the largest possible spheri-
cal sphere. while load factors should be a

1) At least 30 s for lead, zinc, etc.

Table 2. Application of the Brinell hardness test

Material
Stel; nickel and
titanium alloys
Cast iron 1)

Copper and
copper alloys

LihTmetalsand
Iheir alloys

Load and tin

arison of hardness ranges for
ent test methods
guresat the range extremities indicate
trdness data for the respective

ods. HS test procedures with force
levels30 (1); 10 (2)"5 (3); and 1 (4)

68 55,1 3,2 84.4 75 4

HV VHRHOR HR HRH1 HR H
1N30N 45N

Brinell hardness Laod factor 0.102 F/l 2

I 10

<140
>140
<35
35 to 200
<200
<35
35 to 80

80

10
30

10

30
2-5

5
10
15

1110
15

1
Sintered metals see EN 24498-1

Ball nominal diameters of 2. 5 or 10 mm are specried for teing cast ron.

4.7

09.5r11S.1

4'
2*

71
-. A

'1

'AI;
lv.t
I~

1)

III

I
if-.

.4.

It

i

. I

20.360.76F9.6 41 7 1990
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276 Hardness

selected to obtain an indentation diameter
of (0.24 ... 0.6) D. Table 2 lists the re-
commended load factors and ball diame-
ters for a variety of materials as laid down
in DIN EN 10003.

In the Brinell hardness designation the
numeric data are accompanied by the
procedure code, the material of the ball
(W for hard metal, S for steel) and the ball
diameter. The final element is the test
force(in N) multiplied byafactorof 0.102.
Example:250 HBW 2.5/187-5.,

To prevent test errors stemming from
deformation of the ball itself, testing at
hardness factors in excess of 450 HB is to
be carried out exclusively with a hard-
metal ball.

High test pressures producing defor-
mations extending over a relatively wide
surface area can be employed to gather
data on materials with inconsistent struc-
tures. An advantage of the Brinell method
is the relatively high degree of correlation
between the Brinell hardness factor and
the steel's tensile strength.

The range of application for the Brinell
test method is limited by specifications for
the thickness of the test specimen (ct. DIN
EN 10003) and by the ball material. The
required preparations and ensuing test
procedures are more complex than those
used for Rockwell testing. Potential error
sources are the test's reliance on visual
evaluation of the impact area's diagonal
length and the possibility of inconsisten-
cies in the impression itself.

Vickers hardness (DIN 50 133)

This test method can be used for all me-
tallic materials, regardless of hardness. It
is especially suitable for testing minute
and thin specimens, while the potential
application range extends to include sur-
face and case-hardened parts as well as
nitrided workpieces and parts carburized
in nitrogen-based atmospheres.

The test tool is a square-based dia-
mond pyramid with an apical angle of

136¾. This is applied to the surface of the
test specimen at the specified force F

The diagonal dof the rhomboidal cavity
remaining after the tool's removal is mea-
sured using a magnifying glass to obtain
the basis for calculating the Vickers hard-
ness, which can be read from tables or
calculated as follows:

Vickers hardness = 0.189 - F0 HV

F Applied force in N
d Diagonal of impression in mm

Table 3 gives an overview of thE gradu-
ated force levels defined in DIN 50133.

In the formula for Vickers hardness
data, the actual test figure is accompa-
nied by the abbreviation HV, the crce in N
(multiplied by a factor of 0.102) and, fol-
lowing a slash, the force application
period (if other than the standard 15 s) in
seconds, e.g.: 750 HV 10/25.

The test specimen's surface should be
smooth (Rm.,, 5 0.005 - d) and flat. DIN
50 133 stipulates that correctior factors
be used to compensate for any error
stemming from surface curvatu-e, Test
pressure levels are selected wih refer-
ence to either the thickness of the test
specimen itself or of its hardened outer
layer (cf. Fig. 2 in DIN 50 133). Practical
experience indicates an error range of ap-
proximately ± 25 HV. Although the geo-
metrical configurations are similar, hard-
ness data vary as a function of applied-
force levels.

A major advantage of this test method
is that there are virtually no limitations on
using it to assess thin parts or layers. It al-
lows the use of extremely small force lev-
els to determine the hardness of individ-
ual structural sections. The Brinell and
Vickers numbers correlate up to approx-
imately 350 HV.

However, a certain minimal degree of
surface consistency is necessary to en-
sure accurate results, Vickers testing fur-
nishes roughly the same accuracy levels
as the Brinell method, although the mea-

Table 3. Vickers hardness force increment

Abbreviation HVO.2 HVO3 HVO.5 HV1 HV2 HV3 HVS HV10 HV20 HV30HV50 HVIOO

Applied 1.96 2.94 4.9 948 19.6 29.4 49 98 196 294 490 980
force N
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Hardness 277

Correlation between hardness and strength in accordance withIN 50 150

HV HRC H-RA HR15N HR30N HA45N

950-

93 L 84L 75 k
9067 - 85-- 74

66 83

850
65-- 82' 72

800 -64 81- 71

63 70o~
75 62-

700 60 -90 1
59- 1

650- HB0 8- 57 754600 57
56-

550 - 60 io
600,- 55-

550-50 70 170
500

500- 85-
450 75

65 550-450- 45 15V I
T. 400--- 4

T400 40 70X 6- 00

350 40
350 35 F -
30-300 30 65-75 5 30

250- 25 -45 25 HRB 900
250- 20 61- 70 20 D

200 95 700200 -90-

150 6
1,50 -- 500

65
100- 100 300

50

Vickers Brinell Rockwell Rockwell Rockwell Tersile
hard- haI- C hard- A hard- superficial hardness Bhard- is~rengt1

ness1 ) ness2) ness ness ness

)Applied force 98N- )Force level 30, -____ _____
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278 Hardness

surement process is extremely sensitive
to movement of the test set-up. The test
tools are more expensive than the balls
used in Brinell testing.

Knoop hardness
This process closely resembles the Vick-
ers procedure. It is the method of choice
for testing thin-layer hardness in the An-
glo-Saxon world.

The test tool is designed to leave an im-
pression in the form of a thin, elongated
rhombus. The extended diagonal d is
seven times longer than the short one and
is the only one that is actually measured.
The applied force is less than 9.8 N. Hard-
ness ratings are available from standard
charts, or may be calculated as follows:

Knoop hardness = 1.451 FR HK

F Applied load in N
d Long diagonal in mm

The diagonal, which is roughly 2.8 times
longer than in the Vickers method, pro-
vides more accurate results with visual
assessment procedures. The penetration
depth is 1/3 less than in the Vickers
method, allowing evaluation of surface
hardness in thin parts and layers. By mak-
ing Knoop impressions in different direc-
tions, even material anisotropies can be
detected.

Disadvantages of this method include
pronounced sensitivity to misaligned
specimen surfaces, which must be ab-
solutely perpendicular to the force-appli-
cation axis, and the fact that the maximum
force is restricted to 9.8 N. There are no
special German standards for this proce-
dure. Test results cannot be correlated
with those of the Vickers test, on account
of this lack of standardization.

Shore hardness
This method is primarily used for hard-
ness testing on rubber and soft plastics.
The test tool is a steel pin of 1.25 mm dia-
meter; this is forced against the surface of
the test specimen by a spring. The subse-
quent change in the spring length (spring
travel) furnishes the basis for determining
Shore hardness.

In the Shore D method a pretensioned
spring exerts a force of 0.55 N. The tip of
the steel pin has the shape of a frustrum
(for testing hard rubber). The spring ratec
is 4 N/mm.

In the Shore A method, measurement
uses a conical steel pin with a rounded tip
and no pretension The spring rate c is
17.8 N/mm. Each 0.025 mm of spring
travel corresponds to 100 Shore units.

Ball impression hardness
(DIN 53 456)

This is the standard test for determining
hardness levels in plastomers, and is also
employed with hard rubber sbstances.
The test tool is a hardened steel ball 5 mm
in diameter. It is applied with a minor load
of 9.81 N to the surface of the test speci-
men which must be at least 4 mm thick.
Subsequent graduated rises in force pro-
vide application pressures of 49, 132, 358
and 961 N. After 30 s the penetration
depth is measured and indica'ed on an
analog display. The test load F should be
selected to provide a penetration depth i
of between 0.15 and 0.35 mm.

Ball impression hardness is defined as
the ratio of the applied load to the de-
formed area in the test surface It can be
read from tables or calculated as follows:

Ball MBall ~ 0.21 F /m
impression = - o - ( ) N/mm
hardness 1.25 7z - 0.1

F Applied load in N
A Penetration depth in mm

Scieroscope hardness
This dynamic measurement method is
specially designed for heavy and large
metal pieces. This process is based on
the measurement of the rebocnd height
(energy of impact) of a steel indentor
(hammer) featuring a diamond or hard
metal tip; this is dropped from a stipulated
height onto the surface of the test speci-
men. The rebound serves as the basis for
determining the hardness.

The method is not standardized and
there is no direct correlative relationship
with any other hardness testing method.
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Tolerances

Correlations
In the absence of special supplementary
definitions, envelope analysis is manda-
tori for all individual form elements in
prints based on standardized DIN defini-
tions for tolerances and fits (e.g. Indepen-
dence Principle from ISO 8015). The en-
veLope concept is based on the Taylor
gauge test, which specifies that maximum
intolerance material mass shall not pene-
trale the geometric envelope at any point.

Because it is not possible to produce
geometrically ideal workpieces, dimen-
sion limits (dimensional tolerances) are
delined for production.

DIN 7167 includes all tolerances of
form, including tolerances of parallelism,
position and planar regularity as well as
dimensional tolerances. The geometrical
tolerance may lie anywhere within the di-
mensional tolerance (see diagram).

For the following tolerances of position
the envelope dimension at maximum ma-
teral dimension is not defined:

Tolerances of perpendicularity, slope,
symmetry, coaxiality and concentricity.
Fo- these tolerances of position either di-
ret specifications on the drawing or the
general tolerances are necessary.

No generally applicable correlative data
are defined for the relationship between
dimensional tolerance and peak-to-valley
he ght (general formula: R, 2 0.5. 7).

ISO international Organization for Standard-
iza-ion.

Toleranceposition
I Actualform
a Formtolerance, b Dimensional toerance.

io

It t

ISO system for limit
allowances and fits
ISO tolerance classes are indicated by
letters (for basic allowances) and num-
bers (for basic tolerance grades). The de-
finitions are:
- The letters A to Z indicate the position

of the tolerance range relative to the
base line; small letters for shafts; capital
letters for bores.

-The numbers 01 to 18 indicate the
magnitude of the tolerance grade.

The ISO tolerance ranges for shafts
and bores can be combined as desi'ed to
give fits; the standard bore and staidard
shaft systems of fits are preferred.
Standard bore: The basic allowances
for all holes are identical, and different fits
are obtained by selecting the appropriate
shaft sizes.
Standard shaft: The basic allowances for
all shafts are identical, and different fits
are obtained by selecting the corresoond-
ing bore dimensions.

Most common clearance, transition and
interference fits can be defined using the
following selection of ISO tolerances from
ISO286.

Example for tolerance class: H7
Basic allowance I
Tolerance grade

Tolerances of form and
position
Tolerances of form and position shoild be
specified only where required (e.g. in re-
sponse to functional requirements, inter-
changeability and possible production
conditions).

An element's geometrical and posi-
tional tolerances define the zone within
which it must be located (surface, axis or
generating line).

Within the tolerance zone the toler-
anced element may have any desired
form or directional orientation. The toler-
ance applies to the entire length or sur-
face of the toleranced element.

Symbols are employed when entering
the tolerances in prints (see table).
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Symbols for toleranced properties

Properties Symbols

Straightness )

Flatness

Roundness (c rcularity)

Cylindricity

Profile of any line

Profile of any surface

Symmetry --

Path 4)

Overall path

) Totcrances of form, 2) Tolerances E direction
fTolemnces of location,
)Running tolerances,

Geometrical deviations

The term "geometrical deviation" refers to
all disparities between the actual surface
and its ideal geometrical configuration.

Critical considerations may be re-
stricted to dimensional deviations, surface
irregularities or undulations, or may en-
compass the entire potential deviation
range, depending upon the specified ap-
plication. To help distinguish between the
different types of geometrical deviation
DIN 4760 defines a classification system
including examples of deviation types and
their possible sources:

lt order geometrical deviations
Formal deviations are 1 order geometri-
cal irregularities which can be detected
when an entire surface area is examined,
Usually, the general relationship between
formal deviation intervals and depth is
> 1000:1.

Supplementary symbols

Description Symbols

identificton of direct
the toleranced

with letter

Identification of direct
the reference

athletter 4i IA

Reference point 2
AJ

Theoret cally
precise dimension 50

Projected
tolerance zone P

Maximum maleral
condition

M",

2nd to 5t order geometrical deviations
Undulations, or waviness, are geometri-
cal irregularities of the 21 orcer. These
essentially periodic irregularities are de-
fined using a representative section of the
actual surface area on the geonetrical el-
ement under investigation,
Roughness consists of geometrical irreg-
ularities of orders 3 through 5. It is char-
acterized by periodic or irregular formal
deviations in which the deviatio intervals
are a relatively low multiple of their depth.

Surface parameters

Styfus instruments are employed to record
sectioning planes of surface profiles, reg-
istering vertically, horizontally, and as a
function of the two components in combi-
nation. The characteristics are derived
from the unfiltered primary profile (P pro-
file), the filtered roughness profile (R pro-
file), and the filtered waviness profile (W

Paralelism

Perpendicularity

Slope

Position

Concentricity coaxiality

2)
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pro-ile). Roughness and waviness are dif-
ferentiated by means of profile filters.

Profile height P,, R1, WV
Maximum excursion above the centerline
Z, plus the maximum excursion below the
centerline 7, within the traversing length 1,

The traversingength In can consist of
one or more sampling lengths t. The value
of a parameter is computed from the
measured data for its sampling length. As
a rule, five sampling lengths are required
for computing the roughness and wavi-
ness parameters. The standardized mea-
suring conditions are based on the maxi-
mu-n roughness peak-to-valley height and
include, for example, limit wave length X,,
sampling length l, traversing length In,
profile length 1, stylus-tip radius rsmix and
digitizing cutoff Amax). For industrial pur-
poses, the parameters generally employ-
ed in describing surfaces are as follows:

Arithmetic roughness average Ra
Arithmetic average of the absolute values
of the ordinates of the roughness profile.

Maximum peak-to-valley height R,
Maximum excursion above the centerline
R, plus the maximum excursion below the
centerline R, within a sampling length. As
the vertical distance between the highest
peak and the lowest valley, R, is a mea-
sure of scatter of the roughness ordinates.

Material content of the roughness
profile Rrme)
The material-content curve reflects the
material content as a function of section
height c. The characteristic is formed by a
percentage relationship between the sum
of the material lengths MI(c) of the profile
elements in a specified section height c
and traversing length In.

Parameters of the material-content
curve Rk, pe vk, MV11',M k 2

The material-content curve derived from
the filtered roughness profile is divided
into three sections characterized by para-
meters (core peak-to-valley height R, re-
duced peak height R, and reduced score
depth Rk). The parameters Mrj and Mr
reflect the material content at the limits of
the roughness core profile.

Surface parameters

Pproble

R profl'e

0' VW-

Arithmetic roughness average Ra
4 l

/n~

center line
V '41

Maximum peak-to-valley height R

2R,

V,' / 7j'V Z

Material content of the roughness
profileR.;c)

Reference ine
- __Refeencesectionheig

| 4 dv Section he'g
hlt (01 vS ecto ,)n htcl&

Marnal
content
cure

1 20 t 40 60 80 10(
Material content Rma

Parametersof thematerial-content
curvesk, pk vb 1l. *r2

Peak a rea4Pakre Material contet curve
(Abbot-curve)

Score area

Material cor lent

0 40 60 100 
14f A1

i.
4
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282 Sliding bearings and rolling bearings

Sliding bearings and
rolling bearings

Sliding bearings
Different types of sliding bearings range
from bearings with usually complete sep-
aration of the sliding surfaces by a lubri-
cation film (fluid friction), through self-lu-
bricating bearings, most of which exhibit
mixed friction i.e. some of the bearing
load is transformed to solid contact be-
tween the sliding surfaces), to dry sliding-
contact bearings which exhibit dry friction
(i.e. completely without an effective fluid
lubricating film), but which nevertheless
have an adequate service life.

Most of the hydrodynamic sliding bear-
ng types used in automotive applications
ire circular cylindrical radial-sleeve bear-
igs (often with oval clearance) for hold-
ig the crankshaft and camshaft, and tur-
ocharger bearings. Thrust bearings are
;ually used only as axial locators, and
e not subjected to large forces.

1drodynarnic sliding
arings

nbols (DIN 31 652)

gnation Sym- Unit
bols

bearing length
bearing diameter

nal diameter)
diameter {nominal
ler)
tricity (displacemeni
an shaft and bearing

5ricant depth
bricant pressure
loadft=HF(BfD)
clearance s= (0 - d)

rfeld number
ecceniricity 2 c/
dynamic viscosity

aricant
bearing clearance

nont angle
iamicalty effecive
elocity

8

TI

t'

l

A hydrodynamic sliding bearing is reliable
in service if it remains sufficiently unaf-
fected by the following:
- Wear (sufficient separation of the con-

tact surfaces by the lubricant),
- Mechanical stress (bearing material of

sufficient strength),
- Thermal loading (observance of thermal

stability of bearing material and viscos-
ity/temperature behavior of lubricant).

The dimensionless Sommerfld num-
ber So is used when determining loadabil-
ity, i.e. when assessing the formation of
the lubricating film

So DI y 2/(D [ 21( no, )

As the Sommerfeld number So increases,
relative eccentricity c rises and minimum
lubricating-film thickness h, drops:

ho = (D - dl)!2 - c = 0.5 D V (1 .
with relative eccentricity

e= 2e/(o- i)

Table 1. Orders of magnitude of the
coefficients of friction for different
types of friction
The coefficients of friction given below are
approximate values, and are intended
solely for comparison of the different
types o friction.

Type of friction Coeflicient of
frictionnf

mn Dry friction 01 -. > 1
Mixed riction 0 01 .. 0.1

m Fluid friction 0.01
Friction in roller bearings 0.001

m

ia=NimN
rn
ParN/n 2

Pa
m

Pa s

Table 2. Empirical values for maximum
approved specific bearing load
(Maximum values only apply for very low
sliding velocities)

Bearing materials Maximumn sPecif.
bearing load

Pb and Sn alloys
(babbitt metals)
Bronze, lead base
Bronze, tin base
ASn alloys
A!Zn alloys

. 15 N/mm

7 20 N/mm
2

7 25 NI/mm2
S18 N/mm 2

7 20 N/mm
2

C!

f(

5

7
7
7
7
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Sliding bearings and rolling bearings 283

The Sommerfeld number is also used to
determine the coefficient of friction in the
bearing, and thus for calculation of fric-
tional power and thermal stress (cf.
DIN 31 652, VDI Guideline 2204).

Because hydrodynamic bearings also
operate with mixed friction a certain
amount of the time, they must accommo-
date a certain amount of contamination
without loss of function, and are addition-
ally subjected to high dynamic and ther-
mal stress (particularly in piston engines),
the bearing material must meet a number
of requirements, some of which are op-
posed to each another,
- Anti-seizure performance (resistance to

welding),
- Conformability (compensation of mis-

alignment without shortening service
life),

- Embeddability (ability of the bearing
surface toabsorb particles of dirt with-
out increasing bearing or shaft wear),

- Fatgueatrength (under fatigue loading,
particularly with high thermal stress),

- Mechanical loadability,
- Pin-in performance (a combination of

compatibility, resistance to wear and
ernbeddability),

- Seizure resistance (bearing material
must not weld to shaft material, even
under high compressive load and high
sI ding velocity),

Muttiayer bearing
(Dsign of a trimetal bearing)
1 Steel backing shell, 2 Cast lead bronze
(0.4 mm), 3 Nickel barrier between lead
brcnze and babbitt-metal (I...2 im),
4 Eectroplated babbitt-metal liner
{overlay e.g., 20 pm)

Detail X

1234

- Wear resistance (in the case of mixed
friction),

- Wettabilty bylubricant.

It a bearing (e.g. piston-pin bushirg) is
to be simultaneously subjected to high
loads and low sliding velocities, high
fatigue strength and wear resistance
should take precedence over resistance
to seizing. Bearing materials used in
such cases are hard bronzes, e.g.
leaded tin bronzes (Table 3),

Since they are subjected to high dy-
namic loads with high sliding velocities,
connecting-rod and crankshaft beaings
in internal-combustion engines must fulfill
a number of different requirement. In
these applications, multilayer bearings,
above all trimetal bearings, have prved
themselves in practice.

The service life of crankshaft beaings
can be further increased through the use
of grooved sliding bearings. In tiese
bearings, fine grooves have been ma-
chined into the surface in the sliding di-
rection, and filled with a liner made o soft
material (an electroplated liner similar to
that found in trimetal bearings). Tiese
contact areas are separated from one an-
other by a harder light-alloy metal

These bearings feature low rates of wear
and high fatigue strength with good em-
beddability regarding lubricant impuriies.

Section through a grooved friction bea Ing
(IBA patent), The linerhas veryfine
grooves in the running direction 1V.
1 Wear-resistant light-alloy metal, 2 Soft ner,
3 Nickel barrier

VG 2

3

.00.

I

4

A

4

*tI
S
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284 Sliding bearings and rolling bearings

Table 3. Selection of materials for hydrodynamic sliding bearings

Material Alloy Composiffon KBhardness Remarks,
dosignalion in% 20C 100C application examples

TIn-base Lg**n*80 6 Sn; 27 10 Very soft, good conformance of

babbitt or))contact sufaces to off-axis
meabt WM0 12Sb; operation, excellent anti seizure
metalperformance.

Lead-base LgPbS10 73P 23 9 Reinforcement necessaiy, e.g.
as composite steel casthg or

oabbitt (WM10) 16Sb with inermediate nickel ayeron
meal 10Sn;Cu lead bronze.

Lead-base G-CuPb 25 74 Cu; 50 47 Very soft, excellent anti-seizure
bronze 25 Pb; 1 Sn performance, ess resistant to

wear.

G-CuPb22 70CU'; 86 79
2 -Pb;6Sn;

3 N

Improved anti-seizure pedor-
Lead-tin- 0-Cupb10Sn C 75 67 manco by alloying with Pb. More
base 10Pb;10Sn res stant to off-axis performance
bronzo tha- pureotin bronzss o-rotore

hi-ladPb-Sn bronzeare
preferablefor use as crnkshafl
bearings. Composite bearings
used in internal-combustion
engine manufacture, piston-pins
) to 100 NImm2.

G-CuPb 23 Sn 76 Cu; 55 53 Composite castngor cw-load
23 Pb; Sn bearings (70 N/mnm2). Also thick-

wall bearing shels. Very good
anti-seizure performanca.
Crankshaft and canshat
bearings, connecting-rod
bearings.

Tin-base G-CuSno10Zn 88Cu; 85 Hard materal. Frtion-Learing
bronze 10 Sn; 2 Zn shells can be subjected to

moderate load at low sliding
velocities. Worm gears.

High-grade wrought alloy Good

220 performance under high loads
and in absence of suffic ent
lubrication. Steering-knuckle
bearings. Particularly wi e Isuited
for use as thin-wallsliding

_________ bearing bushings.

Red brass G-CuSn7 83 Cu. 6 Pb; 75 65 Tin partially replaced with zinc
ZnPb 7 Sn; 4 Zn and lead Can be used in place

of tin bronze, but only for
modorate toads (40 NFr m 2).
General sliding bearing; for
machinery. Piston pins,
bushings, crankshaft andtoggle-
ever bearings.
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Sliding bearings and rolling bearings 285

Alhoy Composition HB hardness
designation in % 20'C 10C

CuZn 31 Si 68 Cu: 90.

Remarks,
applicat on examples

31Zn:tSi31 Zo; 1 Si

CuAl 9 Mn 88 Ca;
9 A
3Mn

AISi 12 Cu
NiMn

AISn 6

I Cu;
85 At: 12 Si;

1 Ni: ' Mn

200

110 ...
190

110

1 Cu: 6 Sn; 40
90 Al. 3 St

Zn content is disadvanageous
at high bearing temperatures.
Can be used in place of tir
bronze; tow loads.
Thermal expansion comparable
to that of lght alloys. Suitable
for use as interference-fit
bearings in light-a oy houJngs.
Belter wear resistance than in
Ibronze, but higher friction

100 Piston alloy for low sliding
velocities.

30 -..iquated tin strtc ed by rolling
therefore high loadabiiity and
good anti-friction properlies.
Improved by electroplated layerj

- 4 4 -___________ _____________

PbSn 10 Cu 2 Cu 88 Pb; 50
10Sn 60

Used in modern trimetal
bearings, electroplatedto
ickness 10 ... 30 un ,ver'

fins grain. Intermediate nickel
layer on bearing metal,

1

V
2:

For materials, see also DIN 1703, 1705, 1716, 17 660, 17 662, 17 665, 1494, -725,
1743.
ISO 4381, 4382, 4383.

Table 4. Sintered-metal bearing materials
Sinl-B indicates 20% P (porosity) (Sint-A: 25% P; Sint-C: 15% P)

Desig- Composition Remarks
nation
Sintered ---

B 00 Fe

Sinlered steel, B 20
higher Cu content'

20 C
Rest Fe

Sintered bronze B 50 < 0.2 C
9-.. 10 Sn
Rest Cu

Standard material which meets moderate
load and noise requirements

Good resistance to wear, can be subjected to
higher loads bhan pure Fe bearings.

More favorably priced than sntered bronze,
good noise behavior andp - values.

Slandard Cu-Sn-base material, good noise
behavior

I

,1

4$.
a

8ateonal

Brass

Alum'numn
b onze

Aluminum
alloy

Rolled
alUminum
cladding

E ectro-
plated
liners

Material
group

Sinered iron

Sintered steel, B 10 <0.3 C
containing Cu 1 ... 5 Cu

Rest Fe
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286 Sliding bearings and rolling bearings

Sintered-metal sliding
bearings
Sintered-metal sliding bearings consist of
sintered metals which are porous and im-
pregnated with liquid lubricants. For many
small motors in automotive applications,
this type of bearing is a good compromise
in terms of precision, installation, freedom
from maintenance, service life and cost.
They are primarily used in motors with
shaft diameters from 1.5...12 mm. Sin-
tered-iron bearings and sintered-steel
bearings (inexpensive, less likely to inter-
act with the lubricant) are preferable to
sintered-bronze bearings for use in the
motor vehicle (Table 4). The advantages
of sintered-bronze bearings are greater
loadability, lower noise and lower friction
indices (this type of bearing is used in
phonograph equipment, office equipment,
data systems and cameras).

The performance of sintered bearings
over long periods of service is closely re-
lated to the use of optimum lubricants.
Mineral oils: Inadequate cold-flow prop-
erties, medium non-aging properties.
Synthetic oils: (e.g. esters, Poly-x
olefins): Good cold-flow properties, high
resistance to thermal stresses, low evap-
oration tendency.
Synthetic greases: (oils which
include metal soaps): Low starting fric-
tion, low wear.

Dry sliding bearings
(see Table 5, R 288)

Solid polymer bearings made of
thermoplastics
Advantags: Economically-priced, no
danger of seizure with metals.
Disadvantages: Low thermal conductivity,
relatively low operating temperatures,
possible swelling due to humidity, low
loadability, high coefficient of thermal ex-
pansion.

The most frequently used polymer ma-
terials are: Polyoxymethylene (POM,
POM-C), polyamide (PA), polyethylene
and polybutylene terephthalate (PET,
PBT), polyetheretherketone (PEEK),

The tribological and mechanical prop-
erties can be varied over a wide ange by
incorporating lubricants and reinforce-
ments in the thermoplastic base material.
Lubricant additives: polytetrafluroethyl-
ene (PTFE), graphite (C), silicone oil and
other liquid lubricants.
Reinforcement additives: glass fibers
(GF), carbon fibers (F).
Application examles: windshield wiper
bearings (PA and fiberglass), idle-position
actuators (PEEK and carbon fiber, PTFE
and other additives).

Polymer bearings made of
duroplastics and elastomers
These materials, with their high levels of
intrinsic friction, are seldom used as bear-
ing materials in the motor vehicle. Duro-
plastics include: phenol resins (high fric-
tion, e.g. Resitex), epoxy resins (require
the addition of PTFE or C in order to re-
duce their high intrinsic brittleness, rein-
forcement necessary usually by fibers),
polyimides (high thermal and mechanical
loadability).
Apkcation examles: polyimide axial
stop in wiper motor.

Metal-backed composite bearings
Composite bearings are combirations of
polymer materials, fibers and metals. De-
pending upon bearing structure, they pro-
vide advantages over pure or fi led poly-
mer sliding bearings in terms of loadabil-
ity, bearing clearance, thermalconductivi-
ty and installation (suitable for use with
oscillating motion).
Example of bearing structure: Tinplated
or copper-clad steel backing (several
millimeters thick), onto which is sintered
an 0.2..0.35 mm thick porous bronze
layer with a porosity of 30. 40% A low-
friction polymer materialis rolled into this
bronze layer as a liner. Liner made of a)
acetal resin, either impregnated with oil or
containing lubricating recesses, or b)
PTFE + Pb or MoS additive.

Metal-backed composite bearings are
available in a number of different shapes
and compositions. Metal-backed compos-
ite bearings with woven PTFE fiber in-
serts exhibit unusually high 1adability
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Sliding bearings and rolling bearings 28

and are suitable for use in ball-and-socket
joirS.

Some motor-vehicle applications for
this type of bearing are: Shock-absorber-
piston bearings, release-lever bearings
for clutch pressure plates, brake-shoe
bearings in drum brakes, ball-and-socket
bearings, door-hinge cearings, bearings
for seat-belt winding shafts, steering-
knuckle bearings, gear-pump bearings.

Carbon-graphite bearings
Carbon-graphite bearings are members
of the ceramic bearing family due to their
method of manufacture and material
properties. The base materials are pow-
dered carbon; tar or synthetic resins
are used as binders.
Advantages: Heat-resistant up to 350C
(had-burnt carbon) or 500'C (electro-
graphite), good antifriction properties,
gocd corrosion resistance, good thermal
conductivity, good thermal shock resis-
tance. They are highly brittle, however.

Examples of carbon-graphite bearing
applications: Fuel-pump bearings, bear-
ings in drying ovens, adjustable blades in
turbochargers.

Metal-ceramic bearings
Meal-ceramic bearings consist of ma-
terial manufactured by powder metallurgy
processes; in addition to the metallic ma-
trix. the bearing material also contains
finely distributed solid lubricant particles.
Matrix: e.g. bronze, iron, nickel.
Lubricant: e.g. graphite, MOS2 .

These materials are suitable for use un-
der extremely high loads, and are at the
same time self-lubricating.

Application example: Steering-knuckle
bearings.

Cutaway viewof a self-lubricated
composite bearing
1Polymerlner;Porousbronzelayer
3 Copperlayer, 4 StEf backing,
5 Tn layer

1 2 3 4 5

Section through composite bearing wth
fabric insert made of PTFE and fibergass
1 PTFE fiber fabric, 2 Adhesive fibers,
3 Resin, 4 Fiberglass backing, 5 Adhesive,
SSteelbacking,

N'~>

iI

I7

2 3 4

N

4 ~\- 4

4 . >. - 4 I
- I ---4

<42 ~-<'0
N 42>1'

N ' ' ' - N

1 5 6
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288 Sliding bearings and rolling bearings
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Sliding bearings and rolling bearings

Rolling bearings

In rolling bearings, forces are transmitted
by rolling elements (balls or rollers). Here,
rolling is a form of movement comprising
rolling and sliding. In rolling bearings a mi-
croslip (i.e. sliding) nearly always occurs
in addition to the pure rolling movement.
In the case of mixed friction, this sliding
movement leads to increased wear.

Advantages:
Low static coefficient of friction
(0.001.0,002), therefore particularly well
suited to applications in which starting
occLirs frequently,
Low maintenance,
Suited to permanent lubrication,
Low lubricant consumption,
Small bearing width,
High precision.

Disadvantages:
Sensitive to impact loads, sensitive to dirt,
Bearing noise is too high for some appli-
cations,
Stardard bearings are only 1-piece bear-
ings.

Bearing materials
Bearing races and rolling elements are
made of a special chromium-alloy steel
(100 Cr6H) which has a high degree of
purity and a hardness in the range of
58...65 HRC.

Depending upon application, the bear-
ing cages are made of stamped sheet
stee, or brass Cages made of polymer
materials have come into recent use due
to their ease of manufacture, improved
adaptability to bearing geometry and
other tribological advantages (e.g. an-
tifriclion properties). Polymer materials
made of fiberglass-reinforced polyamide
66 can withstand continuous operating
temperatures of up to 120do, and can be
operated for brief periods at temperatures
up to 1400C.

Static loadability (ISO 76-1987)
The static load rating Co is used as a
measure of the loadability of very slow-
moving or static rolling bearings. Co is
that load at which total permanent defor-
mation of rolling elements and races at

the most highly-loaded contact point
amounts to 0.0001 of the diameter of the
rolling element A load equal to this oad
rating Co generates a maximum compres-
sive stress of 4000 N/mm2 in the center of
the most highly-loaded rolling elemert.

Dynamic loadability
The basic load rating C is used for calcu-
lating the service life of a rotating rolling
bearing. C indicates that bearing load for
a nominal bearing service life of 1 milion
revolutions. In accordance with ISO 281:

Service life equation LIo =(

Lo Nominal service life in millions of rev-
olutions achieved or exceeded by
90% of a large batch of identical
bearings.

C Basic load rating in N (determned
empirically),

P Equivalent dynamic bearing load in N,
p Empirical exponent of the service life

equation: for ball bearings, p = 3, for
roller bearings, p = 10/3

Modified nominal service life

L= a - I- (z
l-dModified nominal service life in mil-

lions of revolutions,
a, Factor for survival probability, e.g.

90%: a, = 1; 95%: al = 0.62,
02 Material coefficient of friction,
az Coefficient of friction for operating

conditions (bearing lubrication).

As the frictional coefficients a2 and a3 are
not mutually independent, the combined
coefficient a23 is employed.

Rolling bearings are subject to a fat gue
stress. It is included, along with other in-
fluencing parameters such as contamina-
tion, in the calculation of service life isee
catalogs issued by rolling-bearing manu-
facturers).

4

it~

289
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290 Spring calcuations

Spring calculations
Quantily

b) Width of spring leaf
C Spring rate (spring constant):

For leaf springs and helical
springs, increase in spring force
per mm of spring deflection;
For torsion bar springs, coiled
torsion springs and flat spiral
springs, increasein sprng
moment perdegree ofrotation

J Wirediameter
L Mean coil diameter
I Modulus of elasticity:

for spring steel = 206,000 N/mm2
for other materials, see P 196

See PP. 14 ... 16 for namesof units

Unit Quantity

mm F Spring force
G Shear modulus:

for hot-formed springs
- 78,500 N/mm 2

N/mm for cold-formed springs
81,400 N/mm

2

ir Height of spring leaf
Sumber ofactivecoils

N mm v Spring romeni
mrn S Spring deflection

mm u Angleofrotaton
mm on Bending stress

N/mm 2
r Torsional stress

Unit

N
N/mm 2

m

N mm

N/nm 2

N/nm2

Conversion of no longer permissible units:
1 kp = 9.81 N = 10 N, 1 kp/mm 10 N/mm, 1 kp mm 10 N mm,
1 kp mmh = 10 N mm/o, 1 kp/mm 2 = 10 N/mm 2.

Springs subjected to bending stress

Type Bending stress Spring rate

Rectangular cantilever spring (constant
cross section)

61 F EP 3

-- 1r - 1- See fatigue limit diagram on P 291.

S ngle-leaf spring, rolled out parabolicaly
(vehicle spring)

Multi-leaf spring constant cross-section
he leaves (vehicle sping)

3rl ~ ~ I 1/ (2 + n~ Y V o b1

br I = number of leaves
0= 2F o = number of leaves at ends of spring
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Type

Coll spring
(DIN 2088)

F

Spiral torsion spring
(bota ends clamped)

F

Fatigue-limit diagram
For polished spring-steel strip (not for
vehicle springs) in accordance with DIN
17 222 Ck 75 and Ck 85, hardened and
tempered to 430...500 HV'), and Ck 85
and Ok 101, hardened and tempered to
500...580 HV.
Example (broken line in diagram):
For a leaf spring with a hardness of
430...500 HV, assuming a minimum
stress of

au = 600 N/mm 2

the permissible stress range is
Cperm= 480 N/mm2

and the overstress is
Go = G0 + Gperm = 1080 N/mm2.

For reasons of safety, the stress range
selected should be approximately 30%
lower. Surface damage (corrosion pis,
score marks) drastically reduces the
fatigue limit,

) Vickers hardness; see P. 276.

Spring calculations 291

Bending sress Springrate

The same equations are used for tors onanc
spiralsprings.

Rectangularcross-section

6 Al L b -h3
__7 1 A=
b -I a 57.3 12,1

Circular section

32
'P

F ,
o573 64-1

whereAl = F R

I= straight length of spring material = 2 -c
( mean coil radius)

Under a pulsating load the sress increase due
to curvature must be laken into consideratiorn

I4J$

'V

I
I
I
It

rIp.Sending

N /mm
2

1600 -

1200 -60 -
0

800

E -

EE~400 -

0 400 800 1200N /mm

Minimum stress GU

1'
4'

4'
(I

.4

P
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292 Spring calculations

Springs subjected to torsional stress

Type

Torsion-bar spring of circular cross-secton
DIN 20911

-- R F
./

Helical springs made of round wire (DIN 2089)

Compression
spring

F

Extension
spring

Above: halt
'German loop.
Below:hitfc@
hook (see P. 295)

Torsional stress Spring rate

= 57.3 32 1

where0= FR

a) In the case of a
static or infrequently
alternating load,
allowance need not be
made for te e- attaof
the wire curvature:

8 1) V C- d

b) I1 the case of a In the case of om-
pulsating load. the pression sprins with
non-uniform only 1 .- 3 cols, the
distribution of torsional load oeflActior curve
stresses must be taken is no longer a straight
ro consideration: line; spring rat c is

8A 1) initially smaller and
r,- k r , d - F then larger than the

calculated rats.
The curvature correction factor k depend 5 on
the spring index DW.

)1, 3 4 6 ) 0

k 1.55 1 38 1.24 1.17 113 1.06

Avoid Did < 3 and > 20.

The maximum permissible stresses 40 for
various wire diameters at temperatures
up to approximately 40'C can be taken
from the vertical boundary lines of the
RDZ diagrams on the next pages (RDZ=
relaxation, fatigue limit, fatigue strength
for finite life). Interpolation is to be used
for intermediate values. At higher tem-
peratures, the relaxation curves (loss of
load) must be considered. After 300 h,
relaxation values are approximately
1.5 times as great as after 10 h. Values for
other materials are given on P. 196.

In the case of extension springs with
initial tension, maximum permissible
stress values must be reduced to 90% of
the values indicated in the diagrams

because so-called setting is not possible
here.

Explanation of the nomogram 3n the
following page
The nomogram applies to cylindrical
hellcal extension and comoression
springs made of round steel wire (shear
modulus G= 81,400 N/mm 2). In The case
of materials with a different shear
modulus G' spring deflection must be
multiplied by GIG'.

The nomogram indicates the deflection
s'cl one coil. Total deflection s is btained
by multiplying (s') by the number of active
coils n:r = n? si
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Spring calculations

Nomogram for helical spring calculation

Mean coil
diameterD

Deflection s'
of one coil

mm
100-

80 -
60-

40-

20

10-
8 --
6-
4-

2-

0.6-
0.4-

0.2-

0.1 -
0.08
0.06-
0.04-

0.02-

mm
- 300

- 200

100
:-90
-8o

70
-60

50

-40

-20

-10
-9

8
-7
-6
-5

-4

-3

S'ress with
curvature factor k

8k - D F Ad- C
-,I4 = - -JR[

Shear
stresst7i
N/mm 2

1000-
900-
800-
700 --
600-
500-

400-

300

20 -
200--

too-

90--
80-
70-
60-
50-

40

30-

20-

0-n

Wire
diameterd

mm
20-

Shear -
stress
Tk
N/mrn2 10 -

1000 9-
-900

-800

700 7-
600 6-
500 5-

4A -
-300

-3D

-200

2-

-100"-
-90

80
-70

_60

-50 0190,9-
40 0.8-

-30 0U -

0.6

-20 0.5-

0A-

-10 0.3
0.25

Spring
forceF
N

-10000
-8000
-6000

-4000

-2000

- 1000
- 800
-600
-400

100
-80
-60

- 40

-20

-10
--8

-6
-4

-2"

- 1

F

4,-

k see P. 292.

Example: given: ) = 30 mm, d = 4 mm, F = 100 N
found: T = 120 N/mn, 7 k = 140 N/mm 1.02 mm.

293
ii'.

Ii.

8

~

~ we

'4
'4, v

to

[
is

t

*1

-2.5

-3

-4

-6

-7

-8
-9
-40

-20

- 30

10-
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294 Spring calculations

Fatigue-limit diagram for
torsion springs

Spring-steel wire, type C (DIN 17 223,
Sheet 1). Torsion springs not shot-
peened.
Example (broken line in diagram):
For a torsion spring with a wire diameter
d= 2 mm, the permissible stress range to
which the spring can be subjected for 107
load cycles and more without fracture is
o, = 500 N/mm2 at a minimum stress of
ou = 800 N/mm2.
The maximum stress is then

uo = no + = 1300 N/mm 2.

Diagrams of relaxation
fatigue limit and fatigue
strength for finite life (RDZ)

Spring-steel wire, type C (DIN 17 223,
Sheet 1). Helical compression springs
not shot-peened, cold-set.
Example (broken line in diagram):
A helical compression spring witha wire
diameter of 3 mm a maximum stress of
ro = 900 N/mm2 at an operating tempe-
rature of 80 C, has a loss of spring force
after 10 h of

AFlo = 5.5%.
3iven N = 4 x 105 load cycles to failure,
he stress range would be

Tl = r0 - ku = 900 - 480 = 420 N/mm2.

Valve-spring steel wire, VD
(DIN 17 223, Sheet 2). Helical
compression springs not shot-
peened, cold-set.
Example (broken line in diagram):
A helical compression spring with a wire
diameter of 3 mm and a maximum stress
of ho = 700 N/mm 2 at an operating
emperature of 80'C, has a loss of spring
orce after 10 h of AFo= 5%.

For an infinite number of load cycles
Nr 107), a stress range of

T= 700 - 320 = 380 N/mm 2

is permissible.

Bending, Type C

-2000 -
E

1600 10-
_____ - 2.0

0
1200-

60'0 8.0 mm
Z800 I _Wire di

X 400
2 2

0 400 800 1200T10O
Minimum stress 7u (Nmm2)

Torsion, TypeC

Loss of spring force Al10 (%) at r= 80 C

0 4 8 12 16 20 24
1200

Wire dia
13 6 mm

twoO _ . . 2
D 0 800 -- 2

S r ---- ,

U- 14 wire dia. 8 mm

EE 4C)0
E

O 400 800 1200
Maximum stress 10 (Nmm2 )

Torsion, VD

Loss of spring force A 1 0 (%) at = 80'C
0 4 8 12 16 20 24

"1200-

Wire dia.1 mm
z 3-
9 800

0D 4 8-21 2024

200
Wieda1mm

400 e a 6 5
---- --- I2.

400C U%
Wri. 

-lii '~o

0 400 800 1200
Maximum stress kO (N/mm2 )
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Spring calculations 295

Valve-spring steel wire, VD CrV.')
Helical compression springs not shot-
peened, cold-set.
Example (broken line in diagram):
A helical compression spring with a wire
diameter of 3 mm and a maximum stress
of ; 0 = 700 N/mm2 at an operating
temperature of 160*C, has a loss of
spring force after 10 h of _AFo= 6%.

For an infinite number of load cycles
(N> 107), a stress range of

i= 700 - 240 = 460 N/mm 2

is permissible.

Valve-spring steel wire, VD SiCr.1)
Helical compression springs not shot-
peened, cold-set.
Example (broken line in diagram):
A helical compression spring with a wire
diameter of 3 mm and a maximum stress
of r0 = 900 N/mm2 at an operating
temperature of 160"0, has a loss of
spring force after 10 h of AhF' = 3.5%.

For an infinite number of load cycles
(N 107). a stress range of

kh = 900 - 510 = 390 N/mm2
is permissible.

If the danger of natural oscillation or other
additional loads is present, reduce the
selected stress range by approximately
30%. Shot peening increases the per-
missible stress range by approximately
40%.

In the case of compression springs,
force eccentricity is reduced as far as
possible by winding the spring such
that the wire end at each end of the spring
touches the adjoining coil (closed ends).
Each end of the spring is then ground flat
perpendicular to the axis of the spring
(wire end= d14). The following values then
apply:
Total number of coils r = n- 2.
The solid length from coil to coil:5 (i + 2) d.

) According to DIN 17 223, Part 2.

Torsion, VO Cry
Loss of spring force AL(%)at
= 160 'G

0 4 8 12 16 20 24
£1200 Wieedia A20
E 1 mmW -

Z 3 ~imm
6800

TkO

re di a7,513

7 400

0 400 800 1200
Maximum stress _k N/rrr2)

Torsion, vo sicr
Loss of sorn foc jo(%) at
t = 160-yn oreA(

- 0 4 _8 12 16 20 24
E 120Wire dia.
E 1 6 mm

- -Th 21
0 800-

We /7 3 6rnrn

C-

E 4000

2i 0 /LZ&

0 400 800 1200
Maximum stress zkO (N/mm 2)

Helical extension springs are over
stressed by roughly 50%b at standard
hooks and loops when the body of the
spring is subjected to permissible stress
ranges. Hifo- hooks (German Patent, and
others) exhibit infinite fatigue strength due
to interal high initial force Fo

Due to their favorable internal strEsses,
twist-wound extension springs can be
subjected to stresses as high as those to
which compression springs are sub-
jected, anid exhibit smaller relaxation than
the latter. For high initial forces Fo(= hifo),
these springs can be up t0 50%,Q shorter at
F1 than standard extension springs
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296 Gears

Gears and tooth systems
wtth involute flanks)

Quantities and units (DIN 3960)
Quantity Unit

mm
mm
mm
mmrnmmm
mm
mm
mm
mm
mm

mm
mm
mm
mm
mm

Center distance
Face width
Bottom clearance
Reference diameter
Outside diameter
Base circle diameter
Root diameter
Pitch diameter
Addendum = m hT,
Dedendum = mn hip
Transmission rato
Normal backlash
Module m= d/-
Rotational speed
Pitch p= - I
Tooth thickness (circular)
Span measurement
Addendum modification coefficientI

Quantity

Number of teeth
a Pressure angle
j3 Helix angle
c Contact ratio
* Speciic value, to be multiplied

by i
Superscripts and subscripts
1 referred to gear 1
2 re.rred to gear 2
a referred to tooth tp
b referred to base circle

referred to root
n referred to normal profile
t referred to transverse profile
w referred to operaling pitch circle
F referred to root tooth load
P referred to basic rack
W referred to contact pressure

Sear type and shape are determined by
the position of the shafts which are joined
by the gears in order to transmit forces or
movements.

Cycloidal teeth: Cycloidal teeth are
used primarily in the watch and clock in-
dustry. They permit small numbers of
teeth without cutter interference (under-
cut). They are characterized by low con-
tact pressure, but are sensitive to varia-
tions in the distance between centers.

Involute teeth: Involute teeth, on the
ther hand, are not sensitive to variations

Parameters for spur gears
(cycloidal feeth)

ha 1.167.i. j 20'

10

datum line

Too

in the distance between centers.
They can be produced with relatively

simple tools using the generating method.
The automobile industry uses involute
teeth almost exclusively, therefore the fol-
lowing information is limited to this type of
gear system.

All spur gears with the same module
(and the same pressure angle) can be
produced using the same genera ing tool,
regardless of the number of teeth and ad-
dendum modification, A number of mod-
ules have been standardized in order to

Effect of addendum modification
at spur gear (cycloida teeth)

x = 00

X= 0.3 -0

N, -TO. E_ I

Unit

Ju

,I!
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Definitions

Table 1. Gear types

Position of shafts Gear type

Parrlle External or internal sour-
gear pair with straight or
helical teeth

Propertes Examples of applicalon
in automotive engnering

Helical teeth run more Manual transmissons
smoothly but are
subject to axial thrust

I ntersecting Bevel-gear pair with Sensitive to fluctua- Differentials
straight heli cal, or curved tions in angular and
teeth axial clearance

Crossing

Coaxial

Offset bevet-gear pair
with helical or curved
teeth

Crossed helical-gear pair

Worm-gear pair

For small loads

Rear-axle drives

Distributor drives

High-ratio, single-stage Windshield wiper dries
transmission I

______I- 4 I'

Toothed shaft and hub

limit the number of such tools and the
number of master gears required for gear
testing:

Module for spur and bevel gears:
DIN 780 (see table on P 299), module for
worms and worm gears: DIN 780, module
for toothed shafts and stubs: DIN 5480.
The module in the normal profile for
crossed helical gears is also selected in
conformance with DIN 780 in most cases.
A series of modules suited to the manu-
facturing process is generally used for
curved-tooth bevel gears.

Tooth shape
Basic rack for spur gears: DIN 867,
DIN 58 400: basic rack for bevel gears:
DIN 3971; basic rack for worms and worm
gears: DIN 3975: basic rack for toothed
shafts and hubs: DIN 5480.

The tooth shape for crossed helical
gears can also be designed in confor-
mance with the basic rack as per
DIN 867 In addition to the standardized
pressure angles (20' for running gears
ano 30- for toothed shafts and hubs),
pressure angles of 12, 14'30', 15
17 30, 22'30' and 25c are used.

Sding shaft coupling Starters (Bendix shaft
and pinion)

Table 2. List of standards

Standard Title

DIN 3960 Definitions, parameters and
equations for involute
cylindrical gears and gear
pairs

DIN3961 _4 Tolerancesforcylindrical
gear teeth

DIN 3990/1.5 Calculation of load capacity
of cylindrical gears

DIN58405/1_.4 Spur gear drives for
precision engineering

DIN 3971 1

DIN 5480

DIN3975

Definitions andparameters
for bevel gears and bevel
gear pairs

Involte spline joints

Termsanddefinitionsfor
cylindrical worm gears with
shat angle 90.

a.

'I- it.'-

'I P
lv

*1-.
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298 Gears

Table 3. Basic equations for spur gears

Designation Stra ghf gear (H3 = 0 elicaI gear (3 - 0)

Reference- d= of Module on, see P. 296 d=z Module2,,seeP296
circle diameter c s M

The neg. value of is to be used for internal eeth; center distance a becomes neg.

Base-circe a= cosa aAfromtan = =
diameter cosf3

Center d s- c Z Cosa= -+os r, , c r f
lance, no 2 cosra, 2 Cos(f, 2 cosi 2 cos am
backlash; if
normal aspercDIN67,0=201 2 sos is
backlash acfrom: Cos 3 Sir) a

i mna, 2 V2 - sin a + r intoinvn a )n 2(.x, +,,2) sn an tn/cos ± inv
Z ) Co a Ynq(, + :P) Cosa

Involute nv a= tan a - arc a P 146, when a - 20,m am0014904
Pitch-circle - d'cos o. = cos ava
diameter

Root-circle e - d - 2 n - 2 hii di = d + 2.vpan - 2 hp mn,
diameter vth deden7durn (h i= 1.167 or 1.25 as per DIN 3972)

Tip-circle 4 = J 2 n 2 h1, n I d- J 2.vnn. + 2 IP en,
diameter wth addendum i in (h p = 1.0 as per DIN 667)

Bottom
clearance c Owla, - a/2 - d,2; c= a -. d12 - d4/2 0. 15ima
Tooth ls=m (r 2 -2.r tan a) Normal profile
thickness s, = mr/2 + 2 vtan a)
in pitch circle
(circular) Transverse profile

Ss,=s cosf 1=(Wn2+2 x tanai,)

Ideal number nv= I_ m r
of teeth j ov no,

Number of k 0.5 o from Cos a cos al
teeth 180 2-
spanned for lake the next whole number

Base tangent
Ielh over k 4,([(k)- 0.5) inv r] cos c 2t -sin ffn2

Back-reckoning k - 0,5 T 'Fly w, j cos rn
of xfrom the X r= /n
base tangent 2 sin no

Transverse 2 /
contact ratio Vli I d +12 a2d ( "k,2 dI )tanbo2
for gears with (straight teeth)
outalowance 2 m co a
for cuter nee d + d d - d - dII + db2)

2ntemecens a (helical teeth)
2 r ffr coca(

Overlap - e bi sin 3
ratio n f

Total contact
ratio e 2=1r+ r3

Apply only if, c> 1 lordmn and am
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Addendum modification
Addendum modification (see diagram) is
used to avoid undercut when the number
of teeth is small, to increase tooth root
strength and to achieve a specific dis-
tance between centers.

Gearpairwith reference center distance
With a gear pair at reference center dis-
tance, the addendum modifications to the
gear and pinion are equal but opposite,
such that the distance between centers
does not change. This design is preferred
for crossed helical and bevel gear pairs.

Gear pair with modified center distance
The addendum modifications to the gear
and pinion do not cancel each other, so
the distance between centers changes.

Terms and errors
Terms and errors are explained in detail in

the following standards: DIN 3960,
DIN 58 405 (spur gears), DIN 3971 (bevel
gears), and DIN 3975 (worms and Norm
gears).

Inserting j,= 0 in the preceding formulas
results in gearing with zero backlash. The
tooth thickness and span measurement de-
viations required to produce backlash can
be specified in accordance with DIN 3967
and DN 58 405, taking into consideration
the quality of the gears. It is necessary to
ensure that the minimum backlash is great
enoughto compensate for tooth error (such
as total composite error, alignment devia-
tion, center-to-center distance error etc.)
without reducing the backlash to zero, and
without leading to gear jamming. Other pa-
rameters for which the tolerances must be
determined (with reference to the tooth er-
rors given above in parentheses) are those
for (two-flank) total composite error and
(two-flank) tooth-to-tooth composite error

DIN gear qualitieS (DIN 3961 to DIN 3964)
Table 4. Manufacture and applications

Examples of applications
-1 ±

Primary-standard master gears

3 Master gears for the inspection department

4 Mastergearsfortheworkshep,
measuringmechanisms

Drives for machine tools, iurbines,
measuring equipment

As 5, also highest gears of passenger-car
and bus ransmissions

Motor-vehicle transmissions (highest
gears),machine tools, rail vehicles,
hoisting and handling equipment, turbines,
office machines

- -I t

Motor-vehicle transmissions (middle and
lower gears), rail vehicles, machine tools
and office machines

10 Transmissions for farm tractors, agrIcultural
machinery, subordinate gear units in
general mechanical equipment, hoisting
equipment

1 and 12 General agricultural machinery

Manufacture

-orm grinding (50..60% scrap rate)

Form grinding and generative
grinding

Non-hardened gears (carefuliy
manufactured) by hobb'ng,
generative shaping and planing
(subsequent shaving is desirable):
additional grinding is required for
hardened gears

Hobbing, generative shaping and
planing
(non-ground but hardened gears)

All of the usual processes apply, plus
esrusion and sinlering, andin)ection
molding for plastic gears

Quaity

2

5

6

It

I if

8 and 9

z
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300 Gears

IDIN 3963, DIN 58 405), alignment devia-
:ion (DIN 3962 T2, DIN 3967, DIN 58 405),
and distance between centers (DIN 3964,
DIN 58 405).

Module series for spur and bevel gears
in mm (extract from DIN 780)

0.3
0.35
0.4
0-45
0.5
0.55
0.6
965

9-75
0.8

0.9
0.95

1
1125
1.25
1-375
1.5
1.75
2
2.25
2.5
2-75

3
3-5
4
4.5
5
5.5
6
7
8
9

10
11
12
14
16
18
20
22
25
28

32
36
40
45
50
55
60
70

Modules given in bold type are preferred.

Addendum modification
coefficient x

Table 5. Addendum modification
coefficient x for straight-tooth
gearing, x =20',
Basic rack , DIN 3972( 11167im)

1 2 3 4

Number of Toohfree Top land Tooth
leeth , for from unde -width poi!ed
helical teelh cut n , 0.2 -n if i f 

7

10
11
12
13
14
15
16

+ O 47
+ 0.45

0.35

+9,25
+0.2
±0.15

0

1+0_4
±0.45
0-5

+ 0,56
+0.62
+0-68
±0.72
+ 0.76

± 0.49
+0.56
+0.63
±0.70
t 0.76
-0.82
+0-87
'0.93
- 1.98

Table 6. Customary starter gearing

If the number of teeth is greater than
= 6,x should not be less than

x= (16 - z)/17, for helical teeth
x = (16 - ;,)/17.

Starter-tooth design
The system of tolerances for gears "Stan-
dard distance between centers" as speci-
fied in DIN 3961, which is customary in
mechanical engineering and by which the
required backlash is produced by nega-
tive tooth thickness tolerances, cannot be
used for starters. Starter gear teeth re-
quire far more backlash than constant-
mesh gears due to the starter engage-
ment process. Such backlash is best
achieved by increasing the distance be-
tween centers.

The high torque required for starting
necessitates a high transmission ratio (i=
10 to 20). For this reason, the starter pin-
ion has a small number of teeth ( =
8.12). The pinion generally has positive
addendum modification. In the case of
pitch gears, this addendum modification
is expressed using the following notation
outside Germany: Numberof tee h, for in-
stance = 9/10.

This means that only 9 teeth ae cut on
a gear blank with a diameter for 10 teeth;
this corresponds to an addendum modifi-
cation coefficient of + 0-5. Slight devia-
tions of x= + 0.5 are quite common and do
not affect the above-mentioned notation
method: Number of teeth = 9/10. This no-
tation is not to be confused with the P 8/10
notation, see below and next page.)

Module Y Diametral pitch P
mm 1/inch

2.1167
2.5
2.54
3
3.175
3,5
4.233

12

10

8

6

Pressure angle
of basic rack

12'
15
20
15:
20'
1s

20o

American
standard

SAE J 543 c

SAE J 543 c

SAE J 543 c

SAE J 543 c

European standard

ISO8123
ISO9457-
ISO8123
ISO9457-
IS08123
ISO9457-
ISO8123

1991
1 1991

1991
11991

1991
1 1991

1991

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4676



Gears 301

American gear standards

Instead of the module, in the USA stan-
dardization is based on the number of
teeth on 1 inch of pitch diameter = diame-
tral pitch (P)

P = 7/'d
The conversion is as follows:
Module ni= 25.4 mm/P

The tooth spacing in the pitch circle is
called circular pitch (CP):

- itch
P

Pitch p= 25.4 mm - CP = 7, i

Full-depth teeth
Full-depth teeth have an addendum
h, = in inGerman standards, however the
dedendum is frequently somewhat differ-
ent.

Stub teeth
The formulas are the same as for full-
depth teeth, however calculation of the
addendum is based on a different module
from that used for the other dimensions.
Notation (example):

P 5/7 - P 7 for calculation of the
addendum

Notation and conversions:

Outside Diameter:
OD= d

PRih Diameter:
PI)= :/P= Iin inches

Root Diameter:
RD = df

Layout Diameter:
LD = (z + 2v)/P in inches
LO = (+ v) - m in mm

d., Pitch circle diameter

Measurement over o.n-pins:
A, = measurement over Dt pins

P 5 for calculation of all other
dimensions

Table 7. Diametral pitches P and modules derived from them

Diametral Corresponds
pitchP to module n
1/och mm

20 1.27000
1E 1,41111

16 1.58750

14 1 81429

12 2 11667

1 2.30909

10 2.54000

2.82222

8 3.17500

7 3.62857

Diametral
pitch P
1/inch

6

5.5

5

4.5

4

3.5

3

2.75

2.5

Corresponds
to module m
mm

4.23333

4.61818

5.08000

5.64444

6.35000

7.25714

8.46667

9.23636

10 16000

Diametral
pirch P
1/inch

2

1 75

1.5

1.25

0-875

0.75

0.625

0.5

2.25 11.28889

Corresponds
to module i
mm

12.70000

14.51429

16.93333

20.32000

25.4000

29.02857

33.86667

40.64000

50.80010

-1

.22

42
ii
p.i

A
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302 Gears

Calculation of load-bearing capacity

The following can be employed for rough estimations as an alternative to DIN 1990 "Cal-
culation of load-bearing capacity of spur bevel gears". It applies to 2-gear pairs in a sta-
tionary transmission unit.
The quantities which appear in the following formulas are to be entered for the units
given below:

Term Unit

P Power kW
PPS Metric horsepower PSI
.t Torque N m
a Rotationalspeed min-1

F Perioheral torce. N
U Gear ratio I-

Term Unit

p Life factor -
HB Brinell hardness
HRC Rockwell hardness

bA   Effective flank width mm
k Contact pressure N/mm
L. Service life h

Table 8. Calculating load-bearing capacity of spur gears
Power P = 0.736 Pps

P =A1 - /9549
P = J n//19.1 106)

Periphera; force
in pitch circae F, = 2000 Ai]= 19-1 106P/(d, n)

n reference circle F! = 2000 M/ 19.1 106 PlId n)

Gear ratio = ,Iz = i for pairs of internal gears a < -1

fe factor =0500/l, or from the table on P 303

Contact pressure HBI2 (HRG)?
for the = H or from the table on R 33
smallgear 2560 b 23.1.-e

Straight a,=,,- 4 ( 1)
teeth 1, a n2 aw

Helical teeth _ 4 a 1 cos2  cos2 only for full
hl , a sin2 a, contact, otherwise= 1

Resistance to 1
pitting

Resistance to pitting and wear due to ex-
cessive contact pressure is provided if the
equations for Sw for the smaller gear
(gear 1) yield a value equal to or greater
than 1. In the case of gear pairs where zr
< 20, select S, > 1.2 ... 1-5 on account of
the greater contact pressure at the inside

single engagement point. Because the
contact pressure k is equal in magnitude
for both gears of the pair, forker a ma-
terial can be selected for gear 2 from the
table which has at least the sane contact
pressure as for gear 1 at rotational speed
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The kper-values in the table below apply
when both gears are made of steel. For
cast iron on steel or bronze on steel, the
values should be roughly 1.5 times
higher; for cast iron on cast iron or bronze
on bronze, they should be approximately
1.8 times higher. For the gear with non-
hardened surfaces. 20% higher kem val-
ues are permissible if the other gear in the

pair has hardened tooth flanks. The val-
ues in the table apply to a service life Lh Of
5000 hours. A different service life L, is al-
lowed for in the equation for resistance to
pitting 5, by means of the life factor G.

Table 9. Permissible contact pressure ker in N/mm 2 for a service life L = 5000 h

Hardness
of iecth Rotational speed min-' (or 1 load change per revolution)

HE HRC 10 25 50 100 250 500 750 1000 1500 2500 500 0000

9') 2.2 1,9 1.7 1.5 3 1. 05 1 0 0.94 0.86 0.77 0.68
10') 2.7 2.3 2.0 1.8 1.6 1 .4 12 1.16 1.06 0.94 0.84

120 3.8 3.3 2.9 2.6 2.2 2.0 1.9 1.8 1.66 1.53 1.36 1.21
140 52 4.5 4.0 3 3.0 2.7 2.5 2.4 2.26 2.08 1.85 1.65
17) 7.7 6.6 5.9 5,2 4.5 4.0 3 .75 3.6 3.34 3.06 2.73 2.43
20) 10.7 9.1 8.1 7.3 6.2 5.6 5.2 4.9 4.6 4.24 3.78 3.37

233 14.1 12.1 108. 9.6 8.2 7.3 69 6.5 61 5.61 5.0 4.45
26D 18.0 15.4 13.8 12.2 10.5 9.4 68 8.4 7.8 7.17 6.39 5.69
280 20.9 17.9 16.0 14.2 12-2 10.9 10.2 9.7 9.0 6.31 7.41 6.6
30) 24.0 20.6 18.3 16.3 14.0 12.5 1 11 1 104 9.5485 76

33 T I29.0 24.9 22.2 19.8 17.0 5.1 135 126 116 10 3 9.2

400 42.6 36.6 326 29.0 24.9 22.2 20.7 19.8 185 17.0 15-1 13,5

57 96.0 82.3 733 65.3 56.0 49.9 46.7 44.5 41.6 38.2 34.0 30.3

> 62 112 96.5 860 766 65.8 58. 548 52.2 4 8.8 44.8 399 35.6

Corresponding materials are given in the table "Strength values" on P 305

Table 10. Life factor p
The life factor is used to convert the values in the table (referred to a service life Lh of
5000 hours) to values which correspond to a different service life period.

SErvice life in
hours of opera- 10 50 150 312 625 1200 2500 5000 10,000 40,000 80000 150.000
tion Lh

Life factor 2.82 2.15 1.79 1.59 1.41 1.27 1.12 1 0.89 0.71 0.83 0.57

Gjidelines for selection of service life: Drives in continuous operation at full load:
40,000...150,000 hours of operation; drives run intermittently at full load or onl inter-
mittently: 50...5000 hours of operation.

8i
I,

I)
~1

1:

'I'

I!
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Teeth calculations for bending and tooth fracture
Table 11. Formulae for calculating the strength of spur gears
Peripheral rns r -d n dinmmn, nmi
veloc ty)= mis 60,000

Velocity Takefrom table below, or calculate,
factor f,

Perr. root stress TakeCF oiand YNT from table F 305: estimate intermediate values.
Cem N/mm2  J7m =F I Y L YL 1 fo pulsating loads

Y= 07 for alternating loads

Tooth profile factor F, Take from graph below

Root stress of tooth For straight teeth For helical teeth
I . N Facua= Fr YF 0, 1,

b) On P2b nIe 120'
£1, see P 298 where (1 - r [31120 )ust be 0.75
Ili, In" bin mm, F n N see P 302 Er see P 29, P in

Resistance to
tooth fracture 5, S= .F "n 1

Resistance to tooth fracture is provided if the equations forSF for the smaller gear (gear
1) yield a value greater than or equal to 1.

Ita better material is selected for gear 1 than for gear 2, the calculation to bending
must also be made for gear 2.

Practs'iIcal _
undercut irnit

- -~

0 undercut limit

8 910 12 16 20 28 40 100 -200-40
Number of teeth - 60 400 -100
(for helical teeth zi)

Tooth profile factor Y f(a = 2) )is a
function of the number of leathn and the
addendum modification coefficrint v.
in the case of internal teeth, Ye 2.07
(see graph),

6 FA,-cosu-,I/m

1?0= (aln)Cos a,

0an

Base circle

Fr

Table 12. Velocity factorfy

Materials Periphera velocity rn/s Bac
0.25 0,5 1 2 3 5 10 equat

Steel and other Velocity factor t,
metals 0.96 0.93 0 86 075 0.67 0.55 0.38 1

Fabric-base laminates 0.75
and other non-metaws 0.85 0.75 0.62 0.5 0-44 0.37 0-32 j,= I ± 0.25

4.0

3.6

3.2

2.8

2.4
0
I-

2.0
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Gear materials
Table 13. Material parameters

Material Condition Tensile Fatigue Hard- Permis- Life factor YN)
strength strenglh for ness sible at number of load changes
R, reversed rool 1 i. 60 a
N/mm 2 bending HB stress?)

stress rr or
N/rrm HRC oFn

min. min. rmn. N/mm 2  3 10 01104103

St 60-2 C 45 annealed 590 255 170 HB 160
heat-treat. 685 295 200 HB 185
heat-treat. 90 410 280 HB 245

St 70-2, C 60 annealed 685 295 200 HS 185
heat-treat, 785 S 230HB 209

:5 heat-treat. 980 410 280HG 245 1 1.25 1.75 25 2.5

50 Cr V 4 anneated 685 335 200HG 185
heal-Veat. 1130 550 330HB 294
heat-treat 1370 865 400Ff9 344

37 Mn Si 5 annealed 590 285 170NB 160
hea-rea  785 355 200KB 230
teat-treat. 1030 490 300KB 270

RSt34-2,C15annealed 335 175 100 HB 110 1 1.25 175-2.5 2.
st.-hard1, 590 255 57 HRC 160 1 1.2 1,5 1,9 2.5

16 Mnrs annealed 800 - 150 B - - - - - -
surs-hard4l100 57NRC300 1 12 1.5 1.9 2.5

20 Mn Cr 5 annealed 590 275 170MB 172
surf.-ard.4 ) 11801 37NRPC 330 1.2 1.5 1.9 2.5

0 18Cr Ni 8 annealed 640 315 190:HB 2o - - - -

srf.-tard.i 1370 590 57MPG,370 1 1.2 1.5 19 25

C175 200HB 50 1 1.1 251 4 1 6

GS-52-1 - 510 140 HB 110 1 1-25 1.75 2.5 2.5

G-SnBz 14 195 90 HB 100 1 1 25 1.75 2.5 2.5

Polyamide PA 6at606 C 40 - 271
Pa66 +30%GF 40 43 - 1 1.2 1.75

Fabric-base fine - - 75 1 15 1.4 1.65 20
irmnate coarse 50 1 1-2 1.6 2.1 2.8

For the heat-treatable steels, two values are given in each case for the heat-treated con-
dition, For smaller gears up to roughly module 3, the larger of the two values can be
specified. With very large gears, however, only the smaller value can be achieved with
certainty

)\Values are valid for A = 6 (average tooth quality). With cast gears and :gh-precison gears,A = 3 and
0 respectively.

i) or pulsating loads with a material aguestrenglh N 3 10'. In the case of alternling loads
d er gears), take into account thealernatig load factor Y.

2)Within fatigue strength of finite life, rool Dendingstress is multiplied bythe factor YN, depending upon
the number of load changes = th L 60 n
) Surface-hardened.

'7
I,

~1
24

IJ

liii

II

C.
~4

Iii

'li~

I,

N

.1.

CttE
4-.-

'4 iTh

* Il
-A
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306 Belt drives

Belt drives

Friction belt drives

Units and symbols

Quantity Unit

A Belt cross section mm2
F Contact force N
F,  Bell force on load side N
F, Belt force on slack side N
F_ Centrilgal force of belt N
F, Centrifugal force per side N
Fp Frictionaltorce N
Fu Peripheral force N
F, Pretensioning force N
P, Tensioning force of shaft N
P Required powert ransmission kW
.j Pretension factor, with -

reference to operating
conditions and wrap angle

k, Factor for centrifugal force -
Belt speed mis
Number of belts
(V-belt drives)
o ribs (V-ribbed belts)

a Groove angle
t Wrap angle
p Coetticient of friction -
p Wedge coefficient of friction -
- Mean density of belt material g/cm>

Transmission of force
The general equation for friction

FR = p -F
yields the following equation for V-belt pul-
leys (see illustration)

F p -2 , F'
or FR p= F
where p'= Idsin (/2)
The Eytelwein equation describes the
transition from static friction to sliding fric-
tion:

V-belt forces

F I
I. r

FI1F2 = Oy t
where a' 0.5 + 0.15
according to the specifications of the V-
belt manufacturers with the incorporation
of various safety factors-
As long as the ratio of forces on the two
belt sides is

F1 2 < euit
the belt will not slip during transmission of
the peripheral force

F = F, - F2 = P 1020/u

A pretensioning force Fv is required in
order to transmit the peripheral force F,;
at high rotational speeds, the cantrifugal
force constituent F of the belt must be
taken into consideration. The pretension-
ing force is

1-1 = Fw Fr
whereF, F, -[(e& + 1)/(ed[l- 1)] sin(3/2)

FF 2 F, sin f/2)
F1)A 2 . 10 -

or in simplified form
FF = 2 12 . 2 sin (0/2)

In practice,the following approximation
process is frequently sufficient or calcu-
lating the pretensioning force (according
to the Continental Co.):

F., = (k, , Fu + 2 - z ) k -t) sin (32)
The following rule of thumb car often be
used for drives with 2 pulleys:

F, = (1.5 ... 2) F,
In order to check belt pretensioning, the
static force applied to each side of each belt

FS = F,/[2c sin (Pt2)]
is compared with the value ob'ained by
measuring belt deflection,

Belt drive calculations are performed in
accordance with DIN 2218, or in accor-
dance with the specifications spplied by
the belt manufacturers. Manfacturer's
belt performance specifications are based
on a theoretical service life of 25,000 h.
Computer programs are used to perform
service life calculations. In properly de-
signed drives, belt creep is less than 1%,
and belt efficiency is 94. 97%.

Belt service life is shortened il the max-
imum permissible belt speed and bending
frequency are exceeded, if the belt pul-
leys are smaller than the minimum per-
missible pulley diameter or, in tl e case of
V-belts, belt tensioners are used to apply
force to the back of the belt.
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Belt drives 307

Determination of the static force Fs
of the side of the belt by means of belt
deflection i, produced by a test force F,

- /t

fl 900o
800F
700-
600-

4000

30,7

C
C.

Li.

P. Test force
te Bell deflection
1jBelt side length

r 0

20

150 - a-

100

0 14

oo

Standard V-belts (classical V-belts)
In accordance with DIN 2215, for domes-
tic appliances, agricultural machinery,
heavy machinery Ratio of top width to
he ght: 1.6 . 1. Belt designs which use
coded cable and bundled fibers as the
tension members transmit considerably
less power than equally wide narrow V-
be ts. Due to their high tensile strength
and transverse stiffness, they are suitable
for use under rough operating conditions
with sudden load changes

V-belt types
1 Wrapped standard V-belt
2 Wrapped narrow V-belt
3 Raw-edge narrow V-belt

1 2 3

Pretension factor k

Belt /1 Drive
Light Mode- H
con- rate st
stant loads lo
loads

V-belts 180' .5 1.7
90' 2.6 2.8

V-ribbed 180' 1.8 2.0
belt 90 3-3 3.5

eavy
ock
ads

3.0

2.2
3.7

Intermediate values for other wrap angles
may be interpolated.

Belt Cross section Centrifugal factor 2

V-belt SPZ 0.07
SPA 0.12

V-ribbed belt K 0. 2

Belt velocities up to 30 m/s and bending
frequencies up to 40 s 1 are permissible.
See DIN 2217 for corresponding pul ey di-
mensions.

Narrow V-belts
In accordance with DIN 7753, Part-; ma-
chine construction, motor vehicles built in
the 1960s and 1970s Ratio of top width to
height: 12:1. The narrow V-belt is a mod-
ified version of the standard V-telt in
which the central section, which ii any
case transmitted only limited forces, has
been omitted. Higher capacity than stan-
dard V-belts of equal width. Toothed ver-
sion exhibits less creep when bending
around small pulleys. Belt velocities up to
42 m/s and bending frequencies up to
100 s are permissible. (See DIN 2211
for corresponding pulley dimensions).

Raw-edge V-belts
Raw-edge standard V-belts in accor-
dance with DIN 2215, and raw-edge nar-
row V-belts for motor vehicles in accor-
dance with DIN 7753, Part 3 (draft). Sub-
surface belt fibers perpendicular *: the
direction of belt motion provide a high de-
gree of flexibility while at the same time
giving extreme transverse stiffness and
high wear resistance. They also provide
excellent support for the specially treated
tension member. Particularly with small-
diameter pulleys, this design increases
belt capacity and provides a longer ser-
vice life than wrapped narrow V-bells.

%

Pi

Ii

9
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308 Belt drives

Further developments
The latest development are V-belts with
tension members made of Kevlar. Kevar
has very high tensile strength with a very
small degree of elongation, and is more
highly temperature-resistant.

V-ribbed belts (poly-grooved belts)
In accordance with DIN 7867. Very flexi-
ble; the back of the belt may also be used
to transmit power. This capability makes it
possible for one such belt to be used to
drive several vehicle accessories simulta-
neously (alternator, fan, water pump, air-
conditioner compressor, power-steering
pump, etc.) if the wrap angle around each
driven pulley is sufficiently large. Optional
cross sections include the PH, PJ, PK,
PL, and PM, of which the PK cross sec-
tion has been widely used in motor vehi-

cles in recent years. This allows use of
narrower pulley diameters dmr = 45 mm)
than those possible with narrow V-belts
(cross-section: AVX 10). A pretension ap-
proximately 20% greater than that em-
ployed on a narrow V-belt is recom-
mended to provide the same fcrce-trans-
mission capabilities.

V-ribbedbelts (poly-groovedb 211s,

A00A

'AA"A I

Narrow V-belts for motor vehicles in accordance wih DIN 7753 Part 3
Exampie of designation: narrow V-belt DIN 7753 AVX 10 x 750 La,
Raw-edge, toothed with bell cross-section code AVX 10 L, 750 MM.

Narrow V-bet rppedRaw-edge
Solid cross Toothod G)
section (V)

Belt cross- Code 9.5 12.5 AVP10 AVPI3!AVX0AVX13

section ISO code AV 10 AV 13 AV 10 AV 13 AV 10 AV 13

Top width ba 10 13 10 13 10 13

Belt height h 8 10 7.5 8 5 8 9

Eft.l ine dtierential h 1,8 2.6 0.9

Belt runout h - 2.4

Effective length L 500 to 2550: in increments of 25 mm

Groov cross-secion code AV 10 AV 13

Effectivediameter di, <57 57 <70 70

Grooveangle a+0.5 34' 36' 34 36,

Effective width b 9.7 12.7

Groove depth 1- 11 14

Radius of curvature r 0.8

Distance bet groovesu,,.. 12.6 16

DOmenon in tm

Ac ve zone

O-A

Wrapped
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Belt drives :309

Positive belt drives

Synchronous drive belts (toothed
belts) in accordance with DIN/ISO 5296
Toothed belts are used in motor vehicles
as camshaft drives, and in some cases as
ignition distributor drives.

Synchronous drive belts with trape-
zoidal or rounded teeth combine the ad-
vantages of a belt drive (any desired dis-
tance between pulley centers, quiet oper-
ation, low maintenance) with the
aevantages of a positive transmission
(synchronous operation, low bearing
stress due to low shaft load).

Synchronous drive belts must be
guided on both sides to prevent them from
running off. This is accomplished by using
either a toothed pulley with two flanges or

V-ribbed belts and pulleys as per DIN 7867

Uesignation for a 6-ribbed V-bet,
Soss-sectioncode PK and reference
ength800 mm:
V-r ed bel DIN 7867-6 PK 800.

Dimensions nmm B

two toothed pulleys with one flangE each
on opposite sides.
See DIN/ISO 5294 for corresponding
toothed-pulley dimensions.

Synchronous drive belts (toothed beirs)
Iwithtrapezoidateeth
2 with rounded teeth

Designation for the corresponding
V-belt puley with 90 mm reference
diameter:
V-ribbed belt puley DIN 7867-6 K) 90

Bet cross-secton

.b

..

1

Groove cross-section

Deemining
efiecve d ameter

1 PoAiuin f en onnember

eUt roo
profile

Cross-section code PK K

Rib or groove spacings or 3.56 3.56

Perm. deviation tolerance for s or e 0.2 1005

Sum of deviation tolerances s ore 0.4 030

Groove angle a 40 : 0.5

r at rib/ r at groove head 0.50 0,25

r at rib / r, at groove seat 0.25 0.50

Belt height h 6

Nominal di, of test pin d. 2.50

2 hnominal dimension 0.99

2 5(see illustration) 2.06

I (see illustration)

Bel twidth b = i i v
with number of ribs = n

2.5

Effecive diameter d, = d, 2h5
for K cross-section he = 1-6 mm

F
Ii~

It

iIi~ I
I?

Ij~

Ti

ii s-i

oA

A

* 'ft
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310 Threaded fasteners

Basic principles of
threaded fasteners

Units and symbols

Quantity

A, Stress area of thread, see P 312
D Effective diameter for determining

the friction torque at the fastener
head or nut bearing surface

SInstalled ension force gen.)
(% Axial) installedtlension force
of threaded fastener at 90% of
yield strength

M Tightening torque for mounting
M, Tightening torque required to load

a threaded fastener to F,
P Thread pitch
d Fastener diameter

(major diameter of the thread)
d  Mean flank diameter of the

thread
d Root diameer of the threado

SCoeficient of tread friction
(friction factor)

u Mean coefficient of riction for
the fastener and head or nut
bearing faces

p Coefficient of friction for the head
and nut bearing faces

S2 02 %yiet strength ofthe
fastener materia (for low-strength
tasteners, the yield point oa,
applies instead
see footnote )on P 43)

Basic rules
Threaded fasteners (screws, bolts,nuts)
should clamp parts together withaforce
great enough to hold them in contactwith
one another without dislocation inspiteof
all applied operating forces. Boltsmust
not be subjected to shear.

A correctly preloaded fastenerneeds
itself only to absorb a traction of those0
erating forces which are appliedroughly
parallel to the bolt axis and whichareusu-
ally dynamic in nature. When thepartsto
be joined are themselves as rigidaspos-
sible and elastic fasteners are used(viz.
long and reduced in the body to dandof
property classes 88.-12,9 with optimum
tension force), the lowest fastenerfatigue
loading is achieved. Highly stressedjoints
are also the best provisonqaganst subse-
guent workingLose (setting of thejoint

after tightening) As a rule of tumb, set-
ting of the joint reduces the installed
tension force of a joint using .8 fasteners
by 10...20% if the maximum temperature
is 100'C andthe parts sojoined are met-
als with a tensile strength of at least
300 N/mm2 .

Unit The tensioned section of the threaded
mm 2  fastener should have a minimum
mm threaded length of 0.5 d, the object being

to achieve 1.0 d whenever possible.
The spring force of installed de-

N vices (spring lock washers and the like)
should be as great as the tension force of
the fastener! Spring lock washers are

N m usually disadvantageous when used with
N m screws of property classes 1 8.8, grip
mm lengths > 2.5d and metallic components
mm (because F 4 F,,, and joint setting in the

bearing faces additionally occurs). In the
mm case of 4.8 and 5.6/5.8 fasteners, spring

lock washers are generally superfluous if
mm grip lengths are 5 d.

The compressive load peiuit area un-
- der fastener heads and nuts must not ex-

ceed the crushing yield po nt (corre-
sponds to at least the 0.2% permanent
elongation limit or yield strength) of the

N/mrn,  material of the joint parts (if required, use
large washers or flanged hex screws).

Flange mountings using four bolts are
considerably more reliable than such
joints which use 3 bolts in a 120' arrange-
ment (in the latter case, failure of one bolt
leads to failure of the entire bolted joint).

Property classes
The designation system for thrpaded fas-
teners consists of two numbers separated
by a decimal point. The first number rep-
resents -1/100 of the minimum tensile
strength in N/mm 2, while the second num-
ber is 10 times the ratio of the minimum
yield point (or 0.2% yield strength) to the
minimum tensile strength.

The property classes of standard nuts
(with nominal heights 0.8 d and width
across flats 1.45 d) are indicated by a
number which corresponds to 1/100 of
the stress under proof load in N'mm 2. This
stress corresponds to the minimum ten-

Lsubse- sile strength of a fastener in the same
property class. The ability of a nut to with-
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Threaded fasteners 1

Table 1. Threaded fasteners: Mechanical strength properties and designations
Fasteners made of steels alloyed with boron which have a low carbon content are indi-
cated by a solid line below the numerical designation, e.g. for property class: 10. 5(see
also DIN-EN 20 898, Part 1),

[Properiyclass 3.6 461 4.8 5.6 5.8 6.8 8.8 10.9 2.9

Tensile strength crI min 330 400 420 500 520 600 800 1040 1220
N/mm -----

max 490 550 700 80011000 1200 1400

Yield point RI
N/mmP   

mm 180 240 320 300 480 - - -

0,2% yield rni - - - - - - 640 900 1080
s rength C-

Vickers hardness min 95 120 1b155 15 250 320
HV30

max 250 320 380 135

stand the stress under proof load is deter-
mined using a bolt thread of greater
strength (min. 45 HRC); after the stress is
relieved, the nut must still be movable on
the thread.

Property classes for nuts.

4 5 L6 8 128

For nuts with limited loadabilify:

'0 5 (e.g. flat nuts)

For thread diameters of 5 mm and larger,

- Fasteners in property class 8.8 and
greater, as well as

- Nuts of all property classes

must be marked with the property class
on the fastener head or nut face. If the fas-
teners are small, the decimal point be-
tween the two numbers can be omitted;
for nuts, a code system can also be used,
whereby the chamfers of the nuts are
marked with notches and dots.

The fatigue limit of cold-formed steel
fasteners of sizes up to M12 is 0,= an +
50 ... 60 N/mm2 (referred to the root

Table 2. Yield strength for threaded
fasteners made of other materials

Material Desig- Thread 0.2% yield
na ion strencth

N/mm2

X5CrNi1911A2-70 < M20 450

CuZn37 Cu2 M6 340

M8. 2-0
M39

CuSn6 C M12 340

14... 200
M39

A]MgS1l A13 M39 250

cross-section), and applies up to a mean
stress of o,= 0.6, (02 and for al property
classes from 4.8 to 12.9. Faseners of
sizes up to M8 whose threads are rolled
after hardening and tempering can
achieve avalues up to450+ 100 N/mm 2,
whereas gray cast iron and aluminum
nuts and fasteners can achieve val des of
± 120 N/mm.
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312 Threaded fasteners

Tightening of threaded
fasteners
Sufficient tightening torque for threaded
fasteners can be realized by hand using a
screwdriver up to sizes MS - 8.8, using a
hexagon socket up to a maximum of
M8 - 10.9, and using a ring wrench or
box-end wrench up to a maximum of
M12 - 10.9 (provided that p = pO= f=
0.14).

When fasteners are tightened using
(conventional) torque measuremnt vari-
ations in tension force occur in a ratio of
approx. 1:2, and are caused by
- Variations in the coefficients of friction

pK and u G(for screw head or nut and
thread contact surface),

- Variations in the tightening torque
(when tightened by hand and using
power screwdrivers).

For p0 -PR = = 0.1, the effective force for
producing the tension force is 17% of the
complete tightening torque, whereas the
corresponding figure for p, = P = 0.2 is
only 9.5% of the complete tightening
torque.

The highest possible tension forces
with verysmall variations can be achieved
with threaded fasteners using the angular
tightenng__method and the vield-point-
cotrolledtightenina method. It must be
noted that these procedures - employed
to greatest advantages with grades 8.8
and above - necessitate the use of pre-
calculations and empirical testing and/or
special electronically-controlled wrenches.
In addition, it the yield-point-controlled
tightening method is used, the grip (total
thickness of the bolted parts without fe-
male thread) should be at least as thick as
the nominal diameter of the bolt which
should be M4.

Basic formulas for tightening with
torque measurement
The maximum permissible installed ten-
sion force in the fastener is limited by the
effective stress (tension and torsion)
which is equal to 0.9 times the minimum
yield strength: this installed tension force
is designatedFs. The effective stress for
the stress area is calculated according to
the formula

1 ' 2 +dA, = a
s-41 2

with which the static, axial tensile
stresses and the torsional stresses (gen-
erated by thread friction) can De viewed
as if the fastener were a smooth compo-
nent (A, is greater than the rot cross-
section due to the fact that the Ihreads in-
hibit deformation). Thus

0 196 (d + d3)2 -0.9 - a

p I+4.86(+ -3.6 d2
d2 + d3

The values given in Table 5 or the in-
stalled tension forces F, were calculated
for various coefficients of thread friction
Pn using the above formula.

In determining tightening torues it was
formerly standard practice to assume that
Ur = p = pt in order to arriveat the sim-
plified formula

A1 ' F0.16 p+¶ (05 D:'itS ,= F, 6P p 10.58 d-1 + 22.'

and corresponding graphs. In tie case of
differing fastener head and thread coeffi-
cdents of friction (see example at end of
chapter), however, this formula cannot be
used to correctly determine tie neces-
sary tightening torque (see also the ex-
planation above Table 4).

A simple, practical way of calculating
tightening torque in the case of differing
coefficients of friction Po and PK is the
K method (proposed by Gill, used in the
USA and contained in VDI Recommenda-
tion 2230, 1977 edition):
According to this method, the installed
tightening torque is

Mm= K Ie -d

and for tightening to 90% of the yield
strength

M"=K -1" 'd

where

0.16 P+ Po 0.58 -d2--PR lKre/2K -

For differing coefficients of iriction pG
and UK and a wide range of fastener di-
mensions, K can be given independently
of d in tabular form (see Table 4).
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Threaded fasteners 313

Coeff icents of friction
Using Table 3 below, both the coefficient
of friction forfastener head or nut (pK) and
thread friction (pc) at the contact surface
are determined separately and one after
the other.

These coefficients of friction are signifi-
cantly increased by the use of self-locking
screws, washers with sharp roughly radial
ecges and lock nuts; connections
using these fastening devices must be
tightened according to special specifica-
tions.

Table 3.
Coefficients of friction p and pc for various surface and lubrication conditions
py, (lower value in Table 3) is used to determine tension force F, in Table 5

Fastener surfaces:
So Bearing face of head or underside of nu (p;)

oravener rheud (Uo
Surfaces on mating party: Steel, oi -quenched or Zn-phosph, Steel
Bearing face on part (p) a pressed turned znc-plated
or nt durrad (PC) rolled cu 6pm

Steel, rolled

turned, ut planed, iled

ground

G ay planed, mlled, turned, cut
casi iron

Al- rnaleable iron, ground
black

Steel cadmium-electroplated. 6 pm

zinc-electroplated, 6 pm

zinc-eectropl. female threads

groundroled,
phoaphated

machined,
phosphated

Al-Mg alloy processed,
cut

Steel, cadmium-electroplated, 6 pm

cadrn_-e ectropl_. fem- threads

zinc-electroplated, 6 pm

zinc-electropl., female threads

_U
R

cadm-eletrop.,ten~theads

0.13...0.19

010.0.18

.10..018 10...0

- 0.10...0 18

0.16022 0.10 ... 0.1 0.10,0 18

0.10..018 - 0.10.018

0.16...0.22 00. .18 0 0 18

0.08 ...0,16 0.08- .16 -

0.10---0.l 0.10--0.16 0.16. 020

0.10- 0 18

010.20 21 -

0.10 ... O018 -

0.080...020

0.08...0,16 -

0.08 .0.i4 -1

0.10. 0.18 - 0.20 ..0.30

*

Tightening threaded-fastener connections

tro

p- -

II

II

~If

Il~

-J 0

.t..
1

'1'

0.08 ... 0 16 1 0.12 ...0 20
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314 Threaded fasteners

Table 4. K-Values
The K-values apply to standard threads of sizes M.4 to M42 and bolt head and nut
sizes corresponding to hexagon bolts and screws in accordance with DIN 921, 933; fil-
lister-head slotted screws in accordance with DIN 84, hexagon cap screws in accor-
dance with DIN 912. 6912, 7984; and nuts in accordance with DIN 934.
For M16 to M42threads, the K-value is to be reduced by 5%, because the transition from
M14 to M16 represents a significant jump in the coarseness of thread pitch /.

Intermediate values can be interpolated with sufficient accuracy.
Note: In special cases where onlypiohas been determined previously, the K-value is de-
termined forthe case in whichK = o = uo, (see also "Tightening of threaded fasteners"
R 304).

0.04 0.06 0.08 0.10. 0.16 0.18 0.20 0.24 0.28

Coefficient of friction for fastener head and nut bearing face .
0.12 0.14

0.08 0.094 108 0.120 10.134 0.148 10.162 0.176 0.190 02041 0.2 60
C

a
V
03
C)

C
C)
Li

-a
-aa
U

-a
ci

1~3

0.10 0.104 0,118 0.132 0.146 0.158 0.172 0.186 0.200 0-214 0.242 0.270

0.12 0.114 0.128 0.142 0.156 0.170 0.184 0.196 0.210 0.224 0.252 0.280

0,14 0.124 0,138 0.152 0.166 0.180 0.194 0-208 0.222 0.234 0.262 0.290

0.16 0.134 0.148 0-162 0,176 0.190 0.204 0218 0.232 0.246 0,272 0.300

0.18 0.146 0.160 0,172 0.186 0.200 0.214 0.228 0.242 0.256 2.284 0.312

0.20 0.156 0.170 0-184 0,188 0.210 0.224 0.238 0.252 0 9266 0,294 0.322

0.24 0.176 0.190 0 204 0.218 0.232 0.246 0.260 0.274 0.286 0.314 0.342

0.28 0.198 0212 0 224 0.238 0.252 0,266 0.280 0.294 0_308 0.336 0.362

Axial tension forces of bolted joints

Scope of Table 5 for installed tension
forces Fp,
Table 5 applies only to
- Bolts with standard thread and

shank diameter d > 1.05
minor diameter d3 -

- With respect to material strength, the
correct mating of nut and bolt, or fe-
male thread in housings;

- Nut height at least 0.8 xthread diame-
ter and sufficient depth of thread in
housings and the like.

Correction factors for tension forces
and coefficients of friction (selection)
Flat nuts with a height of 0.5 d d and the
same hardness as the bolts allow a ten-
sion force of only 80% of the values given
in the table. In the case of low-strength flat
nuts (04) on 12.9 bolts, only 33% of F, is
permissible.

In the case of fastener heads and nuts
with smaller or larger bearino faces as
well as adusting screws and locating
screws which do not have contact at their
heads, the PK-value mus1 be reduced
or increased by the same ratio as the ra-
tio of the mean friction diame:er of their
bearing faces to the mean friction
diameter of the above-mentioned stan-
dard hexagon etc. fasteners and nuts. It is
this corrected hypotheticalup-value which
is used to determine the K-val je (for this
reason, Table 4 givesuK-Values beginning
with 0.04).

In the case of countersurnk-head
screws, allowance must be additionally
made for the conical effect of the counter-
sink angle as well as the greater elasticity
of the outer edge of the head; thus the ,,
value hypothetically increases by a factor
of 1.25 in the case of standard counter-
sunk screws (countersink angle: 90 ).
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Threaded fasteners 315

Table 5. Tension forces F, in 10 N for standard threads and coefficients of
friction P. in the threads (for 90% utilization of o.2 or aY)

Dimension
(pitch)

M 4

(0.7)

Pro-
perty
class

4.8
5.8
8.8

10.9
12.9

F (103 N) for coefficients of friction PG in the threads

0.14 016 0.18 0.20

19 1
24
39
5 5
6 6

1.9
2.3
3.7
5.3
6.3

1.8
2.2
3.6
5-0
6.0

1.7
2.1
3.4
4.8
5.8

0.24

1.6
2.0
3.2
4.4
5.3

0.06 1 0.08 1 0.10 1 0.12

2.3
2.8
4.5
6.4
7.7

2.2
2.7
4.4
6.2
7.4

2.1
2.6
4.2
5.9
7.1

2.0
2.5
41
5,7
6.9

0.28

1.4
1.8
2.9
41
4.9

4,8 3.7 3.6 3.5 3-3 32 3.1 2-9 2.8 2.6 2.4
5.8 4.6 4.5 4.3 4.2 40 3.8 36 3.5 3.2 3.0

M 5 B8 7.4 7.2 6.9 6.6 64 6.1 5.9 5.6 5.2 4 8
10.9 10.4 10.1 9.7 94 90 8.6 8.3 7.9 7.3 6.7

(0.8) 12.9 12.5 12.1 11,7 11.2 108 10.3 9.9 9.5 8.7 8.1

4.8 52 5.1 4.9 4.7 45 4.3 41 4.0 3.7 3.4
5.8 6.6 6.3 6.1 5-9 56 5.4 52 5.0 4.6 4.2

M 6 88 105 1 9.8 9,4 90 8.6 8.3 7.9 7.3 6.7
10.9 142 13.7 13.2 127 12.1 11.7 11.2 10.3 9.5

(1,0) 12.9 17.7 17., 16.5 15 8 152 14.6 14.0 13.4 12.3 11.4

4. 9.6 9.3 89 83 7.9 7.6 7.3 6.7 6.2
5.8 12.0 11.6 11.2 103 9.9 9.5 9.1 8.4 7.7

M8 8.8 19.2 186 7.9 165 15.7 15.2 14,6 13.4 12.4
10.9 27.0 26.1 25. 2 232 22,3 21.4 20.5 18.9 17.4

(1.25) 12.9 32. 31.3 30.2 9 26.8 25.7 24.6 22.6 20.9

4.8 15.3 148 142 137 13.2 12.6 12.1 11.6 10.7 9.9
5.8 19.0 186 1 1 165 15.9 15.1 14.5 13.4 12.3

M 10 8.8 305 29.5 28.5 27.4 263 26.3 24.2 232 21.4 19.7
10.9 4 9 41.5 40.1 38,5 370 35.5 34,1 32.7 30.1 27.7

(1.5) 12. 51.5 49.8 481 46.2 444 42.6 401 39.2 36 1 33.2

4.8 22.2 21.5 20.8 20.0 192 18.4 17.7 169 15.6 144
5.8 27.8 26.9 25.9250 24 0 23.0 22.1 21.2 19,5 18.0

M 12 6.8 44.5 43-0 41.5 40.0 38.4 36.8 35.3 339 31 2 28.7
10.9 62.5 60.5 58.4 56.2 54.0 51.8 49.7 47. 43.8 40.4

(1.75) 12.9 75.0 72.6 70.0 67.4 64.8 62.2 59.6 572 52,6 48.5

4.8 30.5 29.5 28.5 27.4 26.4 25.3 243 233 21.4 19.7
5.8 38.1 36.9 35.6 34.3 32.9 31.6 30.3 29.1 26.8 24.7

M 14 8.8 61.0 59.1 57.0 54 9 52.7 50.6 48.5 465 42.8 39.5
10.9 85.8 83.1 80.1 77.1 74.1 71.2 68.3 65.5 60.2 55.5

(2.0) 12.9 103 99.7 96.2 92.6 89.0 85.4 81.9 78.5 72.3 66.6

M16

M 20

4.8
5.8
8.8

10,9
12.9

4.8
5.8
8.8

10.9
12.9

41.8
52.3
83.6
118
141

65.3
81.7
131
184
220

40.5
50.7
81.1
114
137

63.3
79.2
127
178
214

39.2
48.9
78.3
110
132

61.2
76.5
122
172
206

37.7
47.2
75.5
106
127

59.0
73.7
118
166
199

36.3
45.4
72.3
102
122

56.7
709
113
159
191

34.8
43.6
69.7
980
118

54.5
68.1
109
153
184

33.4
41.8
66.9
94-1
113

52.2
65.3
105
147
176

32.1
40.1
64.2
90.2

108

50.1
62.7
100
141
169

29.5
36.9
59,0
830
99.6

461
57. 7
92.3
130
156

27.2
34.0
54.4
76.5
91.9

42.5
53.2
85.1
120
144

In contrast to 5.8 bolts, the tension forces F, for bolts in other (nonferrous) property
classes must be converted based on their yield points or their yield strengths; e.g. for M6
Cu2fastener with pI= 0.10, F,= (340/400) 6.1 , 10= 5.2 103 N.

Vi

Csr~
p.

V
ilk

4

t$4

., )
.1)

½

4,1

.112

41

1'

4
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316 Threaded fasteners

Advantages of the K-method over
previously used methods of
determining tightening torque
- Easily takes irto account the different

coefficients of friction PK and pc.,
The K-method therefore allows for more
reliable design and greater minimum in-
stalled tension force (if the example below
were calculated using J1ot = kK, the maxi-
mum tension force would be impermissibly
high, reaching a value just below the yield
point. If the calculation were made using
p#o0 = yG instead, the tightening torques
would be lower and the minimum tension
force would be only 68% of 14,800 N).
- In order to express the values listed in

Table 3 as , values, more compre-
hensive tabular information would be
required. Table 3 requires only a frac-
tion of this information.

- The K-method is used to precisely de-
termine the tightening torques when
tightening threaded fasteners using a
torque wrench, and is an advantageous
replacement for the tables and some-
what complicated graphs used previ-
ously.

- Using yield point or angle-controlled
tightening methods, better utilization
factors can still be achieved at
threaded-tastener connections (see
"Tightening of threaded fasteners").

Determining tension forces
and tightening torques
The maximum attainable instaled tension
forc e isdetermined using the

smallest coefficient of friction in the
threads pr and Table 5. (Most of the
torque applied to the screw shaik is used
to overcome thread friction, while only the
remainder is converted to tension force by
the thread pitch: the maximum permissi-
ble tension force must not be exceeded
even when this residual torque reaches its
maximum value and , its minimum
value.)

The maximum permissible installed
tightening.toe Mgg M pax is calculated us-
ing the K-value for the lowest values for pK
and PG (because the maximum permissi-
ble tensioning force must not be ex-
ceeded even when maximum tightening
torque coincides with the smal est coeffi-
cients of friction)

Ml, Pmax = Krrain - ['19 nax d

The lowest installed tightenihg torque
Mspn is a result of the quality of the tight-
ening process and the equipment used. If
good power screwdrivers are used or the
tightening process is carefully performed
by hand using torque wrenches, the nom-
inal torque can usually be achieved within
a variation ±10%. The lowet installed
tightening torque is then

p min = 0.8 - MAsopax

The lowest installed clamoijngorce rio

which then may occur is calculated using
the K-value for the maximum values of the
two coefficients of friction p1

Kand 3 as fol-
lows:

psp in = MapSmmn/(Kmax i')

Example: An M1 0-8.8 boll or screw (pressed and rolled. phosphated) is used to fasten a
ground steel part to an AIMg housing with blind threaded holes; the parts are 1ghtly oiled

From Table 3: p, = 0.16... 0.22

p, = 0-08.. 0.20-* forpG - 0.08 in accordance with Table 3:
| | =29.500 N

From Table 4: K,,r, 0-176 Kr,,;= 0.280

M0 n[ -= 0.176 29500 0010 =51.9
Aiopnn = 0.8 Al, na z 41.5
F , n-n= 41.51(0.280 0.010) = 1480
(withd in m)

Nm
N m
0 N
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Threaded fasteners 317

Threads (selection)

ISO metric screw threads
(DIN 13, ISO 965): Nominal dimensions

Nut

4--

1 60Lo 6 t

o Thread
a dimensiors
I mm

I)

Metric standard thread
Example of designation: M8 (nominal thread diameter: 8 mm)

Pitch Minor diameter
diameter
d; = D2 da D

2.675 2.387 2.459
3.545 3.141 3.242
4,480 4.019 4-134
5.350 4.773 4,917
7.188 6,466 6.647
9,026 8.160 8.376

10.863 9,853 10.106
12.701 11.546 11.835
14.701 131546 13.835
18.376 16.933 17.294
22.051 20,319 20.752

Thread depth

0.307
0429
O.491
0.613
0.767
0.920
1.074
1.227
1.227
1-534
1.840

Il

0.271
0.379
0.433
0.541
0.677
0,812
0.947
1.083
1.083
1.353
1.624

Tensile
cthess area

A. in mm?

3 03
8.78

14.2
201
36.6
58.0
84.3

115
157
245
353

Metric fine thread
Example of designation: M8 x 1 (Nominal thread diameter: 8 mm; pitch: 1 mm)

NornOalI
thread dca

3
4
5
6
8

10
12
14
16
20
24

P

0.5
0.7
0.8
1
1.25
1.5
1.75
2
2
2-5
3

S

~1'

I
eN

'1
7

4

*ii

Nominal Pitch Pitch Mnordiameter Thread depth Tensi
thread dia diameter stress
J=1) P 12= D) J, I) ] Hli A, inn

8 1 7350 6.773 1 6.917 0.613 0.541 3
10 1.25 9.188 8.466 8.647 0.767 0.677 6
10 1 9.350 8,773 8.917 0.613 0.541 6
12 1.5 11.026 10.160 10.376 0.920 0.812 8
12 1.25 11.188 10.466 10.647 0.767 0.677 9
16 1,5 15.026 14.160 14.376 0.920 0.812 16
18 15 17.026 16.160 16.376 0.920 0.8'2 21
20 2 18.701 17,546 17.835 1.227 1.083 25
20 1.5 19.026 18.160 18.376 0,920 0.812 27
22 1.5 21.026 20.160 20,376 0.920 0.812 33
24 2 22.701 21.546 21.835 1.227 1.083 38
24 1.5 23.026 22,160 22.376 0.920 0.812 40

sarea
r1r2

9-2
L2

4-5
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318 Threaded fasteners

Pipe threads for non self-sealing joints
(D1N ISO 228-1); Parallel internal threads and external threads; nominal dimensions

Example of designation: G 1/2 (nominal thread size 1/2 inch)

rT na Number of Pitch Thread Major Pitch Minor
z hreads depth diameter diameter ciameter

perinch P h ( )2 d=D)2= 1d=D)

mm mm mm mm mm

13.157
16.662
20.955
264417
33.249

1/,
31,

19
19
14
14
11

1 337
1.337
1.814
1.314
2.309

Whitworth pipe threads for threaded pipes and fittings
(DIN 2999); Parallel internal threads and taper external threads; nominal dimens ons (mm)

Parallel internal thread Tapered external thread
(Abbr. Rp) (Abbr, R) (taper 1:16)

9p, Referen, epane273'Thread axis ( (measuring plane)

Designation Major Pitch Minor Pitch Nbr 
diameter diameter diameter 'hreads

External Internal per inch
thread thread d= d2 d= D)2 d = D), P 7

R 1'4  Rp 1/4 13.157 12.301 11.445 1.337 19
R 318 Rp I8  16.662 15.806 14.950 1.337 19
R 1/2 Rp 1/2 20955 19.793 18.631 1.814 14
R 3/4 Rp 34, 26.441 25.279 24.117 1.814 14
R 1 Rip 1 33.249 31.770 30.291 2.309 11

Areas of application: For joining pipes with parallel internal threads to valves, fittings,
threaded flanges, etc. with tapered external threads.

12,301
15.806
19,793
25.279
31.770

0,856
0,856
1.162
1.162
1.479

11,445
14-950
18,631
24.117
30-291
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Joining and bonding techniques 319

Joining and bonding
techniques

Welding

Automotive components and subassem-
blies are joined using a wide and highly
va-iegated range of welding and bonding
techniques. Resistance-pressure and fu-
son welding are among the most com-
monly applied welding methods. This
summary concentrates on the resistance-
welding procedures in standard produc-
tion use (processes and symbols based
on DIN 1910, Part 5).

Resistance welding

Resistance spot-welding
In esistance spot-welding, locally applied
electrical current is used to melt the con-
tact surfaces of the parts to be joined into
a soft or fluid state; the parts are then
joined together under pressure. The con-
tact-point electrodes which conduct the
welding current also convey the electrode
force to the parts. The amount of heat re-
qu red to form the welding joint is deter-
mined according to Q - P2. R - I (Joule's
Law).

The precise amount of heat required
is a function of current, resistance and
time. The following factors should be co-
ordinated in order to achieve a good
weld and adequate spot diameter d4;

Resistance
spot-welding

- welding current I,
- electrode force F and
- welding time i.
According to the manner in which the cur-
rent is conducted, a distinction is drawn
between:
- bilateral direct resistance spot-welding

and
- unilateral indirect resistance spot-weld-

ing.

The electrode for a specific spot-welding
operation is selected with reference to
shape, outside diameter and point dame-
ter. Before welding, the parts must E.lways
be completely free of scaling, oxides,
paint, grease and oil; they therefore re-
ceive appropriate surface treatment prior
to welding (where indicated).

Projection welding
Projection welding is a process in which
electrodes with a large surface area are
employed to conduct the welding current
and the electrode force to the workiece
The projections, which are generally in-
corporated into the thicker of the work-
pieces, cause the current to concentrate
at the contact surfaces. The electrode
force compresses the projections partially
or completely during the welding process,
A permanent, inseparable joint is pro-
duced at the contact points along the
welding seam. One or more than one pro-
jection can be welded simultaneous y, de-
pending on the type of projection (round
or annular) and the power available from
the welding unit.

I

Vt

IF
#1~

2

>fj

I.,

Resistance
welding

Resistance
pressurewelding

Cnd tive
resistance
pressure welding

Projectien Seam Flash Buti-seem
welding welding butt welding welding
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320 Joining and bonding techniques

Depending on the number of spots
welded, a distinction is drawn between
- single-projection welding and
- multiple-projection welding.

This technique requires high welding
currents applied for short periods of
time.
Applications:
- welding parts of different thicknesses,
- welding multiple projections in a single

operation.

Seam welding
In this process, roller electrodes replace
the spot-welding electrodes used in re-
sistance spot-welding. Contact between
the roller pair and the workpiece is lim-
ited to an extremely small surface area.
The roller electrodes conduct the weld-
ing current and apply the electrode
force. Their rotation is coordinated with
the movement of the part.
Applications:
Production of sealed welds or seam spot
welds (e.g. fuel tanks).

Flash-butt welding
In flash-butt welding, the butt ends of the
workpieces are joined under moderate
pressure while the flow of current at the
contact surfaces produces localiced heat
and melting (high current density). The
metal's vapor pressure drives molten ma-
terial from the contact patches (burn-off)
while force is applied to form an upset
butt weld. The butt ends should be par-
allel to each other and at right angles to
the direction in which the force is applied
(or virtually so). Smooth surfaces are
not required. A certain amount of extra
length must be factored in to compen-
sate for the losses incurred in the flash-
welding process.
Result:
A weld with the characteristic p-ojecting
seam (burr).

Butt-seam welding
This process employs copper jaws to
conduct the welding current to the work-
pieces being joined. When the welding
temperature is reached, the current
switches off Constant pressure is main-
tained and the workpieces then weld to-

Welding techniques
a) Blateral resistance spot-welding, b) Unilateral resistance spot-welding,
c) Projection welding d) Seam welding, e) Flash butt welding, f} Butt-seam welding.

a

cC

ef

b

d
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Joining and bonding techniques 321

gether (requirement: properly machined
butting faces). The result is a burr-free
seam. The process does not completely
displace contamination that may be pre-
sent at the butt ends.

Fusion welding
The term "fusion welding" describes
a process employing limited local appli-
cation of heat to melt and join the parts;
no pressure is applied.

Shielded (inert gas) arc welding is
a tyle of fusion welding. The electrical
arc extending between the electrode
and the workpiece serves as the heat
source. Meanwhile, a layer of inert gas
shields the arc and the melted area from
the atmosphere. The type of electrode is
the factor which distinguishes between
the various techniques:

Tungsten inert-gas welding
In this process, an arc is maintained be-
tween the workpiece and a stable, non-
melting tungsten electrode. The shield-
ing inert) gas is argon or helium. Weld
material is supplied from the side (as in
gas fusion welding).

Gas-shielded metal-arc welding
in this process, an arc is maintained be-
tween the melting end of the wire elec-
trode (material feed) and the workpiece.
The welding current flows to the wire
elecrode via sliding contacts in the
torch holder. Insert-gas metal-arc weld-
ing uses inert gases (slowly reacting
and noble gases such as argon, helium,
or combinations of the two) as protective
gas. Active-gas metal-arc welding, on
the other hand, employs reactive gases
suc as CO 2 and mixed gases contain-
ing CO, argon and sometimes oxygen,
and is frequently referred to as CO.
welding.

This process is employed for welding
non-alloy and mild-alloy steels.
In addition, the following welding tech-
niques are employed in the automobile
industry:
- electron-beam welding,
- friction welding,

arc pressure welding (stud welding),
- stored-energy welding (pulse weld-

ing).

Soldering

In soldering, a supplementary material
(solder) is melted onto two or more parts
of similar or varying metallic composi-
tion in order to produce a permalent
connection between them. Flux ard/or
protective gas may also be used. The
melting temperature of the solder is be-
low that of the parts being joined. The
solder is distributed along the joil to
produce the connection without the
parts themselves being melted.

Soldering processes are classifiel by
working temperature. This is defined as
the lowest surface temperature at the
connection between the workpieces to
be joined at which the solder car be
melted and distributed to form a bond.

Soft soldering
Soft soldering is employed to form per-
manent solder joints at melting tempera-
tures below 450'C (as with soldering
tin). Soft solders which melt at tempera-
tures of 200"C and below are also
known as quick solders.

Hard soldering
Hard soldering (brazing) is used to form
permanent joins at melting tempera-
tures above 450 OC (as with copper/zinc,
combined copper/zinc and silver alloys,
e.g. silver brazing filler). Further data on
soldering materials is contained in
DIN Sheets 1707, 8512, 8513 and 8516.

Fluxes (non-metallic substances) are
applied to remove any film (oxidation)
remaining on the surface of the parts af-
ter cleaning and to prevent a new film
from forming: this makes it possible to
apply a consistent coat of solder to the
joint surfaces. Data on fluxes can be
found in DIN 8511.

The strength of a soldered joint can be
equal to that of the base material itself.
This phenomenon is due to the fact that
the more rigid adjoining materials imit
the solder's deformation potential.

The method used for heating provides
yet another criterion for the classifica-
tion of soldering processes. The two
standard types are: open-flame solder-
ing and iron soldering.

I'll
II

([I

11¶
is

1?
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322 Joining and bonding techniques

Flame soldering
A hand-held burner or a gas-fired unit
provides the heat. Depending on the
specific soldering operation, either oxy-
acetylene burners (familiar from gas
welding) or soldering lamps are em-
ployed.

Iron soldering
A hand-held or mechanically guided sol-
dering iron provides the heat. Irons can
also be used to solder pretinned sur-
faces.

Other processes include: oven, salt-
bath, immersion, resistance, and induc-
tion soldering.

Adhesive technologies

Organic or anorganic adhesives are em-
ployed to form permanent rigid connec-
tions between two metallic or non-metallic
materials. The adhesive bonds under
pressure, either at room temperature or
with moderate heat. The bond is adhe-
sive, in other words physical and chemical
bonding forces operate at the molecular
level to bond the surfaces. A distinction is
drawn between single-component and
two-component adhesives, referring to
their as-delivered condition.

Single-component adhesives
These are components which contain all
the constituents necessary to form a
bond.

Two-component adhesives
The second component in an adhesive
of this type is a hardener that initiates the
cross-linking process. An accelerator
may be added to the hardener. Metal ad-
hesives are generally of the two-compo-
nent type. The hardening (cross-linking)
process is polymerization, polyconden-
sation or polyaddition under the influ-
ence of temperature and/or time.
Spatially interlinked macro-modules are
the result. Depending on the hardening
temperature, a distinction is drawn be-
tween cold adhesives (harden at room
temperature, relatively easy to apply, and
hot adhesives harden at 100 ... 200'C).

Adhesive connections should be de-
signed to ensure that the bond is sub-
jected exclusively to tensile shEar loads.
Overlapping connections are virtually
the only application for adhesves. Butt
joins subjected to tensile or sliding
forces should be avoided.

Metal adhesives can be employed in
conjunction with spot welding. The ad-
hesive prevents premature swelling of
the sheets between the resistance-
welded spots. This method is also suit-
able for reducing stress peaks at the
edges of the weld spots and Imited the
numberof spots required. Constructions
of this nature evince enhanced struc-
tural integrity, rigidity, and damping
when subjected to dynamic loads.
Welding is carried out when the adhe-
sive is still soft; otherwise the adhesive
would act as an insulator.

The most significant metal adhesives
include: epoxy, polyester ard acrylic
resins, vinyl acetate, and metal cement.

Automotive applications
Adhesive joining has become a stan-
dard technique in automotive engineer-
ing. The individual areas of application
can be classified as follows.
- Body shell: Raised-seam and brace

bonding for attached compcnents.
- Painting line: Attachment of stiffeners,
- Assembly line: Attachment of insulat-

ing material, appliques, mollings, mir-
ror-support bracket to windshield.

- Component production: Bonding
brake pads, laminated safety glass
(LSG), rubber-to-metal connections to
absorb vibration.
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Riveting

Riveting is used to produce a permanent
fixed connection between two or more
components made of identical or dissim-
ilar materials. Depending on the method
and application, riveted connections are
divided into the following categories
- permanent rigid connections (interfer-

ence fits, for example in mechanical
and plant engineering),

- permanent, sealed connections (for
example in boilers and pressure ves-
sels) and

- extremely tight seals (for example in
pipes, vacuum equipment, etc.).

in some areas such as mechanical engi-
neeling in general and in tank manufac-
ture, riveting has largely been displaced
by welding. A distinction is drawn be-
tween cold and hot riveting, depending
on the temperature used. Cold riveting
is employed for rivet joints up to 10 mm
ind ameter in steel, copper, copper al-
loys, aluminum, etc. Rivets with diame-
ters in excess of 10 mm are installed
hot,

The most common types of rivet are
mushroom head, countersunk, tallow-
drop, hollow and tubular. There are also
standardized rivets for specialized appli-
cations, for example explosive rivets and
pop rivets. Pop rivets are hollow and are
expanded by a drift or punch. The types

of rivet and the corresponding materials
are defined in DIN sheets; structural in-
tegrity and chemical composition are
specified in DIN 17 111. In order to Evoid
the danger of electrochemical corrosion,
the rivet material and the material of the
parts being joined should be similar, if
possible.

Advantages/disadvantages com-
pared to other joining techniques
- Unlike welding, riveting exerts no ef-

fects such as hardening or molecular
alteration on the material,

- no distortion of the components,
- suitable for joining dissimilar m.teri-

als,
- riveting weakens the components,
- butt joints cannot be riveted and
- riveting is generally more expersive

than welding when performed outside
the factory.

Automotive applications
- Riveting joint pins (window winders,

windshield-wiper linkages),
- Riveting reinforcement plates (in the

course of repairs),

Pressurized clinching
a) Clinching, b) Tox clinching;1 Punch, 2 Work, 3 Die.

a

K>
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Punch force/punch travel curve
A Combined indentation and melding.
8 Upsetting and expansion.
C Filling upper contour of mold
D Filling annular canaL
E Cup extrusion.

Bonding and joining
(pressurized clinching)
Pressurized clinching is a mechanical
process for penetration assembly of lay-
ered materials. It combines cutting, pene-
tration and cold upsetting in a single con-
tinuous joining operation without the ap-
plication of additional heat. The basic
principle is one of joining through re-
shaping. DIN 8593. Part 5, issued in
September 1985 contains the first refer-
ence to this process as a means of joining
sheet-metal panels by deformation.

The past few years have marked the
adventof fox clinching as yet anotherjoin-
ing process: it resembles penetration
clinching, but does not include a cutting
process. The tools employed for fox
clinching are relatively small. The diame-
ter can be varied to suit specific applica-
tions. At present, pressurized clinching
can be used to join panels up to 3 mm
thick, whereby the total thickness of the
two sheets should not exceed 5 mm. The
panels being joined can be of the same
material (e.g. steel/steel) or dissimilar ma-
terials (e.g. steel/non-ferrous metal). In
addition, pressurized clinching can be
used to join coated sheets and painted
parts, as well as components to which ad-
hesives have been applied. Multiple
clinching can be used to produce numer-
ous pressure-assembly elements (up to
50) in a single process (one stroke of the
press, for example). The typical curve for
punch force relative to punch travel can
be divided into five characteristic phases
(A...E).

Advantages/disadvantages of
pressurized clinching
- No need for noise-abatemeni encapsu-

lation,
-tox clinching does not impai corrosion

protection,
- when combined with a cutting operation

there is a partial loss of corrosion pro-
tection,

- no heat distortion,
- painted, protected (oil, wax) and glued

sheets can be clinched.
- different materials can be joined (e.g.

steel/plastic)
- energy savings, no power supply re-

quired for welding and no cooling water,
- one side of the workpiece evinces a pro-

jection similar to that produced by a rivet
head, while the other side has a corre-
sponding depression.

Automotive applications
- Windshield wiper brackets,
- Fastening door interior panels,
- Positioning individual components.

324
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Punch riveting

The punch riveting technique joins solid
materials employing stamping and rivet-
ing elements (solid or semi-hollow riv-
ets) in a combined cutting and joining
operation.

The parts to be joined do not have to
be predrilled and stamped, as is the
case with other riveting techniques.

PLnch riveting with solid rivets
The first stage in punch riveting with
soid rivets is to position the work on the
die plate.

The top section of the rivet unit, in-
cluding the blank holder, descends and
the rivet die presses the rivet through
the parts to be joined in a single stamp-
ing operation.

Punch riveting with semi-hollow rivets
The first stage in punch riveting with
somi-hollow rivets is to position the work
on the (bottom) die plate. The rivet die
descends and presses the semi-hollow
rivet through the upper sheet into the
lovier sheet in a single stamping opera-
tion. The rivet deforms and the bottom
spreads to form a securing element. usu-
ally without fully penetrating the lower
sheet.

Equipment
Highly rigid hydraulic tools are used in
punch riveting, Rivets can be singled
fron a batch feed or carried in belts with
individual holders to the riveting tool.

Punch-riveted joints
a) Solid rivet, ) Semi-hollow rivet

Materials
The rivets must be harder than the ma-
terials to be joined. The most common
materials are steel, stainless steel, cop-
per and aluminum with various coatings.

Characteristics
- Used to join similar and dissimilar ma-

terials (e.g. steel, plastic or alum num),
parts of various thicknesses and
strengths, and painted sheets.

- No preliminary stamping or drilling, no
electrical current or vacuum extraction
required.

- Approved overall material thicknesses:
steel 6.5 mm; aluminum 11 mm.

- Low-heat, ow-noise joining process.
- Tools have a long service life (approx.

300,000 rivet applications) with con-
sistent quality.

- Process dependability with monitored
process parameters.

- High forces have to be applied.
- Restricted law reach.

Applications
Punch riveting with solid rivets: joining
metal sheets in automotive engineering,
e.g. window winders in passenger cars.
Punch riveting with semi-hollow rivets:
joining materials at the body-in-white
stage in automotive engineering, huse-
hold appliances, joining metals to com-
posites (heat shields).

f.
dii
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Sheet-metal processing

Deep-drawing technology

Units and symbols,

Symbos Units

F2,
Fr
P

A,,,
s

31, 32

Section diameter
Support diameter of
hold-down device
Stamping diameter,
1! draw
Stamping diameter,
fnc draw

Total deep-drawing force
Hold-down lorce
Deeo-draw force
Pressure of hold-down
device
Tensile strenoth
Sheet Thickness
individual crawing ratio
Maximum possiblo
drawing ratio

mm

mm

mm

kN
kN
k-N
Nmm2

N/mm2

mm

Drawing methods
The drawing procedure employs a drawing
die, punch and sheet-metal retaining de-
vice to reshape flat sections, blanks and
round plates.

The variables exercising an influence on
the deep-drawing of three-dimensional
bodywork components are exceedingly
complex; rough calculations thus do not
provide a suitable basis for their definition.
The finite-element method (FEM), in which

powerful computers employ numerical
procedures from continuum mechanics, is
used to calculate deep-drawing pro-
cesses. Software development has re-
flected the significance of specific parame-
ters affecting the deep-drawing process,
including the influence of friction, of bilat-
eral contact, of material values which vary
according to rolling direction, and addi-
tional factors.

Deep-draw simulation is of major assis-
tance in designing deep-drawing tools,
helping to optimize production times for this
equipment.

Deep-drawing process
The drawing process reshapes a flat
blank into a concave section. A punch,
surrounded by a retaining mechanism
(holding-down clamp, blank holier), pulls
the sheet metal into the matrix. The clamp
applies the defined force to the sheet,
prevents creases from forming, and per-
mits application of tensile force.

The maximum possible drawing ratio is
determined by various factors:
- material strength,
- tool dimensions and sheet thickness,
- retention force,
- friction,
- lubrication,
- material and surface of the workpiece.

Drawing with single-action presses
This category includes all crark presses
in which the ram represents the only mov-
ing component.

Deep drawing
a) With single-action press, b) With double-action press I Ram, 2 Air cushion,
3Hold-down device, 4-Matrix. 5 Punch, 6Airpins, 7 Matrix insert, 6 Hold-down ram.

a -b

6
4

7

-- 5

-

-IL - 2

I1
8
5
3
4
7
6
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Applications: for deep-drawing flat work-
pieces in simple reshaping operations to
produce trimmers, arches, supports

Drawing on double-action presses
Double-action drawing presses employ
separate rams to retain the metal and to
pul it. The hold-down ram is actuated me-
chanically via disk or toggle, or hydrauli-
cally.

Applications: for deep-drawn compo-
nents of complex geometry. including
fenders, wheel arches, decklids,

Caiculations for the drawing process

Vz = rT (d + s) - 5 , R
Fe = (LD - d 2 ) p4
F = Fz + F

= /d-;I2 = 1

Exr Igle
D 210 mm; dL = 160 mm; d, = 140 mm;
p= 2.5 N/mm2; R = 380 N/mm?;s = 1 mm;
Fimarnw 1.9.
Result
Drawing ratio P, 1.5; Deep-drawing
force Fz = 112.2 kN Sheet retention force
Fa = 36.3 kN: Total deep-drawing force
F = 1485 kM

The diagram shows the motions of the
drawing ram and the hold-down ram in the
course of one cycle. The rams have differ-
ing strokes. The drawing ram, with its
longer stroke, is set in motion first, while the

Sheet-metal processing 327

Material [ B Pressureof
hold-down de-

maxM max. vicep Nmm2

St 12 1.8 1,2 2.5
St13 1,9 125
St 14 2.0 1.3

Copper 2.1 1.3
CuZn 37 w 2.1 1.4 2.0.2-4,
CuZn 37 h 1-9 1.2
CuSn 6 w 1.5 -

A99.5w 2.1 16
AMg 1 w 1 85 1.3 1.2.1
AiCUMg 1 pw 2.0 1.5
AICuMg 1 pl ka 1.8 1.3

) Valid up to di = 300; specified foi 1=
100 mm, x - 1 mm. Different sheet thickresses
and punch diameters result in minor dev ations
from the figures given. Basic qualities are also
used with galvanized sudaces. The figures can
vary slightly.

shorter-stroke retention ram starts second,
but is first to achieve contact.

Forces during drawing

d', .i ..
.1

I1

L-

Time-distance diagram for a double-action drawing press
I Curve for drawing ram, 2 Curve for hold-down ram:

h Stroke of drawing ram, h Stroke of hod-down ram, zm Max. drawing depth,
f, Duration of drawing process, (e Holding ime ofhold-down ram, a Approach of drawing ram

1. Sroe 360,

0 SW 180 270 360

~0 'Time

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4703



328 Sheet-metal processing

Laser technology

Deviation mirrors are used to deflect the
coherent light beam generated by the
laser for concentration in a focusing de-
vice. At the focal point the laser beam has
a diameter of approx.03.0.5 mm, allow-
ing intensities in excess of 106...108 W/cm 2

to be achieved. The workpiece melts and
vaporizes in milliseconds if the focal point
is in its immediate vicinity, an effect which
can be exploited in laser-based process-
ing operations. According to the physical
condition of the active medium, the device
is classified as a solid-state, gas, semi-
conductor or liquid laser. The following are
applied in industrial metal processing:

Solid-state laser (Nd:YAG)
Neodynium (Nd) is an element of the rare-
earth group, while YAG stands for yttrium-
aluminum-garnet (YAlsOr). The crystal
exhibits mechanical and thermal stability
equal to that of the ruby.

The Nd:YAG laser emits light in the in-
frared range of the spectrum, with a wave-
length of 1.06 pm. The essential advan-
tage of the Nd:YAG laser lies in the fact
that the generated beam can be transmit-
ted through optical fibers, making it possi-
le to dispense with complicated beam-
relaying systems. Present laser power rat-
ings are in the range of 400...1200 W;-
pulse-mode operation is generally em-
ployed. The foremost application for solid-
state lasers is in welding parts with high
requirements for precision, e.g. in preci-
sion mechanics. Welding depths depend
on power and welding speed, and are in
the range of tenths of a millimeter.

Gas laser (C0 2 )
The CO2 laser is among the most
important gas-laser devices. Molecular
gas serves as the active medium.
Radiation emissions are in the medium in-
fPared band, with wavelengths spread
across a number of spectral ranges be-
tween 9.2 and 10.9 pm, the mean is
10.6 pm. This type of laser is generally
used in continuous operation, with stan-
dard laser power ratings of between 2 and
5 kW. Laboratory units with up to 20 kW
have already been installed.

Characteristics of the laser cutter
- Clean, burr-free edges,
- high dimensional/manufacturing precision

(nosubsequentprocessingnecessary),
- minimal thermal and mecianical

stresses on the workpiece during the
cutting process,

- uncomplicated clamping devices,
- sheet metal of up to 10 mm can be cut

(1 kW), rapid cutting (10 m/min with
metal 1 mm thick)

Characteristics of laser welding
- High depth/width ratio (e.g. approx-

1 mm seam width at 5 mm seam depth),
- minimal base-material thermal stress

results in narrow heat-affected zone
(HAZ),

- minimal distortion,
- welding in protective-gas atmosohere,
- joint gaps must be virtually zero,
- welding with filler metals is possIble (for

bridging gaps and achieving specific ef-
fects at the weld),

- specialized clamping and equipment
technology is required.

Applications in machine tool and
automotive engineering
- Cutting and welding bodywork sheet

metal,
- welding (joining) blanks of various

thicknesses,
- welding (joining) of rotationally symmet-

rical parts (transmission components,
tappets, automotive components),

- boring and perforation,
- surface hardening, e.g. in treating valve

seats, etc.,
- providing surfaces with upgraded fin-

ishes, e.g. structura transformation
around cylinder liners.

Overview of laser techniques

Lar

--

Seecnducorlaers Liquidlusrs

Solid-body lasers GaS se

Rutyslaser H-eijm-neon lase
Neodymiumrnaser Noble-gas/ionulser
Centerlaser co? laser
Dye laser L Excie laser
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Tribology 329

Tribology

Purpose and goals
Tribology is defined as "The study of the
phenomena and mechanisms of friction,
lubrication, and wear of surfaces in relative
motion". Industrial application is directed
toward gathering information for use in ex-
tending the service lives of products and
maximizing utilization of resources. The
specific activities are as follows:
- Analysis of friction and wear,
- Analysis and evaluation of tribological

damage,
- Provision of technical recommenda-

tions on materials, lubricants and de-
sign (for damage control and in the de-
sign of new components and products),

- Quality assurance,
- Assistance in providing optimal perfor-

mance,
- Service-life assessment,
- Development and selection of new ma-

terials and lubricants,

The complexity of the task renders a syn-
ergEtic approach essential. The disci-
plines involved include materials science,
physics, chemistry and mechanical engi-
neering.

Definitions

Friction (DIN 50281)
Friction is physical resistance to relative
motion at twoor more surfaces in a state of
mutual contact. The most significant phys-
icalparameters for describing friction are:
Friction force: The amount of force with
which a motion is resisted,
Coefficient of friction (or friction factor):
Friction force relative to normal force.
Friction power Friction force x sliding
spend.
Classification of friction:
1. According to condition of friction (type

of contact),
2. According to type of motion.

Condition of friction (type of contact)
Gas triction: A gas layer completely sepa-

rates the base object and the opposed
body from one another, thereby assuming
the entire load.
Fluid friction (hydrodynamic and hydro-
static friction): A fluid layer completely
separates the base object and opposed
body from one another, thereby assuming
the entire load,
Combination friction: The base object and
the opposed body are in mutual contact at
surface peaks- The load is shared by the
fluid/ubricating film and by the objects in
contact.
Dry orboundary friction: The lubricating
film no longer performs any support func-
tion, but residue from previously absoted
lubricants continues to exercise a tribo-
logical effect.
Solid-bodv friction Direct contact be-
tween the opposed surfaces.

Types of motion
Possible types of motion contact include
sliding friction, rolling friction, and combi-
nations of the two.

In many cases the effects which friction
produces in machine components are un-
desirable, as there are negative conse-
quences for energy consumption and/or
associated temperature increases and/or
changes to the material. In other uses'
friction can make a necessary contribu-
tion to proper operation. This is the case
with self-locking transmission dev ces,
where the lubricant must furnish a spe-
cific coefficient of friction, and in some
types of clutches in which defined levels
of friction are also required.

Tribological concepts (DIN 50323)
Tribology embraces the science and as-
sociated technology devoted to the iiter-
action of surfaces in mutually opposed
states of motion. It focuses on the entire
range of friction, wear and lubrication, and
also includes the effects at the contact
surfaces of solids as well as those be-
tween solids and gases.

Tribo-technology (DIN 50323)
This branch is devoted to the actual tech-
nical application of tribology.

Tribological stress (DIN 50320)
The stress which results at a solid body

I)

4

T~.

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4705



330 Tribology

from contact with, and the relative motion
of, an opposed body in solid, fluid or
caseousform.

]riboloqical damage
Damage resulting from tribological stress.
This contrasts with the concepts of wear
and wear damage as defined in DIN
50320, which always include material ero-
sion. Here, the term "tribological damage"
extends to embrace both numerous trbo-
logically induced changes to the mater-
ial's surface, as well as reductions in op-
erational efficacy which according to DIN
50320 are not regarded as wear.

Wear (DIN 50320)
Progressive loss of material from the sur-
lace of a solid body, caused by tribological
stress Wear is characterized by the pres-
ence of abraded particles, as well as
changes in both the material and struc-
'ure of the surface which is exposed to tri-
bological stress. This type of wear is gen-
erally undesirable, and impairs functional-
ty (exception: "running-in" processes).
Thus any such procedures which en-
nance the object's operational value are
not considered as wear

Tribological system

Wear can be regarded as a system char-
acteristic. There exists no specific mater-

ial value for "wear-resistance" as such,
corresponding to, say, tensile strength in
materials science. The tribological system
for the contact surfaces which arE the fo-
cus of the present discussion consists of:
- The material "A elements": base object,

opposed body, intermediate material
and surrounding medium (see illustra-
tion),

- The properties P of the elements A,
- The reciprocal influence R between the

elements A.

The elements' properties and their recip-
rocal effects form the structure o the tri-
bological system. As the composite stress
factor (comprising forces, motion, temper-
ature) acts upon this structure, it s trans-
formed into useful quantities and loss
quantities. The latter include fricion and
wear,

Because tribological stresses are sur-
face stresses, the previously mentioned P
properties must also be viewed as sur-
face characteristics. In technical applica-
tions, there frequently exists a substantial
discrepancy between the material values
measured for the base material and those
actually found upon examination of the
surfaces. Manufacturing procedures,
cleaning processes, and the operating
environment can all cause changes in the
surface layer, provoking attendant varia-
tions in the tribological response of the
material.

Tribological system

Composite stress
factors
(input variables)

Structure of
tribo-system
S = (A,PR)

Usefulquantities f,

Loss quantities 1
* Wear
* Friction
* Surface changes

etc.

A: Material elements

ease object
2Opposed body
3Intemediate material
4)Surrounding med un

P: Properties of
elements A

R: Reciprocal effects
between elements A

* Force

* Temperatures
* Time 4

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4706



Tribology 331

Types of wear

Wear processes can be classified accord-
ing :o the type of stress and the materials
involved (system structure), a classifica-
tion from which the following types of
wear emerge (DIN 50320):

System structure
Solid body/solid body:
Sliding - Sliding wear,
Rolling Rolling wear,
Oscillation -s Vibration wear.

System structure
Solid bodylliquid:
Flow/oscillation- cavitation erosion

Manifestations of wear

The manifestations of wear as defined by
DIN 50 320 apply to the surface changes
resulting from abrasion, as well as to the
type and shape of the resulting particles.

Wear mechanisms

Adhesion
Formation and separation of (atomic) sur-
face bonds.

There is a transfer of material when the
separation deviates from the original
boundary between the base object and
the opposed body.

The adhesion process starts at the mol-
ecular level, but can expand untildamage
on a massive scale occurs (seizing).

Abrasion
Scraping stress and microscopic scraping
action, performed by the base object, the
opposed body, reaction products or solid
paricles in the intermediate medium.

Surface fatigue
Alternating tribological loads (e.g. impact,
rolling, sliding stress, cavitation) cause
mechanical stresses. The resulting fis-
sures lead to material separation (separa-
tion of wear particles)-

Tribo-chemical reactions
Reaction of the base and/or opposed ob-
ject with the intermediate material (and
surrounding medium), caused by tribolog-
ical stress.

Wear quantities

Rates of wear are defined by the so-called
wear quantites. These provide direct or in-
direct indices of the variations in the
shape or in the mass of a body which are
traceable to wear (definitions based on
DIN 50 321).

Coefficient of wear
The quantities by which wear is deined
can only be indicated as system-spcific
quantities.

The wear coefficient k facilitates com-
parison of wear rates at varying su lace
pressures and speeds:

k = W,/(F- s) in mm3/(N . m)

F Force,
V, Volumetric wear,

s Sliding distance.

Tribological damage analysis

In cases where operation of a component
results in damage or changes of a kind
which could be expected to affec, the
component's functional integrity,
DIN 50320 indicates that all stresses and
characteristics occurring at the poirts of
tribological contact should be investigated
(DIN 50320, Appendix A).

The topographical and material analy-
sis of tribological contact (base objec:, op-
posed body, intermediate material) pro-
vides information on the mechanisms
causing the damage and/or wear (adhe-
sion, abrasion, surface fatigue, iribo-
chemical reaction). These investigations
also provide data on accompanying phe-
nomena and on changes in the lubricant.

The analysis must be based on the fol-
lowing information:
- surface structure,
- material composition of the surface,
- microstructure,

t'
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-- microhardness,
-- intrinsictension,
-- material composition and chemical/

physical changes in the lubricant.

Tribological test procedures

DIN 50 322 divides wear testing into
3 categories
Category 1: Operational testing.
Category II: Test-stand procedure with
complete machine.
Category Illl Test-stand procedure with
assembly or entire unit.
Category IV: Testing with unmodified
component or reduced assembly.
Category V: Simulated operational stress
with test specimens.
Category VI: Model test with simple test
specimens.
The original production assembly is em-
ployed for testing according to Categories
Ithrough Ill, while the structure of the sys-
tem is modified substantially from
Category IV onward. It is highly advisable
to integrate the tribological examinations
of essential and safety-related products

Material layers subject to tribological
stress at surface

I
im Layer

hickness
2.0001L

00003...
0.0005

0.001-

0.01 b

0.1

10

10

100

Surrounding medium

Adsorption layer
(H20, O, CaOHml

reactionaxet ~

PtAPurbn d
M ,,3 <.t''S le' marua-

KBase maeral0

T'r'- .L-T

into a tribological test series:
- Modeltesting (e.g. pin and sphere, plate

for sliding and vibration wear),
- Component testing,
- Product testing.

Model tests (with simple test specimens),
although frequently employed in basic re-
search, are no longer used for examining
complex tribological systems. Of [he vari-
ous elements in the sequence of tribolog-
ical tests, it is examination of thR actual
product itself that provides the most reli-
able information. Modern researci proce-
dures (such as radio-nuclide testing)
make it possibleto garner precise data on
wear as a function of composite stress.

For radio-nuclide testing (RNT), the
parts to be examined are marked radio-
actively The abraded particles can then
be detected "on-line" by gamma-lay mea-
surement.

Inhibiting wear

Variations in design, materials aid lubri-
cants can all be employed to improve tri-
bological properties.

Design
The design options include:
- Improving the surface topography,
- Reduction of surface pressures by rais-

ing the contact-surface ratio,
- Surface reinforcement,
- Improving lubrication efficiency

Material
The materials options include:
- Skin-layer hardening,
- Skin-layer remelting,
- Surface-layer remelt alloying,
- Thermochemical processes,

Electrical and chemical plating
- Resurface welding,
- Thermal spraying,
- Metal coating,
- PVD/CVD layers (physical/chemical va-

por deposition, e.g., TiN, TiC),
[on-beam treatment (e.g. ion implanta-
tion, ion-beam mixing, transiiion-layer
mixing and ion-beam supported coat-
ing),

332
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Tribology 333

- Diamond-like carbon coatings (metallic),
- Anti-friction paints,
- Penetration coatings (soft metals pre-

vent high local surface pressures).

There exist a multiplicity of surface treat-
ment and coating processes. The process
parameters can frequently be adjusted to
focus on specific kinds of wear. The result
is a wide potential field of options for ap-
plying tribology to assistproducts in meet-
ing numerous requirements.

Lubricants
In riany cases, selection of the appropri-
ate lubricant (P 230) and optimal lubrica-
tion-system design will exercise a dra-
malic effect on the tribological properties
- the potential is frequently greater than
that represented by a change in materi-
als. The choice of lubricant is the initial re-
sponse when dealing with unsatisfactory
operating characteristics.

Lubricity
Lubricity testing is based on specially de-
fined wear parameters. The test results
provide a relative index of the efficiency of

Ifluids as separating media in defined tri-
bological systems. In evaluations under
otherwse identical conditions, a fluid dis-
plays a higher lubricity than another when
it produces relative reductions in weer be-
tween the opposed elements in the irbo-
logical system and/or lower generatibn of
friction energy (DIN/ISO 12156).

It is important to distinguish between lu-
bricity and viscosity.

Descriptions and specific numerical
data on lubricity are derived from product,
component and model wear testing with
specifically defined stress and load para-
meters. The results are indicated in spe-
cific test data for wear.

The results of this type of testing are
valid only for the object tribological sys-
tem.

In many products the separating ele-
ment in the tribological system is also a
flow medium, as in hydraulic and fuel-in-
jection systems.

The lubricity level of such a fluid must
suffice to ensure reliable operation and a
long service life.

Special additives can be employed to
enhance lubricity.

Tribological test sequence

Products(og morvohcoe

Sit

T-iclogcxltest sequ erc~e

~, ............. .I

Theory and
system
analyss

Hgher corrospondencewithactuat nd d ondiions
Lowe-ooomplexityeand expense

4

tMdel
tAst)

fAtk

Component
testing

tB)t

Product
testing

(C)

N
4

"Ii

"4,
"'9 ;-~
.16

We
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334 Road-going vehicle requirements

Road-going vehicle requirements
Driveability
The vehicle must be capable of effecting
the transition from a stationary to a mobile
state. Once in motion, it must be able to as-
cend gradients and accelerate to the de-
sired cruising speed with a reasonable de-
gree of alacrity. With a given power P, ideal
correspondence with these requirements is
achieved when force M and the engine
speed n can be varied according to the for-
mula P= M -n. Under these conditions, the
limits on the potential field of operation are
defined byPrnn, resulting in an inverse
relationship between available force and
vehicle speed (limit curve defined by trac-
five-force hyperbola).

Power density and storage density
Both the power density (W/kg) and the en-
ergy-storage density (Wh/kg) of the com-

bined enginelenergy-storage system must
be high if the size of the vehicle - and with it
the mass to be accelerated - are to be main-
tained at a modest level. Low density factors
for power and energy storage would increase
vehicle size and mass, with attendant escala-
tions in the power and energy consumption
which would be needed to achieve the de-
sired performance (acceleration, speed).

Discharge or operating time of the
energy-storage device
Thevehicle'soperatingtime- andthusthe
operating range which can be ccvered be-
fore the energy-storage device rrust be re-
plenished (renewed/refilled/recharged) - is
a function of the energy-storage density,
the power requirement, and fl-e vehicle
weight; the latter, in turn, is influenced by the
power-to-weight ratio of the drive system.

Power and energy-storage densities for various propulsion concepts (Engine/motor and stor-
age unit).')
1 Gas turbine, 2 Inernal-combustion engine, 3 External-combustion engine, 4 Electric motr with
fuel cell, S Electic motor with hium-chonde battery 6 Electr Cotor with zinc-air battery,
7 Electric mo or w th nicel-cadmium battery SElectric motor wth load battery

2000 -! - T71

1000 7

500

200 Renge on
7% upgrace
5 10 20 km |

100I

25 50 75 100 200Thm

55v

flange onlevelroad surface

0 5 10 20 50 100 200 500 2000
Energy-storagedensity Vh/kg

From The Automobile and Air Pollution', US Dep of Commerce (Moseberich);
Mohe 'Kolbn-Handbuch" (Piston Handbook).
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Road-going vehicle requirements 335

The drive and energy-storage configu-
ration employed for a specific application
determines the relationship between
power density/energy-storage density
and operating time; it also exerts a deci-
sive influence on the shape of the torque
curve. Favorable power-to-weight ratios
coribine with high energy-storage densi-
ties (period of operation per tank of fuel)
to make internal-combustion engines par-
ticularly suitable for vehicular applica-
tions. However, the torque curves pro-
vided by the standard piston powerplants
(diesel and spark-ignition engines) are
less satisfactory. They thus need some
form of transmission unit for both the
transfer and the conversion of torque. The
uni: must be capable of transmitting
torque in the slip range (for starting off)
while incorporating various torque-con-
version ratios (for ascending gradients
and selecting different speed ranges).

Relative torques for various power units
I Reference point: Gas-turbine base point,
Piston enginefrnm,2 Steam engine,
3ctric ntor, 4 Lmi cuve formax Pres-

urmacrrent,5 Dual,-shaftgas turbine,
6 Gasoline (Si) engine, 7 Diesel engine..
8 Single-shaft gas urbine,

,2-(

1'Q

0.5

24

3

5
6

7

8

0 02 OA 0.6 08 1.0 12

Re. rotational speed

Electric and steam-driven powerplants
also need a transmission due to the limita-
tions imposed by the respective maima
for current and steam pressure.

In addition to fulfilling the basic require-
mentsenumerated above, the powerplant
and energy-storage system must also
meet the following demands:

Economic efficiency characterized by min-
imal fuel consumption, low manufac uring
and maintenance costs, long service ife

Environmental compatibility,withlowamis-
sions levels for both pollutants and noise,
sparing use of raw materials;

Flexibility in operation, including good start-
ing from -3090 to +50'C, operation unaf-
fected by climate and altitude, good irive-
off, acceleration and braking characteristics.

Internal-combustion (IC) engines arE thus
the most favorable option for independent
self-contained vehicles, whereby the prior-
ity assigned to the individual factors n the
above list will vary according to application.
Examples:

Passenger cars: High power densit, low
exhaust and noise emissions, low nanu-
facturing costs,

Trucks and buses: Maximum economy,
long service life, and conformity w th all
emissions requirements.

Special drive systems, such as those rely-
ing exclusively on electric motors, or hy-
brids (dual-system buses, P 533 ff.) can
represent the best, or indeed only, option
for special applications and/or under cer-
tain operating conditions.

Basic requirements for
fuels

I
0:
U.

Engines featuring external combustion
place the least exacting demands o fuel
quality, as their combustion and working
gases are not identical and remain isolated
from each other In contrast, the fuel used in
internal-combustion engines must burn
rapidly and virtually without residue.

C

C-
C

C
a

0
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336 Determining fuel consumption

Determining fuel
consumption
The New European Driving Cycle (NEDC,
93/116/EEC) is a cycle run on a dy-
namometer to ascertain fuel consump-
tion. It consists of four similarly weighted
urban cycles each lasting 195s and an
extra-urban cycle lasting 400s. The ex-
haust gas is collected in a sample bag
and its components subsequently ana-
lyzed. CO, HC and CO, are factored into
the calculations in accordance with the
carbon analysis.

The CO 2 content of the exhaust gas is
proportional to the fuel consumption. It
can therefore be used as an indicator to

gauge the vehicle's fuel consumption
(diesel or gasoline, as appropriale).

The test mass specified for the vehicle
equals the vehicle's empty mass plus a
payloadof 100kg.Thevehiclemasshas
to be simulated by finite balanced inertia
masses on the dynamometer, so an iner-
tia-mass class is assigned to the vehicle
test mass.

Current legislation (EU 2) permits the
engine to be started 40s before testing
commences = .This lead-in time will
not be allowed under the more stringent
EU 3 requirements.

New European Driving Cycle NEDC (93/116/EEC)

12'
km10

- City (Part 1) 780s------ - EUDC(Part 2)400s-

0

0 200 400 600 80o 1000 S 1200

Trime

60

40

20

Engine fuel-consumption graph

100

B a

40

20

a
40

0 1000
50

201-

2000 3000 40 5000 6000 Engine speed
100 120 km/h Vehicle speed B min

100 120 kmn Vehicle speed A

7 1 A' Running-resistancecurve
I 100%Optim Convers onratio B ( = a 0-8)

- I consurnpton."
2 102% naunning-resst. curve

1 -I onversion ratio A

C,0 iFull-load curve

- A< 1 5' 8% Consumpion reduction

1 Constant-output
1 Exraincrement fors ecelronA>  K C
2 Ei creet o ralrB 120 krn!h
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Influencing fuel consumption

Effect of vehicle design on fuel consumption

Consump-
tion per unit 4 Fuel consumption
of distance

Drivetrain 4 - R Running resistance

Engine Rolling resistance Aerodynamic drag Acce:eraton resistance

Climbingre s stance

g iresistance

u dr

Symbol

it,

It,,

9,

Consumption per unil of distance
Transmission efficiencyofdiverain
Vehcle mass
Coefficient of rolling resistance
Gravitational acceleration
Angle of ascent
Air density
Drag coefficient
Frontal area
Vehice speed
Acceleration
B'aking resistance
T ine
Specific fuel consumptioni

Unit Long" (wide-ratio) gearing will geeraliy
_ move a specific operating state onto a

g/m point on the curve corresponding to
lower fuel consumption (see illustation),

kg albeit at the expense of reduced accel-
- eration.
m/is

kg/rn

marn/s

rn/s
N

/
g/kWh

The consumption equation distinguishes
between three distinct groups of factors:
- Engine,
- Transmission, and
- External resistance factors.

Transmission (gearbox)
The influence of the gearbox is deter-
mined by both the power-transmission
losses and the transmission (gear)
ratios selected for the application. The
former should be kept as low as possi-
ble; the latter determine the correspon-
dence between vehicle speed and spe-
cific points on the engine's fuel-con-
sumption curve.

External resistance factors
Outside resistance to motion can be
counteracted by measures such as
weight reduction, improved aerocynam-
ics and lower rolling resistance.

On an average production vehicle,
10% reductions in weight, drag and
rolling resistance result in fuel-economy
improvements of roughly 6%, 3%, and
2%, respectively.

The cited formula distinguishes be-
tween acceleration resistance and brak-
ing resistance, thereby illustrating with
particular clarity the fact that the in-
creased fuel consumption associated
with acceleration largely stems from
subsequent application of the brakes. If
the brakes are not applied, then ihe ve-
hicle's kinetic energy is exploited to im-
pel it forward (retardation = negative ac-
celeration), with attendant reductions in
overall fuel consumption.

337 [I

IIIi
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338 Motor-vehicle dynamics

Motor-vehicle dynamics

Dynamics of linear motion

Symbol Unit

m2

m!s2

Largest cross-section of
vehicle')
Acceleratdon , b raking
(deceleration)
Drag coefficient
Motive force
Centrfugat force

F& Aerodynamic drag
P, Roling resistance
i! Climbing resistance

Running resistance
Coefficient of rolling resistance
Weight = in , g

.a Sum o' wheel forces on
driven or braked
wheels
Gravitational acce eraion
= 9 81 m/s2 - 10m/s

2

N
N
N
N
N
N

N
N

ms'

Total running resistance
The running resistance is calculated as:

Fi= F+ I. + T
Running-resistance power
,he power which must be transmitted
through the drive wheels to overcome
running resistance is:

Pw= F

or
Fw =

3600
with Pw in kW, .F in N, v in km/h.

1) On passenger carsA 0-9 x Track x Height.

Running resistance

G

Symbol

Gear or transmission ratio be-
tween engine and drive wheels

1I Engine torque
ni Vehicle mass (weight)

Engine speed
P Power
P, Motive power
p Gradient (= 100 tan a)
r Dynamic radius of tire
q Distance traveled
I Time
v Vehicle speed
vo Headwind speed
iW Work
a Gradient ange

.ua Coefficient of static friction

Unit

N-m
kg
min1
W
W

%m

5
m/s
m/s
J

Additional symbols and units in text.

Rolling resistance
The rolliresistanceP F is the product of
deformation processes which occ ir at the
contact patch between tire and road sur-
face.

F80Ro G=f-m g
An approximate calculation of the rolling
resistance can be made using the coeffi-
cients provided in the following table and
in the diagram on page 339.

The increase in the coefficient of rolling
resistance f is directly proportional to the
level of deformation, and inversely pro-
portional to the radius of the tire. The co-
efficient will thus increase in response to

Road surface

Pneumatic car tires on
Large sett pavement
Small sett pavement
Concrete, asphalt
Rolled gravel
Tarmacadam
Unpaved road
Field

Pneumatic truck tires on
concrete, asphalt

Strake wheels in field
Track-type tractor

in field
Wheel on rail

Coefficien of rolling
resistance

01

0.006
0.14

0.07
0.001

0.015
0.015
0.013
0.02
0.025
0.05

-.0.35

..0.01
,.0.24

.0.12
.0.002
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greater loads, higher speeds and lower
tire pressure.

During cornering, the rolling resistance
is augmented by the
pc'ering esistance

P K =f . G
The coefficient of cornering resistancefK
is a function of vehicle speed, curve ra-
dius, suspension geometry, tires, tire
pressure, and the vehicle's response un-
der lateral acceleration.

Rolling resistance of radial car tires on
smooth, level road surfaces under normal
load and at correct tire pressure

0.020 Radial HR, VR, ZRT
H Radial SR R

RadialEGO
CdlelFCr

0.015 ,

0.010

0 50 100 km/.h

Speedu

initial velocily
Terminal velocity
Interval between uand L

11 Trial
(high speed)

¼, 60 kmih
te- = 55 km/h
l= 6.5 s

Motor-vehicle dynamics 339

Aerodynamic drag
Aerodynamic drag is calculated as:

FL = 0.5 o cd A (11+ 0)2

With u in krn/h:
FL = 0.0 3 86 9A (0+)2

Air density p
(at 200 m altitude p = 1.202 kg/m),
Drag coefficient cd PP. 37 and 340.

Aerodynamic drag in kW

PL =F- v=0.5 o-cd-A V (U-_U)2
or

P = 1 10-6 ce A D ( )
with PL in kW, FL in N, u and Lb in km/h,
A in M 2, p = 1.202 kg/rr.

Empirical determination of coeffi-
cients for aerodynamic drag and
rolling resistance
Allow vehicle to coast down in neutral under
windless conditions on a level road surface.
The time that elapses while the vehicle
coasts down by a specific increment of
speed is measured from two initial veloci-
ties, u, (high speed) and f (low speed).
This information is used to calculate the
mean deceleration rates u, and a2_ See fol-
lowing table for formulas and examp e.

The example is based on a vehicle weigh-
ing at = 1450 kg with a cross sectionA=
2.2 n

2r

The method is suitable for application at
vehicle speeds of less than 100 km/h.

t2'3Trial
(low speed)

v,2 = 15 kn/h
v, = 10 kmh
? = 105s

Mean velocity li = = 57,5 km/h 12 + 12.5 krrIh
-~~=2~~-57.5. .L 2 1.kh

Mian decele-aton

Drag coefficient

S.ai -- 0,77 km/h

6 .-(a -a)

a2 - l- 0.48 k-r/h
12

Coeffic ent of rollingresistance f = . &= 0.I013

0'
"I

3P

V

It

II

r.

r.
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340 Motor-vehicle dynamics

Drag coefficient and associated power requirements for various body
configurations

O#oOpen convertible

Slaaion wagon

$iM o nv oentional form

Wedge shape,
head/amps and
bumpers inte-
grated into body,
wheels covered,
underbody cov-
ered optimized
How of cooling air,

Headlampsand
alwheels en-
closed within
body, underbody
covered

Reversed wedge
shape
(minimal cross-
section at tail)

_li Opimum stream-
IF E E lining

T ucks, truck-traier combinations
Motorcycles
Buses
Streamlined buses

Drag Drag power mn kW average values k r
coefficient A = 2 m2 at various speeds!)

40 km/h 80 kmih 120 km/h 160 km/h

0_5.0.7 1 7.9

0,5.0.6 0.91 7.2

0. 4.0.55 0.78

0.3.0,4 0.58

0.2.-0.25 0.37

0.23 0.38

0.15...0.20 0.29

0.8 15
0.6.
0.6.
0.3.

.0.7

.0,7

.0.4

3.0

3.0

2.3

24

21

16

10

7.8

58

37

24

24

113

Noheadwind(i = O;

#60

a
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Climbing resistance and downgrade
force
Climbing resistance(Fs with positive oper-
ational sign) and downgrade forqq (Fs, with
negative operational sign) are calculated
as:

ps1 = G, sin a
= - g sin a

or, for a working approximation:
sI==0.01 mg p

valid for gradients up to p 20%, as
sin a = tan a at small angles (less than
2% error).

Cimbing power is calculated as:
:s= Fsi v

G ad- Incline Clinbmg
ie!t Gradient resstance
angle % a la -
(1 1000kg

N

45'.

400

25" -

20'

15'-

10

5

0

100 -1 in i

90

80

70
1 in I.

80

50 -1 in 2

40 1 in2.

30

20-

10-

6500

-6000

5n 5500

5

I in3 

lin4

1in -

1 in 10

1 in 20
1 in o

1 in 100

5000

4500

-4000

-3500

- 3000

-- 2500

2000

- 1500

-- 1000

500

0

Motor-vehicle dynamics '341

with Pst in kW, Fs in N, uin km/h:

st. mS1 = n ga sin a
3600 3600

or, for a working approximation:
mS! mg p
360,000

The gradient is:
p = (h/) 100 % or
p = (tan a) -100 %

with h as the height of the projected dis-
tance1. In English-speaking countries, the
gradiew is calculated as follows:
Conversion:

Gradient 1 in 100/p

Example:"1 in 2".

1000 kg

Climbing power Ps in kW
at varous speeds

20 30 40 50 60
km/h km/h km/h km/h km/i

Climb-ing
resistance
Is.

6500 36 54 72 - -

6000 33 50 67!- -

5500 21 46 61 - -

5000 28 42 56 69

4500 25 37 50 62 -

4000 22 33 44 56 67

3500 19 29 39 49 58

3000 17 25 33 42 50

2500 14 21 28 35 A2

2000 11 17 22 28 3

1500 8.3 12 17 21 25

1000 Sb 8.3 11 14 17

2-3 42 5-6 69 83

25I

0 0 0 00

Example: To climb a hill with a gradient of
p= 18%, a vehicle weighing 1500 kg will re-
quire approximately 1.5 , 1700 N = 2550 N
motive force and, at u = 40 km/h,
roughly 1.5 - 19 kW = 28.5 kW climbing
power.

'1-~

11

-1,

II
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342 Motor-vehicle dynamics

Motive force
The higher the engine torque M and over-
all transmission ratio i between engine
and driven wheels, and the lower the
0ower-transmission losses, the higher is
the motive force F available at the drive
eheels.

F= M - r=
q r

p Drivetrain efficiency level
(longitudinally installed engine
q= 0.88...0.92)
(transverse engine ? = 0.91.0.95)

The motive force F is partially consumed
n overcoming the running resistancew
Numerically higher transmission ratios
are applied to deal with the substantially
ncreased running resistance encoun-
tered on gradients (gearbox).

Vehicle and engine speeds
60_v_ i

2 - t ro
r with u in km/h:

1000 - U- i
n -

2.x 60s
Acceleration
The surplus force F- F% accelerates the
vehicle (or retards it when Fw exceeds F).

a = 7y, or a P
km - InII km It

Determining the rotational inertia
coefficienkm

E
1_

4 !

u3

00

~1,2r

V. Engine swept
C volume in i

0 5 10 15 m-

0.3 Pr - s

The rotational inertia coefficient k, com-
pensates for the apparent increase in ve-
hicle mass due to the rotating masses
(wheels, flywheel, crankshaft, etc,).

Motive force and road speed on vehi-
cles with automatic transmissions
When the formula for motive force is ap-
plied to automatic transmissions with hy-
drodynamic torque converters or hydro-
dynamic clutches, the engine torque M is
replaced by the torque at the converter
turbine, while the rotational speed of the
converter turbineis used in the formula for
engine speed.

Hydrodynamic converter
I Power, 2 Turbine, 3Purnp, 4 Statr,
5 One-way clutch, 6 Output

2- -

1

4 6

The relationship between MIT = f (nU)
and the engine characteristic Mo, = f (nuot)
is determined using the characte~istics of
the hydrodynamic converter (P 635).

Running diagram for car with automatic
transmission and hydrodynamic trIok
converter under full throttle

N
7000

60C0

.5000

4000

3000

2000

1000

0

asu
C

asa
0

L~Road speeo

1 ear g

3'gear I-

4'5ge0

a 5n inn i5n 200n25)km;'n
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Motor-vehicle dynamics

Adhesion to road surface

Coefficients of static friction for pneumatic tires on various surfaces

Vehicle
speed
km.h

Tire
condition

50 now

worn)

90

130

Road condition
Dry Wet:

water
approx.
0.2 mm

Deep Puddles: iced
rainfall: water (black ice)
water approx. approx.
1 mm deep 2 mm deep

Coefficient of static frictionp-o

0.85 0.65 0.55 0.5 0.1 ard
less

0.5 0.4 0.25

new 0.8 0,6 0,3 0.05

won 0.95 0.2 0 1 Os

new 075

0-9

0.55 0.2 0

0.2 0.1 0

The static coefficient of friction (between
the tires and the road surface), also
known as the tire-road-interface friction
coafficient, is determined by the vehicle's
speed, the condition of the tires and the
state of the road surface (see table
above). The figures cited apply for con-
crete and tarmacadam road surfaces in
good condition. The coefficients of sliding
friction (with wheel locked) are usually
lower than the coefficients of static fric-
tion.

Special rubber compounds providing
friction coefficients of up to 1.8 are em-
ployed in racing tires.

The maxima for acceleration and uphill
driving, and for retardation and downhill
braking, are provided on page 345.

Aquaplaning
Aquaplaning, has a particularly dramatic
influence on the contact between tire and
road surface. It describes the state in which
a layer of water separates the tire and the
(wet) road surface. The phenomenon oc-
curs when a wedge of water forces its way
underneath the tire's contact patch and lifts
it from the road. The tendency to aquaplan

) Norn to tread depth of 1.6 mm (egal mini-
MUM in Germany, as per para. 36.2, StVZO
(FMOVSS/iCUR)).

is dependent upon such factors as the
depth of the water on the road SLrface,
the vehicle's speed, the tread pattetn, the
tread wear, and the load pressing the tire
against the road surface. Wide tires are
particularly susceptible to aquaplar ing. It
is not possible to steer or brake an aqua-
planing vehicle, as its front wheels have
ceased to rotate, meaning that reither
steering inputs nor braking forces can be
transmitted to the road surface.

Aquaplaning
I Tire, 2 Wedge of water, 3 Road sudace.

1

2

3

343

T

j' _Fp
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344 Motor-vehicle dynamics

Accelerating and braking

The vehicle is regarded as accelerating or braking (decelerating) at a constant late when
a remains constant. The following equations apply to an initial or final speed of 0:

Equaiosforuin rn/s Equations for u in sm/h

Acceleraton or 12 _ = 2
oraking ldeceleratiIonirs   

=2 - 3.6 r- P

Accelerating or braking time . 2 _ 2 /2
ins a~'- V~ £g.6

Accelerating or braking distance') _ v _ 2  
2 v 2

in m 2 a 2 2 26 a -7 2

Stopping distance, P. 346
Symbols and units, P 15

Constant rates of acceleration and decleration

6
5 0.$

.4

1
2

< M,

S05

0.60

0.5 OA-^

6 8 10 12 16 20 2530 40 50 60 80 100120 160200m

Acceleating (braking) distance s

Each point on the graph represents a particular relationship between ,a or-), . and.
Two values must be available for all values to be determined
Given: Vehicle speed z = 30 km/h, braking distance s = 13 5 m
Determined Mean deceleration a = 2.5 m/s2, retardationz = 0,25,
Braking time r = 3-3 s.

l)f fine speed t1 is not 0, braking distance s 1= t -w 2 alt n m/s.
2) Dece eration rate relative to I g,
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Maxima for acceleration and braking
(deceleration)
When the motive or braking forces ex-
erted at the vehicle's wheels reach such a
magnitude that the tires are just still within
their limit of adhesion (maximum adhe-
sicn is still present), the relationships be-
tween the gradient angle a, coefficient of
static friction UHF

1
) and maximum acceler-

ation or deceleration are defined as fol-
lows. The real-world figures are always
somewhat lower, as all the vehicle's tires
do not simultaneously exploit their maxi-
mum adhesion during each acceleration
(deceleration). Electronic traction control
and antilock braking systems (TOS, ABS,
ESP) 2) maintain the traction level in the
vicinity of the coefficient of static friction.

Acceleration and braking (deceleration)

Motor-vehicle dynamics 345

k = Ratio between the load on driven or
braked wheels and the total weight. All
wheels driven or braked: k = 1. At 50%
weight distribution k= 0.5.
Example: k =05; g 10 mis2

PIA= 0.6; P 15%
=0.5, 10 (0.6 0.15)

Braking on upgrade (±):am, = 3.75 m/s2 ,
downgrade braking (-: = 2.25 m/s2

Work and power
The power required to maintain a consis-
tent rate of acceleration (deceleration)
varies according to vehicle speed. ower
available for acceleration:

Pd P -

where P = engine output, p = efficiency,
and P& = motive power.

Level Inclined road surface
road surface c; p= 100 tan a%

Limit accelera-
tion or deceler-
ation

, in mis1

mI g (uPcosatsn a)
approximation):

Upgrade braking
or downgrade acceeration
Upgrade acceleration
or downgrade brakine

Achievable acceleration a (P in kW, in km/h, m in kg)

Level road surface

ap 3600 --P,
km 7? V)

Work and power

Level
road surdace

Acceleration or
braking work
WinJ')

Acceleration or
braking power
atvelocity on
11F

I r k am.9

P, k In a r

Inclined road surface

a_3600 ,P, gsna
mk, ,

Inclined road surface
d: P = 100 tan a%

W = n ., (k,. nIg sin a)
approxirnation"):
W= .s(km aig p/1O)

;, = m a (k, a + g sin01
approximalon):
r r m (am aj Ig p./100)

DOcwagrade acceleration
- Upgradeacceleration

forg sin a the apprxima-
tion6) I a p/100

+ Dowrgrade braking
or upgrade acceleratisn

- Downgrade acceleraton
or upgrade braking

Sinrn/s For in km/ ,use
P 3.6.

) See P 343 for numerical values.
2) ABS: antilock braking system; P 659 693

TCS: traction control system P. 606.
ESP: electronic stabiltty program; P 704

3) Valid to approx. p = 20% (under 2% eor)
4) J = N - m= W s; conversions, P. 16.

'1

C
0
F,,

4
I U
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346 Motor-vehicle dynamics

Stopping distance

This is the distance covered between the
moment when a hazard is recognized and
the time when the vehicle comes to a
complete stop. It is the sum of the dis-
tances traveled during the reaction time r.,
the brake response time r, (at constant
vehicle speed u), and the active braking
time ,. Maximum retardation a is ob-
tained in the pressure-build-up period t.
Alternately, half of the pressure-buildup
period may be considered to be fully de-
celerated. The periods in which no brak-
ing occurs are combined to form the so-
called lost time r,:

e=.z = 1 2 + + ,!2-

The upper limits on retardation are deter-
mined by the static coefficient of friction
between tires and road surface (P. 343),
while the lower extremes are defined by
the legally required minima (P. 650).

The difference between the stopping
time/distance and the braking time/dis-
tance is defined by i, or t .(,,- The brake
actuation time given on page 647 in-
cludes the times t + 5 /2

Reaction time
The reaction time is the period which

Deceleration and stopping distance

5?-

5?U 5?

-C--. ~ 5r~ Time

5

0

Hsrriarn

-C Srnppr
_________ __M_______

elapses between recognition of the ob-
ject, the decision to brake and tre time it
takes for the toot to hit the brake pedal.
The reaction time is not a fixed value: it
ranges from 0.3 to 1.7 s, depend ng upon
the driver and on external factors (P 347).

Special tests are necessary to deter-
mine individual reaction patterns (such as
those performed by the Medical and
Psychological Institute for Traffic Safety of
the German Inspection, Testing, and
Certification Authorities, Stuttgart TUV
Stuttgart, eV.]).

Stopping time i
ins 36 a

Stopping distance 1 V 1 - 21

inm 3 6 a

Personal factors influencing reaction time

Psycho-physical
reaction

Perceived
object
(ie. road - Perceive
sign)

Acuity of
visrion

Percerve Decide Incipient

Perception Mental Locomotor
and under- processng system
standing

Muscular

reaction,

iesns Move

Personal
response
time

Actuated
cortrol

----- element
(brake
r)edal)
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Motor-vehicle dynamics 347

Effect of personal and extraneous factors on reaction time

A) Personal factors

B) Extraneous factors
afic siluation

ype of perceived
object

Reduction down to 0.3 s

Trained, refleixive response

Extension up to 17 s

Inexperienced, uncoordinated
response

Good frame of mind; optimum Poor farre of mind,
performance potential eg. faigue

Highyskilleddriver Lower level of driving skill

Youth Advanced age

Anticipation Inattentiveness, distraction

Physical and mental heath Health dsorders in response
groups

Uncomplicated, easily compre-
hended, predictaole, familiar

Explicit.
conspicuous

Cf

'5

Panic, alcohol

Complicateddifficult to comprehcnd,
unpredictable, rarely encountered

Equivocal,
inconspicuous

$1

p

Location of perceived Withinieldofvision At edge of field of vision
object

Nature of control Logical layout of mechanic Poor layout of mechanical
element controls controls

Brake response and pressure build- uses figures of 0-36 s (vehicle class Mi)
up times and 0-54 s (vehicle classes M2  M3 ,
The condition of the brakes at the moment N..,N 3) in the braking-distance eqLation
at which they are applied (e.g. wet brake t, + r2, see P. 717). The response and
disks) is one factor influencing brake re- pressure build-up times are longer if the
sponse time r, and pressure build-up time brake system is in poor condition. A re-
i others are the designs of the actuation sponse delay of 1 s results in a stopping

and force-transmission mechanism and distance of (see table):
linkage. Consult ECE R13 for legal regu-
lations concerning t and r on tightly ad-
jusled brakes. The applicable regulation)
for testing braking-system effectiveness i) EC Directive 71J320/EEC.

Deceleration Vehicle speed prior to braking in km/h
a in m/s 2  10 30 50 60 70 80 90 100 120 140 160 180 200

Distance during delay of 1 sec (no braking) in m
2.8 8.3 14 17 19 122 25 28 133 39 44 50 56

Stopping distance in m
44 3.7 16 36 48 62 78 96 115 160 210 270 335 405
5 35 15 33 44 57 71 87 105 145 190 240 300 365
5.8 34 14 30 40 52 65 79 94 130 170 215 265 320
7 3.3 13 28 36 46 57 70 83 110 145 185 230 275
8 3.3 13 26 34 43 53 64 76 105 135 170 205 250
9 3.2 12 25 32 40 50 60 71 95 125 155 190 225

.1
1..

.5,

It

"V
N

II
iii

1i~
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350 Motor-vehicle dynamics

Dynamics of lateral motion

Response to crosswinds
Strong crosswinds will deflect a vehicle
from its lane, particularly at high speeds.
Sudden crosswinds, of the kind encoun-
tered when embankments give way to
open, unsheltered roads, can evoke yaw-
angle changes as well as causing the ve-
hicle to drift off course. On vehicles which
are sensitive to crosswind (for reaction
time see page 346), these effects are sub-
stantial and can occur before the driver
has had time to react and take preventive
action. It is thus essential that the relevant
factors be considered in the vehicle de-
sign stage.

When wind impacts upon the vehicle
from an oblique angle, aerodynamic drag
is supplemented by a lateral component
of the aerodynamic force. This force,
which is distributed across the entire
body, can be considered as a single force
- the crosswind force - directed toward
what is known as the pressure point. The
actual location of the pressure point is de-
termined by body shape and angle of im-
pact.

The pressure point will usually be
found on the front halt of the vehicle,
whereby it is closer to the center on con-
ventional notchback ("three-box") bodies
than on vehicles with a sloping tail section
("fast-backs" and aerodynamic designs).

Vehicle exposed to crosswind - i
Fs - z Iimpacting at O corresponds to
1s acting at 0
Us Crosswindvelocity
vn Headwind velocity
u. Air-flow velocity

-, , Pressre point I

+ 7

I' Cener of gravity

With the latter, the pressure point may
even lie forward of the front ax e in ex-
treme cases. The pressure point on
notchback bodies generally remains in a
specific location; on streamlined vehicles
it tends to vary according to the angle of
impact. All else being equal, the greater
lateral forces will occur with the notch-
back.

As the above implies, the Dressure
point will hardly provide a suitable refer-
ence point for use in illustrating the effects
of crosswinds, because it has no fixed
location on the vehicle. At the same
time, the center of gravity varies with
vehicle load. It is thus useful to select a
central location on the forward section of
the body as a reference point, a practice
which also ensures that the data remain
unaffected by the variations in the relative
positions of bodywork and suspension

When the crosswind force is specified
for a reference point other than the pres-
sure point, it must be supplemented by
the crosswind moment at the oressure
point in question. The standard p actice in
aerodynamics is to replace the forces and
moments with dimensionless coefficients
which remain independent of air-flow ve-
locity The graph shows the curves for
crosswind force and the yaw coefficients
for both a notchback vehicle and a fast-
back body style. Due to the multiplicity of
possible body designs, the present inves-
tigation can only provide general refer-

Coedficients of crosswind forcecs and
yaw momentcuz relative to air-flow, angle

0.5

0.4

r, --

C: 02 of 4

)

-e~

0.;

O- 5' 10' 15 2Y 25
Air-flow angle T

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4724



LI.

C-

II'
IT

C'
CI

Cornering force as a function of wheel-
slip angle

N Wheel load

'30Oo0
1500

1000 A500"

500- Running
0 'irecion F,

0 5" 10" 15"
Slip angle a

ence data; wind-tunnel measurements
are essential for obtaining precise infor-
mation on specific body shapes.

The following equations are applied to
derive forces and moments from the coef-
ficients:

Crosswind forceF0 =' a (v/2) -A,
YaN moment Mz= z - 7 (/2) ' As I

n Atmospheric density, v, Resulting air-
imoact velocity, A, Projected lateral sur-
face of the vehicle, I Total length of the ve-
hicle (in coherent units), cs Coefficient of
crosswind force, cz Coefficient for cross-
wind-induced yaw.

'The distance between the pressure
point and the leading edge of the vehicle
iscalculated using

The crosswind force is resisted by the lat-
eral cornering forces at the wheels. The
degree of lateral cornering force which a
pneumatic tire can provide depends upon
numerous factors, such as wheel slip
angle, wheel load, tire design and dimen-
sions, tire pressure and the amount of
traction afforded by the road surface.

The pneumatic tire's specific response
characteristics mean that, at a constant
slio angle, higher wheel loads will not
evoke proportional increases in cornering
forces. In the example (diagram), dou-
bling the wheel load increases the corner-

Motor-vehicle dynamics 351

Crosswind impacting against center cf
gravity. Vehicle veers in or veers out

Veering out Veering in

ing force by a factor of only 1.5.-.1.7. The
slip angle must also be increased if the
cornering force is to be doubled. This ex-
plainis why the axle supporting the greater
load assumes a larger slip angle lt-an its
less heavily loaded counterpart, assurn-
Ing that identical ratios of lateral (side)
force to tire contact force act on both
axles.

When the crosswind force impacts
against the center of gravity, the distribu-
tion ratio for the required cornering "orces
between front and rear axles is a function
of the wheel-load factors, iLe. the ratio of
contact force to lateral force is the same at
both axles. When the center of gravity is
in the forward section of the vehicle, the
crosswind force causes the vehicle
to "veer-out" due to the front axle's
necessarily greater wheel slip angle;
when the center of gravity is at the rear,
the vehicle "veers-In". In both cases, the
vehicle's center of gravity is deflected
downwind from the original path of travel.
When the crosswind ceases, the "veering-
out" vehicle will continue to deviate from
its original path, while the "veering- n" ve-
hicle will return to and indeed go beyond
the original line.

The crosswind's impact point, however,
will rarely coincide with the center of gray-
ity the distance forward from the ceiter of
the vehicle depends upon the Ind vidual
body shape. Thus a vehicle which re-
sponds to impact at the center of gravity

II
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352 Motor-vehicle dynamics

by veering inwards, willveer out when ex-
posed to actual crosswinds. Due to the
forward displacement of the pressure
point, vehicles with a sloping rear section
display a greater tendency to veer-out;
they are thus more difficult to control than
notchback vehicles.

Rear-mounted vertical stabilizer fins
can be installed to move the pressure
point rearward, toward the center of grav-
ity However, except in competition vehi-
cles and other special applications, this
option has to date rarely been applied.

Placing the pressure point in the imme-
diate vicinity of the vehicle's center of
gravity results in improved directional sta-
bility. Oversteer vehicles have a minimum
tendency to deviate from their path of
travel when the pressure point is forward
of the center of gravity On understeer ve-
hicles, the best pressure-point location is
just to the rear of the center of gravity

Crosswind force is generally minimal
relative to contact force, and the influence
of non-linearity in the ratio of contact force
to lateral force is limited when small lat-
eral forces are applied - a vehicle's re-
sponse to crosswinds is therefore not
governed by tire properties alone. Other
important factors include compliance in
suspension and steering. Thus the sus-
pension designer can also exercise a ma-
jor influence on the vehicle's crosswind
response characteristics,

Oversteer and understeer
Cornering forces can only be generated
between a rubber tire and the road sur-
face when the tire rolls at an angle to its
longitudinal plane; that is, a certain wheel
slip angle is required.

A vehicle is said to understeer when, as
laeral acceleration increases, the slip an-
ge at the front axle increases more than it
does at the rear axle. The opposite ap-
pl-es for a vehicle which oversteers.

A vehicle will not necessarily display
the same self-steering effect at all possi-
ble rates of lateral acceleration. Some ve-
hicles always understeer or oversteer,
and some display a transition from under-
steer to oversteer as lateral acceleration
increases, while other vehicles respond in
precisely the opposite manner.

References:
Barth, R.: "Windkanalmessungen an
Fahrzeugmodellen und rechtEckigen
Kbrpern mit verachiedenem Seienver-
haltnisbeiunsymmetrischerAnstrmung"
(Wind Tunnel Measurements on Vehicle
Models and Rectangular Bodies with
Different Side Ratios under Asymmetrical
Flow). Dissertation, Stuttgart Technical
College, 1958.
Barth, R.: "LuftkrAfte am Kraftfahrzeug"
(Aerodynamic Forces Acting on Motor
Vehicles). Deutsche Kraftfahrtforschung
und Straf3enverkehrstechnik (German
Motor Vehicle Research and Traffic
Engineering), Vol. 184, DOsseldorf.
VDI-Verlag, 1966.
Mitschke, M_: "Dynamik der Kraftfahr-
zeuge" (Dynamics of Motor Vehicles),
Springer-Verlag, 1972.

Cornering behavior

Centrifugal force in curves

tF = -(P 35)

or, with v specified in km/h and r< as the
radius of the curve in m

F -9 "

Centrifugal force when cornering
b Track width in m,
h, Heightofcenteroigravi tyin .

b

1< b-I.>>

I......-s
____-A
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Moor-vehicle dynamics 353

Critical speeds
The concrete example provided in the table below would apply to a vehicle with a track
b = 1.5 m, height of center of gravity hs = 0.6 m: max. adhesion coefficient yr 0.8,
curve radius rK = 90 m, curve banking 1= 202,

Flat curve Banked curve

Speed at which the vehicle (u tan )
exceeds the limil of a 1.28 kr km/h v u 11.28 1/ -tan K
adhesion (skid) 1 litr an3 kwh

Example: 5 96 km/h <137 km/h

Speed at which the vehicle + b ta
tips > )11-28 / km/h > 11.28 +12 r's km km/h

1 - 2 tan/

Example: 120 kmih (p, .25) 184 km/h (p. 1.25)

Body roll in curves

Roll axis
When cornering, the centrifugal force
which concentrates around the center of
gravity causes the vehicle to tilt away
from the path of travel. The magnitude of
this rolling motion depends upon the rates
of tie springs and their response to alter-
nating compression, and upon the lever
arm of the centrifugal force (distance be-
tween the roll axis and the center of grav-
ity). The roll axis is the body's instanta-
necus axis of rotation relative to the road
surface. Like all rigid bodies, the vehicle
booy consistently executes a screwing or
rotating motion; this motion is supple-
mented by a lateral displacement along
the instantaneous axis.

The higherthe roll axis, i.e. the closer itis
to a parallel axis through the center of grav-
ity, the greater will be the transverse stabil-
ity and the less the roll during cornering.
However, this generally implies a corre-
spoiding upward displacement of the
wheels, resulting in a change in track width
(with negative effects on operating safety).
For this reason, designs are sought which
combine a high instantaneous roll center
with minimal track change. The goal there-
fore is to place the instantaneous axes of
the wheels as high as possible relative to
the body, while simultaneously keeping
thern as far from the body as possible.

Iii

I',.
II

it-
- 1~~

,, IV,Determining the roll axis
Afrequently-appled means for finding the
approximate roll axis is based on
determining the centers of rotation of an
equivalent body motion. This body motion
takes place in those two planes through the
front and rear axles which are vertica rela-
tive to the road. The centers of rotation are
those (hypothetical) points in the body
which remain stationary during the rotation.
The roll axis, in turn, is the line which con-
nects these centers (instantaneous cen-
ters). Graphic portrayals of the instanta-
neous centers are based on a rule accord-
ing to which the instantaneous centers of
rotation of three systems in a state of rela-
tive motion lie on a common pole line.

The complexity of the operation; re-
quired for a more precise definition of the
spatial relationships involved in wheel
motion makes it advisable to employ :om-
puters capable of carrying out calcula-
tions in matrix notation (vector algebra,
linear geometry, etc-).

References:
E. v. d. Osten-Sacken: "Berechnung all-
gemein rumlicher, vielgliedriger Ge-
lenkgetriebe": Dissertation, Aachen
Technical College, 1970.
G. Prigge "Grundstzliches der Ermit:lung
der Rollachse von Kraftfahrzeuger mit
rdumlichen Radfuhrungen"; Dissertation,
Braunschweig Technical University, 1972.
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354 Motor-vehicle dynamics

ISO procedures for evaluat-
ing vehicle handling
The science devoted to studying the dy-
namics of vehicle handling generally de-
ines its subject as the overall behavior of

the entire system represented by "driver +
vehicle + environment As the first link in
the chain, the driver makes judgements on
the vehicle's handling qualities based on
the sum of diverse subjective impressions.
On the other hand, handling data derived
from specific driving maneuvers executed
without driver input (open-loop operation)
provide an objective description of the vehi-
cle's handling qualities. The driver, who up
tc the present day still cannot be defined
accurately in terms of behavior, is replaced
in these tests by a specific, objectively
quantifiable interference factor. The result-
ing vehicular response can then be ana-
lyzed and discussed.

Standardized versions of the driving ma-
neuvers in the list (performed on a dry road
surface) below have either already been
defined by the ISO or are under considera-
tion: they serve as recognized standard
p-ocedures for vehicular evaluation [1], [2]:
- Steady-state skidpad [3],
- Transient response [4], [5], [6],
- Braking during cornering [7],
- Crosswind sensitivity,

- Straight-running stability, and
- Reaction to throttle change on skidpad.

"Driver-vehicle-environment synergism
represented as a closed-loop control
system

!Eaterrat

Projeec
Cui 'ive*-9-(DOiier Rrakes ebl -6 ed H

steeras

ucla-

C p.

p p.

Op.

-a

Todate, it has still not beenpossibletoarrive
at comprehensive objective definitions for
the dynamic characteristics associated with
closed-loop operation, as adequate data on
the precise control characteristics of the hu-
man element are still unavailable.

Test quantities
The main criteria employed in evaluating
vehicle dynamics are:
- Steering-wheel angle,
- Lateral acceleration,
- Longitudinal acceleration and deceleration,
- Yaw speed,
- Float and roll angles.

Criteria for evaluating operating dynamics

Float ang e

Direction
Vehicle speedK

x A
Linear velocity

!acceleration Roll angle
Ideceleration Steering angle

zA Yaw velocity

Steering- wheel anglelore

Pitch angle
C aTiber angle

Lateral velocity
/acceleration

Wheelslip

Wheelswivel angle0
L
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Vehide speed vo- P

Addtional data are employed to verify and
confirm the previously derived information
on specific points of vehicle handling:
- Linear and lateral velocity,
- Steering angles at front and rear wheels,
- Slip angles at all wheels,
- Camber and pitch angles,
- Steering-wheel force-

Steady-state skidpad
The most important data to be derived
from steady-state skidpad testing are the
maximum lateral acceleration, and the
manner in which individual dynamic para-
meters respond to the variations in lateral
acceleration which occur up to the limit
Thisinformation is employed in evaluating
the vehicle's self-steering response 12],
[3). Compliance in both the steering sys-
tem and the suspension is represented in
the current standard definition of steering
response, which employs the terms "over-
steer'. "understeer" and "neutral steer-
ing". Several dynamic factors and their
derivatives are considered in conjunction
with lateral acceleration in describing ve-
hicle handling, examples being steering-
wheel angle, roll angle and float angle
Other significant vehicle parameters are
steering angle and slip angle.

In the following, a light utility van (simi-
lar to a passenger car) and a heavy truck
are used to provide examples of the re-
sults gathered on a dry surface.

Motor-vehicle dynamics 355

Steady-state skidpad (42 m radius)
a) Steering-wheel angle, b) Roll angle,
c) Float angle, d) Rear-axie steering angle
(rollsteer), e) Front-whee! slip angle, f) Rear-
wheel slip angle.
a 2100 ~~uk -a 0" 16 t truck

150

2.5 t vanb/

4a -

cc 16 t truck0

C 7

+50

d

at
24
ci-
,~, a
.25

0; =C

.8

a
a
C
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a

a
a

I I

a
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aa

0 -1 t ltruck
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100

2.5 t van

60
4-A
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40 16 itltruck

--- Tare weight
2Grs vehicle

00 - , - Weight

80

2.5 tvan
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/-
1;; A6t;,, C

0A.
2 4 6 m/s2

Lateral acceleration ao

Definitions of attitude in steady-state
cornering (according to Mitschke 10))
iL Steering ratio, I Wheelbas, (= const.)
Cornering radius, i: lI, Ackermann effect.

a
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C
a
a
a
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a
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A Understeer

Neutral cornering

Lu ~ Oversteer

2.5 t van

ttuk
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'I'
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356 Motor-vehicle dynamics

Steering-wheel angle
As small utility vehicles are fitted with tires
similar to those used in passenger cars, and
are also equipped with relatively high-power
engines, they achieve high rates of lateral
acceleration. Both vehicle types understeer-

Roll angle
The degree of self-steering which prevails
at the axles is largely determined by the
roll angle. Higher loads result in more pro-
nounced roll angles due to the greater ve-
hicle mass and the attendant increase in
effective centrifugal force.

Float angle
The float angle encountered at high rates of
lateral acceleration is regarded as an index
of controllability, in other words the vehicle's
response to driver input. High absolute fig-
ures or fluctuations in float angle are re-
garded as particularly undesirable [8].

At low rates of lateral acceleration, the
float angle is a function of the radius of the
driven circle, and the vehicle's center of
gravity which varies along with changes in
vehicle load.

Sudden steering-angle change {unloaded
L, = 60 krTh)
a) Steering-wheel anglek, b) Roll angle p.
c) Lateralaccelerationacz, d) Yawspeedy.

a Zj6 t truck

2.5 t van

3b
b 7- - -- - -

Rear-axle roll steer
The relationship between the steer ng an-
gle at the rear axle (roll-steer ang e) and
lateral acceleration illustrates how the roll-
steer angle at the rear axle decreases in re-
sponse to higher vehicle loads.

Slip angle
The wheel slip angles at the individual
wheels provide information on th2 vehi-
cle's self-steering characteristics. The
wheel slip angles increase in response to
higher vehicle loads, a consequEnce of
the tires requiring greater slip angles as
their loading increases [2], [9]

Transient response
In addition to self-steering in steady-state
testing, yet another significant factor is the
vehicle's response during directional
changes (e.g for rapid evasive maneu-
vers) [2]. Two test methods have become
accepted internationally- These are de-
fined according to the type of inpu: stimu-
lus, and illustrate both the time E-nd fre-
quency ranges of the vehicle's response:
- Step-input (sharp change in steering

ESV limit curves for steady-state yaw
speed in "steering-angle jump" test
(2-5 ton van, empty)

0e
a2->

0

o >.
>5

-aa-a
ra
a

49

Testspeed
160 40 km/h vo 110 km/h

,20H

v 140 km/h
C i,= 110 km/h

Lateral acceleration: 04 L

Sleering-wheel
angular velocity: 007s;

0 1.0 2.0 3.0 s

Time since steeing inptrn

80

40

4.5 C - --------

M/

10 d - --- -- - -- -

0 0-5 1 1.5 s

Elapsed time t, after input
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angle),
- Sinusoidal input (sinusoidal steering-

angle input).

Step input (time response)
Starting with the vehicle traveling in a
straight line, the steering wheel is abruptly
"pulled" to a specified angle; the vehicle's
response serves as the basis for evalua-
tion. The most important quantities to be
measured are [5]:
- Steering-wheel angle,
- Yaw speed,
- Vehicle speed, and
- Lateral acceleration.
Tie light utility van responds to the step
input with a more rapid change in lateral
acceleration - and thus in yaw - than the
heavy truck.

US authorities have defined a transient
yaw requirement for Experimental Safety
Vehicles (ESV) [11]. Those vehicles
which are classified as being similar to
passenger cars may exhibit relatively pro-
nounced overswing in the initial input
phase (whereby this effect must cease af-
ter a certain period).

S nusoidal steering-angle input
?guency curve)

Permanent sinusoidal steering inputs at the
staering wheel are also used to measure
frequency-response characteristics. This
provides yet another basis for evaluating a
vehicles transitional handling response,
the intensity and phase of which varies ac-
cording to the steering frequency. The most
important factors for this evaluation are [6):
- Steering-wheel angle,
- Lateral acceleration,
- Yaw speed, and
- Roll angle.

Braking in a curve
O all the maneuvers encountered in
everyday driving situations, one of the
most critical - and thus one of the most im-
portant with regard to vehicle design - is
braking during cornering. The vehicle's
ccncept must be optimized so that its re-
action to this maneuver is characterized by
the best possible compromise between
steerability, stability and retardation [2],171.
Testing starts from a specifiedinitial rate of
lateral acceleration, and focuses upon

Motor-vehicle dynamics 357

Sinusoidal steering-angle input
(16-ton truck, ut = 60 km/h. 8L60'.
Relative to steering-wheel angle:
a) Lateral acceleration ap_
b) Yawvelocity and
c)RoliangleA withphaseangle -

,a 50,
[m/'s2

]1

1000

20

-400

b 0.I o/-

Oo0 50

'VA

VAd

VA

-200* L_________

C 0 1001 -_______

01,-

-200-

-400'
020 0.40 0,70 1 -. 2

Frequencyf

Time curve tor braking during corne-ing
(75 ton truck, loaded)
I Steady-state skidpad, 2 Initial brakinc,
3 Evaluation point- iYaw speed,
jLateral acceleration, (3 Float angle
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358 Motor-vehicle dynamics

float angle and yaw speed relative to lat-
eral deceleration as the significant factors.

The vehicle, initially in steady-state cir-
culation at a stipulated lateral accelera-
ticn, is braked with the rate of deceera-
ticn being increased incrementally. In
every test, using the time functions, the
measurements are taken "1 s after initial
braking"for vehicles with hydraulic brakes
(a delay of 1.5..2 s after initial braking is
applied for heavy-duty commercial vehi-
cles with compressed-air brake systems).

Float angle
Due to the weight transfer away from the
rear axle and the tires' response to this phe-
nomenon, higher rates of retardation result
in greater float angles. At high rates of de-
cEleration, in the vicinity of the traction limit,
the distribution of brake force is the decisive
factor for the float angle. The sequence in
witch the wheels lock exercises a decisive
influence on the vehicle's stability.

Yaw speed
The yaw speed serves as a reference in de-
termining whether braking performance

rypical yaw response when braking
during cornering
a) Fioat angle j1 and b) Yaw speed Tis
afterinital braking (n), c) Yawspeedat

16-ton truck. 2 2.5-ton van, 3 Vehicle starts
to skid, 4 Vehicle remains stable
a 12~ - - - -

1o2

-
0%

a o=4m.52 
- Empty

tn=1s3 -- Loaced
b [7s]: 1

12

20 1
. I

C Ill$]
20

. 4
- 1 .

S LigNcomr veh .iIs

0r Heavy comr veh:v I 1.2 ,

0 2 4 6 ms2

during cornering is stable or unstable Inthe
illustration, both vehicles' yaw-speed
curves move toward zero as the vehicles
progress through phases of increasing
deceleration up to full lockup a! both
axles. This indicates acceptable braking
response: The vehicle remains stable.
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Motor-vehicle dynamics :359

Special operating dynamics
for commercial vehicles

Unts and symbols

GC N
G, N

G= N

p N

Front-axle load
Rear-axle Icad

N Total weight
Sprungweight
Unsprung weight. front
Unsprung weight rear

C N rtwheel Torsional spring rate for
all stabilizers

CH N/rn Sprirg rates for axle
springs

CTh N/rn Spring rates for tires
SF m Spring track
V.H rm Tie track
P, rm Instantaneous center

height
Ir m Heightof center of gray-

ly, sprung weight
hG rn Heigit o!center of grav-

ity, tota vehicle
Cu' N/r Lateral stiffness rate of

rM Radiusof curve

Self-steering properties
In :he development phase in which the para-
meters affecting a vehicle's self-steering
properties are determined, empirical and
test-stand measurements and computer
simulations are employed in an optimization
process. The major determinants are the
geometryandcomplianceratesofthesteer-
inc, the frame and the suspension.

The objects of analysis are those inter-
ference factors influencing straight-run-
ning stability and cornering behavior

Se/f-steeringangleaofa8-tontruck
corneringatr3/lateralacceleration
These Pseeng angeis plotted along Y

0 Empty Loaded

0.2
Ow

C½

-0
-0.2
-0. 6

-0'8 
-

0 20 40 60 80 100%
Load weight in% payload

which can be traced to the interaction be-
tween steering and suspension and
which do not stem from driver inputs. The
self-steering effect is examined at both the
front and rear axies, in steady-state dri-
ving on a circular course, during braking
and under unilateral spring compression.

When the springs are compressed on
one side, a solid axle supported cn teat
springs will tend to rotate about the vehi-
cle's vertical axis. The degree of spring tilt
exercises a major effect on this trpe of
roll-steer effect. Neutral behavior cr mild
understeer, desirable from the safety
point of view, are enhanced by tilting the
front spring upward at the front and down-
ward toward the rear, while the rear spring
is mounted in the opposite manner, with
the lowest end at the forward extremity

A

[~5.
Es

~

'1~~
4

II.

IfEFinite element model
oaa semitrailer unit

Ifor deerm ining self-
steering properties
Includes kinematic
patterns forsteering
and suspension as
we las the entire
frame of the semi-
railer tractor.

Ifordeterminingself -- ,
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360 Motor-vehicle dynamics

The wheel loads at the truck's rear axle
vary dramatically, depending upon
whether it is empty or loaded. This leads
to the vehicle responding to reductions in
load with more pronounced understeer

On three-axle 6 x 4 vehicles, the non-
steered tandem axle unit represents a
constraining force around the vehicle's
vertical axis, thus enhancing straight-line
stability. For low speeds, the additional
cornering force required at the front and
rear axles is determined as follows:

Cornering forces resulting from constraint
FsI = [s2- [s3 with
[s2 = CP2 112 U2
FS 33= (,3113 03

Slip angle

1 c3 ias b - (a+b)
1 3 3 - (a + 1,)

az = (r s

c, Coefficient of cornering stability from
tire performance curve,
n Number of tires per axle, other designa-
tions as in illustration.

Tipping resistance
As the vehicle's total height increases,
there is also an increasing tendency in a
curve for it to tip over to the side before it
starts to slide. Simulations of the tipping
process for precise determination of the tip
limit take into account both the elasticities

JI tl

Cornering forcesF, andslip angle ona
3-axle vehicle with non-steered tancem
axle

a b--
-- C2 - d

ES2 /9

fu v2 v'

VI

and displacements of the center of gravity.
Achievable rates of lateral acce eration

at the tip limit
Van ? = 6 m/s 2,
Truck b = 5 m/s,
Double-decker bus b = 3 m/s2.

Width requirement
The width requirement of motor vehicles
and truck-trailer combinations is greater
during cornering than when the vehicle
moves in a straight line. With respect to se-
lected driving maneuvers, it is necessary to
determine the radius described by the vehi-
cle's outer extremities during comering,
both in orderto ascertain its suitability forcer-
tain applications (e.g. narrow transit routes

Tipping resistance
Approximation formula for critical velocities vj, on a 2-axle truck (in km/h):

r(,(-+- SaN)
=7%- G}2 G42 G; hn1

GG G13
CovCo Co-%G A

withCD = C CDPiP; i = h-;
CD-+ CUP j2 P h+ I

(GU - U) Mi + (G - U#)IIH

GF-
CoF = 1/2 (C - SFv2 - CFH - SFH2) +CSi

C,, = 1/2 - (CF, S,2,+ CR - SRH2)

L
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through constricted areas) and to confirm
compliance with legal regulations. Evalua-
tion is conducted with reference to the trac-
trix principle using electronic programs.

Handling characteristics
Objective analyses of vehicle handling
are based on various maneuvers such as
steady-state circulation on the skidpad,
steering-angle jumps, wag frequency re-
sponse, and braking in a curve.

The dynamic lateral response of truck-
trailer combinations generally differs from
that of rigid vehicles. Particularly signifi-
cant are the distribution of loads between
truck and trailer, and the design and
geometry of the mechanical coupling de-
vice within a given combination.

Rotary oscillation, with the vehicle's
masses turning against the tires (as com-
pliance element) around a vertical axis,
impairs straight-running stability This
phenomenon is induced by
- Rapid steering corrections associated

with evasive maneuvers,
- Crosswinds, and
- Pronounced slope to the side of the road,

obstacles on one side, lane grooves.
Oscillation amplitudes associated with this
pendulum motion must subside rapidly if
vehicle stability is to be maintained,

Below is a graphic depiction of the yaw-
speed progressions for various types of
truck-trailer combination. The worst case is
represented by a combination, in which the
towing vehicle is empty, while the center-

Motor-vehicle dynamics :361

Tractor-semitrailercombination in the cir-
cular area as stipulated by the German
Road Traffic Regulations (StVZO)

12.5r

axle trailer is loaded. Here, the curve indi-
cates an excessive increase in resorance.
This type of combination demands a high
degree of driver skill and circumspection.

With semitrailer units, braking maneu-
vers undertaken under extreme condi-
tions can induce jackknifing.

This process is initiated when, ona slip-
pery road surface, loss of lateral-force is
induced by excess braking force being ap-
plied at the tractor's rear axle, or cue to
excess yaw moment under u-split condi-
tions. Installation of an antilock braking
system (ABS) represents the most effec-
tive means of preventing jackkniting. This
measure is mandatory for towing veiicles
> 18 metric tons since 1 October, 191

Yw-speed frequency progression
I Semitrailer unit (loaded), 2 Truck-trailer uni (empty/caded) 3 Truck-traler unit (loaded),
4 Truck (loaded).

C'
0)
0a

*8
0)
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a
0)
0)
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6
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0
1,

C
>~ 'VI

/S

22

03
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362 Motor-vehicle dynamics

Requirements for agricultural tractors

Units and symbols

Symbol

h Weight (wheel cad) of a
wheel

Fr Rolling resistance
Fr, Rolling resistance. rear axle
Fr, Rolling resstarice, ront axle
1s clImbing resistance
FT Traction (lmotiv) force oi a

F- Traction .tive)farcerear
Fr Traction motive) force,ron:
F½ Soil (ground) resistance
Iz Drawbar pull 0a tractor
Fze,- Drawbar-pull rEquiremenaf

implement
Net engine power

ProT Transmssion fower losses
IL Rated engine rower
P; Auta-motivA pcwer require-

ment
P s Slip power lossos
Ps! Hil-clinbing power require-

Pz Drewbar powe
P Vehicespeed
s Perpheral velccty of a

drivingwheel
Tlrr Trnsmissionigearbox
ef;ficiency

rk Tractive elficiency at tractor
wheels

'Ir Tractive eficiency of a single
wheel

1z Tractive eiciyof an
agriculturalt!rautar

r Engine utilization ratio
Coe ficient of traction farce
H Roliing resistance
Wheel silp

difficulties encountered in transforming
the engine's power into tractive power at

Unit acceptable tractor speeds.

N

N
N
N
N
N

N
N
NN

kW

RVd
kW

kW
kW

kW
km/h
kmih

Applications
Agricultural tractors are employed for field
work and for general transport and farm-
yard duties. Depending upon the type of
unit, power from the engine can be trans-
mifed through ar auxiliary PTO shaft or
hydraulic lines, as well as via the drive
wheels. The engine outputs for farm trac-
tors used in the Federal Republic of
Germany range up to approximately
250 kW, with weichts of over 120 kN.

Higher engine outputs exaggerate the
problems associated with supporting the
weight at the gound on large-volume
tires of adequate capacity, as well as the

Essential requirements of a tractor
- High drawbar pull, high tractive efficiency
- The engine must combine high torque

increase and low specific fuel con-
sumption with as constant a power
characteristic as possible.

- Depending upon application and the
distances involved, vehicle speeds
(rated speeds) up to 25, 32, 40,
50 km/h, with > 60 km/h for special-pur-
pose tractors; multiple conversion ra-
tios with appropriate gear spacing (es-
pecially important up to 12 km/h), suit-
able for shifting under load if possible.

- Power take-off (PTO) shaft and hydraulic
connections for powering auxiliary equip-
ment. Option of installing and/or power-
ing equipment at the front of the tractor.

- Facilities for monitoring and operating
auxiliary equipment from the drivers
seat, e.g. with hydraulic control levers
(P 824).

- Clear and logical layout of control levers
in ergonomically correct arrangement

- On field tractors, provision for adjusting
track to suit crop-row spacing.

- Driver protection against vibration, dust,
noise, climatic influences and accident.

- Universal applicability,

Drawbar pull and drawbar power of a
tractor in field work
The effective drawbar pull is essentially de-
termined by the tractor's weight, the type of
drive (rear-wheel or 4-wheel drive) and the
operating characteristics of its tires. The
operational response of the tractor's drive
tires is determined by such factors as type
ofsoilandgroundconditions(moistureand
porosity), tire dimensions, carcass and
tread design, and tire pressure. Due to
these particular operating characteristics,
the farm tractor in field work develops its
maximum drawbar pull only when tire slip
is high, whereas the maximum drawbar
power is achieved at relatively low levels of
slip and drawbar pull. With the engine de-
veloping 90% of its maximum output, the

drawbar pull of an AWD tractor %
ceed 60% of the rated engine pc
under extremely favorable condii
The effective engine output is:

P, = PZ + PR + Ps + ps~ek
( + Ps on gradients)

The drawbar power is calculate
Pz = Fz I

With rear-wheel drive, the powe
to propel the tractor itself is:

PA = /"R, t) '1-V

The slip power osses are defin,

PS = Fr( o - V) = FT C

The power losses in the transm
are determined with the equatic

Gr = P,- (1- Good
Efficiency levels:
With rear-wheel drive:

_L Fr1a - Fell1k r- ~(1 - a)
FTrI FRh

With all-wheel drive(AWD):
FTh +FT

FF +bT+Rh+FR, (1
For single wheel:

FT + F- (1Y- = +-
For the tractor:

z= aor - qL ZPI

The coefficients are calculated
x= FT/F
ao= Ffl/F

o = (vo - 1)/ vo

Drawbar-pull requirements of
auxiliary equipment and traih
At a constant speed on a flat st
drawbar-pull requirement depe
on the rolling resistance Fp1 I
equipment) or on soil resistanc
the force needed to move a toi

Examples of the power requi
1 meter swath on moderate gro

Implement

Tiaer on loose soil
Vibrating harrow
Circular harrow
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Motor-vehicle dynamics 363

drawbar pull of an AWD tractor will not ex-
ceed 60% of the rated engine power, even
under extremely favorable conditions.
The effective engine output is:

P. = Pz + PH + Ps + Poetr.
(+ Psi on gradients)

The drawbar power is calculated as:
Pz F Fz - u

With rear-wheel drive, the power required
to propel the tractor itself is:

PR= Fn, V+PRh ao

The slip power losses are defined as:

PS = FT - (t, - u) = FT -9 -o

The power losses in the transmission unit
are determined with the equation:

PGetr. = Pe (1 - 7Getr)

Efficiency levels:
With rear-wheel drive:

_Th- FRv

With all-wheel drive (AWD):
,lL -"T +PT

rh,+Fr - In + IR,1

rming
wer at

r
-iency.
:orque

con-
power

id the
peeds
?, 40,
al-pur-
on ra-
Ig (es-
), suit-
sible.
draulic
equip-
)ower-
actor.
3ratingl
Iriver's
levers

levers
nent.
usting

, dust,
;ident.

afa

illy de-
type of
.nd the
s. The
s drive
is type
re and
s and
)ue to
ristics,
VpS its
ire slip
,awbar
!vels of
ne de-
ut, the

For single wheel:

TITr = - ' (1 - a) 0 ( - Cl)
FT + FR x+

For the tractor:
'lZ= ITGett r L =PZPe

The coefficients are calculated as follows:
x=Fr/F

p = F/F
A=1P/PN
a= (uo- r)/uDo

Drawbar-pull requirements of
auxiliary equipment and trailers
At a constant speed on a flat surface, the
drawbar-pull requirement depends either
on the rolling resistance Fn (e.g. farm
equipment) or on soil resistance Fw (e.g.
the force needed to move a tool through

Operating characteristics of atractor
drive wheel
Tire: 16,9/14-30 AS: Wheel load: 1582 daN
Tire pressure- 1.1 bar; Ground: loamy clay,
wheat stubble, treated with disk harrow,
moisture: 173 .2 28%.

M -- 12
73 0.6 - -- 12

20.5 8-

-Fn

MT
0 05,c.zo - b3-

ace-042- --

C) 4 Cc

0-3-

00 0 0
6 0 0 10 20 30 40 5050

Slip 0

the soil) or oi both at the same time (e.g.
beet lifter). Roling resistance is calcu-
lated using the coefficient of rolling resis-
tance and the sum of the weights sup-
ported at the wheels, giving:

Fa =09-XI

For pneumatic tires on asphalt: 0 0.03
For pneumatic tires on field:

o=0.04...0.35

Soil resistance is determined by the type
and condition of the soil, number and type
of implements, working depth and vehicle
speed. General reference figures for plow-
ing would be a specific ground resistance
of 400...600 N/dm2 on moderate soils,
with 600...1000 N/dm2 on hard (clay) soils.
On moderate ground at speeds of be-
tween 6 anc 9 km/h, the soil resistance
per meter of working width of a cultivator
is 5500.,.7800 N for a working depth of
13.15 cm, and 11,000...12,500 N for a
depth of 22...25 cm.

Examples of the power required byPTO-driven agricltural equipment working a
1 meter swath on moderate ground. _______________

Required engine Working depth vehicle speed
Implement power kW cm km/h

0.15 3.5.6.5

Tiller on loose soil
Vibrating harrow
C ircular harrow

8
8
8

C)

lo.5...25
B.. 22
0 ... 15

3 ... 7
3-5 ... 6.5
3-5,-.6.5
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3154 Environmental stresses on automotive equipment

Environmental
stresses on automo-
tive equipment

Climatic factors
Climatic stress factors acting upon auto-
motive components encompass the effects
of the natural environment, i.e. the macro-
climate, and influences stemming from the
vehicle itself (such as fuel vapor) and the
microclimate within a component (such as
the heat generated in electrical devices).

Temperature and temperature variations
The range extends from extremely low tem-
peratures (storage, transport) all the way to
the high temperatures associated with op-
eration of the internal-combustion engne.

Atmospheric humidity and variations
This range embraces everything from
arid desert climates to tropical environ-
rrents, and can even extend beyond
these under certain conditions (as occur
fcr instance when water is sprayed
against a hot engine block). Humid heat
(high temperatures combined with high
a:mospheric humidity) is especially de-
rranding. Alternating humidity results in
surface condensation, which causes at-
mospheric corrosion.

Corrosive atmospheres
Salt spray encountered when the vehicle
is operated on salt-treated roads and in
coastal areas promotes electrochemical
and atmospheric corrosion. ILndustriaLat-
mgshergs in concentrated manufacturing
regions lead to acid corrosion on metallic
surfaces. When they are present in suffi-
cient concentrations, today's increasing
amounts of atmogsphercpollutant (SO 2,
HIS, Cl and NOx) promote the formation
cf contaminant layers on contact surfaces,
with the result that resistance increases.

Water
Stresses of varying intensities result from
rain, spray, splash, and hose water as en-
countered when driving in rain, during car
and engine washes, and - in exceptional
cases - during submersion.

Aggressive chemical fluids
The product in question must be able to
resist the chemical fluids encounterec in the
course of normal operation and mainte-
nance at its particular operating location.
Within the engine compartment, such chem-
Icals include fuel (and fuel vapor), engine oil
and engine detergents. Certain components
are confronted by additional substances, for
example, brake-system components and the
brake fluid used to operate them.

Sand and dust
Malfunctions result from the friction due to
sand and dust on adjacent movirg sur-
faces. In addition, under the influence of
moisture, certain types of dust layers can
cause current tracking in electrical circuits.

Solar radiation
The sun's rays cause plastics and elas-
tomers to age (a factor to be taken into ac-
count in the design of external, exposed
components).

Atmospheric pressure
Fluctuations in atmospheric pressure
affect the operation and reliability of differ-
ential-pressure components, such as dia-
phragms, etc.

Laboratory simulation of stress

Climatic and environmental conditions
are simulated both according to standard-
ized test procedures (DIN lEC 68 - Envi-
ronmental testing procedures for elec-
tronic components and equipmenti and in
special field-testing programs designed
specifically for individual cases. The goal
is to achieve the greatest possible ap-
proximation of the stresses encountered
in actual practice ("test tailoring").

Temperature, temperature variation
and atmospheric humidity
Simulation is carried out in temerature
and climate chambers as well as in cli-
mate-controlled rooms which afford ac-
cess to test personnel.

The dry heat test allows evaluation of a
component's suitability for storage and op-
eration at high temperatures. Testing is not
restricted to ascertaining the efects of
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Environmental stresses on automotive equipment :365

heat upon operation; it also monitors influ-
ences on material characteristics. De-
pending upon the particular application
(component mounted on body, engine, or
exnaust system), the degree of heat can
cover an extremely wide range. The stress
time can be up to several hundred hours.

Testing the product's operation under
cold conditions devotes particular atten-
tion to starting behavior and changes in
materials characteristics at low tempera-
tures. The testing range extends down to
- 40cC for operation, and to - 55C for
storage. At less than 100hours, the actual
testing times are shorter than those em-
ployed for dry heat.

A further test simulates temperature
tlutuation between the extremes encoun-
tered in actual operation; the temperature
gradient and the dwell time also contribute
to determining the degree of stress. The
dwell time must be at least long enough to
ensure that the sample achieves thermal
equilibrium. The different levels of thermal
expansion mean that the temperature
variations induce both material aging and
mechanical stresses within the compo-
nent. The selection of appropriate test pa-
rarneters makes it possible to achieve
substantial time-compression factors.

Atmospheric humidity testing under
steady-state damp heat (e.g., +40C/
93% relative humidity) is employed in the
evaluation of a product's suitability for
operation and storage at relatively high
humidity levels (tropical climates).

Corrosive atmospheres
Salt fog is produced by diffusing a 5%
NaCI solution at a room temperature of
35C. Depending upon the intended in-
stallation location, the test times can ex-
terd to several hundred hours. Cyclic sail
fc is a combination test comprising the
following:"salt fog, dry heat and damp
heat". It yields a closer correlation with
field results. The industrial-climate test
comprises up to 6 cyclical alternations be-
tween an 8-hour dwell period at
40'C/100% relative humidity at 0.67%
SO, and 16 hours at room temperature.
Thep glutant test with S02 , H2 S, NOx and
CL 2 is performed either for single gases or
as a multisubstance test. Testing is car-
ried out at 25-C/75% relative humidity

Test schedule for simulating combined
stresses
towell time, ;, Temperature-variaion cce,
T Test cycle.

C Tn -

Time,- -L1
with concentrations in the ppm and ppb
ranges, and lasts up to 21 days.

Water spray
A pivoting sprayer is used to simula:e wa-
ter spray. Water pressure, spray angle
and the pivot angle can all be adjusted for
different stress severity levels. The water-
spray test employs high-pressure jels and
standard steam-cleaners of the typE used
for cleaning engines.

Aggressive chemical fluids
The sample is wetted with the fluid in ques-
tionfor a defined period. This is followed by
24-hour storage at elevated temperature,
This test can be repeated numerous ines,
according to the particular application.

Sand and dust
Dust simulation is carried using a device
which maintains a dust density of 5 g per
m' in moving air. A mixture of lime end fly
ash is one of the substances emploed,

Combinedtests
Combined temperature, temperature varia-
tion and humidity tests on an operating
electrical product ensure a high deg'ee of
convergence with the aging effects to be
anticipated under extreme operating condi-
tions. The advantage of this test is its high
level of conformity with actual practice. The
disadvantage is the test duration, which is
generally well in excess of that required for
thecorrespondingindividualinvestigations

:tt
[4

P

~s2 tt.I':.

'[I

t

2
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366 Internal-combustion engines

Internal-combustion
engines

Operating concepts and
classifications
The internal-combustion (IC) engine is
the most frequently employed power
scurce for motor vehicles. Internal-com-
bustion engines generate power by con-
verting chemical energy bound in the fuel
into heat, and the heat thus produced into
mechanical work. The conversion of
chemical energy into heat is accom-
plished through combustion, while the
subsequent conversion of this thermal en-
ergy into mechanical work is performed
by allowing the heat energy to increase
the pressure within a medium which then
performs work as it expands.

Liquids, which supply an increase in
working pressure via a change of phase
(vaporization), or gases, whose working
pressure can be increased through com-
pression, are used as working media.

The fuels - largely hydrocarbons - re-
quire oxygen in order to burn; the required

oxygen is usually supplied as a con-
stituent of the intake air. If fuel combustion
occurs in the cylinder itself, the process is
called internal combustion. Here the com-
bustion gas itself is used as the wrking
medium. If combustion takes place out-
side the cylinder, the process is called ex-
ternal combustion.

Continuous mechanical work is possi-
ble only in a cyclic process (piston engine)
or a continuous process (gas turbine) of
heat absorption, expansion (production of
work) and return of the working mecium to
its initial condition (combustion cycle).

If the working medium is altered as it
absorbs heat, e.g. when a portion of its
constituents serve as an oxidant, restora-
tion of its initial condition is possible only
through replacement.

This is called an open cycle, and is
characterized by cyclic gas exchange (ex-
pulsion of the combustion gases and in-
duction of the fresh charge). Internal com-
bustion therefore always requires an open
cycle.

In external combustion, the actual
working medium remains chemically un-
changed. and can thus be returned to its
initial condition by suitable measures
(cooling, condensation). This enab es the

Table 1. Classification of the internal-combustion engine

Type of process Open process

Internal combustion

Combustion gas ` working medium

Closed process

External combustion
Combustion gas t working
medium

Phase change in
working medium

No Yes

Type o combustion Cyclic combustion Continuous combustion

Type of gnition guon Externally suppled ignition

Engine 4
machine en- Diesel Hybrid Otto Rohs Stirling Steen
closing a work-

0 ing chamber

He Turbine A
gas turbine - - Gas Hot steam Stear

type of mixture Heterogeneousl-orogenou Heterogeneous
(in thcombustionchamber) (in a continuous flame)
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use of a closed process.
In addition to the main process charac-

teristics (open/closed) and the type of
combustion (cyclic/continuous), the vari-
ous combustion processes for internal-
combustion engines can also be defined
according to their air-fuel mixture forma-
tion and ignition arrangements.

In external air-fuel mixture formation,
the mixture is formed outside the com-
bustion chamber. In this type of mixture
formation a largely homogenous air-fuel
mixture is present when combustion is ini-
tiated, so it is also referred to as homoge-
nous mixture formation.

In internal air-fuel mixture formation the
fuel is introduced directly into the com-
bustion chamber. The later internal com-
bustion occurs, the more heterogeneous
the air-fuel mixture will be at the time com-
bustion is initiated. Internal mixture for-
mation is therefore also called heteroge-
neous mixture formation. External ignition
designs rely on an electric spark or a glow
plug to initiate combustion. In auto-igni-
tion, the mixture ignites as it warms to or
beyond its ignition temperature during
compression, or when fuel is injected into
air whose boundary conditions permit
evaporation and ignition,

A thermodynamic cycle illustrated using the
p-'diagram

1'1
L

2 i- 2

1" 2'

Internal-combustion engines 367

Cycles

The p-V diagram
A basic precondition for continuou con-
version of thermal energy into kine'ic en-
ergy is a modification in the condi lon of
the working medium; it is also desirable
that as much of the working medium as
possiblebereturnedtoItsinitialcondition.

For technical applications the focus can
rest on changes in pressure and the cor-
responding volumetric variations which
can be plotted on a pressure vs. volume
work diagram, or p-V diagram for short.

As the figure shows, the addit on of
heat and the change in condition of the
working medium that accompany the
progress of the process in the 1-92 hase
must consume less energy than that re-
quired for the 2-41 phase. Once this con-
dition is satisfied the result is an area cor-
responding to the process work potential.
L= Vdp.

The T-S diagram
The temperature entropy, or T-S diagram,
is used to provide a similar graphic repre-
sentation of the bidirectional thermal
energy transfers in this cyclic process.

In the T-S diagram heat quantities can
be represented as areas in the same
manner that work is represented as an
area in the p-V diagram. With known spe-
cific working-medium heats, the T-S dia-
gram can be transformed into the HS dia-

A thermodynamic cycle illustrated using 'he
I-S or H-S diagram

1
Q2add

a

2 dQ-TdS

I ,- I

[i-I

ill

I-

It

9

t51 vs

b
'hi

~ t
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3638 Internal-combustion engines

gram, known as the enthalpy-entropy dia-
gram, in accordance with the equation
dH = cp dT

The cycle illustrated in the p-V diagram
on page 367 shows the amount of heat
added along "a"

Gadd T, dS

andthe amount of heat dissipated along
'Y

Q,= IT dS, where

Qs- Qds=IL= - tdy

(difference between the amount of heat
suaplied and the amount of heat dis-
charged) which corresponds to the avail-
able amount of mechanical work The
diagram also shows that a thermal effi-
ciency ro = (e - Qw )I'ad can be de-
fined based on the equality of mechanical
work and the difference between the heat
quantities, It also illustrates the theoretical
cycle providing the maximum amount of
technical work, as found in the area be-
tween two specified temperatures for the
working medium.

The Carnot cycle
This cycle, described in 1824 by Carnot,
consists of two isothermal ') and two isen-
trcpic 2) changes in condition, which yield
the maximum area in the T-S diagram be-
tween Tx,, andTnr- Because the Carnot
cycle represents maximum process effi-

The Carnot cycle in the p-Vand TS diagrams

ciency between the defined temperature
limits, it is the theoretical optimum fo-con-
verting heat into work:

tlihcarnul - (Triax Trr)ITmax

Internal-combustion engines operale ac-
cording to other cycles, however, because
isothermal compression, i.e. a pressure
increase in the working medium without
an increase in temperature, and isother-
mal expansion are not technically feasi-
ble.

Theoretical treatment today involves
the following ideal combustion cycles:
the constant-vlume cycle for all piston
engines with periodic combustior and
generation of work, and
the constant-pressure cycle for all turbine
engines with continuous combustion and
generation of work.

Both cycles will be dealt with in more
detail in the discussion of the correspond-
ing machines.

) Isothermal change in condition: temperature
does not change.
2) Isenropic change in condition: adiabatic (heat
is neither added nor dissipated) and frict onless
(reversite).
) Isochoric change in condition: volumr does

not changel see P 369.

a

2

1max 
4

min

3
Qladd

S rnax

1 /2 '

C2d i ss
min

1*
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Internal-combustion engines

Reciprocating-piston engines with internal
combustion

Operating concept

All reciprocating-piston engines operate
by compressing air or an air-fuel mixture
in the working cylinder prior to igniting
the mixture, or by injectingfuel intothe hot
compressed air to initiate combustion.
The crankshaft assembly converts the
wcrk generated in this processinto torque
available at the end of the crankshaft.

The p-V diagram reflects the actual
power-generation process in the engine
as a function of piston travel. It shows the
mean effective pressures p, within the
cylinder during a complete working cycle.
Easier to produce are other diagrams
such as the pressure vs.time (p-t) and the
pressure vs. crankshaft angle (p-u) dia-
grams. The surfaces defined in these two
diagrams do not directly indicate the
amount of work generated, but they do
provide a clear picture of essential data
such as firing point and peak combustion
pressure. The product of the mean effec-
tive pressure in the cylinder and the dis-
placement yields the piston work, and the
number of working cycles per unit of time
incicates the piston power or the internal
power (power index) for the engine. Here

it will be noted that the power generated
by a reciprocating-piston internal-com-
bustion engine increases as min- 1 rises
(see equations on P 416 to P. 423).

Ideal combustion cycle for pistor
engines with internal combustior
For reciprocating-piston engines wth in-
ternal combustion, the ideal thermody-
namic combustion process is the "con-
stant-volume process", consisting o isen-
tropic compression, isochoric3) heat
supply, isentropic expansion and iso-
choric reversion of the ideal working gas
to its initial condition. This cycle is only
possible if the following conditions are
met:
- No heat or gas losses, no residual gas,
- Ideal gas with constant specific heats

c-, c, and
X = cr/c, = 1.4.

- Infinitely rapid heat supply and dis-
charge,

- No flow losses.

Because the crankshaft assembly re-
stricts expansion to finite levels, the

The engine power cycle
I In the p-V diagram, 2 in the p-t and p-a diagrams-

Pmnax

IP

TOGa O
-D V D

- ye V1

2

IP

p
BDC

TDC BDC

369

I
,,, 4A
~V.* #2
~I[ Lj

u~>
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'#1<
.1

p
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370 Internal-combustion engines

Ideal constant-volume combustion cycle as shown in the p-V and T-S diagrams

I~I _1

p

3

2

4
- -PO _ 5'

-4 Vc - V

4-5-1 surface in the diagrams is not di-
rectly available for use. Section 4-5'-1, ly-
irg above the atmospheric pressure line,
becomes available when an exhaust-gas
turbine is connected downstream.

The efficiency of the ideal constant-vol-
ume combustion cycle is calculated in the
same manner as all thermal efficiencies:

tJih = iv = (Qven Qdss/Qasdd

with Qedd =23 = li c(73-T 2) and
Q'= Q4s = in -C (4-T-)

Using the same x for compression and
expansion:

: QdessQadd = 1 -T-3 1 T T 2

ifTJT2 = E-' then

where the compression ratio is defined as
k = (Ve+Vh)/V, with a displacement of V,
and a compression volume of V.

Real internal-combustion engines do
not operate according to ideal cycles, but
rather with real gas, and are therefore
subject to fluid, thermodynamic and me-
chanical losses.

Efficiency sequence (DIN 1940)
The overall efficiencyqincludesthesum
o" all losses, and can thus be defined as
the ratio of effective mechanical work to
the mechanical work equivalent of the

T

3

4

-5
2

1 5

supplied fuel:

Ge = WJWB where

W is the effective work available at the
clutch and

W is the work equivalent of the supplied
fuel.

In order to better distinguish amcng the
different losses, a further distinctian can
be made:

the fuel conversion factor q/ provides
an index of combustion quality:

lB z (Ws-W1 )/I, where
W is the work equivalent of the supplied
fuel,
Was is the work equivalent of tie un-
burned fuel.

There are no operating conditons in
which complete combustion takes place.

A portion of the supplied fuel does not
burn (hydrocarbon constituents in the ex-
haust gas), or fails to combust cornpletely
(CO in exhaust).

ye is often defined as 1" for small
diesel engines at operating temperature
and for comparisons.

The efficiency index q is the ratio of in-
dicated high-pressure work to the calorific
content of the supplied fuel q = W/We.

Theefficiency of cycle factorqin-
cludes all internal losses occurring in both
high-pressure and low-pressure pro-
cesses. These stem from:
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Internal-combustion engines 371

Table 2. Graphic representations and definitions of the individual and overall
efficiencies of the reciprocating-piston engine

P essure vs. volume diagram

P

rl

Miechanicallosses

Theoretical
reference
constant-
volume cycle

Conditions

Ideal gas, con-
stant specific
heats, infinitely
rapid heat
addition and
dissipaton, etc.

Definiton

Theoretcal
or
thermal
efficiency

4 -4-

Real high-
pressure
working
cycle

Real charge
cycle
(4-stroke)

Wall heat
losses,real
gas, fihitely
rapid heat add -
tion and dissi-
pation, variable
specific heats

Flow losses,
heating of the
mixtue or the
air, etc.

Losses due to Real engine
friclion, cool-
ing, auxiliary
units

Real working gas, residual gas, wall heat
losses, gas losses and pumping losses.
For this reason, q, is more appropriately
broken down into qho for the high-pres-
sure portion and gLW for gas-exchange
processes. The efficiency of cycle factor
therefore indicates how closely engine
performance approaches the theoretical
ideal combustion cycle:

1qg = 119Ho- qLV = W/Wn where

W, is the indicated work and
WE is the work generated in the ideal-
combustion cycle.
Mechanical efficiency ,rn, defines the rela-
tionship between mechanical losses - es-
pecially friction losses in the crankshaft
assenbly and inductionlexhaust systems,

Efficiency
factor of the
high-pressure
cycle

Charge
exchange
efficiency

Efficiencie

I,

1/4

4/

'K
Ih 'PM

and in oil and water pumps, fuel pump, al-
ternator, etc. - and the work index:

qm= W./Wt where

W, is the effective work available at the
clutch and

IV is the work index,

The efficiency chain therefore appears as
follows:

/P= te. h' 
1

/gHD /gLW - rn

(see Table 2).

I t4*',

r
tt

1)~'

It,

it V

't"
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372 Internal-combustion engines

The spark-ignition (Otto)
engine
The spark-ignition engine (or SI engine) is
a aiston engine with external or internal
air-fuel mixture formation. External mix-
ture formation generally produces ho-
mogenous mixtures, whereas an inter-
nally formed mixture is largely heteroge-
neous at the instant of ignition. The time
of mixture formation is a major factor in-
fluencing the degree of homogenization
achievable by internal mixture formation.

In both cases, the mixture is com-
pressed to approximately 20...30 bar
(e = 8. 12) on the compression stroke, to
generateafinalcompressiontemperature
of 400...500'C, This is still below the
auto-ignition threshold of the mixture,
which then has to be ignited by a spark
shortly before the piston reaches TDC.

Since reliable ignition of homogenous
air-fuel mixtures is only possible within a
narrowly defined window of the air-fuel
ra'io (excess-air factor A = 0.6...1.6), and
flame velocity drops steeply as the

excess-air factor A increases, Sl engines
with homogenous mixture formation have
to operate in aA range 0.8.1.4 (best
overall efficiency is achieved at 1.2 < A
< 1.3). The A range is further restricted to
0.98.1.02 for engineswith three-way cat-
alytic converters.

On account of this narrow A range, load
has to be controlled by the quantity of mix-
ture entering the cylinders (quantity con-
trol): this is achieved by throttling the
amount of air-fuel mixture enterirg the
cylinders under part-load operating condi-
tions (throttle control).

Optimization of the overall efficiency of
SI engines has given, rise to increasing
development effort directed at engines
with internal heterogeneous mixtu'e for-
mation.

Homogenous and heterogeneous mix-
ture formation are alike in that economic
efficiency and untreated emissiors de-
pend on the combustion process which
takes place after ignition. Combustion, in
turn, can be influenced to a very large ex-
tent by the flows and turbulences that can

Mixture-preparation
cifferences in the air-fuel(AiF) ratio in the individual cylinders as a function of load and engire

Carburetor or
single-point injection

Multi-point or
direct injection

1--
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Internal-combustion engines 373

be produced in the combustion chamber
by the geometry of the intake duct and the
combustion chamber.

Homogenous mixture formation
The homogenous mixtures present at the
time when ignition commences cause the
fuel to vaporize fully, because only gas or
gas/vapor mixtures can achieve homo-
geneity.

If some factor (such as low temperature
dur ng a cold start) inhibits complete va-
perzation of the fuel, sufficient additional
fuel must be provided to ensure that the
volatile, vaporizable constituent can pro-
duce an adequately rich - and therefore
combustible - air-fuel mixture (cold-start
enrichment),

In addition to mixture homogenization,
the mixture-formation system is also re-
sponsible for load regulation (throttle reg-
ulation) and for ensuring the minimization
of deviations in the A/F ratio from cylinder
to cylinder and from working cycle to
working cycle.

Heterogeneous mixture formation
The aim pursued in heterogeneous inter-
nal mixture formation is that of operating
the engine without throttle control across
the entire operating map. Internal cooling
is a side-effect of direct injection, so en-
gines of this type can operate at higher
compression ratios. The conjunction of
these two factors, no throttle control and
higher compression, means that the de-
gree of efficiency is higher than that at-
tainable with a homogenous mixture.
Load is controlled by means of the mass
of injected fuel. Development in mixture-
formation systems gave fresh impetus to
the "hybrid" or "stratified-charge" tech-
niques that were the subject of much re-
search from about 1970 onward. The de-
finite breakthrough came with the high-
speed fuel injectors that allowed flexibility
in injection timing and could achieve the
high injection pressures required.

CDI (Gasoline Direct Injection) was the
geneic term applied to worldwide devel-
opment in "jet-directed", "wall-directed" or
'air-directed" mixture-formation systems
(see illustration). The positions of spark
plug aid injector have a major influence
on mixture formation, but flows in the

Mixture-formationsystemsforgasolin?
direct injection GDI (assisted by swirl or
tumble in each case)
a) Jet-directed, b) Wall-directed,
c) Air-directed.
I Fuel injector 2 Spark plug

a

b 2

\~ KiN

c 2

C)

jill

II

tic

K
.1

II

1

El

1

1
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374 Internal-combustion engines

combustion chamber are another, sup-
porting factor. Swirl (induced by spiral or
tangential channels) is primarily rotation
about an axis paralleling that of the cylin-
der, whereas the axis of tumble, which is
induced by fill channels, is normal to the
cylinder's axis.

Precision positioning of the spark plug
and the jet from the fuel injector is essen-
tial for jet-directed spray injection. The
cpark plug is under severe strain, be-
cause it is struck directly by the jet of liq-
uid fuel. Wall-directed and air-directed
configurations direct the mixture to the
plug by means of the motion of the
charge, so requirements in this respect
are not as high.

Heterogeneous mixture formation en-
tails excess air (unthrottled operation), so
lean-burn catalytic converters have to be
developed in order to reduce nitrogen-ox-
ide emissions.

Ignition
The ignition system must reliably ignite
the compressed mixture at a precisely de-
fined instant, even under dynamic operat-
ing conditions with the attendant substan-
tcal fluctuations in mixture flow patterns
and air-fuel ratios. Reliable ignition can be
promoted by selecting spark-plug loca-
tons with good mixture access in combi-
nation with efficient mixture swirl patterns;
tiese are especially important considera-
tons for lean operation and at very low
throttle apertures. Similar improvements
can also be achieved by positioning the
spark plug in small auxiliary "ignition
chambers".

Ignition-energy requirements depend
on the mixture's air-fuel (A/F) ratio. An ig-
nition energy of 0.2 mJ is required for
gasoline/air mixtures in the stoichiometric
range, while up to 3 mJ may be required
to ignite richer or leaner mixtures.

The ignition voltage required increases
with the gas pressure at the instant of ig-
nition. Increasing the electrode gap is one
way of improving ignition reliability, but at
tne expense of higher ignition voltage and
accelerated electrode wear

The energy content of the mixture ig-
nited by the spark must be sufficient to lg-
nite the neighboring mixture. This defines
tie leanest possible mixture and the ear-

Minimal ignition energy lor propane/air
mixtures

mJ

Flow rate
960 m/s15 t

2

40

Static
c20 mixture

0.5 1.0 1.5 2.0 V%

Equivalent mixture ratio

liest possible instant of ignition. In en-
gines with a compression ratio E = 8...12,
this range is approximately40...50 Ocrank-
shaft before TDC.

Combustion process
The initial thermal reaction which occurs
between the provision of the igni:ion en-
ergy by the spark and the exothermal re-
action of the air-fuel mixture is the ignition
phase. This phase is roughly constant
over time, with mixture compositioc as the
only influencing factor. As a result, in-
creasing engine speeds are accompa-
nied by proportionately higher ignition de-
lays - referred to piston travel crank-
shaft) - which change togethr with
excess-air factor (lambda) k

The moment of ignition, therefore, has
to be advanced as engine speed in-
creases and excess-air factor ) rises. Ig-
nition advance, however, is limited by the
fall-off in the mixture's energy density in
the vicinity of the electrodes (see above).
When this physical limit is reached, de-
signers can resort to twin spark-plug con-
figurations or pre-chamber ignitioi to im-
prove the situation.

The heat-release transient is deter-
mined by the rate of combustion, which in
turn is defined by the speed of lame prop-
agation and the area of the flarre front.
The speed of flame propagation cepends
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on diffusion processes at the flame front
and reaches a peak of approximately
20.40m s-in gasoline-air mixtures with
approx. 10% air deficiency (A = 0.9). It is
influenced by the excess-air factor )and
the temperature of the mixture.

The area of the flame front can be influ-
enced by the geometry of the combustion
chamber and the position of the spark
plug. Folding of the flame front due to tur-
bulance and induced flows (such as swirl
and tumble) is a significant factor in this
respect. The flows induced primarily by
the induction process and to a lesser ex-
tent by combustion-chamber geometry in
conjunction with the compression squish
folc the flame front and thus accelerate
the process of energy conversion. Tum-
ble swirl and squish increase with engine
speed and consequently, folding of the
flae front also becomes more pro-
nounced. This explains why the rate of
heat release increases with speed de-
spite the fact that by definition, the rate of
flae propagation must remain constant.

Although it can factor in ultra-low-turbu-
lence processes or in tests in low-flow
pressure chambers, the turbulence cre-
aled by flame propagation itself is of no
significance in the combustion process as
it takes place in modern SI engines.

The rising pressure due to local flame
propagation causes an increase in tem-
perature throughout the mixture, including
tha, not yet reached by the flame and
kncwn as the "end gas". On account of lo-
cal heat radiation and heat conduction,
however, the temperature in the flame
front is higher than in the rest of the mix-
ture. This ensures regular flame propaga-
tion. The anomaly known as combustion
kncckorpre-ignition,duetosimultaneous
combustion of the end gas, occurs when
the increase in pressure causes the tem-
perature of the end gas to exceed its igni-
tio limits.

Low fuel consumption and high effi-
ciency are promoted by high combustion
speeds (brief duration), combined with
the optimal thermal release pattern rela-
tive to piston travel. Maximum heat re-
lease should occur shortly (approx.
5...0ocrankshaft) aftertop dead center. If
most of the heat is released too early, wall
heat losses and mechanical losses (high

Internal-combustion engines 375

peak pressure) are increased, Late heat
release leads to sacrifices in thermal effi-
ciency (efficiency of cycle factor) and high
exhaust-gas temperatures.

The ignition timing must be selected for
optimum thermal generation curves n ac-
cordance with the:
- Air-fuel mixture ratio (A, T),
- Effects of engine parameters (particu-

larly load and speed) on combustion-
chamber turbulence,

- Constant-duration ignition and lame
propagation processes, meaning that
variations in ignition timing are required
as engine speed increases.

Problems and limits of combustion
In actual practice, reliable flame init ation
and propagation in engines with external
mixture formation and spark ignitior pro-
hibit the use of mixtures leaner than A >
1.3, although these would be desirable for
improving the levels of theoretical (poly-
tropic exponent) and gas-exchange (low
throttle losses) efficiency, along with use-
ful reductions in wall-heat and disocia-
tion losses (reduction in combustion tem-
perature). Appropriate tests are under-
taken with GDI engines (Gasoline Direct
Injection).

Although higher compression ratios
provide enhanced part-load efficiency,
they also increase the risk of combLstion
knock (pre-ignition) under full load. Pre-
ignition occurs when the entire charge of
end gas reaches ignition temperature and
burns instantaneously without regular
flame propagation. The end gas is highly
compressed and its energy dens ty is
therefore very high, so pre-ignition sud-
denly releases very large amounts of
heat. The high local temperatures caused
in this way place extreme loads on the en-
gine components and can also damage
them. The high-energy cycles also result
in extreme pressure peaks. Within the
combustion chamber these pressure
peaks propagate at the speed of sound
and can cause damage to the piston,
cylinder head, and cylinder-head gasket
at critical points.

The risk of combustion knock can he re-
duced by using fuel additives or by richer
mixtures (supplementary internal codling).

III
'Ii

I

II V
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376 Internal-combustion engines

Combustion knock with normal com-
bustion and trailing throttle in the
p-a diagram

crankshaft-

The current expedient of avoiding pre-
ignition by retarding the ignition timing
raises problems of its own, especially
when used on high-compression engines.
Because the ignition curve (mean pres-
sure relative to ignition point) becomes in-
creasingly steeper as compression in-
creases, the resulting sacrifices in mean
effective pressure are accompanied by
extreme exhaust-gas temperatures. Reli-
able detection and avoidance of pre-
ignition are thus vitally important in the
., = 11..13 compression range-

Load control
n unthrottled GDI engines with heteroge-

neous mixture, load is controlled by
means of the quantity of fuel injected.
Spark-ignition engines with homogenous
mixture formation, on the other hand, af-
ord little latitude for operation with lean
mixtures, so load control has to be imple-
mented by adjusting the mass flow of mix-
:ure. In carburetor engines, which have
lost virtually all their significance in auto-
motive engineering, this can be achieved
by throttling the mixture mass flow. In en-
gines with intake-manifold injection, throt-
le control to reduce the density of the in-
:ake air is the conventional approach.
This arrangement. however, increases
charge-cycle losses, so development is
concentrating on alternative methods of
oad control. Mass flow can be influenced,
for example, by prematurely closing the

5 TOC 10 20 30 40
--- lPcrank-

aefore TDC Ignition advance staff

intake valves and thus shortening the ef-
fective intake periods. This complicated
means of load control, however, requires
fully variable valve timing and cai cause
fuel condensation as the result 01 expan-
sion when the intake valves are closed.
This drawback can be countered with
"feedback control", an arrangement in
which the intake valves are not closed un-
til the requisite mass of mixture ias just
had time to fill the cylinder.

Another way of reducing or even elimi-
nating throttle losses is exhaust-gas recir-
culation with the intake valves open. Load
can be varied across a wide range by
modulating the exhaust-gas recirculation
rate.

Regulating charge-air pressure is a
method of accomplishing load control
over wide regions of the characteristic
map with supercharged spark-ignition en-
gines.

Combustion
knock

Normal
combuslion Trailing

tIrottle

CT

Potential mean effective pressure at
pre-ignition limit as a function of
compression ratio and timing
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I
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Internal-combustion engines 377

Power output and economy
The efficiency index for engines with ex-
terral mixture formation and spark igni-
tion falls primarily in the lower portion of
the map (see illustration). This is owing to
combustion inefficiency (insufficient tur-
bulence, inadequate charge density)
along with an inefficient gas-exchange
process.

Effective efficiency is further reduced
by the low mechanical efficiency charac-
teristic of this region of the map.

All measures for avoiding these lower
sec:lons of the map therefore contribute
to improving the engine's overall effi-
ciency.

Selectiveinterruption ot the fuel supol
to individual cylinders allows the remain-
ing cylinders to operate at higher effi-
ciency levels with improved combustion
and gas exchange. Valve deactivation
provides further reductions in power loss
by allowing the intake and exhaust valves
for the deactivated cylinders to remain
closed. Cylinder shut-off entails immobi-
lizing the mechanical power-transmission
conponents of the idle cylinders for
further increases in mechanical efficiency.

The measures cited above vary in
terms of sophistication, but engine speed
reduction also enhances general effi-
ciency-while promoting effective gas ex-
change; simultaneous reductions in mean
frictional pressure also improve mechani-
cal efficiency.

The diesel engine
A diesel engine is a reciprocating-piston
engine with internal (and thus heteroge-
neous) mixture formation and auto-igni-
tion. During the compression stroke in-
take air is compressed to 30 ..55 bar in
naturally aspirated engines or 80..110
oar in supercharged engines, so that its
temperature increases to 700...9000GC
This temperature is sufficient to induce
auto-ignition in the fuel injected into the
cylirders shortly before the end of the
compression stroke, as the piston ap-
proaches TDC. In heterogeneous
processes the mixture formation is deci-
sive in determining the quality of the com-
bustion which then follows, and the effi-

Curves of indicated efficiency vs. load
factor and engine speed fora spark-
ignition engine with throttle control
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ciency with which the inducted corrbus-
tion air is utilized, and thus in defining the
available mean effective pressure levels.

Relationship between engine speedand
mean pressure of friction loss
5-liter gasoline engine, P, = 130 kW= con-
star atincreasing engine load, p, Mean
pressure,
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378 Internal-combustion engines

Mixture formation
in heterogeneous mixtures, the air-fuel
ratio;.extends from pure air (A= =-) in the
spray periphery to pure fuel (A= 0) in the
spray core.

The figure provides a schematic illus-
tration of the A distribution and the associ-
ated flame zone for a single stationary
droplet. Because this zone always occurs
for every drop of injected mixture, load
control with heterogeneous mixture for-
mation can be performed by reguating
the fuel supply. This is termed mixture-
quality control.

As with homogenous mixtures, com-
bustion takes place in the relatively nar-
row range between 0.3 < A < 1.5. The
mass transport necessary for generating
these combustible mixtures relies on dif-
fusion and turbulence; these are pro-
duced by the mixture formation energy
sources described below as well as by the
combustion process itself.

Kinetic energy of the fuel spray
The spray's kinetic energy varies accord-
ing to the pressure differential at the noz-
zle orifice. Along with the spray pattern
(as determined by the nozzle geometry)
and the fuel's exit velocity it determines
the configuration of the space in which the
air and fuel interact aswell as the range of
droplet sizes in the chamber. The spray
energy is influenced by the delivery rate of
the fuel-injection pump and the dimen-
sions of the metering orifice in the injector
nozzle.

Curve of the air-fuel(A/F) ratio Ainan
.individual stationary fuel droplet

Fuel
droplet

0

co
Flame
periphery

Lean
1.5-
0.3 Ignition irnts

Corbustible rnge
(flame zone)

Thermal energy
Thermal energy from the corrbustion-
chamber walls and the compressed air
vaporize the injected fuel (as af Im layer
on the walls and as droplets).

Combustion-chamber shape
The shape of the combustion chamber
and the action of the piston can be utilized
to create turbulence (squish), orI tdistrib-
ute liquid fuel or the fuel-air vapor jet.

Controlled air patterns (swirling ection)
IT the direction of fuel flow is roughly per-
pendicular to the direction of the vortex
and droplet vaporization is taking place, a
movement imparted to the combustion air
inside the combustion chamber. usually in
the form of solid-particle rotating Ilow, pro-
motes the flow of air toward the fuel
stream. and removes the combusted
gases from the stream. -

As the wall film evaporates, the air's
swirling motion absorbs the vapor layer
and provides thermal insulation between
the combusted and fresh gases, while the
microturbulence patterns superimposed
upon the solid-particle vortex ensure rapid
mixture of air and fuel. The air's controlled
solid-particle swirl can be induced using
special induction tract geometris or by
shifting a portion of the cylinder charge into
a rotationally symmetric auxiliary chamber
(by transporting it through a side passage).

Partial combustion in a swirl chamber
When fuel is partially combustd in an
auxiliary chamber its pressure rises
above that in the main combustion cham-
ber. This increase then propels the par-
tialy oxidized combustion gases and va-
porized fuel through one or more pas-
sages into the main combustion chamber,
where they are thoroughly mixed with the
remaining combustion air.

The diesel combustion process makes
use of at least one (but usually an appro-
priate combination) of these miKture for-
mation methods.
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Direct injection
This term refers to all designs with a sin-
gle unified combustion chamber.

Low-swirl or static-charge spray-injection
combustion
This combustion process operates virtu-
ally without swirl of the air mass in the
cylinder, or even with none at all, and re-
lies on the energy in the injection jets to
ensure mixture formation. It was formerly
used in large medium- and slow-speed
diesels operating with high excess-air
factors on account of thermal design con-
siderations.

The combustion chamber is a wide,
usually t-shaped recess centered in the
piston crown, Fuel is injected through a
central, vertical multi-hole nozzle with
5.18 orifices.

Higher excess-air factors and higher in-
jection-jet energies (resulting from higher
injection pressures) are two conse-
quences of the increasingly lower emis-
sion limits for NOx and particulates in the
exhaust gas. At the same time, all modern
commercial-vehicle engines with dis-
placements down to approximately 1/ per
cylinder are turbocharged and are fitted
with governors to restrict their speed
ranges for the sake of improved fuel con-
surmption. These are the reasons why this
method has become commonplace for
conmmercial-vehicle engines, particularly
since the retarded start of injection for the
sake of further reductions in NOx emis-
sions goes hand in hand with higher ther-
mal loads in the engines themselves.

Combustion-chamber shape and nozzle
location for the static-charge spray-
injection process without air swirl

I?

ft
II

.1
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Swirl-assisted multiple-orifice nozzle
combustion process
The mixture-forming energy of the injec-
tion jets alone is not enough for suffi-
ciently uniform and rapid mixture prepara-
tion in high-revving diesels with wide op-
erating-speed ranges and small swept
volumes (in other words, the engines
most frequently found in passenger cars
and vans). Supportive motion of the air in-
side the combustion chamber is required.
This is achieved by installing pistons with
considerably shallower recesses. These
recesses are constricted at the top n or-
der to create highly turbulent squish from
the piston gap in the vicinity of the injec-
tion-jet contact points and to accelerate
the swirl of the air charge induced by the
design of the inlet elements (swirl inlet
ducts). The total swirl velocity of the in-
cylinder air mass achieved in this way is
selected to ensure that the air-fuel mix-
ture formed over the injection period from
the injection jet issuing from the nczzle,
and the air swirl rotating about an axis
normal to this jet, completely fills and uti-
lizes the downflow region of the corr bus-
tion chamber until the next injection let is
received.

Consequently, this method employs
nozzles with a significantly smaller num-
ber of orifices, namely 4...6. In this case,
too, the nozzle is positioned as close as
possible to an imaginary line exterding
though the center of the piston recess.

If the air-fuel mixture fails to completely
fill the combustion-chamber segment,
both air utilization and power outpu! will
suffer. On the other hand, if there is an

Combustion-chamber shape and nozzle
location for multiple-oritice process wirh
air swirl
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380 Internal-combustion engines

overlap and the mixture extends beyond
this space between the individual injec-
tion events, the resulting excessive local
fuel concentration leadsto airdeficiencies
and increased formation of soot.

M System
In the MAN wall-distribution combustion
system (M system) most of the fuel is
sprayed against the wall of the combus-
tion chamber. This process supplements
the energy in the injection spray by ex-
ploiting the heat from the combustion-
chamber wall and the swirling action of
the air to form the mixture The single-ori-
fice nozzle, projecting into the narrow pis-
ton-crown chamber at an angle, sprays
the fuel intothe swirl and againstthe com-
bustion-chamber wall, Here the fuel forms
a film which vaporizes and forms a very
homogenous mixture with the swirling
combustion-chamber air as it passes.
This process combines excellent air uti-
lization with low exhaust-gas opacity (soot
emissions).

The fuel film evaporates more slowly
from the combustion-chamber wall than
the droplets in the compressed air, so
combustion processes of this nature are
no longer of practical value in terms of the
requirements applicable to fuel consump-
tion and gas-phase emissions.

Divided-chamber (two-chamber)
combustion systems
Divided-chamber combustion systems
are well-suited to small, high-speed diesel
engines, usually installed in passenger
cars. Here, very stringent requirements
are placed on mixture formation speed

Combustion-chamber shape and nozzle
location in the MAN M system

and air utilization (potential ).). At the
same time, economic considerations dic-
tate that the use of the expensive injection
equipment required to generatq high in-
jection energy be avoided.

In addition, swirl-type intake passages
present difficulties with regard to volumet-
ric efficiency.

The divided-chamber method com-
bines rich mixtures in the auxiliary cham-
ber with relatively lean charges in the
main chamber to achieve extremely low
NO, and HC emissions.

Swirl-chamber system
This process features an almost spherical
auxiliary chamber, comprising approx.
50% of the total compression volume, lo-
cated at the edge of the main combustion
chamber. The connection be.ween the
auxiliary and main chambers is furnished
by a passage which enters the main
chamber at an angle directed oward the
center of the piston. The swirl chamber
houses the injector and the glow plug
(starting aid). The compresson stroke
generates an intense air vortex in the swirl
chamber. As in the M process, the fuel is
injected eccentrically to converge with the
swirl pattern and land against the cham-
ber's wall. Critical factors are th adesign of
the swirl chamber (for instance, with sup-
plementary mixture vaporizaticn surfaces
where the injection spray contacts the
wall) and the locations of the injector and
the glow plug; these factors define the
quality of the combustion process. This
process combines very high engine
speeds (> 5000 min-'), with good air uti-
lization and low particulate emissions.

Combustion-chamber shape and nozzle
location for the swirl-chamber system

r ri
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Preachamber system
The prechamber system features an
auxiliary chamber (prechamber) which is
centrally located relative to the main com-
bustion chamber, with 35.40% of the
compression volume. Here too, the injec-
tioi nozzle and glow plug (starting aid)
are located in the prechamber It commu-
nicates with the main combustion cham-
ber through several orifices to allow the
combustion gases to mix as completely
as possible with the main combustion air.
One optimized prechamber concept uti-
lizes the deflection surface below the in-
jector nozzle to simultaneously induce
rapid mixture formation and a controlled
turbulence pattern (on some designs) in
the prechamber. The turbulent flow meets
the injection spray, which is also aimed
into the swirl at an angle. The entire sys-
tem, including the downstream glow plug,
provides combustion with very low emis-
sicns and major reductions in particu-
lates. The process is distinguished by a
hich air-utilization factor, and is also suit-
ab e for high engine speeds.

On account of the inherently high fuel
consumption, prechamber combustion is
becoming less and less viable for passen-
ger-car applications. Common rail injec-
lion (P. 551) and refined turbocharging
techniques for small engines have ren-
dered direct injection increasingly com-
monplace in passenger-car diesel en-
gines.

Combustion-chambershapeandnozzle
location for the prechamber system

Internal-combustion engines 381

Combustion process
The start of injection (and thus the start of
mixture formation) and the initiation of the
exothermal reaction (start of ignition) are
separated by a certain period of time,
called ignition lag. The actual delay is de-
fined by:
- the ignitability of the fuel (cetane num-

ber),
-the compression end pressure (com-

pression ratio, boost factor),
- the compression end temperature

(compression ratio, component temper-
atures, intercooling), and

- the fuel-management system.

The combustion process, which begins
with the start of ignition, can be subdi-
vided into three phases. In the "premixed
flame" phase, the fuel injected prior to the
start of ignition and mixed with the air
combusts. The fuel injected once ignition
has started combusts in a "difusion
flame". That portion of the combusted fuel
which burns as a very rapid pre-nixed
flame is primarily responsible forthe pres-
sure rise, and thus is the primary ca ise of
both combustion noise and oxides of ni-
trogen. The slower-burning difusion
flame is the main source of particilates
and unburned hydrocarbons.

The third, post-injection, phase is when
the soot formed primarily during the sec-
ond phase is oxidized. This phase is be-
coming increasingly significant in modern
combustion processes.

The heat release of a diesel engine de-
pends on the combustion process itself,
but also to a very large extent on the start
of injection, the injection rate, and the
maximum injection pressure. In direct-in-
jection diesel engines, the number of ori-
fices in the nozzle is another crucial fac-
tor. The injection system, moreover, re-
quires a pre-injection capability (pilot
injection) in order to reduce combustion
noise and ensure that injection for the
main injection phase commences as
early as possible. This reduces fue! con-
sumption for given levels of nitrogen-ox-
ide emissions.

The diagram illustrates the therrral-re-
lease patterns which are characteristic of
the various injection methods. The dual-
stage combustion available with the di-

*1

1)1
p1 $

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4755



382 Internal-combustion engines

vided-chamber process provides yet an-
other means of influencing the combus-
tion process by allowing selection of dif-
ferent diameters for the passage between
the auxiliary and main chambers.

Problems and limits of combustion
Because the fuel injected into diesel en-
gines must ignite through auto-ignition,
highly volatile fuel is required (cetane
number CN = 45.50). Since at low start-
ing speeds compression does not begin
until after intake-valve closure (that is, sig-
nificantly after BDC), the effective com-
pression ratio, and with it the compression
temperature, are greatly reduced. This
means that despite high compression ra-
tios, ignition problems can occur during
starting, particularly when the engine is
cold.

In addition, cold engine components
tend to absorb thermal energy from the
compressed air (polytropic exponent:
1,1 < n < 1.2). The equation T, = To. 8r-
indicates that a reduction in the effective
compression or the polytropic exponent
causes a reduction in the final compres-
sion temperature. At the same time, mix-
ture formation is unsatisfactory at low en-
gine speeds (low injection pressure, large
fuel droplets) and air movement is inade-
quate. Extended vaporization times (in

jection begins sooner) and an increase in
the injected fuel quantity - to significantly
higher levels than the full-load quantity
(providing more low-boiling fuel) can only
partially solve the starting problem, be-
cause the higher-boiling fuel constituents
leave the engine in the form of white or
blue smoke. Thus starting aids designed
to increase the temperature, suci as glow
plugs or flame starting systems, are es-
sential, especially in small engines.

Because a significant portion of the
mixture-formation process occurs during
combustion in heterogeneous processes,
it is important to avoid local concentra-
tions of excessively rich mixture in the dit-
fusion flame, as the result would be an in-
crease in soot emissions. even with ex-
tremely lean overall mixtures. The air-fuel
ratio limits at the officially mandated toler-
ance level for smoke provide ar index of
air-utilization efficiency. Divided chamber
engines reach the smoke limit with excess
air of 5...15%, while the comperable fig-
ure is 10...80% for direct-injection
diesels. It should be noted that arge-vol-
ume diesel engines must also be run with
significant levels of excess air owing to
thermal component load.

Soot is an inevitable byproduct of het-
erogeneous combustion, so a sootess
diesel engine must inevitably emain a
conditional development and w 1l require
significant improvement in soot oxidation,

It has, however, proven possible to re-
duce the particulate emissions from mod-
ern diesel engines to below the visibility
threshold using a variety of measures.
These include raising injection pressures
at the nozzle, and the transitiol to opti-
mized spray injection processes featuring
larger combustion recesses in the piston,
multiple injector orifices, exhaust-gas tur-
bocharging, and charge-air cocling. The
planned limits for particulates, however,
dictate the need for the development of
particulate filters employing the requisite
regenerative systems.

Due to the abrupt combustion in that
portion of the fuel that vaporizes and
mixes with air during the igniticn-lag pe-
riod, the auto-ignition process may be
characterized by "hard", loud ccmbustion
during operation under those conditions
where this fuel comprises a large propor-

Thermat-release curves
I Air-distributeddirectfuelinjection natu-
rally-aspirated engine tuned for maximum
economy), 2 Well-distribution direct injection
(designed for minimal noise), 3 Divided-
chamber process in auxiliary chamber (3a)
and main chamber (3), 4 Minimum emis-
sions static-charge spray injection (inter-
cooledturbochargedengine).

J/'crank-
shaft

a0.10
a 0.2 0.08

t006-
a . .2

0.04 
X 
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tion of the total. These conditions include
idle, low part-throttle on turbocharged en-
gines, and high-load operation on high-
speed naturally-aspirated powerplants.

The situation can be improved by de-
creasing the ignition lag (preheating the
intake air, turbocharging or increasing
compression) and/or by reducing the in-
jected fuel quantity during the ignition-lag
period. On direct-injection engines, this
recuction is usually obtained by applying
pilot injection, whereas on divided-cham-
ber engines a special injector configura-
tion is employed (throttling pintle nozzle).

Not to be confused with the "hard" com-
bustion inherent to the design is the
"knock' to which turbulence-chamber
arrangements with pintle nozzles are par-
ticularly susceptible, and which occurs
primarily in the medium- and low-load ar-
eas of the diesel's operating curve, This
phenomenonistraceabletoinadequacies
in the mixture-formation system (poor in-
jecior "chatter" or soot at the injectors).
and is characterized by a pulsating metal-
lic sound.

The diesel engine must be designed for
operation with high peak pressures, and
its materials and their dimensions must
be selected accordingly. The reasons
include:
- High compression ratios required for re-

liable starting and noise reductions,
- Combustion process with maximum ig-

nition propagation for fuel economy, and
- Increasingly frequent use of turbocharg-

ers featuring higher charge pressures.

Ow ng to the fact that diesel engines must
also operate with excess air (lean) at full
thrcttle, they generally have lower
specific outputs than their spark-ignition
counterparts.

Internal-combustion engines :383

Hybrid processes

Hybrid engines share characteristics with
both diesel and spark-ignition engines.

Charge stratification
In stratified-charge SI engines the mixture
directly adjacent to the spark plug s en-
riched to ensure reliable ignition, while the
rest of the combustion process proceeds
in an extremely lean mixture. The objec-
tive is to combine the part-throttle econ-
omy comparable to that of a diesel with
(especially important) low NO, and CC
emissions.

Research on open-chamber cobus-
tion systems with many characteristics
similartothose of diesel systems (m xture
quality control, high-pressure injection.
etc.) is focusing on employing inernal
mixture formation (Texaco TCCS, Ford
PROCO, Ricardo, MAN-FM, KHD-AD) to
generate an ignitable mixture at the spark
plug while using progressively leane mix-
tures (down to pure air) in the remainder
of the combustion chamber.

Processes which use internal mixture
formaton have an air-utilization lactor
comparable to that of diesel engines.

Divided-chamber combustion systems
tend to resemble spark-ignition engines in
their basic layout (throttle control, mixture
induction, etc.). In these the spark p ug is
located within a small auxiliary chamber -
the ignition chamber - corresponding to
roughly 5_25% of the total compresion
volume, One or several passages connect
this primary ignition chamber with the
main combustion chamber,

The auxiliary combustion chamber fea-
tures an additional injector which injects a
portion of the fuel directly (VW, Porsche-
SKS), or a supplementary valve to supply
fuel-air mixture to the ignition chamber
(Honda-CVCC),

A disadvantage of these processes is
their more complex design and the higher
HC emissions stemming from lower ex-
haust-gas temperatures and the atten-
dant reductions in secondary combustion
activity in the exhaust tract.

IS
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384 Internal-combustion engines

Multifuel engines
In multifuel engines, the ignitability and
knock resistance of the fuel can be rela-
tively insignificant; these engines must be
able to burn fuels of varying qualities with-
out sustaining damage. Because fuels
used with multifuel engines can have a
very low knock-resistance rating, external
mixture formation would be accompanied
by the danger of combustion knock or pre-
ignition. For this reason, multifuel engines
always use internal mixture formation and
retarded injection timing (similar to the
diesel engine). The injection pump for
multifuel operation has an annular lubri-
cation channel in the pumping element to
lubricate the plungers with engine oil from
the forced-feed lubrication system. This
lubrication channel also prevents fuel
from entering the pump's camshaft cham-
ber. Because the low ignition quality of the
fuels makes auto-ignition difficult or even
impossible, multifuel engines operate with
extremely high compression ratios (Mer-
cedes-Benz, MTU: F = 251). As an alter-
native they may be equipped with an aux-
iliary ignition source such as spark plugs
or glow plugs (MAN-FM). At e = 14.15,
the compression ratio in these engines
with externally-supplied ignition lies be-
tween that of spark-ignition and diesel en-
gines.

A special type of ignition is the ignition
spray process used in alcohol and gas
engines (KHD. MWM), in which supple-
mentary diesel fuel - corresponding to
5...10% of the full-throttle supplyof diesel
fuel- is sprayed directly into the combus-
tion chamber to ensure ignition. In this
process, the main energy source can be
supplied via external or internal mixture
formation,

Whereas stratified charging with new
mixture-formation systems is a focus of
attention within the framework of ongoing
development of GDI engines, multifuel
engines are of virtually no significance at
this time.

Gas exchange

In combustion engines employing open
processes, the gas-exchange (Exhaust
and refill) system must serve two decisive
functions:
1. Replacement is employed to return the
gas medium to its initial (start of cycle)
condition, and
2. The oxygen required to burn the fuel is
provded in the form of fresh air.

The parameters defined in DIN 1940
can be used to evaluate the gas-ex-
change process. For overall air flow (air
expenditure 4= n9/me) the entire
charge transferred during the work cycle
Ing is defined with reference to the
theoretical maximum for the specific dis-
placement. In contrast, the volumetric ef-
ficiency 4 = me/mh is based exc usively
on the fresh charge m, actually present or
remaining in the cylinder. The diference
between In and the total charge Iransfer
P1. consists of the proportion of the gas
that flows directly into the exhaust tract in
the overlap phase, making it unavailable
for subsequent combustion. The retention
rate
1= n/, 9is an index of the residual charge in the
cylinder The scavenge efficiency

indicates the volume of the fresh charge
ni, relative to the existing total charge
consisting of the fresh charge and the

Representation of the four-stroke gas
exchangeprocess in the p-V diagra1
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Internal-combustion engines

residual gas Mr. Here, the parameter m,
indicates the amount of residual gas from
earlier working cycles remaining in the
cylinder after the exhaust process.

In a 2-stroke cycle, the gas is ex-
changed with every rotation of the crank-
shal at the end of the expansion in the
area around bottom dead center. In a
4-stroke cycle, separate intake and ex-
haust strokes provide a supplementary
gas-exchange cycle.

4-stroke process
Valve timing - and thus gas exchange -
are regulated by a control shaft
(camshaft) rotating at half the frequency
of the crankshaft by which it is driven. The
camshaft opens the gas-exchange valves
by depressing them against the valve
springs to discharge the exhaust gas and
to draw in the fresh gas (exhaust and in-
take valves respectively). Just before pis-
ton bottom dead center (BDC), the ex-
haust valve opens and approx. 50% of
the combustion gases leave the com us-
tion chamber under a supercritical pres-
sure ratio during this predischarge phase-
As it moves upward during the exhaust
stroke, the piston sweeps nearly all o the
combustion gases from the combustion
chamber.

Shortly ahead of piston top dead center
(TDC) and before the exhaust valve
has closed, the intake valve opens. This
crankshaft top dead center position is
called the gas-exchange TDC or overlap
TO (because the intake and exhaust
processes overlap at this point) in order to
distinguish it from the ignition TDC.
Shortly after gas-exchange TDO, the ex-

4-stroke gas-exchange process

E Exhaust,
EO Exhaust opens,
EC Exhaust closes,
I Intake,
10 Intake opens,
C Intake closest

TC Top dead center,
ODC Overlap TDC,
ITOC Ignition TDC.
BOG Bottom dead center.
IP Ignition point

40' 5 ... 20-

AD ... 15' 1-*--

ITDC

IP OTDC
10 1- EC CIO

E I
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C 14
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386 Internal-combustion engines

haust valve closes and, with the intake
valve still open, the piston draws in fresh
air on its downward stroke. This second
stroke of the gas-exchange process, the
intake stroke, continues until shortly after
BDC. The subsequent two strokes in the
4-stroke process are compression and
combustion (expansion).

On throttle-controlled gasoline engines,
during the valve overlap period exhaust
gases flow directly from the combustion
chamber into the intake passage, or from
the exhaust passage back into the com-
bustion chamber and from there into
the intake passage. This tendency is es-
pecially pronounced at low throttle open-
ings with high manifold vacuum. This "in-
ternal" exhaust-gas recirculation can
have negative effects on idle quality, but it
is impossible to avoid entirely, as a com-
promise has to be found between ade-
quate high-speed valve lift and a satisfac-
tory idle.

Early exhaust valve timing allows a high
degree ofblowdown, and thus guarantees
low residual-gas compression as the pis-
ton sweeps through its upward stroke, al-
though at the price of a reduction in the
work index for the combustion gases.

The "intake valve closes" (IC) timing ex-
ercises a decisive effect on the relation-
ship between air expenditure and engine
speed.

When the intake valve closes early (IC)
the maximum charge efficiency occurs at

Intake-carnshaft rotation
1Retard, 2 Standard, 3 Advance.

Exhau t Intaket fixed) (variable)

2-

0 _
30 3600 420 480 540 600

TDC BDC
Crank angle

low engine speeds, while late closing
shifts the efficiency peak towarc the up-
per end of the min-' spectrum.

Obviously, fixed valve timing will always
represent a compromise between two dif-
ferent design objectives: Maximum brake
mean effective pressure - and thus
torque - at the most desirable points on
the curve, and the highest possiole peak
output The higher the min-! at which
maximum power occurs, and the wider
the range of engine operating speeds, the
less satisfactory will be the ultimate com-
promise. Large variations in the valves'
effective flow opening relative t0 stroke
(i.e. in designs featuring more :han two
valves) will intensify this tendency.

At the same time, the demands for min-
imal exhaust emissions and maximum
fuel economy mean that low idle speeds
and high low-end torque (despite and
along with high specific output for rea-
sons of power-unit weight) are tecoming
increasingly important. These impera-
tives have led to the application of var-
able valve timing (especially for intake
valves), whereby the most significant con-
cepts (with attention focused on high-
speed gasoline engines in series produc-
tion) have been the following:

Variable camshattibying ,L rctation: A
hydraulic control mechanism rotates the
intake camshaft to vary the valve timing
for"intake opens" and "intake closes" as a

Selective camshaft-lobe actuatior
I Base cam lobe, 2 Auxliary cam loe.

Exhaust n
(variable) (variable)

10
120, 240 360` 480'

BDC TDC 13
Crank angle

Intake
(variable)

600'
DC
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Internal-combustion engines 387

function of engine speed (Alla-Romeo,
Mercedes-Benz).

The camshaft is set for delayed closing
of the intake valve at idle and at high en-
gine speeds. This results in a certain
amount of valve overlap at overlap top
dead center (OTDC) for stability at idle
and enhanced output at high mirr', The
camshaft is rotated to close the intake
valve early (IC) under full load in
midrange operation. furnishing higher vol-
umetric efficiency with correspondingly
high levels of torque.

Selective camshaft-lobe actuation: The
timing of the intake and exhaust valves is
varied by alternating between separate
lobes featuring two different lift profiles
(Honda).

The first lobe features a profile tailored
for optimum intake and exhaust timing
and valve lift in the lower and middle en-
gine-speed ranges. At high mirr, a
rocker arm that pivots freely at low speeds
is coupled to the standard rocker arm; this
rocker arm rides on a second cam lobe to
provide greater lift and extended opening
times.

Infinitely-variable valve lift and timing:
Continuous modification of valve timing
as a function of engine speed (Fiat).

This is the optimum concept, but it is
also the most difficult to implement. It em-
ploys cam lobes with a curved three-di-
mersional profile and lateral camshaft shift
to achieve substantial increases in torque
over the engine's entire min' range.

H gh-speed solenoid injectors (injection
valves) have opened the way for develop-
ment of electro-hydraulically actuated
valve timing systems. Work is also under
way on valve timing arrangements with
solenoid actuation. At this time, however,
solutions of this nature have not pro-
gressed as far as series production.

Evalu ~~-xcae~rnpet
The intake and exhaust tracts can be
evaluated using stationary flow testing
with flow numbers or passage efficiency
levels. It is useful to evaluate the exhaust
valves in the lower lift range with refer-
ence to supercritical pressures of the kind
occurring in the blowdown phase.

Infinitely-variablevalveliftandtiming

Infinitely-variable valve lift and timing
a) Minimum lift, b) Maximum lift

a

Alongside assessment of the flow rium-
ber, analysis of in-cylinder flow is becom-
ing increasingly significant. These studies
can also be based on stationary flow test-
ing and the derived parameters for 3wirl
and tumble. Increasing use is being made
of 3D computer models which, unlikE the
available measuring techniques, can fur-
nish local information about flow condi-
tions. Highly developed engine models
are widely used today in the theoretical
assessment of the overall gas cycle.
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388 Internal-combustion engines

Advantages of the 4-stroke process:
Very good volumetric efficiency over the
entire engine-speed range, low sensitivity
to pressure losses in the exhaust system,
along with relatively good control of the
carging-efficiency curve through selec-
tion of appropriate valve timing and intake
system designs.

Disadvantages of the 4-stroke
process:
Valve control is highly complex. The
power density is reduced because only
every second shaft rotation is used to
generate work.

2-stroke process
To maintain gas exchange without an
additional crankshaft rotation, the gases
are exchanged in the two-stroke process
at the end of expansion and at the begin-
ning of the compression stroke. The in-
take and exhaust timing are usually con-
trolled by the piston as it sweeps past in-
take and exhaust ports in the cylinder
rousing near BDC. This configuration,
however, requires symmetrical control
times and involves the problem of short-
circuit scavenging. In addition, 15...25%
of the piston stroke cannot produce work
because only charge volume V and not

Graphical representation of the 2-stroke
gas-exchange process in the pt diagram

V~V

_ V, V01

displacement volume Vr can be exploited
for power generation. Because ta two-
stroke process lacks separate intake and
exhaust strokes, the cylinder must be
filled and scavenged using positiva pres-
sure, necessitating the use of scavenging
pumps. In an especially simple arid very
frequently-used design, the bottom sur-
face of the piston works in conjunction
with a crankcase featuring a minimal
dead volume to form a scavenging pump.
The illustrations show a 2-stroke engine
with crankcase scavenging or crankcase
precompression along with the associ-
ated control processes. The processes
which take place on the scavenging pump
side are shown in the inner circle, while
those occurring on the cylinder side are
shown in the outer circle. Satisfactory
cylinder scavenging is available using
crossflow scavenging, loop scavenging
and uniflow scavenging.

Advantages of the 2-stroke process:
Simple engine design, low welcht, low
manufacturing costs, better torsional
force pattern.

Disadvantages of the 2-stroke
process:
Higher fuel consumption and higher HC
emissions (cylinder scavenging is prob-
lematic), lower mean effective pressures
(poorer volumetric efficiency), higher ther-
mal loads (no gas-exchange stroke), poor
idle (higher percentage of residual gas).

P

PC -
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Internal-combustion engines 389

2-stroke scavenging.
I Cross scavenging, 2 Loop scavenging, 3 and 4 Uniow scavenging.

4jtE

T r T

Transfer

Exhaust

/0

0:

T E

TB-G-0

2

E
T

T E

T E

2-stroke gas-exchange process with crankcase compression

E Exhaust,
EO Exhaust opens.
EC Exhaust closesO 0
I Intake. TDto Intake opens,
I0 Intakecloses,
T ransferpassage educ

croses,
70 Transferpassage
TC Transferpassage

opens, IO
T7C Top dead center

DC Bottom dead center
I' Ignition point

C

or?

E
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EC TC TO EO
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390 Internal-combustion engines

Supercharging processes

The power of an engine is proportional to
the processed air mass m.Because this
air throughput, in turn, is proportional to
air density, the power of an engine, given
a specific displacement and engine
speed, can be increased by precom-
pressing the air before it enters the cylin-
ders, i.e. by supercharging.

The supercharging ratio indicates the
density rise as compared to a naturally-
aspirated engine. One determining factor
is the system used (potential pressure ra-
tio). The maximum ratio for a given pres-
sure increase is obtained when the tem-
perature of the compressed air (boost air)
is not increased or is returned to its initial
level by intercooling.

in the spark-ignition engine, the super-
charging ratio is restricted by the pre-igni-
tion threshold. In the diesel engine maxi-
mum permissible peak pressures are the
limiting factor In order to avoid these
problems, supercharged engines usually

Ram-pipe supercharging
Configuration and energy balance.
Induction work A of the piston corresponds to
compression work B

ppp

Po A

-VI-- V-' V

have lower compression ratios than their
naturally aspirated counterparts.

Dynamic supercharging
The simplest type of supercharging ex-
ploits the dynamic properties of the intake
air.

Ram-pipe supercharging
Each cylinder has a special intake mani-
fold of a specific length, usually con-
nected to a common plenum chamber.
The energy balance is characterized by
the fact that the intake work of the piston
is converted into kinetic energy in the col-
umn of gas upstream from thE intake
valve, and this kinetic energy, in turn, is
converted into charge compression work.

Tuned-intake-tube charging
In tuned-intake charging, short ducts con-
nect groups of cylinders with the same ig-
nition intervals to resonance chambers.
These resonance chambers are con-
nected to the atmosphere or a common
chamber by tuned tubes, and act as
Helmholtz resonators.

Tuned-intake-tube charging
Configuration and charging-efficiency curve.

Tunedtube

Resonance

Cylinders

'-at

t
0)>
C'-)

C

coo

Go)

With tuned-intake
tube charging

Standard
intake manifold

Speed negne
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Internal-combustion engines 391

Variable-qeometry intake manifold
Several manufacturers (BMW, Citro~n,
Opel, Ford) have already introduced
systems employing the principles of dy-
namic boost (including combination de-
signs). These systems enhance charge
efticiency, above all at low min-

Switch-over in the variable-geometry
system uses flaps or similar devices to
connect or isolate the different groups of
cylinders as a function of engine speed,

At low mirr' the variable-length intake
runners operate in conjunction with an ini-
tial resonance chamber. The length of the
intake runners is adjusted continually as
engine speed increases, the entire
process culminating with the opening of a
second resonance chamber.

Mechanical supercharging
In mechanical supercharging, the super-
charger is powered directly by the engine,
wftich usually drives the supercharger at
a fixed transmission ratio. Mechanical or
electromagnetic clutches are often used
to control supercharger activation.

A clear illustration of the relationship be-
tween the engine and the supercharger is
provided by the diagram for pressure vs.
volumetric flow rate, in which the pressure
ratio 7r of the supercharger is plotted
against volumetric flow rate V.

The curves for unthrottled 4-stroke en-
gires (diesel) are particularly descriptive
because they contain sloped straight lines
(engine mass flow characteristics) which

represent increasing engine air-th ough-
putvaluesasthe pressure ratioT, r- P21Ili
increases at constant engine speed.

The diagram shows pressure ratios
which result at corresponding constant
supercharger speeds for a positive-dis-
placement supercharger and a hydroki-
netic compressor.

Variable-geometry intake manifold
a) Two-stage operation.
b) Three-stage operation.
A, 6Cylinder groups
1,2Flaps, m '-regulated

A B

Variable-length intake runners
1Resonance chamber 1.
2Adjuster,
3 Resonance chamber2 2 3

1D

-'-Li
IL1;

rp~

'4

Ii

II

'A

2__

1n

Variable-cleometry intake manifold

2 3

b
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392 Internal-combustion engines

Only superchargers whose delivery
rates vary linearly with their rotational
speeds are suitable for vehicle engines.
These are positive-displacement super-
chargers of piston or rotating-vane design
oi Roots blowers (see R 440). Hydroki-
netic flow compressors are not suitable.

Advantages of mechanical super-
charging:
Relatively simple superchargers on "cold"
stde of engine. Engine exhaust gas is not
involved. Supercharger responds imme-
diately to load changes.

Disadvantages of mechanical super-
charging:
The supercharger must be engine-
powered, causing increased fuel con-
sumption.

Exhaust-gasturbocharging
In exhaust-gas turbocharging, the energy
for the turbocharger is extracted from the
engines exhaust gases. Although the
process exploits energy that remains un-
used (owing to crankshaft assembly ex-
pansion limits) by naturally-aspirated en-
gines, exhaust back-pressure increases
as the gases furnish the power required to
turn the compressor.

Current turbocharged engines employ
an exhaust-driven turbine to convert the
energy in the exhaust gas into mechani-
cal energy, making it possible for the tur-

Pressure vs. volumetric flow-rate map
of mechanically driven positive-displace-
ment superchargerand turbocharger
VL Positive-displacementsupercharger
SL Hydrokinetic flow compressor

V PLvmi f

a-0
/>

Volumetriciow-

bocharger to compress the induction gas.
The exhaust-gas turbocharger is a

combinedexhaust-driventurbineaidflow
compressor (see P. 442).

Exhaust-gas turbochargers are isually
designed to generate a high boost pres-
sure even at low engine speeds. Con-
versely, however, boost pressure at the
high end of the engine min- 1 range can in-
crease to levels that could place exces-
sive load on the engine. Engines with
wide speed ranges in particular therefore
require a waste gate bypassing the tur-
bine, although this means a loss of ex-
haust-gas energy. Much more satisfac-
tory results can be achieved with a com-
promise between high charge pressure at
low min' and avoidance of engine over-
load at the high end of the min' range by
employing Variable Turbine Geometry
(VTG). The blading of a VTG turbine ad-
justs to suit the flow cross-sectibn and
thus the gas pressure at the turbine by
variation of the flow cross-section.

Advantages of exhaust-gas
turbocharging:
Considerable increase in power output
per liter from a given configuration; im-
proved torque curve within the Effective
engine-speed range; significant improve-
ment in fuel consumption figures relative
to naturally-aspirated engines with the
same output power; improvement in ex-
haust-gas emissions.

Pressure vs. volumetric flow-rate map of
an exhaust-gas turbocharger showng
boost pressure and exhaust backpressure
curves

VoS umeri flw

51% 01 0/

55Waste game,
220pens

Volumnetric flowV
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Disadvantages of exhaust-gas
turbocharging:
Installation of the turbocharger in the hot
exhaust-gas tract requiring materials re-
sistant to high temperatures; complexity
and space requirements for turbocharger
and intercooler: low base torque at low
engine speed; throttle response is ex-
tremely sensitive to the efficient matching
of the turbocharger to the engine.

Pressure-wave supercharging
The pressure-wave supercharger uses di-
rect energy exchange between exhaust
gas and the intake air to increase the lat-
ters density. This is accomplished by uti-
lizing the differing speeds of the gas par-
ticles and pressure waves on the one
side, and the reflection properties of
these pressure waves on the other (see
P. 446).

The pressure-wave supercharger con-
sists of a cell rotor with an air casing on
one side and an exhaust casing on the
other These incorporate specific timing
edges and gas-pocket configurations.

Advantages of pressure-wave super-
charging:
Rapid throttle response because energy
exchange between exhaust gas and boost
air lakes place at the speed of sound high
compression at low engine speeds.

Static and transient torque curves for
turbocharged and naturally-aspirated
engines

13

C'
:3
cr4
C)1
C)

CS

I~1)

Internal-combustion engines 393

Disadvantages of pressure-wave
supercharging:
Restrictions on installation flexibility ow-
ing to the belt drive and gas lines; in-
creased quantities of exhaust gas and
scavenge air; loud operation; extremely
sensitive to increased resistance on the
low-pressure side.

Truck diesel engine with exhaust-gas
turbocharging, tuned-intake-tube super-
chargingandintercooler
I Tuned tubes, 2 Resonance chamber icr
cylinders 4 - 5 - 6, 3 Turbocharger 4 al-
ancechamber.5Resonancechamberfcr
cylinders 1 - 2 - 3 6 Radialor 7nterceoer
8Fan

2 5

Coding

-7
8

Specific part-load fuel consumption
curves for atmospheric-induction and tur-
bocharged engines of the same powe,

Engine speed n-n -

11

1jl

Turbocharged engine
steady-state

Naturally-
aspirated engine

Turbocharged engine,
transient

kWh

\Naturally-
aspiratedengine

C.e

Turbecharged engine

1/ 1/ A /l

Engine power P-
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394 Internal-combustion engines

Power transfer in reciprocating-piston engines

Engine types

Single-piston-power unit
The working chamber is formed by cylin-
der head, cylinder liner, and piston.

In-line engine (1)
Cylinders arranged consecutively in a sin-
gle plane.

V-engine (2)
The cylinders are arranged in two planes
in aV configuration.

Radial engine (3)
The cylinders are arranged radially in
one or more planes.

Opposed-cylinder (boxer) engine (4)
The cylinders are horizontally opposed.

Multi-piston-power unit
More than one (usually two) working
pistons share a common combustion
chamber.

U-engine (5)
The pistons move in the same diection.

Opposed-piston engine (6)
The pistons move in opposite dirctions.

Reciprocating-piston engine types

03

3

I I
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Internal-combustion engines

Directionof rotation
(DIN 7 3 0 2 1)1)

Clockwise rotation: as viewed looking at
the end of the engine opposite the power-
output end. Abbreviation: cw.

Counterclockwise rotation: as viewed
looking at the end of the engine opposite
the power-output end. Abbreviation: ccw.

Numbering the cylinders
(DIN73021)1)

The cylinders are numbered consecu-
tively 1, 2, 3, etc. in the order in which they
would be intersected by an imaginary ref-
erence plane. As viewed looking at the
end of the engine opposite the power-out-
put end. This plane is located horizontally

| esign

4 Power output

3
2

to the left when numbering begins; the nu-
merical assignments then proceed clock-
wise around the longitudinal axis of the
engine (see figures below). If there is
more than one cylinder in a reference
plane, the cylinder nearest the observer is
assigned the number 1, with consecutive
numbers being assigned to the following
cylinders. Cylinder 1 is to be identified by
the number 1.

Firing order

The firing order is the sequeice in
which combustion is initiated in the cylin-
ders, Engine design configuration, unifor-
mity in ignition intervals, ease of crank-
shaft manufacture, optimal crankshaft
load patterns, etc., all play a role in defin-
ing the firing order,

Number of
cylinders

4
5
[6

8K

Normal firing order
(examples)

1 342or1 243
1 2 4 5 3
1 53624or
1 24653or

1 42635or
145632
16258374or
1 3684275or
1 4738526i
13258674

4 1324

2 67 1145623
w5 8 16 3 543728 r

15486372or
18364527

¾ o e Power output

14
3

4 1 4 3 2

1) Applies to motor-vehicle engines only. For internal-cornbustion engines for general and marine use,
the reverse direction as viewed looking at the power-output end) is standardized (ISO 1204 and 1205
D1N 6265).

395

LU
(oL}

.1

:4
,~ II

hr.

-- d
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396 Internal-combustion engines

Crankshaft-assembly operation and dynamic properties

The purpose of the piston, connecting rod
and crankshaft assembly in the recipro-
cating-piston engine is to transform the
gas forces generated during combustion
within the working cylinder into a piston
stroke, which the crankshaft then con-
verts into useful torque available at the
power-output end of the engine. The
cyclic principle of operation leads to un-
equal gas forces, and the acceleration
and deceleration of the reciprocating
power-transfer components generate in-
Ertial forces. t is usual to distinguish be-
tween internal and external effects of the
gas-pressure and inertial forces.

The external effects, consisting of free
forces or moments, impart movement
to the engine. This is then transmitted to
the engine supports in the form of vibra-
tion.

In this context, the smooth_runing of
an engine is understood to mean freedom
from low-frequency vibration, while guiet
runnin means freedom from high-re-
quency, audible vibration.

The internal forces induce periodically
variable loads in block, piston, connecting
rod, crankshaft assembly and force-trans-
fer components. These factors must be
included in calculations for defining their
dimensions and fatigue resistance.

Piston and crankshaft assembly of the
reciprocating-piston engine (concept)
SVlegyear
2 Pston,
3 Connecting

4 Crankshaft

-4

Crankshaft assembly and gas force
The crankshaft assembly of a single-
cylinder powerplant comprises the piston,
connecting rod (conrod) and crankshaft.
These components react to gas fcrces by
generating mass inertial forces of their
own.

The gas force Fe which acts on the pis-
ton can be subdivided into the side forces
1

N applied by the piston to the cylinder
wall and supported by it, and the connect-
ing-rod force Fs. The connecting-rod
force, in turn, causes the tangential force
FT to be applied at the crankshaft journal.
This force together with the crank radius
generates the shaft torque and the radial
force F.

These forces can be calculated as a
function of the gas force using the crank
angle a, the pivoting angle of the con-
necting rod 0 and the stroke/connecting
rod ratio ).
Connecting-rod force: Fs1= F-jco;/ f
Piston side force: F = FG tan 0
Radial force: FR= FG - COS (a+ )/cos 3
Tangential force: FT= F -sin (a+ ')/cosf1
where A= r/i; sin3= , . sin a;

cos3= ,i1 - sin2a

All of these relationships can be repre-
sented in the form of a Fourier series,
which can be useful in vibration calcula-
tions,

Gas-force components shown on a basic
crankshaft assembly

IS

L J

I ~

.,

2
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Internal-combustion engines 397

Inertial forces and moments of inertia
The mass inertial properties of the piston,
connecting rod and crankshaft assembly
are a composite of the forces of the rotating
masses of the crankshaft around their axis
(x-axis) and the reciprocating masses in the
cylinder direction (z-axis for in-line en-
gines), With multiple-cylinder machines,
free moments of inertia occur owing to dif-
ferent points of application for gas and iner-
tial forces. The inertial properties of a single-
cylinder engine can be determined using
the piston mass MK (exclusively oscillating
mass), the crankshaft mass mw (exclusively
rotating mass) and the corresponding con-
necting-rod mass components (usually as-
surned to consist of oscillating and rotating
rod masses amounting to one third and two
thirds of the total mass respectively):
Oscilating mass

me = m/3 +f MK

Rotating mass
m, = 2 mp/3 + now

The rotating inertial force acting on the
crankshaft is as follows:

f- m r o ,
Oscillating inertial force:

Fo= mr - ,)2 - (cos a+A ;cos2a ) -

i Order 2, Order
The following approximations also apply:

F= 1 02.Mr- Sin f
= r - ho. m - cos a+ nm

- (cos a + A -cos2a)]

where A= ril

The inertial-force components are clesig-
nated as inertial forces of the 1, 2 or 41
order, depending upon their rotational fre-
quencies relative to engine speed.

In general, only the 111 and 2" order
components are significant; higher orders
can be disregarded.

Inthecaseofmultiple-cylinderenclines,
free moments of inertia are present xhen
all of the complete crankshaft assembly's
inertial forces combine to produce a force
couple at the crankshaft, The crankshaft
assembly must therefore be regarded as
a three-dimensional configuration when
determining the free moments of inertia,
while the inertial forces can be deter-
mined using a two-dimensional system-

Moments ofinertiaof a crankshaft with three throws (example)

Moments of inertia,
1, order

1 1 0866 .517 866

2

3 0.5

M = 1.732IT+ In') 0

A 0.866 1 3) 1.732

.1=0_5 1 1 2 + 0.5 3 - 0

Moments of inertia,
2d order

2 Ce.6 0.8661
3 05

-1 732

Reference coordinates and inertial forces
(single-cylinderengine)

or -

Fo

-'

±:

Practical
configuration

X
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398 Internal-combustion engines

Torsional-force diagram for the
reciprocating-piston engine
If the periodic gas force acting on the pis-
Ion and the periodic mass inertial forces
acting on the piston, connecting rod and
crankshaft assembly are grouped to-
gether, they generate a sum of tangential
force components at the crankshaft jour-
nal When multiplied by the crank radius,
this yields a periodically variable torque
value. If this torque value is referred to the
piston surface and the crank radius, the
result is a value valid for any engine size:
tangential pressure. The torsional-force
diagram shows the curve for this pressure
as a function of crankshaft position. It is
one of the most important characteristic

curves in assessing dynamic engine be-
havior.

With multiple-cylinder engines, the tan-
gential-pressure curves for the irdividual
cylinders are superimposed with a phase
shift in accordance with the number of
cylinders, their configuration, crankshaft
design and the firing order The resulting
composite curve is characteristic for the
engine design, and covers a full working
cycle (i.e., 2 crankshaft rotations for 4-
stroke engines). It is also called a tangen-
tial-pressure diagram

Harmonic analysis can be employed to
replace the torsional-force diagram with a
series of sinusoidal oscillations featuring
whole-number multiples of the basic fre-
quencies, and to obtain the "torsional har-
monics". When defined according to en-
gine speed these multiples are also called
orders. When applied to a four-stroke en-
gine this procedure generates half orders,
e.g. the 05h order

The cyclical fluctuations in :orsional
force encountered in all reciprocating-pis-
ton engines lead to variations in the
crankshaft's rotation speed, the so-called
coefficient of cyclic variation.

6=s ( (naxn-o nIn)/01,,

An energy storage device (the flywheel)
provides adequate compensation for
these variations in rotation rate in normal
applications.

Complete P and 2"d order balancing of masses in a single-stroke system

Counterweights Vector diagrams of the 1'and 2 oder
oscillating inertial forces

[1 R,
Unbalancedsystemsrotatinginopposite

Unbalanced systerms rotating in opposite
directions

7T4'r7T~tT

- Order MO " ft0
2 

Cos 2

LY

2- Order o _ .2
2o 2m

2 2,t

Torsional-force diagram for a single-
cylinder, four-stroke engine
I Gas and inertial forces, 2 Gas forces,
3Inertialforces.

daN [V 475 cm3  
=5000 mr-

2000-

21000 3I \

1000- 1.

2000

3000 o01 180Q 3W0 540' 720-
TDC BDC TDC BDC TDC

CrankShaf angle
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Balancing of masses in the
reciprocating-piston engine
Mass balancing encompasses a wide ar-
ray of measures employed to obtain par-
tial or complete compensation for the in-
ertial forces and moments of inertia ema-
nating from the crankshaft assembly. All
masses are externally balanced when no
free inertial forces or moments of inertia
are transmitted through the block to the
outside-However, the remaining internal
forces and moments subject the engine
mounts and block to various loads as well
as deformative and vibratory stresses.
The basic loads imposed by gas-based
and inertial forces are shown in Table 3.

Internal-combustion engines 399

Balancing of inertial forces in the
single-stroke powerplant
The simplest way to balance rotating
masses is to use counterweights to gener-
ate an equal force to oppose the certrifu-
gal force. Oscillating masses generate pe-
riodic forces. The 1 order forces are prop-
agated at crankshaft speed, while the
periodicity of the 2n0 order forces is twice
the crankshaft's rotation rate, Compensa-
tion for these forces is available in the form
of a counterweight balance systerr de-
signed for opposed rotation at a rate equal
to or twice that of the crankshaft. The bal-
ance forces' magnitudes must equal those
of the rotating inertial-force vectors 'hile
acting in the opposite direction.

Table 3. Forces and moments applied to the piston, connecting rod and
crankshaft assembly

F)jA

0

Forces and
moments
at ke
enin an~ine #4

Designa- Oscilafing Freeinrtial [Freemeni ment, Internal flex

tor toroe,trans- forces longitudinaltiting moment forcesversetilting aboutthe-asiz iransuerse
onat, axis) (opItching"m oment)

reaction about the -axis (verticalaxis)
torque ('roting moment)

Tangentialgas Unbbaeancedes- Unbalanced oscillating Rotatingan
Cause forcesaswell cillatinginertial inerial forces s acomposite s-i ating rier-

a tangentialin- forces ofd h e and orderforces tialf orces
rtna forces r It' order in 1 ans

ordinags 2 cylinders;
1 pa2,rand4 2r order in 1,2.

and 4cylinders

Design Number of Numoer of Number of cylinders, crank Number of
factors cylinders, cylinders, centiguratoncylinder spacing, throws, crank

gnition inter- crank configu- countcrweight size influences contiguration,
vats, ration inertial torque components enginetlength,

Idisplacement, rn ar, I? about they- andcz-axes eng]ine-bloc'
P.,e C,, agn)o,., rigidity
oiA

Remedy Can only be Free mass effects can be eliminated with rotating Counter-
compensated balancing systems, hewever this process iscon- weights, rigId
for in excep- ples and therefore rare; crank sequences with anginao locc
tionatcases limited or nomass effects are preferable

Shelcing ofi!hksenvironment through flexe ergmne mounts
-- (in particutar for orders2 !2)1__________
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400 Internal-combustion engines

Table 4. Residual 1 order inertial forces with differing balancing rates

L~i Balancingtalte

Or0  50 100%

Size0&Icounter- xrr r 0.5w itF
0

weight

Residual inertial
force() = m a, 0.5 . we 0
111orde

Residual inertial
force (4)
I order

F"
L11~ I

Balancing rate
The forces exerted by the counterweights
used to balance the rotating masses can
be increased by a certain percentage of
the oscillating mass in order to reduce the
oscillating forces acting in the direction of
the cylinders (). The percentage of this
inertial force which is counteracted then
appears in the r-axis. The ratio of the
compensated inertial-force component in
the axis relativetothe initial value for the

la order inertial force is termed the bal-
ancing rate (Table 4).

Balancing of inertial forces in the
multi-cylinder engine
In multi-cylinder engines the Mutual coun-
teractions of the various compcnents in
the crankshaft assembly are ore of the
essential factors determining the selec-
tion of the crankshaft's configuraion, and
with it the design of the engine itself. The

Table 5. Star diagram of the 1s and 2nd order for three- to six-cylinder, in-line
engines

3-cylknder

1

2 3

5-cylinder

4-ylndr -clideCrank sequence

-~_____ I__________
6

34 25

I. I-

1,2,3,4
122.4I

Star diagram
1 $!Order

Sar diagram
2wr !Order

3 2

1,4

2,3

1

3 2

1

2 3

4 5

6

2,5 3,4

4-cylinder

P 
I
I/

6-cylinder
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Internal-combustion engines 401

ihertial forces are balanced if the common
center of gravity for all moving crankshaft-
assembly components lies at the crank-
shaft's midpoint, i.e. if the crankshaft is
symmetrical (as viewed from the front).
The crankshaft's symmetry level can be
defined using geometrical representa-
tions of 1 - and 2n-order forces (star dia-
grams). The 2nd order star diagram for the
four-cylinder in-line engine is asymmetri-
cal, meaning that this order is character-
ized by substantial free inertial forces.
These forces can be balanced using two
countershafts rotating in opposite direc-
tons at double the rate of the crankshaft
(Lanchester system).

Balancing of inertial and gas forces
The tangential gas forces produce yet an-
other periodic torque; this can be de-
tected as reaction torque in the engine
block The composite forces generated in
a four-cylinder in-line engine include free
mass forces of the 2nd order as well as
variable torque forces from the 2-d order
mass and gas forces. Compensation for,
2nd order mass forces, along with a reduc-
tion in the intensity of the 2nd order force
transitions, is available from two offset
balance shafts.

Balancing 20 order inertial and transitional forces in a four-cylinder, in-line engine with two of'set
countershafts
I inerial torque ol-y; 2 Gas torque onlyor complete baancing of inertial torque, =-2 8A r;
3 Gas and inertial torque withou force compensation: 4 Gas and inertialtorque with half of the inertial
torque balanced.- 0.5 L

F Ull C 'f
- toad' - Coasting_.--.

3 4 5 6 7 8 9 10 1 1 -r n
m=30

4 4 I Or, i jyI

Inerial force F2 -

meral torque AfM2

5£--

I , -

-----.*--~ I

1 . 15 -
F2Z= 4 ne r '12 -cos2m/t A 128=4 4 .

11 1
AMg=4 m-r in2 [2 -sin2o::Bg 2 32 32'

I'

.A4
7,.'~* F')
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402 Internal-combustion engines

Table 6. Free forces and moments of the 1st and 2nd order, and ignition intervals of
the most common engine designs

F=I -r-w
2  Fi=mo- r- 2 -COsa F==mo-

Cylinder a-rangement Free Free
forces forces
of 15 of 2nc
order') order

r- 12-cos2r

Free
moments
of 1t
order')

Free
mornents
of 2 d
order

ynigion
intervals

0 0 \'3 F-a V3,Fr a 240"/240'

In-ine 3 throws

4-cvlirder

0 4 - 0 0 180V180 0

in lie, 4 throws

0 0 0 2-FPb 180 180

Opposed-cylinder (boxer),
4 throws

-- U0 0 0.449-Fa 4-98/'-2-a 144:-/144'

In-tine, 5 throws

!!:qy~nder

In-line, 6 throws

) Without counterweights.

0 0 0 0 1200120
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Internal-combustion engines 403

Cylinder Free |ee Free Free
arrangement forces forces momentsg moments Ignition

of15 of2< of15order1 ) of2order intervals
order') order

8-cylitde (continued)

0 0 \/3F a2) 6 F2 a 15C 190
1 50 1901

b
VO, 3 throws

0 0 04483f a (0966±0256)- 120 1200

rmalbalance1 a

VY90',3 throws. ' <
30 crank offset

j)i 0 0 0 0 120 '1120

Opposed-cylinder,
' throws

i0 0 3P'2a/2120 120

3-yider

a1
0 0 V 10j ,

2) 0 901,90,
b
W90, 4 throws

in two planes

acnder

0 0 0 0 60.600
6

1/50" 6throws

ithout counterweighis.
2) Can be completely balanced by using counterweights

'.

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4777



404 Internal-combustion engines

Main components of
reciprocating-pistonengine

Piston
Pistons in today's motor-vehicle engines
must perform a wide range of functions:
- They transmit the force generated by the

combustion gas to the connecting rods.
- They serve as crosstails to define the

connecting rods' travel paths within the
cylinders.

-They support the normal force applied
against the cylinder walls while the
cylinder pressure is conveyed to the
connecting rod.

- Together with their sealing elements,
they seal the combustion chamber from
the crankcase.

- They absorb heat for subsequenttrans-
fer to the cooling system.

Both the piston's design and the wrist-
pin configuration employed to transfer the
combustion gas forces to the connecting
rod are largely determined by the com-
bustion chamber's shape, including the
geometry of the piston crown, while other
variables include the selected combustion
process and the associated pressure
maxima. The priority is to produce the
lightest possible piston in a unit capable of
withstanding intense forces during opera-
tion in an environment with temperatures
that can approach the physical limits of
the materials used in its manufacture.

Piston shapes in various engine design
IStrip insertsforexpansionconlroL

NrrL

+1
IA

Precise definition of the dimensions for
the piston, wristpin and wristpin bushings
are essential for achieving this goal.

The most frequently used mateials for
cylinder liners and pistons are gray cast
iron and aluminum. Variations in piston
clearance within the cylinder must be min-
imized to reduce noise (piston slap) and
improve sealing, notwithstanding "he fact
that piston and cylinder liner have different
coefficients of expansion. To this erd, steel
strips or similar elements are sometimes
cast into the piston to limit its expansion,

Piston rings form the sealing element
between the combustion chamber and
the crankcase. The upper two - the com-
pression rings - serve as gas seals. At

-i

Piston operating temperatures in motor-vehicle engines at full load (schematic)

Diesel engines 400';

Prechamber 300

Diret-injectionengine
2000__

30COC 200 1000 I1

ICC M"

rV

Gasoline engines

Air-cooled

Water-cooled

lO0 200 - 3)0'

V-1
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Internal-combustion engines 405
Ii

Piston-ringshapesandconfigurations

Dieselengine: Spark-ignition
Keystonering, engine:

crowned,2Tepor-tace5P1cm compression
compressionringwithringcrowned,

Dieset engine:
i Keystone ring,
crowned, 2 Taper-face
compression ring with
inner beveI,,
3 Stepped compres-
ion ring, 4 Double-

beveled ventilated oil
control ring with spiral-
I/pe expander

Spark-ignition
engine:
5 Plain compression
ring, crowned,
6 Taper-face compres-
sion ring, 7Stepped
ring, 8 Double-beveled
ring. 9 Multipart steel
oil ring.

Ins 7

2s- 
-&_f

34f-

least one additional ring (generally of a
dilferent design), the oil control ring, is
also present. This is a "scraper" ring and
ensures correct lubrication of the piston
and compression rings. Owing to the
rings' extreme tension and the force that
they exert against the cylinder walls, they
are a major source of friction within the
resiprocating-piston engine.

Connecting rod
The connecting rod (conrod) is the joining
element between piston and crankshaft. It
is subject to extreme tensile, compression
ard flex stresses, while it also houses the
wristpin bushings and crankshaft bear-
ings. Connecting-rod length is deter-

Crankshaft throw
Frirnary stresses and deformations due to
gaspressureandinertialorces.

Gas pressure

a f

-en -tme

mined by the piston stroke and the coun-
terweight radius; whereby the angine
height can also be an important factor
(usually the case in vehicle engine.),

Crankshaft
The crankshaft with its rod extensions, or
throws, converts the reciprocating notion
of the pistons - conveyed to it by te con-
necting rods - into rotary motion, making
effective torque available at the crank-
shaft's end. The forces acting upon the
crankshaft are characterized by highly
variable periodiciies and vary greetly ac-
cording to location. These torques and
flex forces, and the secondary vibrations
which they generate, all represent intense
and highly complex stress factors for the
crankshaft itself. As a result, its structural
properties and vibrational response pat-
terns rely upon precise calculations and
carefully defined dimensions. Calcula-
tions and dimensioning though are urther
complicated by the fact that too mary mul-
tiple journal bearings are practically al-
ways installed as a precautionary mea-
sure.

The number of crankshaft bearings is
primarily determined by overall load factor
and maximum engine speed. To accom-
modate their intense operating pressures,
all diesel-engine crankshafts incorporate
a main bearing journal between each
crankshaft throw and at each end of the
crankshaft. This arrangement is also
found in high-speed spark-ignition (SI) en-

Passenger-car enineconnecting rod

-r7

..1

7-5

a6
nr7

1=6

=9
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406 Internal-combustion engines

gines designed for high specific outputs.
Crankshafts in some smaller SI en-

gines designed for operation at lower load
factors sometimes extend the interval be-
tween main bearings to 2 cylinders to re-
duce expense. The number of counter-
weights also depends upon the criteria
cited above.

Stresses and load factors are also pri-
mary considerations in the selection of
both materials and mani-facturing
processes. Highly-stressed crankshafts
are usually drop-forged. In smaller and
less highly stressed engines, cast crank-
shafts, incorporating the dual advantages
of lower weight and less expense, are be-
coming increasingly popular.

Crankshaft vibrations
Flexural vibration is significant only on en-
gines with a small number of cylinders,
because the crankshaft and the neces-
sary large flywheel form an oscillatory

Cast crankshaft

system with a low natural frequercy. Flex-
ural vibration is not a critical factor on en-
gines of 3 cylinders or more. By logical ex-
tension, this also applies to the longitudi-

Vibrational schematic of a 6-cylinder crankshaft (K) with flywheel (S) and transmiss on (G)
a Relative amplitudesaEnginespeed

CyL 1- 6 1,6

5 1

de 1

011
K

Order analysis of the crankshaft vibrations of a 6-cylinder engine,
with differing firing ordersa Relative amplitudes

1= 2000 mn-  
- Fring order 1-5-3-6-2-4-1

n 10 000 min" Firing order 1-2-4-6-5-3-1 5/4.5.

11/7-5.

I _ _9._

600 1000 1400 1800 2200 rpm
Engne speed n
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Internal-combustion engines 407

nal crankshaft vibrations induced by flex-
ural vibrations.

At the same time, the torsional vibrations
of the resonant system formed by crank-
shaft, connecting rods and pistons become
increasingly critical with higher numbers of
cylinders. This system, in which the mass
moments of inertia for connecting rods and
pistons vary according to crankshaft angle,
can be calculated by reducing it to a
smooth, flexible shaft free of inertia with
equivalent masses mounted on it. The os-
cillation reduction model makes it possible
to determine both the system's inherent
frequency and the intensity of the vibration
forces. The oscillations emanate from the
tangential forces generated by a combina-
tion of gas forces and oscillating mass
forces at the crank pin. Vibration dampers
are required to reduce the crankshaft's for-
sicnal vibrations to acceptable levels (e.g.
bonded rubber vibration dampers or vis-
cous vibration dampers).

Engine block and crankcase
The block and crankcase unit supports the
force-transfer mechanism between cylin-
der head and crankshaft assembly; it bears
the crankshaft assembly's support bear-
ings, and incorporates (or holds) the cylin-
der sleeves. Also included in the block are
a separate water jacket and sealed oil
chambers and galleries. The block also
seves as a mounting and support surface
for most of the engine's ancillary units.

.4 cast block and crankcase unit is the
standard configuration for automotive ap-
plications. The cylinder-head bolts op-
pose the gas forces to facilitate a force
transfer of maximum linearity and minimal
flexural tendency through transverse sup-
port walls and to the main bearings. For
greater strength the crankcase is fre-
quently extended to below the crank-
shaft's center axis. The pistons in spark-
ignition engines almost always run in inte-
gral cylinders machined from the block
casting. In diesel engines, separate dry or
wet liners made of special wear-resistant
materials are usually used.

Whereas, virtually all blocks for truck
engines continue to be manufactured in
cast iron, aluminum passenger-car blocks
are becoming increasingly popular owing
to their weight-savings potential.

1'

Cylinder head
The cylinder head seals off the upper end
of the block and cylinder(s), It houses the
gas-exchange valves as well as the spark
plugs and/or injectors. Together wih the
piston, it also provides the desired combus-
tion-chamber shape. In the vast majority of
passenger-car engines, the entire valve
gear is also mounted in the cylinder head,
Based on the gas-exchange concepts,
one differentiates between two basic de-
sign configurations:
- Counterflow cylinder head: Intake and

exhaust passages open onto the same
side of the cylinder head. This limits the
space available for the intake and ex-
haust gas passages, but due t0 the
short flow tracts this represents a sub-
stantial advantage in supercharged ap-
plications. This design, with tha gas
supply and discharge tracts on a single
side, also provides practical advantages
in transverse-mounted engines.

- Crossflow cylinder head: Intake and ex-
haust passages are located on opposite
sides of the engine, furnishing a diago-
nal flow pattern for the intake and ex-
haust gases. This layout's advantages
include more latitude in intake and ex-
haust-tract design as well as less com-
plicated sealing arrangements.

In truck and large industrial engines, in-
dividual cylinder heads are often used on
each cylinder for better sealing-force dis-
tribution and easier maintenance and re-

Cylinder-head designs according to
intake and exhaust tract location
I Crossflow design,
2 Counterflow design

12

--
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408 Internal-combustion engines

pair. Separate cylinder heads are also
specified for improved cooling efficiency
cn air-cooled engines.

In passenger-car and low-power en-
gines, one cylinder head is usually em-
ployed for all cylinders together. The cylin-
der heads on water-cooled diesel truck
engines are usually made of cast iron.

Superior heat dissipation and lower
weight have combined to make aluminum
the material of choice in the construction
of cylinder heads for air-cooled engines
as well as on virtually all spark-ignition
and diesel engines for passenger cars.

Valve gear
It is the function of the valve-gear assembly
in a 4-stroke engine to permit and to control
the exchange of gases in the IC engine
(see P.384). The valve gear includes the in-
take and exhaust valves, the springs which
close them, the camshaft drive assembly
and the various force-transfer devices.

Valve-actuation concepts
In the following widely-used designs the
camshaft is located in the cylinder head:
- Overhead bucket-tanoet assembly, in

which a "bucket" moving back and forth
in the cylinder head absorbs the cam
lobe's lateral force while transferring its
linear actuating pressure to the valve
stem.

- Cam follower or single rocker-arm as-
sembly actuated by an overhead cam,
in which the cam lobe's lateral and lin-

ear forces are absorbed and relayed by
a cylinder-head-mounted lever rocking
back and forth between cam Icbe and
valve. In addition to transferring forces,
the rocker arm can also be designed to
magnify the effective lobe profile for
greater valve travel.

- Twin rocker-arm assembly actu3ted by
overhead cam, in which the rocker arm's
tilt axis is located between the camshaft
and the valve. Here too, the rocker arm
is usually designed as a cam iFt multi-
plier to produce the desired valve travel.

When the camshaft is installed within the
block, the camshaft lobe acts against an
intermediate litter and pushrod assembly
instead of directly against the valve.

Valve arrangements
The valve control arrangement and the
design of the combustion chamber are
closely interrelated. Today, nearly all valve
assemblies are overhead units iounted
in the cylinder head In diesels aid sim-
pler spark-ignition engines, the valves are
parallel to the cylinder axis, and ere usu-
ally actuated by twin rocker arms, bucket
tappets or single rocker arms. With in-
creasing frequency, those current spark-
ignition engines designed for higher spe-
cific outputs tend to feature intake and ex-
haust valves which are inclined towards
each other. This configuration allows
larger valve diameters for a given cylinder
bore while also providing greater latitude

Valve-gear designs (source: Hutten "Motoren')
I Push-rod assembly, 2 Single rocker-arm assembly 3 Twin rocker-arm assembly 4 Overhead
bucket-taopetassembly OHVOverhead valves, OHC Overhead camshaft. DOHC Double over-
head camshaft
1 2 3 4

OHV OWH O_ OHI

OHV 0HV1OHC 0HVOHC OHvDCC '
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Internal-combustion engines 409

Valve timing diagram showing valve lift (j} valve velocity (') and valve acceleration (s")

Exhaust valve Intake valve

IL
V
C)
-C)
a
(0

400 Crank
shaftSDC BOC

Crankshaft angle

100 200 300

12EO 40 EC IC

0-1

120` 2400' 360" 480 6000

TDC

for optimizing intake and exhaust passage
design. Twin rocker-arm assemblies actu-
ated by overhead cams are used most of-
ter here. High-performance and racing
engines are increasingly using four valves
per cylinder and overhead-bucket-tappet
valve assemblies.

An engine's valve-timing diagram
shows the opening and closing times of
the valves, the valve-lilt curve with maxi-
mum lift, and the valve's velocities and ac-
celeration rates.
Typical valve acceleration rates for pas-
senger-car OHC (overhead camshaft)
valve assemblies:
s" = 60...65 mm (b/0 2) A 6400 m/s 2 at
6000 min- 1 for single and twin rocker-arm
assemblies,
s" ;= 70...80 mm (b/cj2) ^ 7900 m/s2 at
6000 min-' for overhead-bucket tappet as-
semblies. For heavy commercial-vehicle
eneines with block-mounted camshafts:
s"m: 100...120 mm (blo) A 2000 m/s at
24C0 min- 1,

Valve, valve guide and valve seat
The materials employed in manufacturing
valves are heat and scale-resistant. The
valve seat's contact surface is frequently
hardened. A proven method for improving
the thermal transfer characteristics of ex-
haust valves is to fill their stems with
sodium. To extend service life and im-
prove sealing, valve-rotating systems (ro-
tocaps) are nowin common use.

The valve guides in high-performance

engines must feature high thermal con-
ductivity and good antifriction properties
They are usually pressed into the cylinder
head and are often supplemented by
valve stem seals at their cold ends or re-
ducing oil consumption.

Valve-seat wear is generally reduced
by making the valve seats of cast or sin-
tered materials and shrink-fitting them
into the cylinder head.

Lobe design and timing dynamics
The cam lobe must be able to oper (and
close) the valve as far as possible, as fast
as possible and as smoothly as posible.
The closing force for the valves is applied
by the valve springs, which are alco re-
sponsible for maintaining contact between
the cam lobe and the valve. Dynamic
forces impose limits on cam and valve lift.

The entire valve-gear assembly can be
viewed as a springtmass system in which
the conversion from stored to free energy
causes forced vibration. Valve-gear as-
semblies with overhead camshafts can be
represented with sufficient accuracy by a
1-mass system (consisting of the propelled
mass, valve-gear assembly stiffness, and
the corresponding damping effects).

Dual-mass systems are becoming in-
creasingJy popular for use with lock-
mounted camshafts and pushrods-

The maximum permissible surface ores-
sure, usually regarded as the decisive pa-
rameter limiting cam-lobe radius and the
rate of opening on the flank. currentv lies

it~t

C
~ 7

'1

~) ,,,I

I''
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410 Internal-combustion engines

between 600 and 750 N/mm2 , depending
upon the employed material pairings,

Cooling

In order to avoid thermal overload, com-
bustion of the lubricating oil on the pis-
ton's sliding surface, and uncontrolled
combustion due to excessive component
temperatures, the components surround-
ing the hot combustion chamber (cylinder
liner, cylinder head, valves and in some
cases the pistons themselves) must be in-
tensively cooled.

Direct cooing
Direct air cooling removes heat directly
from the components. The underlying prin-
ciple is based on intensive air flow, usually
through a finned surface. Although primar-
ily used in motorcycle and aircraft engines,
this form of cooling is also employed for
some passenger-car and commercial-vehi-
cle diesel and spark-ignition engines. Its
main advantage is its high reliability and
Ireedom from maintenance. On the nega-
live side, the design measures required to
ensure efficient heat dissipation tothe cool-
ing air increase the cost of the components.

Indirect cooling
Because water has a high specific heat ca-
pacity and provides efficient thermal transi-
tion between the materials, most contem-
porary vehicle engines are water-cooled.
The air/water recirculation cooling system
is the most prevalent system. It comprises
a closed circuit allowing the use of anti-cor-
rosion and anti-freeze additives. The
coolant is pumped through the engine and
through an air/water radiator. The cooling
air flows through the radiator in response
to vehicle movement and/or is forced
through it by a fan. The coolant tempera-
ture is regulated by a thermostatic valve
which bypasses the radiator as required.

Lubrication

The internal-combustion engine employs
oil to lubricate and cool all of the power-
iransmission components. This oil is also
used to remove dirt and neutralize chem-

ically-active combustion products, as well
as for transmitting forces and darr ping vi-
bration. The oil can only fulfill all these re-
quirements if it is transported in adequate
quantities to the engine's critical points,
and if its properties are adapted to the
specific requirements by appropriate
measures taken during manufacture (e.g.,
inclusion of additives).

In total-loss ubrication (fresh-oil lubri-
cation), a metering system supplies oil to
the lubrication points, where it is subse-
quently consumed. A special case of this
type of lubrication is mixture lubrication in
which oil is either added to the fuel in a ra-
tio ranging from 1:20 to 1:100, or metered
to the engine (this process is used pri-
marily in small two-stroke engines).

In most motor-vehicle engines, force-
feed lubrication systems are used in com-
bination with splash and oil mist lubrica-
tion. The basic force-feed systerr pumps
pressurized oil (usually by gear pump) to
all bearing points, while sliding parts are
lubricated by splash lubrication systems

Water cooling system with coolant circuit,
I Radiator, 2 Thermostat 3 Waterpump
4 Water passages in cylinder block,
5 Coolant passages in cylnder head

5

F4
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Internal-combustion engines 411

and oil mist.
After flowing through the bearing points and
sliding parts, the oil collects below the pis-
tori, connecting rod and crankshaft assem-
bly in the oil pan (sump). The sump is a
reservoir where the oil cools while the foam
dissipates and settles. Engines subject to
high loads are also fitted with an oil cooler.
Engine service life can be prolonged dra-
matically by keeping the oil clean.

Oil filters
Oil filters remove solid particles from the
engine oil (combustion residue, metal
particles and dust) and maintain the lubri-
cating capability of the oil in the intervals
be:ween changes. Oil-filter dimensions
are governed by the degree to which im-
purities are generated in the engine and
by the maintenance intervals prescribed
by the engine manufacturer. Filter mainte-
nance and oil changes should be per-
fored at the same time.

Full-flow filters protect the entire oil cir-
cuit because particles which cause wear

are trapped during their first pass through
the circuit. Fine-mesh paper filters have
proven effective as filtration elements in
full-flow circuits, Their filtration is signifi-
cantly finer than that furnished by strain-
ers or disk filters. Full-flow filters mist in-
corporate a bypass valve to prevent inter-
ruptions in oil supply should the filter get
clogged. They should always be installed
in the oil circuit downstream from the
pressure-relief valve. Full-flow filters usu-
ally incorporate replaceable elemerts.

Bvoass filters remove only about
5...10% of the oil from the engine's lubri-
cating system for subsequent return to
the oil pan after filtering. Most bypass fil-
ters are of the fiber-filling type (deep-bed
filter).

Such bypass filters are recommended
for use only in conjunction with full-flow fil-
ters. The bypass filter can remove ex-
tremely fine particles (primarily soot) not
previously extracted by the full-flow filter,
reducing the concentration of micro-cont-
aminants in the oil.

Force-feed lubrication system
I Pressure relief valve 2 Oil filter, 3 Gear pump, 4 From main bearing to connecting-rod bearing,

5 Suction strainer, 6 Main oil-pressure line to crankshaft boarings 7 Return flow from timing-ear
case to crankcase, 8 To camshaft bearings

-7

28-

4

Tmm

IV,

0'
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412 Internal-combustion engines

Empirical values and data for calculation

Comparisons

Trend in power per unit displacement for
diesel and spark-ignition passenger-car
engines

70
kW/l Sports engines

60 - Turbocharced
c-Vgasoline

C
a
S
C)
C
5)

cc
-C

C
C

C)
a
C)

C
0~

engines

TH
60 soline rr1 0<1H< 6

40,<
I Tuelbocharced

diesel engines

30 Naturally aspirated
diesel engines

20-;
15lr
1960 1970 1980 1990 2000

Year

) See R337 for on-the vehicle measures infiLencing 'uel consumption. TC= Turbo CompoLnd.

Fuel consumption of diesel and spark-ignition engines')

Speciticfu el consump. g kWh
600 450 360 300 270

ZZ /1240
220

- 2TC

, 
80

Truck diriecction (DI) diesel engn a
E Pasengercar gasoline nginles

SPasseiger-car dieselengines

2 4 6 6 10 12 14 1 18 bar
Mean piston prssure

lean effective pressure and fuel
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Comparative data

Engine Com- eanWgh Fue con- Torque
Engine type speed pression pres- perliter sumption ncrease

ratio surepower

min- bar 1GM/ kgikW g/kW

St engine for
Motor- 2-stroke 4500 .. 12000 7.9 5.12 4010015.0.5 600 350 5. 10

cyes 4-stroke 5000 .. 0000 8.11 7 .10 30.70 4A.05 350-270 5.. 25

Pass. cars NA] 4500.7500 8. 12 8.11 3565 3.-1 350 .250 15. 25

SC2) 5000...700 7. 9 11.15 50.100 3...1 380.280 11.30

Trucks 2500.5000 7.9 3 10 20.30 3270 13.. 25

'ass. cars NAI) 3500...500020.24 7-9 20.35 5-3 320.240 1_.15

SC2 3500.4500 20-24 9 12 30...45 4. 2 290 . 240 1-3 .25

Trucks NA'] 2000.4000 16.18 7.10 10.20 9...4 240 .210 10.15

SC2) 2000 .3200 15.17 10. 13 15. 25 8 .. 3 230 -205 15.30

CAC]-) 1800-2600 14.18 13.18 25.40 5.2,5 225-195 20.40

Specai types
Rotary engine 6000.--8000 7-9 8.1 35...4 1_.. 3804 1300. 5

Stiring engine

(as turbine

2000.4500 4.6 j 6

8000. 7000 46

10 7 300 240 2.40

) Naturally aspirated engine, 2) with supercharging, 2} with charge air coolingntercooing

4'

Ii

Power and torque curves

Gasoline engine

P

A]d Ad

d a

Diesel engine

1 Naturally aspirated
engine

2 Turbocharger

P

Mn dmx no

Id

II

-Ai

I:

1. .30 0 1D

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4787



414 Internal-combustion engines

Torque position
The position on the engine-speed curve
(relative to min-' for max output) at which
maximum torque is developed, specified
in0% (nMdrnax/J`ncnn 100).

Useful speed range
(minimum full-load speed/nominal speed)

Engine type Uselul Torque
speed rangeposition

Diesel pass, cars 35 ... 5 15...40
engine for trucks 1.8...32 10 .. 60
Spark-ignition engine 4.7 25...35

Torque increase

Enginetype Torque
increase
Ma in %

Sc 1) 30 ...350,with supercharging, _____with cagairtcoon

Dngiesercooginge Ntapegn 1.2

SC 1)+tCGO) 25_35

Dieselengine Nt atosp.engine ,.15
Trucks SC' 15...30

SC 1)4-CAC 2) 25 ..40

Spark-ignition Nat- asp, engine 25...30
engine SC'1)+GCAG2) 30.--35

'with supercharging, 2) with charge-air coo-
ing/iniercooling.

Engine output, atmospheric
conditions

The torque and thus the power output of an

internal-combustion engine are essentially
determined by the calorific content of the
cylinder charge. The amount of air or, more
precisely, of oxygen) in the cylinder charge
provides a direct index of calorific content.
The change which the engine will display at
full power can be calculated as aunction of
variations in the condition of the ambient air
(temperature, barometric pressurE, humid-
ity), provided that engine speed, air/fuel
(A/F) ratio, volumetric efficiency, combustion
efficiency, and total engine power loss re-
main constant. The A/F mixture responds to
lower atmospheric density by becoming
richer. The volumetriqfiiciency (pressure in
cylinder at BDC relative to pressure in am-
blent atmosphere) only remains constant for
all atmospheric conditions at naximum
throttle-valve aperture (full-throttle). Com-
bustion efficiency drops in cold thin air as
vaporization rate, turbulence, and combus-
tion speed allfaEngine ower loss (friction
losses + gas-exchange work + boost power
drain) reduces the indicated powei.

Effect of atmospheric conditions
The quantity of airwhich an engine draws in,
or is inputted to the engine by supercharg-
ing, depends upon the ambient at-
mosphere's density; colder, heavier, denser
air increases engine output . Rule of thumb:
Engine power drops by approxim3tely 1%
for each 100 m increase in altitude. De-
pending upon engine design, the cold intake
air is normally heated to some decree while
traversing the intake passages, thereby re-
ducing its density and thus the engine's ui-
mate output. Humid air contains le-s oxygen
than dry air and therefore produces lower

Performance curves (part-load behavior) for a specific control-rack travel or specific accelerator-
pedal position
Diesel engine with constant control-rack Carburetor SI engine (4-stroke) with cen-
travel. M remains roughly constant with . stant throttle position.M drops rapidly as n

increases, P remains roughly constat.

g/kWh Nm% g/kWh Nm %

1004 t1
______ 80 60 -100 T

I C 70 60

200 - 7 00  - 25
o 400 0 70 06 8 25z
c5300 -be 80 ) E500
L V 200 100 L W 300 0 100

0 1000min- 0 2000 4000nin'
Engine speed n Engine speed o
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engine power outputs. The decrease is gen-
erally modest to the point of insignificance.
Tne warm humidity of air in tropical regions
can result in a noticeable engine power loss,

Definitions of power
The effective power is the engine's power
as measured at the crankshaft or ancillary
mechanism (such as the transmission) at
the specified min- 1.When measurements
ae made downstream from the transmis-
sion, the transmission losses must be fac-
tored into the equation. Rated power is
the maximum effective power of the

Internal-combustion engines 415

engine at full throttle. Net power corre-
sponds to effective power

Conversion formulas are used to -onvert
the results of dynamometer testing to re-
flect standard conditions, thereby negating
the influences of such factors as time of day
and year while simultaneously allowing the
various manufacturers to provide mutually
comparable data. The procedure converts
atmospheric density - and thus the effec-
tive volume of airin the engine - todefined
"standard conditions" for air mass.

The comparison data in the following
table show the most important standards
used in power correction,

Power correction standards (Comparison)

Standard EEC 80.(1269 SO55 JS10 AJ39DIN 70020
(Date of publication)(4!8 1) (58) 112 (/5 1/6

Barometric pressure during testing (* vapor pressure subtracted)

Dry pp kPa 99 99 99 99 -
Absoluteppp kPa - - - - - 101.3
Tremperature during lestilg
Absolute T K 1298 298 298 298 293

Engines with spark ignition, naturally-aspirated and turbo/supercharged

Correction U3 o =A 
12

. 13-, a,=A B0
factor jA 99/ppr A 11

B-T,1298 B= 7293

Corrected power: P= P(kW) (P measured power)

Diesel engines, naturally-aspirated and turbolsupercharged

Atmospheric _fa =a A BO 7 (A = 99/13T; L = T/293) as u for
correction (naturally-aspirated and mechanically-supercharged engines). SI engines
factor - -

= A' 
. ' (A = 99/p; R= 7I293)

(turbocharged engines with/without charge-air cooling)

Engine fm 40 S qIr 65: 1"= 0.036 (qr) - 1.14
correclion q/r < 40: [m= 0.3
factor //r > 65: ,= 1.2

=pLPE Boost pressure response, with P absolute boost pressure,
absolute pressure before compressor, q spec. fuel consumption (SAE J 1349).

-stroke engines: q = 120,000 F/DN, 2-stroke engines q = 6 0,000 F/X,
withFuelt low (mg/); ) Effectiveastroke volumeI).NEngespeed(n

Corrected power:P pC = ptV (kW) (P measured power).

Prescribed accessories

Fanl Yes, with electric/viscous-drivetfan at roesslp Not
Emissions control system Yes )}detined
Alternator Yes, loaded with engine-curront draw Yes

IServo pumps No No
:rcOnoer No No

9i

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4789



416 Internal-combustion engines

Calculation

Quantity Unit

ar Pistontacceleration 2m/s
ii Fuel consumption kg/hn;
b. Spec. fuel consumption g/kWf
SCylindercdiameter2 r mm
dk Valve diameter mm
F Force N
Fo Gas force in the cylinder N
F, Pistonsidethrust N
F. Oscdlating inertial force N
F Rotatinginertial force N
F, Rodforce N
F- Tangential force N
.11 Torque N . m
NIo Oscillating moments N m
.41 Rotatingmoments N m
Qua Enginetorque Nim

, Weightto-powerratio kgkH
S Engine speeo min-

n InFection-pumpspeed min-
P Power kW
Ph Nethorsepoweri
I Power outputperliter &W/dr

p Pressure bar
PcFinal compression pressure bar

p Meanetlectivepressure bar
(meanpressure, mean
working pressure I

- Boostpressure bar
P-,xPeak cylinder pressure bar
r Crank raus mm
so InjectioncrossectioncI ce mr-

nozzle
Ss Strokegeneral mm

ePiston stroke mm
r Suctionstrokeoacylinder

(2-stroke) mm
sF Suction stroke, 2-stroke engine mm
S Piston clearance from TDC mm
5, Slot height, 2-stroke engine mm
T Temperature 'C, K
T- Final compression temperature K
T Boost-air temperature K
T, Peak temperature in K

combustion chamber
I Time s
V Volume m,

Unit

tion m, F 2

oil
umption W."'h

N m
r ratio

r n-I
speed r FI-I

WN
ri) W
or liter 4V!dm'

tar
n pressure bar

pess,.)re bar

Symbol

VC Cylinder compresson volume
VE Injected quantity per pump

stroke
VII Charge volume of a

cylinder (2-slroke)
VF Charge volume of a

2-stroke engine
I, Displacement of a cylinder
vA Dsplacement of the engine
v Velocity
ii Mean velocity of the injected

spray
Gaa velocity

v. Mean piston velocity
Imx Max. piston velocity

: Number of cylinders

ax, njection period (in 'crankshalt
at njection pump)

13 Pivot angle of connecting rod
Compression ratio

i Efficiency
Y, Net efficiency
?1 Thermal efficiency

. Polytropic exponent of real
gases

x Density
9,u Crank ange (q.= top dead

center)
o) Angular velocity
A = rI Stroke/connecting-rod ratio
A Air/fuel (A/F) ratio

= je, Adiabaticc eponent
of ideal gases

Un t

dm
mm2

di 3

dm

dm
dmn
mis
m/s

mis
mis
mIs

kgin
3

rats

Superscripts and subscripts

0, 1, 2, 3, 4, 5

1 2rd
A1 "

Cycle values/main valres
Oscillating
Rotaling
1 2n 'order
Constant
Subdivision of main values,
derivations

) Effective power P, is the effective
horsepower delivered by the internal-
combustion engine, with it driving the aux-
iliary equipment necessary for operation
(e.g., ignition equipment, fuel-injection
pump, scavenging-air and cooling-air fan,
water pump and fan, supercharger) (DIN
1940). This power is called net engine
power in DIN 70 020 (see P. 415).

Conversion of units
(See PP 19...28)

1 g'hp
1 g/kW h
1 kp m
IN m
1 hp
1 kW
I at
1 bar

= 1.36 gkW h
= 0.736 g/hp h
= 9.81 N-m I10 Nm
= 0.102 kp m 0,1 kp rm
= 0.735 kW
= 1.36 hp
= 0.981 bar 1 bar
= 102 at - 1 at

-------------
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Internal-combustion engines 417

Calculation equations

Mathematical relationship between quantities

Swept volume (displacement)
Swept volume of a cylinder

T ,= V = 4 S (2-stroke)
4 4

Swept volume of engine
Vd = V z, V= = V1 - : (2-stroke)

Compression
Compression ratio

+V
r = (see P. 420 for diagram)

Final compression pressure

Final compression temperature

Piston movement (see P 421 for diagram)
Piston clearance from top dead center

I / I t
I=<1+ cos cj- -|- sin2 4

Crankshaft angle

)=2 Ti-nr(pinrad)

Piston velocity (approximation)
2 n r sinp+ sin2<p

21

Mean piston velocity
07 =2-n

Maximum piston velocity (approximate,
if connecting rod is on a tangent with the
big-end trajectory; (Fk = 0)

3-5 4 4,5

163*om 1.62 -2m 1.61 

(seeFP422 for diagram)

Numerical relationship between quartities

VH = 0785 10-6 d2 -
Vh in dm 3, d in mm, s in mm

H=H0.785 10- J
/ in dm d in mm, in mm

Vh 00 1

pf
, A

TDC '

BDC BDC

4-stroke engine 2-stroke engine

p 6 n-I
(p in n in min-, t in s

n inqp+, si n2)

u in m/s, n in mn-r, 1, r ands in mm
? -sm 000 (see R 422 for diagra T)

Lm in m/s, n in min-, s in mm

Piston acceleration (approximation) a 9 cos n+ cos2pj

-2 .r2 n. s cos (+ rcos2 q8!
Tak in m/s2, inr min1, r andN in mm

See P 34fordefinitions of"mathematical relaticnsh ps between quantities and "numerical
relionships between quantities"

.5

(I)
5

1
"'F,

'7 '1

:6
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418 Internal-combustion engines

Calculation equations (continued)

Mathematical relationship between quantities Numerical relationship between quantities

Gas velocity
Mean gas velocity in the valve section

,2 1? - S
v, = J2- um V_=V ~" 0000

v, in m/s, d, d,, and s in mm, n ir min-

The highest volumetric efficiency values are achieved at mean gas velocities of
90 .. 110 rn/s (empirical values).

Fuel supply
Injected quantity per injection pump
stroke

P.E Z±
Q -, f, -

Mean velocity of injection spray

v = !p  ( in rad)
Sd - (A

Engine power
P=Mw=2 44 Yn

Peff=V pe n/K
K = 1 for 2-stroke engine
K = 2 for 4-stroke engine

Power per unit displacement (power
output per liter)

t

Weight-to-power ratio
P?*

1000 Pn Ae
60 ,

V, in mm3, Pep in kW, b) in g/kW h
(or also Pe in hp, b, in g/hp h),
, in min-', o in kg/di

(for fuels(I= 0.85 kg/dm3 )

Ud = 6lpV
1000 S6(

td= in m/s in min VE in mm
Sin mm2, a in

P = 4, n/9549
PinkW,MUinN m(=W-s)
p V- -pei - b 

K K 00 9549
P in kW, pe in bar, n in min-',
TM inN m

P = M . n/716.2

P in hp, M in kp m, n in min-
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Internal-combustion engines 419

Calculation equations (continued)

Mathematical relationship between quantities Numerical relationship between quantities

Mean piston pressure (mean pressure, mean working pressure)

4-stroke engine 2-stroke engine 4-stroke engine
2.P P P

p- 2p = p = 1 200  t
Vs-nVH n~ Vn

p in bar, P in kW, VH

p =833 P

p in bar, P in hp, VH i

4 xM 2 rM M4 n -l 2,A p = 0. 1257 -
1'H HH

p in bar, A in N m,
-____ _____ _,- I

Engine torque

VH pa
2 xL

Fuel consumption')

B= Measured values in kg/h
he= B/Pen
1 = 1/(H

Efficiency

theC 1-
q_ Pen/(B Hfl)

2-stroke engine

=600
VH n

in dm, n in min-

p = 441 VH*

n dm, n in min-'

p = 0.0628 V
n iH

VH in dm3

1)7H -Pe VH P Ie
0.12566 Md= 0.06284

A/ in N m, Vj in dm3, Pe in bar

Me = 9549 Pffla
1ind m,P.m ein kW, n in min-1

B in dm3/h or kg/h

V= Measured volume on test
dynamometer

e= Elapsed time for measured
volume consumption

b B 3600
t - Peii

oa Fuel density in g/cm3 ,
Is in s, VB in cm, Pel in kW

, = 86/be
where u= specific calorific value

42,000 kJ/kg
b, in g/(kW h)

'}GSeP 337 4or the effect of vehicle design measures on fuel consumption.

IiIi
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420 Internal-combustion engines

Displacement and compression area See P 417 for diagram and equation.

The diagram below applies to the displacement v and compression space V, of the individual
cylinder, and to the total dispiacement V, and total compression space Vc-

dn 3  Y |/ 7

0.40 - - F - - - --020 - - - - -0I

- 0,25I --

aA

0 o 0

0_2 0.3 04 0.5 0.1 1.0 1.4 2.0 3,0 4.0 diV

Example:
An engine with adisplacement of 1.2 din anda compression ratio C = 8Bhas a
compression area of 0.17dn 3.
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Internal-combustion engines 421

Piston clearance from top dead center See F 47for equation-

Conversion ofdegrees crank angle to mm peston traveL

IT

20 __ _ 30_ -

5060

I __ 45:

40___40V

I I

C2

2-0

CI

(220

0 ____ __ -

50 100 1:0 200 min

Stroke

Example:
The piston clearance from top dead center is 25 mm for a stroke of 140 mm Et 45
crankshaft.

The diagram is based on a crank ratio Ur = 4 (1 connecting-rod length, r one half Df the
stroke tenglh). However, it also applies with very good approximation (error less than
2%) for all ratios /r between 3.5 and 4.5.

p
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422 internal-combustion engines

Piston velocity

p~

E

0

C_

See P 417/orquaton

-18

14

nz 12

7 -

50 60 70 80 90 100 120 140 160 m

Stroke.s

Example:
Mean piston velocity u. = 8 m/s and maximum piston velocity ux = 13 m/s for stroke
Y = 86 mm and at an engine speed of n = 2800 min-,.

The diagram is based on uax = 1.62 z), (see P 417).
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Internal-combustion engines 423

Charge density increase in the cylinder with turbo/supercharging

increase in density on supercharging as a function of the pressure ratio in the compressor the
co npressor efficiency and the intercooing rate for charge-air cooling (CAC)

1.0 7
11is-v 0.9 A 7 2, T1

0.8 \D

0.6
(IV)

U) ~1 4- Q

0 a
E Temperatur 1.2-
u difference
o ATI - T-T

-0'o E.. w i
2.2 1.8 1.4

Compress onratiop /p.
1 1.4 1.8 2.2

Increase in density p/p,

i' =7 = Pressure ratio during crankcase compression,2 = Increaseindenfsi'ty
S =Density upstream of compressor, 92 Density downstream of compressor in kg/m 3

Tj T =Intercdoing rate, 'l Temperature before CAC 1'= Temperature after CAC in K
q,, = Isentropic compressor efficiency

Final compression pressure and temperature

Firal compression temperature as a function
of 'he compression ratio and the intake
tenmperature,

"C

700-
16

600-
=13

500- =10
=8

0400 -

300

: 200-

.20CQ0 20, 40C 600 -C
Intake temperature tA

T= - 273.15K, T, = TA Fn-g. n = 1.35

Final compression pressure as a functin
of the compression ratio and boost
pressure.

bar F=20 = 16
=13

120-
^-

100-

80)

60-

E 40-

0

C

20

0 40
0 1 2 3 4 ba

Charging pressure p

P,= PL ., n, u = 1.35

'.4M
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424 External-combustion engines

Reciprocating-piston engine with external
combustion (Stirling engine)

Operating concept and
efficiency

Cycle sequence: In phase 1, the power
piston (bottom), or working piston, is at
its lowest position and the displacer (top
piston) is in its highest; all of the working
gas is expanded in the "cold" area be-
tween the two pistons. During the transi-
tion from phase I to phase II, the power
piston compresses the working medium
in the cold chamber. The displacer re-
mains in its uppermost position. During
the transition from phase 11 to phase Ill,
the displacer moves down to push the
compressed working medium through the
heat exchanger and into the regenerator
(where it absorbs the stored heat) and
from there into the heater (where it is
heated to maximum working tempera-
ture). Because the power piston remains
in its lowermost position, the volume does
not change.

After being heated the gas enters the
"hot" area above the displacer. During the
transition from phase III to phase IV the
hot gas expands, the power piston and
displacer are pushed into their lowermost
positions and power is produced. The
cycle is completed with the transition from
phase IV back to phase 1, where the

displacers upward motion agai propels
the gas through the heater and into the re-
generator, radiating substantial heat in
the process. The residual heat is ex-
tracted at the heat exchanger tefore the
gas reenters the cold area.

Thus the theoretical cycle largely corre-
sponds to isothermal compression (the
working gas is cooled back down to its ini-
tia temperature in the heat exchanger
after adiabatic compression), isochoric
heat addition via the regenerator and
heater, quasi-isothermal expansion (the
working gas is reheated to its iniial condi-
tion in the heater after adiabat c expan-
sion) and isochoric heat dissipation via
the regenerator and heat exchanger.

The ideal cycle shown in the p-V and
T-S diagrams could only be achieved it -
as described - the movement of the
power and displacer systems were dis-
continuous.

If both pistons are connected 10 a shaft,
i.e., via a rhombic drive, they carry out
phase-shifted sinusoidal movements
leading to a rounded work diagram with
the same cycle efficiency - sim lar to the
efticiency of the Carnot cycle - but with
sacrifices in power and net efficiency-

The Stirling engine cycle
Four states of discontinuous power-pistonand dsplarmovement I Power piston,
2 Displacer 3 Cold space 4 Hot space, 5 Hea exchanger 6 Regenerator 7 Heater

II III IV

7

2 4

6

5

3

j,:
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External-combustion engines 425

Design and operating
characteristics

Modern Stirling engines are double-act-
ing engines with (forinstance) 4 cylinders
operating with a defined phase shift. Each
cylirder has only one piston whose top
surface acts as a power piston, and
whose bottom surface acts as a displacer
for the following cylinder. The heat ex-
changer, regenerator and heater are lo-
cated between the cylinders.

In order to maintain an acceptable ratio
between power and displacement, the en-
gines run at high pressures of 50 to
200 bar, variable for purposes of load con-
trol. Gases with low flow losses and high
specific heats (usually hydrogen) must be
used as working fluids. Because the heat
exchanger must transfer all of the heat
which is to be extracted from the process
to the outside air, Stirling engines require

Double-action Stirling engine
7 heater 2 Regenerator 3 Heat exchanger

considerably larger heat exchangers han
IC-engines.

Advantages of the Stirlin engine: very
low concentrations of all the pollutants
which are subject to legislation (HC, CO
and NOJ; quiet operation without com-
bustion noise; burns a wide variety 01 dif-
ferent fuels (multifuel capability): fuel con-
sumption (in program map) roughly equiv-
alent to that of a direct-injection diesel
engine at comparable speeds-

Disadvantages: high manufacturing costs
due to complicated design; very high op-
erating pressures with only moderate
power output relative to the units volume
and weight; expensive load-control sys-
tem required large cooling surface arid/or
ventilation power required,

Heat balance of Stirling engine

Residual heat loss
100

,Exhaust he'a
801

60

20

Coolant heat

,- Usefulpower

25 50 75 bar
Mean cycle pressure pm

~ri

iii

Theoretical Stirling engine cycle as shown in thep-V and T-S diagrams

3

'heater

Thea ex-
change,

2

4

1

R 1o ldd

-4

-
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426 Internal-combustion engines

Wankel rotary engine

The rotary engine is an unconventional
piston powerplant in which the crankshaft
mechanism is replaced by an eccentric
drive unit operated by a rotary piston. The
piston forms the combustion chambers as
1: proceeds through its trochoidal rotation
pattern.

Viewed from the side, the rotor is a
triangle with convex sides. Located within
the water-cooled housing is the oval -
or more precisely: hourglass shaped -
piston chamber (epitrochoid). As the
rotor turns, its three apices follow the wall
of the housing to form three mutually-
sealed, variable displacement chambers
(A, B and C) spaced at 120' intervals,
Each of these chambers hosts a com-
plete four-stroke combustion cycle during
each full rotation of the rotor, i.e. after one
full rotation of the triangular rotor, the
engine has completed the four-stroke
cycle three times and the eccentric shaft

nhas completed an equal number of rota-
tions.

The rotor is equipped with bcth face
and apex seals. It incorporates a con-
centric internal ring gear and the bear-
ings for the engine shaft's eccentic. The
rotary piston's internal ring geer turns
against a housing-mounted gear: this
gear runs concentrically relative to the
eccentric shaft. This gear set transmits
no force. Instead, it maintains the rotary
piston in the trochoidal orbit pattern re-
quired to synchronize piston and eccen-
tric shaft.

The teeth of the gear set act in accor-
dance with a 3:2 conversion ratio. The ro-
tor turns at two thirds of the shafts angu-
lar velocity and in the opposite d rection.
This arrangement produces a relative ro-
tor velocity that is only one third of the
shaft's angular velocity relative to the
housing.

Design and operating concept of the Wankelrotary engine
I Rotor 2 nternal gearing inrotor 3 Spark plug 4 Fixedpinion, 5 Running surface of eccentric

a) Cell A takes in air-fuelixturecellB compresses the ixturand the combustion gases Care
exhausted from cell C. (Depressions in the rotor lanks alow gas to pass by the trochoidal.estric-
tion.)
b) Cell A is filled with fresh gas. the combustion gases expand in cel B, thereby turning the eccen-
tric shaft via the rotor, combustion gases continue to be exhausted from cel C, The next phase of
combustion is again that shown in figure a), whereby cell C has taken the place of cell A. Thus the
rotor by turning through 120Wof one rotation, has carried out the complete four-stroke process at
its three flanks. During thisprocess, the eccentric shaft has made one complete rotation.

a b

2

BA A
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Gas exchange is regulated by the pis-
an itself as it moves past slots in the
iousihg. An alternative to this arrange-
nent - with peripheral intake ports
cated along the apices' trochoidal path

. is represented by intake ports in the
ide of the block (side ports).
Considerably higher gas velocities and

ngine speeds are made possible by the
ack of restrictive gas passages and the
tbsence of reciprocating masses. Every
otary engine can be completely balanced
nechanically. The only remaining irregu-
arity is the uneven torque flow, a charac-
eristic of all internal-combustion engines.
owever, the torsional force curve of

i single-rotor engine is considerably
;mocther than that of a conventional
;ingle-cylinder engine, due to the fact that
he power strokes occur over 2700 of the
ccentric shaft's rotation. Power-flow con-

;istency and operating smoothness can
)oth be enhanced by joining several ro-
ary pistons on a single shaft. In this con-
ext, a three-rotor Wankel corresponds

IInternal-combustion engines 427

to an eight-cylinder, reciprocating-piston
engine. The torque curve can be made to
assume the characteristics of a throtted
engine or a racing engine by changingihe
timing (location) and shape of the intake
ports.

Advantages of the rotary engine: ccm-
plete balancing of masses; favorable tor-
sional force curve; compact design no
valve-gear assembly; excellent tractabil-
ity.

Disadvantages: less than optimal com-
bustion chamber shape with long flame
paths, high HC emissions, increased luel
and oil consumption, higher manufac:ur-
ing costs, diesel operation not possible,
high location of output shaft

Design of a (win rotary engine
1 Rctor, 2 Hydraulic torque convertor 3 Automatic clutch.

IJ

1 2 3
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428 Internal-combustion engines

as turbine

I the gas turbine, the individual changes
of state during the cycle take place in spa-
t ally separate components (compres-
sors, burners and turbines), which com-
rnunicate with one another via flow-con-
ducting components (diffusers, spirals
and the like). These changes of state
therefore occur continuously.

Operating concept,
comparative cycle and
efficiency

in automotive gas turbines, the intake air
is drawn in continuously through a filter
and noise attenuator prior to condensa-
tion in a radial compressor and subse-
quent warming in a heat exchanger. The
heat exchanger in current automotive
units is usually designed as a rotating re-
generator.

The compressed and preheated air
1hen flows into the burner where it is di-
rectly heated through injection and com-
bustionofgaseous,liquidoremulsifiedfu-
es. Energy from the compressed and
ieated gases is then transmitted to one,
wo or three turbine stages on one to
hree shaft assemblies. The radial- or
3xial-flow turbines initially drive compres-
sors and auxiliary assemblies, which then
'elay the remaining power to the drive-
shaft via a power turbine, reduction gear
and transmission.

The turbine usually incorporaes ad-
justable guide vanes (AGV turbie) de-
signed to reduce fuel consumption at idle
and in part-load operation whilst simulta-
neously enhancing tractability during
acceleration, In single-shaft mechines,
this necessitates an adjustment mecha-
nism at the transmission.

After partial cooling in the expansion
phase the gases flow through the gas
section of the heat exchanger, where
most of their residual heat is discharged
into the air. The gases themselves are
then expelled through the exhaust pas-
sage, whereby they can also supply heat
for the vehicle's heating system.

The thermal efficiency and with it the
fuel consumption of the gas turbine are
largely determined by the maximum pos-
sible operating temperature (burner exit
temperature). The temperatures ihat can
be achieved using highly heat-resistant
cobalt- or nickel-based alloys do rot allow
fuel consumption that is comparable with
present-day piston engines. It will need
the changeover to ceramic materials be-
fore similar or even better fuel eficiency
can be achieved.

The comparative thermodynamic cycle
for the gas turbine is the constant-pres-
sure or Joule cycle. It consists of isen-
tropic compression (process 1 -2), iso-
baric heat addition (process 2 -3), isen-
tropic expansion (process 3 4) and
isobaric heat dissipation (process 4-4).
High levels of thermal efficiency are only
available when the temperature increase
from 1' to T, supplied by tile heat
exchanger, is coupled with a themal dis-
charge (4 -) 4'). If heat is conpletely

Characteristic operating temperatures (orders of magnitude) at various
positions in metallic and ceramic automotive gas turbines at full load

Measuring point

Compressor exit

Heat-exchanger exit (air side)

Burner exit

Heat-exchanger inlet (gas side)

Heat-exchanger exit

Metal turbine
t r

230'C

7000C
______ I-----

1000'C_1iioc'C

750'C

270'C

Ceramic lurbine

250'C

1250'C1 350'C

1000oC

300"C

950 "C(
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Internal-combustion engines 429

L-
exchanged, the quantity of heat to be
added per unit of gas is reduced to

fad = Co , (T - T) = o(TM- TI)
and the quantity of heat to be removed is

itmn= CO 4(T, - T1)= c, - (72- Tl)

The maximum thermal efficiency for the
gas turbine with heat exchanger is

qtn = 1 - QrernIQdd 1- (T - T )I(T3 -T)

Where P21 = (T;/) -1 (T/T4)
and T, = T2 (T,1T') it follows that

3

2 T4'

2

0 2 S

Current gas-turbine powerplants acieve
thermal efficiencies of up to 35%.

Advantaoes ofthe gas turbine:clean
exhaust without supplementary emis-
sions-control devices; extremely smooth
running; multifuel capability. good static
torque curve; extended maintenance
intervals.

Disadvantages: manufacturing zosts
still high, poor transitional response,
higher fuel consumption. less suitable for
low-power applications.

7t = 1 - (T/T).

Gas turbine
I Filterand silencer, 2 Radial-flow compressor 3 Burnr 4 Heat exchanger, 5 Exhaust port
6 Reduction gearset, 7 Power turbine, 8 Adjustable guide vanes. 9 Compressor-turbine,
70Starter, I IAuxiliary equmrent drive, 12Lubricaing-oilpup.

3

4 $1"4

12 11 109 8 7

4 5

6

'Ii
I,',

I iti

2 3
1P

1 4
al

Thermodynamic comparative cycle as shown in the p r and -S diagrams.

O
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1-
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430 Engine cooling

Engine cooling
Air cooling

Zooling air is routed by dynamic pressure
and/or a fan around the finned external
walls of the cylinder casing. Flow restric-
:ors and fan-speed control, etc., can be
employed to regulate the current in re-
sponse to variations in temperature and
oad factor. Power consumption is 3...4%
of total engine output. Suitable sound-
proofing measures can be employed to
obtain both consistent engine tempera-
lures and noise levels comparable to
those of liquid-cooled engines. Heat ab-
sorbed by the engine's oil is dispersed by
an air-cooled oil cooler mounted at a suit-
able position in the air stream.

Water cooling
Water cooling has become the standard
in both passenger cars and heavy-duty
vehicles.

Pure water is no longer employed as
coolant; today's coolants are a mixture of
water (drinking quality), antifreeze (gener-
ally ethylene glycol), and various corro-
sion inhibitors selected for the specific ap-
plication. An antifreeze concentration of
30...50% raises the coolant mixture's
boiling point to allow

Passenger-car
cooling system

I Radiator tank,
2 Transmission-fluid

cooler
3 Gasket,
4 Engine-coolant

radiator,
5 Side brace,
6 Base,
7 Oil tank,
8 Engine-oil cooler,
9 VISCO coupling,

10 Fan.

operating tempera-

tures of up to 1203C at a pressure of
1.4 bar in passenger cars.

Radiator designs and materials
The cores ofthe coolant radiators in mod-
ern passenger cars are almost always
made of aluminum, which is also being
used in an increasing number o heavy-
vehicle radiators throughout the world.
There are two basic assembly variations:
brazed and mechanically joined radiators,

For cooling high-output eng nes, or
when space is limited, the best solution is
a brazed, high-performance flat-tube and
corrugated-fin radiator layout with mini-
mal aerodynamic resistance on the air-in-
take side,

The less expensive, mechanially-as-
sembled finned-tube system is generally
employed for applications with less pow-
erful engines or when more space is
available.

When the radiator is assemtled me-
chanically. the cooling grid is fo'med by
mounting stamped fins arounc round,
oval and flat-oval tubes. The fins are cor-
rugated and/or slotted at right angles to
the direction of air flow.

Turbulators are applied in all types of
radiators to enhance the thermal transfer
on the coolant side (i. e. in the pipes) pro-
vided the attendant pressure losses re-
main within acceptable limits. On the cool-
ing-air side, corrugations and gills provide

4 5 3

1i'

67 8 5 7 91

6 7 8 5 7 9 10

1 2 3
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Engine cooling 431

improved thermal transfer in the fins.
The radiator tank ensures that the

coolant is distributed throughout the
block. These tanks are made of fiber-
glass-reinforced polyamides. and are in-
jection molded with all connections and
mountings in a single unit. They are
flange-mounted to the radiator core.

Radiator design
Regardless of operating and environmen-
tal conditions, the radiator must continue
to provide reliable thermal transfer by dis-
charging engine heat into the surrounding
air. Different methods can be applied to
detarmine radiator capacity. The cooling
capacity required for a specific radiator
car be determined empirically, using
conparisons with reference units of the
sane design, or calculations based on
correlation equations for thermal transfer
and flow-pressure loss can be employed.

Aside from reliable cooling, other prior-
ities in radiator design include minimizing
the power required to operate the fan and
maintaining low aerodynamic drag. The
mass of the cooling air stream is a deci-
sive factor, as there is an inverse relation-
ship between fan and radiator capacities:
A more powerful fan with higher energy
consumption allows a smaller radiator,
and vice versa. In addition, the tempera-
ture differential between the surrounding
air and the coolant should be as large as

Electronic controt of coolant temperature

possible, an objective that can only be
achieved by maximizing coolant tempera-
ture, which in turn entails a corresponding
increase in system pressure.

Regulation of coolant temperature
A motor vehicle's engine operates in a
very wide range of climatic conditions and
with major fluctuations in engine load fac-
tors. The temperature of the coolant --and
with it that of the engine - must be egu-
lated if they are to remain constant within
a narrow range. An efficient way to com-
pensate for varying conditions is to istall
a temperature-sensitive thermostat incor-
porating an expansion element to -egu-
late temperature independent of pressure
variations inthe coolingsystem. Thether-
mostat responds to drops in coolant tem-
perature by activating a valve to increase
the amount of coolant bypassing the radi-
ator. This method provides consistent op-
erating temperatures, good veiicle-
heater performance and helps ower
emissions while also reducing engine
wear.

Further possibilities are pernitted
when a map thermostat is used. An elec-
tronically controlled thermostat differs
from purely expansion-element-regt lated
thermostats in that it has a larger logic
content. When the wax element is heated
in the map thermostat, which can be con-
trolled by the engine-management sys-

Fan

'1

1~

Electronically
controlled
thermostat

Air-temperature
map 

Logic unit -

Load map

Speed map

Coolant-tem-
perature map T
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432 Engine cooling

tem, an increased coolant temperature is
simulated such that an optimum tempera-
ture level is set.

Coolant expansion tank
The expansion tank provides a reliable
escape channel for pressurized gases,
preventing cavitation of the kind that
tends to occur on the suction side of the
water pump. The expansion tank's air vol-
ume must be large enough to absorb the
coolant's thermal expansion during rapid
pressure buildup and prevent the coolant
from boiling over,

Expansion tanks are injected-molded in
plastic (generally polypropylene), al-
though simple designs can also be in-
flated to shape. The expansion tank can

Visco coupling TE20-K2
I Basic body 2 Cover, 3 Primary disk
4 Magnet bearing, 5 Solenoid coil, 6 Sole-
noid, 7 Permanent magnet, 8 Stopplate,
9 Intermodiate disk. 10 Couping bearing
IT Flangedshaft, 12 Valve-leverspring.

1.1

2- 1

4- -[

5--

7 -

9 |I

11

12

forma single unitwith the radiato tank, or
the two can be joined in a flange or plug
connection. It is also possible to install the
expansion tank at a remote local on.

The position and shape of :he filler
opening can be used to limit capacity,
thus preventing overfilling. A sight glass or
an electronic level sensor can be em-
ployed to monitor the level of the coolant,
or the expansion tank can be rianufac-
tured in undyed, transparent plas:ic. How-
ever, colorless polypropylene is sensitive
to ultraviolet rays; it is thus impoitant that
the expansion tank not be exposed to
direct sunlight.

Cooling-air tan
Because motor vehicles also req Jire sub-
stantial cooling capacity at low speeds,
force-air ventilation is required for the ra-
diator. Single-piece injectior-molded
plastic fans are generally employed in
passenger cars; injection-molded tans
with drive-power ratings extendIg up to
20 kW are likewise now used in commer-
cial vehicles. Fans with more modest
power ratings are mostly driven electri-
cally by DC and EC motors (up tc 600 W)
Although blade design and arrangement
can be selected to provide relatively quiet
operation, the noise levels of such fans re-
main substantial due to their consistently
high rotation speeds. Using electric mo-
tors for cooling in mid-size cars aid larger
vehicles would entail excessive costs. On
these vehicles, the fan is powered directly
by the engine, via a drive belt, or, in heavy
trucks, the fan is attached direcily to the
crankshaft, dispensing with an irtermedi-
ate drive element.

The fan-control arrangement requires
particular attention. Depending upon ve-
hicle and operating conditions, the unas-
sisted air stream can provide sufficient
cooling up to 95% of the time, t is thus
possible to economize on the fuel which
would otherwise have to provide the en-
ergy to drive the tan. Electric fans use a
multistage or continuous control system
for this purpose, i.e. the fan is only acti-
vated above precisely defined coolant
temperatures by means of electric tem-
perature switches or by the engne elec-
tronics.

The fluid-friction or viscous-drive fan

10
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Engine cooling

(VISCO coupling) is a mechanical-drive
ar-angement of proven effectiveness for
application in both passenger cars and
heavy vehicles. It basically consists of
three sections: the engine-powered pri-
mary (or input) disk, the internally-acti-
vated secondary (or output) section, and
the control mechanism.

Control can be effected by two meth-
ocs:
- Firstly, the pure temperature-depen-

dent, self-regulating coupling, which
varies its speed infinitely through a
bimetallic elementan operating pin and
a valve lever by means of the amount of
silicone oil located in the working cham-
ber. The controlled variable is the tem-
perature of the air leaving the radiator,
and thus indirectly the temperature of
ihe coolant.

- Secondly, the electrically activated cou-
pling; this coupling is electronically con-
trolled and electromagnetically actu-
ated. Instead of just one controlled vari-
able, a wide range of input variables is
used for control purposes. These are
usually the temperature limits of the var-
ious cooling media.

An intermediate disk divides the sec-
ondary section into a supply chamber and
a working chamber through which the
fluid circulates- There is no mechanical
connection between the working chanber
and the primary disk, which rotates freely
wihin it. Torque is transmitted through the
internal friction of the highly-viscous fluid
and its adhesion to the inner surfaces
Tbere is a degree of slippage between in-
put and output.

IntercoOling (charge-air
cooling)

Cooling the boost air reduces both the
thermal loads placed on the engine and
the exhaust-gas temperatures, with atten-
dant benefits in NOx emissions and fuel
consumption It also inhibits preignition in
spark-ignition engines. Basically speak-
ing, both the engine coolant and the ambi-
ent air can be employed to cool the boost
air. An air-to-coolant intercooler can be in-

stalled in virtually any location, abenefit
associated with this water-cooled unit's
modest dimensions. However, withcut an
auxiliarycoolingcircuit,thistypeof system
can only cool the charge air down almost
to the temperature of the engine coolant.

Forthese reasons air-to-air intercoolers
have become the configuration of choice
in both passenger cars and heavy vehi-
cles. These intercoolers can be mounted
in front of, beside or above the engine ra-
diator, or at a completely separate loca-
tion. A separately-mounted intecooler
can utilize either the unassisted vehicle
air stream or its own fan. Extra effort is re-
quired to ensure adequate air supply
when the intercooler is to be located to
the front of the engine radiator. The ad-
vantage of this location lies in the fact that
the fan ensures sufficient air flow across
the intercooler at low vehicle speeds. A
disadvantage is that the cooling air is itself
heated in the process: The capacity of the
engine radiator must therefore he in-
creased accordingly.

The system of corrugated aluminum
fins and tubes employed for the inter-
coolercore is similarto that used in [he ra-
diator for the engine coolant. Wide tubes
with internal fins provide superior perfor-
mance and structural integrity in actual
practice. Owing to the high level of ther-
mal-transfer resistance on the cha'ge-air
side it is possible to hold the fin density on
the cooling-air side to a minimum. The dif-
fusion rate Dis a particularly important in-
tercooler property. It defines the relation-
ship between boost-air cooling efficiency
and the boost-air/cooling-air temperature
differential:

(D = (h - 1 A) / (11E - 12)

The equation's elements are:
i Diffusion rate

tr FBoost-air intake temperature,
t

A Boost-air exit temperature,
12F Cooling-air intake temperature.
For passenger cars: 0 = 0,4. 117;
For commercial veh icles: 1= 0.65. .0 85.
Whenever possible, the plenum chamber
is injection-molded in fiberglass-rein-
forced polyamide as a single cast ng in-
corporating all connections and mounts.
Plenum chambers which are subject to in-
creased stresses, e.g. the charge-air inlet

,433
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434 Engine cooling

system, are injection-molded from highly
heat-resistant PPA or PPS. The plenum
chamber is flange-mounted on the radia-
tor core. Plenum chambers which feature
undercut shapes or are intended for high-
temperature applications are die-cast in
aluminum, and welded to the core,

Oil and fuel cooling

Oil coolers are often needed in motor ve-
hicles to cool both engine oil and gear oil.
They are used when the heat losses from
the engine or transmission can no longer
be dissipated via the surface of the oil pan
or the transmission with the result that the
permitted oil temperatures are exceeded.

Fuel coolers are installed in modern
diesel assemblies in order to cool down to
a permissible level the excess diesel fuel
from the return which heats up during the
injection process.

Oil coolers generally take the form of
aluminum oil-to-air or oil-to-coolant cool-
ers, which can be installed either adjacent
to the engine-coolant radiator in the cool-
ing module or separately Separately
mounted units depend upon the unas-
sisted air stream or an extra fan for cooling.

Oil-to-air coolers mostly consist of a
system of flat tubes and corrugated fins
with a high power density, or of a system
cf round tubes and flat fins. Turbulence in-
serts are soldered into flat-tube systems
for strength reasons (high internal pres-
sures).

Stainless-steel disk coolers and alu-
minum forked-pipe coolers are used to
cool lubricating oil and engine coolant in
passenger cars. However, aluminum
stack designs have entered the market
and proven successful over the last few
years.

Disk coolers have their own casing and
are mounted between the engine block
and the oil filter. Forked-pipe coolers have
no casing and must therefore be inte-
grated in the oil-filter housing or in the oil
pan.

Disk-stack oil coolers are made up of
individual disks which are turned and
arranged on top of each other. Turbulence
inserts are inserted between the individ-
ual disks.

If only a modest cooling output is re-
quired (e.g. cooling of transmission fluid
in automatic transmissions), aluminum
flat-tube coolers can be used for passen-
ger cars and commercial vehicles. They
are installed in the outlet tank of the en-
gine radiator.

An oil-to-air cooler is usedto cool trans-
mission fluid in more powerful heavy vehi-
cles. The unit is mounted in fron: of the
engine radiator in order to ensure good
ventilation.

Lube oil in heavy vehicles is generally
cooled by stainless-steel disk packs or
aluminum disk-stack coolers wh ch are
accommodated in an extended coolant
duct in the engine block. If conditions are
favorable, neither a casing nor additional
lines are required.

Cooling-module technology

Cooling modules are structural units
which consist of various cooling and air-
conditioning components for a passenger
vehicle, and include a fan unit complete
with drive, e.g. a hydrostatic or electric
motororaViscoccoupling.

In principle, module technology features a
whole range of technical and economic
advantages:
-optimum layout and alignment of the

components to the fan's power output,
- thus improved efficiency in the passen-

ger car, or smaller and more inexpen-
sive components can be realized.

The optimum layout of the individual com-
ponents and their coordination wi h each
other are made possible by exact knowl-
edge of the characteristic curves for the
fan, the fan-drive and the heat-excianger.
This prevents e.g. the backflow of cooling
air, which would reduce the Effective
cross-sectional area of the cooler.

Intelligent
thermomanagement

Future developments are heading in the
direction of operationally optimized regu-
lation of different heat flows,
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Thermomanagement involves opera-
tionally optimized cooling by means of the
demand-compatible regulation and alloca-
tion of material and heat flows. Thus the
cooling-air flow must be regulated by the
fan and radiator-blind actuators in such a
way that only the minimum throughput that
is actually required for heat dissipation
passes through the cooling-air system (de-
mand-triggered regulation). This minimum
throughput must then be made available
by suitable routing elements to the heat
exchangers which require cooling air. This
philosophy is to be applied to all material
flows such as coolant, cooling air, engine
and gear oil, charge air and fuel. For this
corcept to be successfully implemented, it
is Essential that new actuators be used in
the cooling-air system and fluid circuits
such as e.g. controllable fans, pumps,
valves, flaps, throttling and routing ele-
ments, and that they be incorporated in a
microprocessor-controlled control system.

Exhaust-gas cooling

Because of the introduction of new,
stricter exhaust-emission regulations for

diesel engines, new technologies for re-
ducing emissions have become the locus
of engineers' attention

One such technology is cooled ex-
haust-gas recirculation (EGR), which al-
lows the reduction of emissions at the
cost of only a minimum rise in fuel con-
sumption.

The EGR system is accommodated in
the high-pressure area of the engine. The
exhaust gas to be recirculated is rerroved
from the main flow between the cylinder
and turbine, cooled by the engine ccolant
and then reintroduced to the fresh a after
the intercooler. The EGR system consists
of a valve which regulates the amount of
exhaust gas to be recirculated, the ex-
haust lines, and the exhaust-gas-to-
coolant heat exchanger

Because of its location in the high-pres-
sure area, the exhaust-gas heat ex-
changer is subject to extreme ope'ating
conditions. For instance, the exhaut-gas
temperature can reach up to 400'C for
passenger cars and up to 700 oC for com-
mercial vehicles, a fact which makes it im-
perative to use heat-resistant mater als.

Cooled exhaust-gas recirculation (schematic)
IEngine, 2 Exhaust-gas heat exchanger. 3 Water connection, 4 intercooer, 5 EGR valve,
6 Turitne, 7 Compressor

6

2 3 4
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Fuel filters
Injection systems for spark-ignition and
diesel engines are sensitive to the small-
est impurities in the fuel. Damage can be
caused above all by particulate erosion,
abrasion and water corrosion. The ser-
vice life of the fuel-injection system is only
guaranteed by a specific minimum purity
of the fuel supplied to the components ex-
posed to wear.

The function of the fuel filter is to re-
duce particulate impurities. The neces-
sary filter fineness is defined by the re-
quirements of the fuel-injection system.
As well as guaranteeing protection
against wear, the fuel filter must feature
an adequate particulate retentioncapac-
ity. Filters with insufficient capacity to re-
tain contaminants are liable to become
clogged before the end of the official re-
placement interval. This will result in a re-
duction in fuel delivery and thus a drop in
engine power. It is therefore essential to
install a fuel filterthat is custom-tailored to
the relevant injection system. Using un-
suitable filters has at best unpleasant and
at worst very costly consequences (re-
placement of components up to and in-
cluding the entire injection system).

IFuel filters for gasoline
injection systems
Fuel filters for spark-ignition engines are
located between the fuel tank and the fuel
pump and/or on the pressure side down-
stream of the fuel pump. The preferred
design is the in-line filter. In addition,
easy-change filters screwed to a base,
and housing filters with non-metal filter el-
ements are used. Components such as
the pressure control valve can be inte-
grated in the filter head.

The filter element consists of radial or
spiral vee-shaped filter media. Modern fil-
ter media for gasoline consist of mixtures
of superfine pulp and polyester fibers. The
filter media are always deep-bed filters
where particulates are predominantly re-
tained on the inside of the medium. The
liltration efficiency in once-through opera-
tion for a particulate fraction of between

3 and 5 pm (ISO/TR 13353: 1994 Part 1)
is 20 .. 50% depending on the iijection
system. The structure of the mixed-fiber
medium and the filter area determine the
particulate retention capacity anduhs the
maintenance interval. The design of new
fuel filters for spark-ignition engin3s is in-
creasingly tending towards maintenance-
free service-life concepts (e.g. filter in the
in-tank fuel-pump unit).

Fuel filters for diesel injection
systems
Because of the significantly higher injec-
tion pressures, considerably higher de-
mands are placed on the wear-prctection
performance of modern diesel injection
systems compared with gasoline injection
systems. This ensures reliability, low fuel
consumption and compliance with emis-
sion limits over the entire service life of
the vehicle (up to 1,000.000 km lor com-
mercial vehicles). Depending on the fuel
contamination and application, this re-
quires a filtration efficiency in once-
through operation for a particulate fraction
of between 3 and 5 pm of 70...>95%
(ISO!TR 13353: 1994, Part 1). Less se-

tn-line gasoline fitter
I Radial vee-shaped fiter element.

---
I1

Ii
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vere filtration stipulations apply to in-line
injection pumps since they are connected
to the engine lube-oil circuit.

As well as high levels of superfine par-
ticulate separation, the fuel filter is ex-
pec:ed to feature a particulate-retention
capability which will permit compliance
with the maintenance intervals as stipu-
lated by the vehicle manufacturer This
can only be achieved by using special til-
ter mediums, e.g. in multilayer form with
synhetic microfiber layers. These filter
mediums apply a fine prefilter effect, and
guarantee maximum particulate-retention
capability by separating the particulates
inside the particular filter layer.

A second essential function of the
diesel filter is to separate emulsified and
free water in order to prevent corrosion
damage. An effective water separation of
>92% at rated flow (ISO 4020) is ab-
solutely essential for distributor injection
pumps and common-rail systems. Water
separation takes the form of coalescence
on the filter medium. The separated water
collects in the water chamber in the bot-
tom of the filter housing. Conductivity
sersors are used to monitor the water
level, and the water is drained off manu-
ally via a drain plug.

Diesel fuel is more heavily contami-
natd than gasoline (particularly due to
products which result from the aging
process). Diesel filters are therefore de-
signed as easy-change filters. Screw-on
easy-change filters with radial or spiral
vee-shaped filter elements are widely
used. Fuel filters with aluminum/plastic
and fully plastic housings are being in-
creasingly used. Only a non-metal filter
element remains as a replacement part.

1particularly exacting demands are
placed on wear protection and/or mainte-
nance intervals, there are filter systems
wh ch have a prefilter that is adapted to
the fine filter. In addition to the "microfil-
tration" and "water separation" functions,
modern diesel filters combine "fuel pre-
heating" (using electrical, coolant, or fuel-
recirculation methods) to prevent clog-
ging due to paraffin during winter opera-
tion, maintenance indication by way of a
differential-pressure measurement, and
manual pumping for filling/venting after
the filter is replaced.

:111
'II
If

Diesel filter with water drain
IFiter cover, 2 Fuel inlet, 3 Paper filter
elmnrt, 4Housing, 5 Water collecting
chwber, 6 ater drain plug, 7 Fuel outlet

A~~~ I 7
2

3-

4- 7

Easy-changedieselfilter

e.n
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Air supply

Air filters
The air filter serves to inhibit internal wear
by preventing air-borne dust from being
drawn into the engine.

On paved roads the dust content of the
air averages 1 mg/m3, however, on un-
paved roads and on construction sites the
dust content can be high as 40 mg/m
This means that - depending on roads
and operating conditions - a medium-
sized engine can draw in up to 50 g of
dust over 1,000 km.

Passenger-car air filters
In addition to filtering the air, passenger-
car air filters preheat the intake air and
regulate its temperature, as well as damp-
ing the air-intake noise. Intake-air temper-
ature regulation is important for the oper-
ation of the vehicle and for the composi-
tion of the exhaust gases. The
temperature of the intake air may differ
under part-load and full-load operating
conditions.

The required amount of hot air is drawn
in in the vicinity of the exhaust and added
to the cold intake air at the filter inlet by
means of a flap-valve mechanism. The
regulating mechanism is usually an auto-
matic arrangement employing either a
pneumatic vacuum unit connected to the

Side-mounted passenger-car air filter
1 Fresh-air intake, 2 Warm-airintake,
3 Outlet for warm/fresh air mixture

3

Centralpassenger-carairiffer
1 Fresh-air intake, 2 Warm-air intake
3 Outlet for warm/fresh air mixture,
4 Vacuum unit.

:~.filter

-airintake
mixture,

A4

2

intake manifold or an expansion element.
The constant regulated intake-air temper-
ature improves engine perform.nce and
fuel consumption, and decreases the per-
centage of pollutants in the exhaust
gases as a result of better fuel manage-
ment and distribution of the air-fuel mix-
ture. Preheating the intake air alo short-
ens the warm-up phase of the engine af-
ter it is started, particularly in cold
weather. It also prevents ice from forming
in the carburetor.

Passenger-car air filters employ paper
cartridges and can be mounted either
centrally or at the side of the engine com-
partment. This type of filter is ciaracter-
ized by a high retention factor which, to a
large extent, remains insensitive to fluctu-
ations in load. Cartridge replacement is a
simple operation performed at the inter-
vals specified by the vehicle's manufac-
turer. Passenger-car air filters must be

Paper air filter with cyclone for co-mer-
cial vehicles
I Air inlet,
2 Air outlet,
3 Cyclone vanes,
4Filter element,

i 5Dust bowl-

*

3o

d

-3

-4

-5
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specially matched to each engine type in
order to optimize power output, fuel con-
surrption, intake-air temperature and
damping.

Commercial-vehicle air filters
Mot of the air filters used in heavy vehi-
cles are of the paper-element type, al-
though oil-bath filters are employed in
some applications. Paper filters exhibit
high filtering efficiency in all load ranges
and increased flow resistance as the
amount of dirt retained by the filter in-
creases. To save space, a cyclone pre-
filte, is often integrated in the air-filter
housing fitted with a paper element. The
filte is serviced by either replacing the fil-
ter element or emptying the dust cup.

Paper air filters often incorporate main-
tenance indicators to show when the filter
needs servicing.

The servicing information provided by
the manufacturer of the vehicle or the
equipment must be followed. Servicing
can be simplified, according to the inten-
sity of engine-air pulsation, by using spe-
cially matched automatic dust-unloading
valves.

Cyclones increase filter service life and
extend the maintenance intervals. The cy-
clone vanes rotate the air, causing the
majority of dust particles to be separated
from the air before reaching the down-
stream air filter Cyclones can be installed

Intake-noise damping

Daemping curves of an intake-noise damper
Demrper resonancefo = 66 Hz'
I eoretcal damping curve without taking

intoaccount pipe resonances.
2 Curveof measured damping response

with owsound energy density and without
paralleflow(floudspeakermeasurement).

3 Masureddamping response with high sound
energy density and with paralel flow (rnea-
suroment at the engine).

Air filter with intake pipe
I Length of intake pipe,
AMean cross-section of intake pipe,
V'Fiter volume.

upstream of both paper air filters and oil-
bath air filters. They cannot be used alone
as engine air filters because their filtering
efficiency is inadequate.

Intake-noise damping
The intake noise of passenger-car and
commercial-vehicle air filters mus: be
damped in order to comply with egal
regulations pertaining to the overall dehi-
cle noise level. Noise damping is
achieved almost exclusively by designing
the air filler to act as a reflection sound
absorber having the specialized shape of
a Helmholtz resonator; see P. 451.

Assuming that the air filter is of suffi-
cient size, intake noise can general y be
damped by 10 to 20 dB (A). A good em-
pirical value for 4-stroke engines is 15 to
20 times the displacement of one cylinder.
In special cases in which the noise a, par-
ticular frequencies is excessive, supple-
mental dampers must be used.

The resonance frequency of an intake
damper is

( A,

Where
C Speed of sound in air
I Length of the intake manifold
Am Mean cross section of the intake man-

ifold
V Filter volume

-

Ea
It
a

TI-

V A

dB
+50

+40 1

+30 q2

+20

+101

0

- 10
-20

20 50 100 200 500 Hz
Frequency f
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440 Charging systems

Turbochargers and
superchargers for internal-
combustion engines
(self-charging)

By compressing the air inducted for com-
bustion in the internal-combustion (IC)
engine, and thereby increasing its mass,
charging systems also increase the out-
put obtained for a given displacement at a
given engine speed. The "compressors"
generally used for IC engines are of three
basic types the mechanically-driven
supercharger, the exhaust-gas turbo-
charger and the pressure-wave super-
charger.

Mechanical superchargers compress
the air using power supplied by the engine
crankshaft (mechanical coupling between
engine and supercharger), while the tur-
bocharger is powered by the engine's ex-
haust gases (fluid coupling between en-
gine and turbocharger).

Although the pressure-wave super-
charger also derives its compression
force from the exhaust gases, it requires a
supplementary mechanical drive (combi-
nation of mechanical and fluid coupling).

Superchargers (mechanically driven)
These fall into two categories: mechani-
cally-driven centrifugal superchargers
(MKL) and mechanically-driven positive-
displacement superchargers (MVL).

The turbo-type supercharger for the
MKL corresponds to the exhaust-gas tur-
Docharger in its essential configuration.
This type of device is very efficient, pro-
viding the best ratio between unit dimen-
sions and flow volume. However, the ex-
treme peripheral velocities required to
generate the pressure mean that drive
speeds must be very high. As the sec-
ondary drive pulley (2:1 conversion ratio
relativeto primary drive) does not rotate
last enough to drive a centrifugal super-
charger, a single-stage planetary gear
with a 15:1 speed-increasing ratio is em-
oloyed to achieve the required peripheral
speeds. In addition, a transmission unit
must be included to vary the rotational
speeds it the pressure is to be maintained
at a reasonably constant level over a wide
range of flow volumes (- engine speed).

Mechanicalcentrifugalsupercharger{MKL)
(schematic)
1 Variable-speed primary pulley 2 Variable-
speed secondary pulley 3 Solenoid clutch,
4 Step-up planetary-gear set, 5 Compressor
6Airintake, 7Airoutlet

7

6

The necessity of using extreme rotational
speeds, and the technical limits imposed
on the transmission of drive power, mean
that the centrifugal supercharge's range
of potential applications is lnited to
medium- and large-displacement diesel
and gasoline passenger-car engines.
This design has not been extensively em-
ployed for mechanical superchargers

Positive-displacement superchargers
(MVL) operate both with and wi:hout in-
ternal compression. Internal-compres-
sion superchargers include the recipro-
cating-piston, the screw-type, the rotary-
piston and the sliding-vane compressor.
The Roots supercharger is an example of
a unit without internal compression. All of
these positive-displacement suprcharg-
ers share certain characteristics as
shown in the graphic illustraticn for a
Roots supercharger.
- The curves for the constant rotational

speed nLAO = in the graph of p/
against V are extremely steep, indicat-
ing that increases in the pressire ratio
p)/p, are accompanied by only sight re-
ductions in the mass-flow volume v.
The precise extent of the drop in flow
volume is basically determined by the
efficiency of the gap seal (backflow
losses).It is a function of the pressure
ratio p2/p) and of time, and is not influ-
enced by rotational speed.

2

3

4

5
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Charging systems 441

- The pressure ratio p2 i does not de-
pend upon the rotational speed. In other
words, high pressure ratios can also be
generated at low mass-flow volumes.

- The mass-flow volume V remains inde-
pendent of the pressure ratio, and is,
roughly formulated, directly proportional
to rotational speed.

- The unit retains stability throughout its
operating range. The positive-displace-
ment compressor operates at all points
of :he p/p-V graph as determined by
supercharger dimensions.

The two twin-bladed rotary pistons of
[he oots suoerchartoperate without
directly contacting each other or the hous-
ing. The size of the sealing gap thus cre-
ated is determined by the design, the
choice of materials and the manufacturnng
tolerances. An external gear set synchro-
nizes the motion of the two rotary pistons.

in the sliding-vane superchare, an ec-
centrically-mounted rotor drives the three
centrally mounted sliding vanes; the ec-
centric motion provides the internal com-
pression. The extent of this internal com-
pression can be varied for any given ec-
centricity by altering the position of the
outlet edge A in the housing.

The spiral-type supercharoer employs an
eccentrically-mounted displacement ele-
men- which is designed to respond to ro-
lation of the input shaft by turning in a
double-eccentric oscillating pattern. In se-
querce, the working chambers open for
charging, close for transport and open
once again for discharge at the hub. The
spirals can be extended beyond the
length shown in the illustration to provide
interial compression.

The displacement element is driven
by a belt-driven, grease-lubricated auxil-
iary shaft, while the input shaft is lubri-
cated by the engine's oil circuit. Radial
sealing is via gaps, while lateral sealing
strips provide the axial seal.

Program map of a Roots supercharger

50 100 150 200m h
Vo metric, Fowt

Cross-section through a Roots
supercharger
I Housing,

110tary 1 '-

2 -

Cross-section through asiding-vane
supercharger
I Housng, 2 Ro1or 3 Vanes 4 Shift,
5 Out-ter edge A

R r 1

2

/ -N5

Ii
1, 1;

i-i,

Cross-section through a spiral-type
supercharger
7Airintakeinto
secondworking -
Chanber,
2 Drive shaft,
3 Displacer
guide,
4 Air intakeinto1
primary working
chaiber, 2
5 Housing,
6 Displacer

3

4
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The rotary -piston supercharger incor-
porates a rotary piston moving about an
internal axis. The driven inner rotor (rotary
oiston) turns through an eccentric pattern
n the cylindrical outer rotor. The rotor ra-
:ios for rotary-piston superchargers are ei-
iher 2:3 or 3:4. The rotors turn around
fixed axes without contacting each other
or the housing. The eccentric motion
makes it possible for the unit to ingest the
maximum possible volume (chamber 1) for
compression and discharge (chamber 111).
The internal compression is determined
by the position of the outlet edge A.

A ring and pinion gear with sealed
grease lubrication synchronizes the mo-
tion of the inner and outer rotors. Perma-
nent lubrication is also employed for the
roller bearings. Inner and outer rotors use
gap seals, and usually have some form of
coating. Piston rings provide the seal
between working chamber and gear case.

Superchargers on IC engines are
usually belt-driven (toothed or V-belt).
The coupling is either direct (continuous
engagement) or via clutch (e.g, solenoid-
operated clutch, actuation as required).
The step-up ratio may be constant. or it
may vary according to engine speed.

Mechanical positive-displacement su-
perchargers (MVL) must be substantially
larger than their centrifugal counterparts
(MKL) in order to produce a given mass
flow. The mechanical positive-displace-
ment supercharger is generally applied
to small- and medium-displacement en-
gines, where the ratio between charge

volume and space requirements is still ac-
ceptable.

Exhaust-gas turbochargers
The exhaust-gas turbocharger (AFL) con-
sists of two turbo elements: a turbine and
a compressor installed on a single shaft.
The turbine uses the energy of the ex-
haust-gas to drive the compressor. The
compressor, in turn, draws in fresh air
which it supplies to the cylinders in com-
pressed form. The air and the mass flow
of the exhaust gases represent the only
coupling between the engine and the
compressor. Turbocharger speed does
not depend upon engine speed, but is
rather a function of the balance of drive
energy between the turbine and the com-
pressor.

Exhaust-gas turbochargers are used
on engines in passenger cars, trucks and
heavy-duty engines (marine and locomo-
tive power plants, stationary power gener-
ators).

The typical engine-performance curves
for this type of application are illustrated
in a compression graph (P. 441), valid for
all displacements, in which the surge line
separates the stable operating range on
its right from the instable range. t is obvi-
ous that the instable range presents no
difficulties provided that the co-rect tur-
bocharger is selected, as all of the points
representing potential operating condi-
tions lie either on the engine operating
curves (full load) or below them (art-load
operation).

Cross-section througha rotary-piston
supercharger
1 Housing,
2 Outer rotor,
3 Inner rotor,
4 Outlet edgeA.
5 Chamber Wl,
6 Chamber II,
7 Chamber L 1 -

3 r

4

5

Compression graph with typical engine
operation curves valid for all displacements

4.0
la = 450m/s

Z =3.5 2 300m/s 13.0L3.Su =150m/s N

2.5 'ATruck1

6 2-0 2 7 Passen'
1. .0 or car

- rsv
a-71.0 16

0.1 0.2 0.3 0.4
Volumetric-tlow factor <p W2fj
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Charging systems 443

Difterent applications require various
:onfigurations. However, all exhaust-gas
urbochargers have practically the same
najor components: the turbocharger rotor
and shaft assembly, which combine with
he bearing housing to form the so-called
:ore assembly, and the compressor hous-
ng. Other components such as turbine
iousing and control elements vary ac-
:ording to the specific application.

Piston rings are installed on both the
xhast and intake sides to seal off the

Dearing housing's oil chamber. In some
3pec al applications sealing is enhanced
)y trapped air or a compressor-side car-
)on axial face seal. Friction bearings are
)enerally used, installed radially as either
loating double plain bushings or station-
ary plain-bearing bushings, while multi-
Ae-wedge surface bushings provide axial
3upport. The turbocharger is connected
:o the engine's lube-oil circuit for lubrica-
ion, with oil supply and return lines lo-
cated between the compressor and tur-
jine housings. No additional cooling
arrangements are provided for the bear-
ng housing on standard units. The tem-
zeraures can be maintained below criti-
cal levels using devices such as a heat
shield, and by thermally isolating the
cearng housing from the hot turbine
housing, supplemented by incorporating
suitable design elements in the bearing

housing itself. Water-cooled beaiing
housings are employed for exhaust-gas
temperatures in excess of 850'C. The
rear wall of the compressor seals the
compressor side of the bearing housing.

The housing of the radial compressor is
generally made of cast aluminum A by-
pass valve can be integrated in the hcus-
ing for special applications. This bypass
valve is used exclusively in SI-engine su-
percharging and prevents pumping on the
compressor side when load is swiftly re-
moved from the engine.

Turbine housings differ substantially ac-
cording to intended use. Casting maleri-
als for turbine housings range from GGG
40 to NiResist 05 (depending upon ex-
haust-gas temperature). Exhaust-gas tur-
bochargers for trucks incorporate a twin-
flow turbine housing in which the two
streams join just before reaching the im-
peller. This housing configuration is em-
ployed to achieve pulse turbocharging, in
which the pressure of the exhaust-gas is
supplemented by its kinetic energy

In contrast, in the case of constant-
pressure turbocharging, only the p es-
sure energy of the exhaust-gas is utilized,
and single-flow turbine housings car be
employed. This configuration has become
especially popular for use in conjunction
with water-cooled turbine housings on
marine engines. The exhaust-gas tur-

Truck exhaust-gas turbocharger with twin-flow turbine housing
I Compressor housing,
2 Compressor wheel,
3 Turbinehousing,
4 Rotor
5 Bearing housing,
6 Incoming exhaust gas
7 ENhaust-gas discharge,
6 Atmospheric fresh air
9 Compressed fresh air,
10 Oii supply 1
I I Oil return.

2

6

-4

8 7

II.4;:
xi
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444 Charging systems

Boost-pressure regulation via exhaust-
side boost-pressure control valve
(wastegate)
I Engine, 2 Exhaust-gas turbocharger
3 wastegate.

- .... ------- -.... 3

1 I~Tim IS '

-- A
T~ 2

--7

Variable turbine geometry
(schematic diagram)
1Turbine housing,2Adjustingring
3 contro cams. 4 Adjustable guideblades
5Guidebladeswthadjustingever,
6Airintake.

3 4

bochargers on heavy-duty engines often
incorporate a nozzle ring upstream from
the turbine. The nozzle ring provides a
particularly smooth and consistent flow to
the impeller while allowing fine adjust-
ment of the flow through the turbine.

Exhaust-gas turbochargers for passen-
ger cars generally use single-flow turbine
housings. However, the car engine's wide
min- 1 range means that some form of tur-
bocharger governing mechanism is re-
quired if the boost pressure is to be main-
tained at a relatively constant level

throughout the engine's operating range.
Standard practice presently favors regu-
lating flow on the exhaust side, whereby a
portion of the engine's exhaust gases is
routed past the turbine (bypass) using a
governing mechanism (wastegale) which
can be in the form of a valve or a flap.

In today's production turbochargers,
the wastegate is actuated pneumatically,
i.e. with negative pressure or overpres-
sure. Here the necessary conrol pres-
sure is tapped off directly or in timed
mode from the turbocharger or as timed
negative pressure from the vehicle electri-
cal system.

With appropriate microe!ectronic sup-
port, boost-pressure control can be
effected as a function of the engine pro-
gram maps. Future wastegates will be
electrically or electronically actuated.

The available energy is exploited more
efficiently by governing systems incorpo-
rating turbines with variable blad ageome-
try. With this system, the turbine s flow re-
sistance is modified continuously to
achieve maximum utilization of the ex-
haust energy under all operating condi-
tions.

Of all the potential designs, adjustable
guide blades have achieved general ac-
ceptance, as they combine a wide control
range with high efficiency levels

An adjusting ring is rotated to provide
simple adjustment of the blade angle. The
blades, in turn, are swiveled to the desired
angles using adjusting cams, or directly
via adjusting levers attached to the indi-
vidual blades. The pneumatic actuator
can operate with either vacuum or posi-
tive pressure. Microelectronic control sys-
tems can exploit the advantages of vari-
able turbine-blade geometry by providing
optimal boost pressure throughout the
engine's operating range.

Aside from the variable turbine with ad-
justable guide blades, the turbine with ad-
justable control spool VST has gained
acceptance in small-capacity car engines
(see illustration). The mode of operation
of the VST provides that, analogously to
the fixed turbine, initially one flow channel
determines the ram performance (spool
position 1).

cI r

PT

1 2 5 6
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Charging systems 445

When the maximum permissible boost
pressure is reached, the spool opens con-
tinuously in an axial direction and ex-
poses the second flow channel (posi-
tion 2). Both channels together are con-
figued in such a way that by far the
largest part of the exhaust-gas mass flow
is routed through the turbine. The remain-
ing quantity is routed past the impeller in-
side the charger by further displacement
of the control spool (position 3).

Multistage supercharging
Multistage supercharging is an improve-
merit on single-stage supercharging in
that the power limits can be significantly
extended. The objective here is to im-
prove the air supply on both a stationary
and a non-stationary basis and at the
same time to improve the specific con-
sumption of the engine. Two supercharg-
ing processes have proven successful in
this respect.

Sequential supercharging
Because of the expensive charger switch-
ing equipment, sequential supercharging
is predominantly used in ship propulsion
systems or generator drives. In this case,
as engine load and speed increases, one
or more turbochargers are cut in to the
bas c supercharging process. Thus, in
comparison with a large supercharger,
which is geared to the rated power, two or
more supercharging optima are achieved.

Two-stage controlled supercharging
This supercharging process is used in
motor-vehicle applications on account of
its simple control response. Two-stage
controlled supercharging involves the se-
rial connection of two turbochargers of dif-
ferent sizes with a bypass control system
and ideally a second intercooler.

Tie exhaust-gas mass flow from the
cylinders initially passes into the exhaust
manifold. From this point, there is the pos-
sibility of either expanding the exhaust-
gas mass flow through the high-pressure
turbine (HP) or diverting a partial mass
flow through the bypass line. The entire
exhaust-gas mass flow is then used again
by the downstream low-pressure turbine
(LP).

Operation o VSTsupercharger with
adjustable spool
a)Spoolpositron1 (onlyeltchannelopea),
b) Spool position 2 (both channels open),
c Spoolposition 3(both channels and
bypass open.

a

b

C

I
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The entire fresh-air mass flow is initially
precompressed by the low-pressure
stage and ideally intercooled. The flow is
then further compressed and intercooled
in the high-pressure stage. As a result of
the precompression, the relatively small
HP compressor works on a higher pres-
sure level so it is able to generate the re-
quired air mass flow.

At low engine speeds, i.e. small ex-
haust-gas mass flows, the bypass re-
mains fully closed and the entire exhaust-
gas mass flow expands through the HP
turbine, This results in a very rapid and
high build-up of boost pressure. As en-
gine speed increases, the expansion
work is continuously switched to the LP
turbine whereby the bypass cross-section
is enlarged accordingly.

Two-stage controlled supercharging
thus enables infinitely variable adaptation
on the turbine and compressor sides to
the requirements of engine operation.

Pressure-wave superchargers
The pressure-wave supercharger exploits
the dynamic properties of gases, using
pressure waves to convey energy from
the exhaust-gas to the intake air. The
energy exchange takes place within the
cells of the rotor (known as the cell rotor
or cell wheel), which also depends upon
an engine-driven belt for synchronization
and maintenance of the pressu-e-wave
exchange process.

Inside the cell rotor, the actual energy-
exchange process proceeds at the speed
of sound. This depends upon Exhaust-
gas temperature, meaning that it is
essentially a function of engine torque,
and not engine speed. Thus the pressure-
wave process is optimally tailored to only
a single operating point if a constant step-
up ratio is employed between engine
and supercharger To get around this
disadvantage, appropriately-designed
"pockets" can be incorporated in the for-
ward part of the housings. These achieve
high efficiency levels extending through a
relatively wide range of engine operating

Pressure-wave supercharger
I Engine, 2 Cell rotor, 3 Belt drive,
4 High-pressure exhaust-gas,
5 Pressurized air, 6 Low-pressure airntake,
7 Low-pressure exhaust outlet

7

2

6

Schematic structure of two-stage
controlled supercharging
I HP stage (high pressure),
2 LP stage {low pressure),
3 Intake manifold,
4 Exhaust manifold,
5 Bypass Valve,
6 Bypass line.

3

41

61

J2
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Charging systems 4,47

concitions and provide a good overall
boost curve.

The exchange of energy occurring
within the rotor at the speed of sound
ensres that the pressure-wave super-
charger responds rapidly to changes in
engiie demand, with the actual reaction
times being determined by the charging
processes in the air and exhaust tracts.

The pressure-wave supercharger's cell
rotor is driven by the engine's crankshaft
via a belt assembly. The cell walls are ir-
regularly spaced in order to reduce noise,
The cell rotor turns within a cylindrical
housing, with the fresh air and exhaust-
gas tracts feeding into the housing's re-
spective ends. On one side are low-pres-
sure air intake and pressurized air, while
the high-pressure exhaust and low-pres-
sure exhaust-gas outlet are located on
the other side.

The accompanying gas-flow and state
diagrams illustrate the pressure-wave
process in a basic "Comprex" at full load
and moderate engine speed. Developing
(or unrolling) rotor and housing converts

the rotation to a translation. The state
diagram contains the boundary curves for
the four housing openings in accordance
with local conditions. The diagrams for the
ideal no-loss process have been drawn-
up with the assistance of the intrinsic
characteristic process.

The pressure-wave supercharger ro-
tor is over-mounted and is provided with
permanent grease lubrication, with the
bearing located on the unit's air side. The
air housing is of aluminum, the gas hous-
ing of NiResist materials. The rotor with
its axial cells is cast using the lost-wax
method. An integral governing meha-
nism regulates boost pressure according
to demand.

Gas-flow diagram {a) and state diagram fb) for pressure-wave supercharger
A Exhaust-gas outlet, B Exhaust-gas intake, C Air intake, O Air outlet, Residual air fresh air
F Direction of rotor rotation,

a
-- E

A

7

4 C

- D
fI2

F

Mach curves
Particle paths

b

D0
2

3 A

4 8

0 Flow velocity
C

Velocity
Pressure

TT
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Exhaust systems

Exhaust-system purpose
The exhaust system reduces the pollutant
constituents of the exhaust gas generated
by combustion in the engine. The remain-
ing exhaust gas is then discharged as qui-
etly as possible at a convenient point on
the vehicle. The engine power should be
reduced as little as possible during the
process.

Exhaust-system design
A passenger-car exhaust system serves
here as our example. It consists basically
of three main components (although
some of these are also found in commer-
cial-vehicle exhaust systems):

The catalytic converter serves as the
exhaust-gas cleaning device for spark-ig-
nition (SI) engines, and the oxidation cat-
alytic converter for diesel engines. It is
mounted as close as possible to the en-
gine so that it can quickly reach its oper-
ating temperature and therefore be effec-
tive in urban driving. When installed as
retrofit equipment it is fitted in place of the
front muffler (front silencer), whose
acoustical functions it also assumes in
addition to its exhaust-gas cleaning func-
tion. The resulting acoustical changes in
the vehicle must meet legal requirements.

Depending on the size of the vehicle
and the engine, one or several mufflers
are used. In V-engines the left and right

cylinder banks are frequently run sepa-
rately, each being fitted with its own cat-
alytic converter or muffler, ard only
brought together at the end of the vehicle
in one large muffler.

The exhaust pies are the third 3nd last
component in the exhaust system. They
combine the exhaust-gas outlets in the
cylinder head into one or more pipes
(manifolds), and also connect the cat-
alytic converter(s) and the mufflers to
each other The length and cross-section
of the pipes, as well as the type of junction
used, influence the vehicle's performance
characteristics and acoustic behavior. Ex-
haust systems for vehicles with larger
swept volumes are therefore often fitted
with twin pipes. The pipes, the catalytic
converter and muffler are connected to
the main body of the system by rr eans of
insert connections and flanges. Many
original-equipment systems are welded
into one complete unit for faster mounting,

The entire exhaust system is con-
nected with the underbody of the vehicle
via flexible suspension elements. The fix-
ing points must be carefully selected, as
otherwise vibration can be transmitted to
the bodywork and generate noise in the
passenger compartment. The exhaust-
system noise at the exhaust-emission
point (tailpipe) can also cause bodywork
resonances.

The total volume of the passenger-car
muffler system is approximately three to
eight times the engine's swept volume,

Exhaust systems
a) Without b) Withcatalytic-convertersystem.
I Front muffier, 2 Catalytic-convertersyst.3Centrmufflr 4 Rearmuer,

a
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Depending on swept volume and type of
muffler, the exhaust system weighs be-
tween 8 and 40 kg.

Catalytic converters
The catalytic-converter housing is of heat-
resistant, high-quality steel. It contains
actvely-coated ceramic monoliths. In or-
der to compensate for the differing coeffi-
cients of thermal expansion of steel and
ceramics, and to protect the sensitive
monolith against bumps and vibrations, a
flexible mounting is used. Two different
types of mounting have been developed:

The wire-knit mounting, of highly heat-
res stant stainless steel, is insensitive to
extreme exhaust-gas temperatures and to
pronounced gas pulsations in the high-
speed range. Because of its poor heat-in-
sulation qualities, the pipes and the body
of tie catalytic converter must often also
be insulated.

The swellinga-mat mounting has come
to the forefront in application- This mount-
ing is made of ceramic fiber fell, com-
posed of aluminum silicate fibers and ex-
panding mica particles. The two sub-
stances are combined using acrylic latex.
Under the influence of temperature the
matting expands and presses the mono-
lith into an immovable position. As the
swell matting is a good insulator, there is
no need for additional insulation. How-
ever, if the exhaust gases cause exces-
sive heating, the pressure on the mono-
liths can reach such a level that there is

the danger of fracture. If the exhaust-gas
temperatures are not high enough, the
pressing force exerted on the monolith is
insufficient, allowing the monolith to move
and possibly be destroyed. Exhaust-gas
pulsation may lead to erosion in the swell
matting.

In order to restrict linear expansion and
to achieve better mixing of the exhaust
gases, several monoliths are frequently
used in one catalytic converter. The
shape of the inflow funnel into the cat-
alytic converter must be designed care-
fully, so that the exhaust gases flow
through the monolith evenly. The exter-
nal shape of the ceramic body depends
on the space available underneath the ve-
hicle, and may be triangular, oval or
round.

The metal catalytic converter is an al-
ternative to the ceramic monolith. It is
made of finely corrugated, 0.05 mm thick
metal foil, wound and hard-solderec in a
high-temperature process. As in the case
of the ceramic catalytic converter, the sur-
face is coated with catalytically effective
material. As a result of its thin walls, more
channels can be accommodated in the
same area. That means less resistance to
the exhaust gas, which is beneficial with
regard to performance optimization in
high-performance vehicles.

Catalytic converters also have an
acoustic effect As a result of the narrow
ceramic pipes in the monolith, numerous
small sound sources are formed. The

I
*Ist~li

* J.'In

B>1

Dual-bed three-way catalytic converter
I Lambda sensor for lambda closed-loop control- 2 Monolith, 3 Wire-kni mounting,
4 heat-insulated double shell.

1 23 4
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sound waves are thereby partially extin-
guished by interference or are damped by
friction.

When designing the exhaust system,
careful catalytic-converter matching is im-
perative, as its high level of flow resis-
tance has a considerable influence on the
system's vibration characteristics as well
as on the performance of the engine (see
also Catalytic Afterburning, page 521)

Iufflers
IVuffers (or silencers) are intended to
smooth the exhaust-gas pulsations and
make them as inaudible as possible.
There are basically two physical princi-
ples involved: reflection and absorption.
IVufflers also differ according to these
principles. However, they mostly com-
zrise a combination of reflection and ab-
sorption. As mufflers together with the
pipes of the exhaust system form an os-
;illator with natural resonance, the posi-
:ion of the mufflers is highly significant for

:he quality of sound-damping. The objec-
ive is to tune the exhaust systems as low
as possible, so that their natural frequen-
ties do not excite bodywork resonances.
To avoid structure-borne noise and to pro-
vide heat insulation against the under-
Dody of the vehicle, mufflers often have
double walls and an insulating layer. De-
pending on the space available under-
neath the vehicle, mufflers are produced
either as "winding cups" or from half-
shells.

Reflection mufflers consist of chambers
of varying lengths which are connected
together by pipes. The differences in the
cross-sections of the pipes and the cham-
bers, the diversion of the exhaust gases,
and the resonators formed by the con-
necting pipes with the chambers, produce
muffling which is particularly effective at
low frequencies. The more such cham-
bers are used, the more efficient is the
muffler.

Reflection mufflers cause a higher ex-
haust-gas backpressure, as a rule have
greater power loss, and are heavier.

Absorption mufflers are constructed
with one chamber, through which a perfo-
rated pipe is passed. The chamber is
filled with sound-deadening material. The
sound enters the absorption material

through the perforated pipe and is con-
verted into heat by friction. The absorp-
tion material usually consists of cng-fiber
mineral wool (basalt or rock woo) with a
bulk density of 120.. 150 g/l. The level of
muffling depends on the bulk dersity, the
sound-absorption grade of the material,
and on the length and coating-thickness
of the chamber. Damping takes place
across a very broad band, but only begins
at higher frequencies. The shape of the
perforations, and the fact that the pipe
passes through the wool ensures that the
material is not blown out by the pulsation
of the exhaust gas. Sometimes Ihe min-
eral wool is protected by a layer of stain-
less-steel wool around the perforated
pipe.

Absorption mufflers are principally
used as rear mufflers.

Muffler(silencer)principles
a) Absorption muffler,
b) Reflection muffler.
c) Combination of a) and b)

a

b
171
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Acoustic tuning devices
A number of different components can be
used to remove disturbing frequency ar-
eas of the noise emitted from the tailpipe.

The Helmholtz resonator damps sound
in its natural frequency range and func-
tions as a suction resonator. It is a
through-flow resonator and amplifies at its
natural frequency, but thereafter it has a
broad damping range.

Poes perforated with holes work in a
similar way to a wateing-can rose. The
one large sound source, the pipe, is con-
verted into many small sound points,
formed by the perforations. A broad-band
filter effect occurs as a result of interfer-
ence and swirling of the exhaust gas.

Venturi nozzles damp low-frequency
souid. They must be designed so that the
flow speed in the nozzle throat is always
below the speed of sound. The funnel
must be set at a specific angle, as other-
wise hissing noises occur.

Soot filters
In order to remove solid particles (particu-
lates) from diesel-engine exhaust gas,
sool filters are in development. Various
kinds of filter system are used, e.g., steel-
wocl filters, ceramic-monolith filters, ce-
ramic-coil filters etc.

Tie ceramic-monolith filter currently
represents the best compromise with re-
gard to the requirements made of the fil-
ter. In contrast to the flow-through cat-
alytic-converter monoliths, the channels
for the soot filter are alternatingly opened
and closed, so that the particle-aden ex-
haust gas is forced to flow through the un-
coated, porous walls of the honeycomb
structure. The particles are deposited in
the pores. Depending on the porosity of
the ceramic body, the effectiveness of
these filters ranges from 70 to 90%.

In order to guarantee full functioning of
the filters they must be regenerated at
certain intervals. Two cleaning processes
are possible; in both cases the soot parti-
cles are burnt away:

In the chemical process, additives in
the fuel reduce the flammability of the
soot particles to the usual exhaust-gas
temperature. The secondary emissions
arising as a result of the additives may
have a disadvantageous effect.

In the thermal Process, a high-power
heating element is connected, which
raises the exhaust-gas temperature to ap-
prox. 7000C. The regeneration is most
simply carried out with the engine
switched off. The filter regeneration point
is ascertained either via a time control or
an aneroid box. If it is necessary to re-
generate the filter while the vehicle is run-
ning, two filters can be fitted which are al-
ternatingly either filtering or being regen-
erated. This is, however, very cost-
intensive. A further possibility is to civert
the exhaust gases via a sound muffler
during regeneration, whereby the extaust
gases are emitted unfiltered for approx.
5% of the journey Heating elements are
also being developed which permit s mul-
taneous regeneration and filtering ot en-
gine exhaust gases (full-flow regenera-
tion).

2

1

Ceramic sootfilter(principle)
1 Exhaust input, 2 Ceramic plug,
3 Cell partition, 4 Exhaust-gas exit

N.4
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452 Engine management (spark-ignition engines)

Engine management
for spark-ignition (SI)
engines

Requirements

SI-engine torques
The power output P from a spark-ignition
(SI) engine is determined by the available
citch torque and the engine speed.

The clutch torque is produced from the
torque generated by the combustion
process, reduced by the friction torque
(friction losses in the engine) and the
charge-cycle losses, and the torque re-
quired for operating the auxiliary systems.

The combustion torque is generated in
the power cycle and determined by the
following variables:
- the air mass that is available for com-

bustion once the intake valves have
closed,

- the fuel mass available at the same
time, and

- the point at which the ignition spark ini-
tiates combustion of the airituel mix-
ture.

3rivetrain torques
f Auxiliary systems

(alternatorA/C
compressor etc.),

2 Engine,
.3 Clutch,
4 Transmission.

Primaryfunctionofengine
management
The primary function of engine manage-
ment is to adjust the torque generated by
the engine. For this purpose, all the vari-
ables that influence the torque are con-
trolled in the various engine-management
subsystems.

Cylinder-charge control
In Bosch engine-management systems
with an electronic accelerator pedal
(EGAS), the required charging of the en-
gine cylinders with air is determined and
the throttle valve opened accordingly in the
1cylinder-charge control" subsystem. In
conventional injection systems, the driver
directly controls the opening of the throttle
valve by pressing the accelerator pedal.

A/F mixture formation
In the "mixture formation" subsystem, the
associated fuel mass is calculated and
from this the necessary injection tirne and
the optimum injection point are deter-
mined.

Ignition
In the"ignition"subsystem, the crankshaft
angle is determined at which the ignition
spark ignites the mixture at the correct
time.

Air mass (fresh gas charge Combustion Engine Clutch Dive
Fuel mass Enginettorque orue orque tch Taina' torqu

Spar advace angle torques r
(ignition point)

Load change and friction
Auxiliay systems
Clutch losses and clutch ratio
Transmiss on losses and transmission to

1 1 2 3 4
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The objective of this management sys-
ten is to make available the torque re-
quested by the driver, and at the same
time to satisfy the exacting demands
placed on exhaust emissions, fuel con-
sumption, power output, comfort and
saety.

Cylinder charge

Ccnstituent elements
The gas mixture in the cinder after the
intake valves have closed is termed the
cylinder charge. This charge consists of
the supplied fresh A/F mixture and resid-
va exhaust gas.

Fresh A/F mixture
Th constituentelementsof the fresh mix-
ture drawn in are fresh air and the fuel
suopended in it. The majority of the fresh
air flows through the throttle valve; addi-
tional fresh mixture can be drawn in
through the evaporative-emissions con-
trol system (if fitted), The air supplied via
the throttle valve and present in the cylin-
de after the intake valves have closed is
the decisive factor in the work performed
at 'he piston during combustion, and thus
in the torque delivered by the engine.

Cylinder charge in the SI engine
r Airandfuel vapor,
2 Purge valve withvariable valve-opening

cross-section,
3 Connection to evaporative-emissions

control sysem,

li Exhaust-gas recrculation valve (EGR valve
with variablevalve-openingcross-section,

b Air mass flow(ambientpressurepJ,
;'Air mass flow (intake-manifold pressure)
8 Fresh A/F-nixture charge

(combustion-chamber pressure ps),
9 Residual exhaust-gas charge

(combustion-chamber pressure pe),
10 Exhaust gas

(exhaust-gas back pressure FA),
I In take valve,
12 Exhaust valve.
a Throtle-valve angle.

Measures for increasing maximum torque
and maximum engine power therefore al-
most always necessitate an increase in
the maximum possible cylinder charge.
The theoretical maximum charge is pre-
determined by the piston displacement.

Residual exhaust gas
The share of residual exhaust gas in the
charge is formed
- by the exhaust-gas mass which re-

mains in the cylinder and is not dis-
charged during the period when the ex-
haust valve is open, and

- in systems with exhaust-gas recrcula-
tion (EGR), by the mass of the recircu-
lated exhaust gas.

The residual exhaust-gas share is deter-
mined by the charge cycle.

The residual exhaust-gas mass does
not contribute directly to the combistion
process but does influence ignitioi and
the course of the combustion process.
This residual exhaust-gas share can
therefore be perfectly desirable when the
engine is in part-load operation.

In order for a desired torque to be gen-
erated, the reduction in the fresh-rrixture
volume (due to the residual-gas quantity)
must be compensated for by increasing
the throttle-valve opening. This reduces

2 3

4 5

11 12

6 7 - 1

1~
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454 Engine management (spark-ignition engines)

the engine's pumping losses, and fuel
consumption drops as a result. A specifi-
cally introduced residual exhaust-gas
share can likewise influence combustion
and thus the emission of nitrogen oxides
(NOx) and unburnt hydrocarbons (HC).

Control
In a spark-ignition engine with external
mixture formation, the power output is
proportional to the air mass flow drawn in.
In future, it will also be possible to directly
control the direct-injection Si engine oper-
ating with lean A/F mixtures via variation
of the injected fuel mass.

Throttle valve
The throttle valve is used when the engine
power, and thus (at a specific engine
speed) the engine torque, are to be con-
trolled by means of the air mass flow.
When the throttle valve is not fully open,
the air drawn in by the engine is throttled,
thereby reducing the torque generated.
This throttling effect is dependent on the
position and thus on the opening cross-
section of the throttle valve.

The maximum engine torque is
achieved when the throttle valve is fully
open (see Fig.).

Charge cycle
Thecharge cycle of fresh A/F mixture and
residual exhaust gas is controlled by the
appropriate opening and closing of the in-
take and exhaust valves. The cam3 on the
camshaft determine the points at which
the valves open and close (valve timing)
and the course of the valve lift. T is influ-
ences the charge-cycle process and thus
also the amount of fresh A/F mixture
available for combustion.

The valve overlap, Le. the overlapping
of the opening times of the intake and ex-
haust valves, has a decisive impact on the
residual exhaust-gas mass in the cylinder.
This situation involves "interior" exhaust-
gas recirculation, The residual exhaust-
gas mass can also be increased ty "exte-
rior" exhaust-gas recirculation. In this
case, an additional EGR valve connects
the intake manifold and exhaust manifold.
When the valve is open, the engine draws
in a mix of fresh A/F mixture and exhaust
gas.

Supercharging
The obtainable torque is proportional to
the charge of fresh A/F mixture. It s there-
fore possible to increase the maximum
torque by compressing the air in the cylin-
der by means of dynamic supercharging,
mechanical supercharging, or exhaust-
gas turbocharging (P. 392).

Torque curve for turbocharged engine
compared with naturally aspirated engine
at same rated power
I Turbocharged engine, 2 Naturally aapirated
engine.

2

14 1/2 3/ 1
Engine speed t~ nn

Throttle map ofan St engine
- - Intermediate position of throttle valve.

Throttle valve fully open

in-

Id~e Speed

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4828



Engine management (spark-ignition engines)

Fuel delivery with
electric fuel pump

Function
The electric fuel pump must deliver suffi-
cient quantities of fuel to the engine and
maintain enough pressure for efficient in-
jection under all operating conditions. Es-
sential requirements include:
- maintaining flow rates between 60 and

2001iters/h at the rated voltage,
- maintaining fuel-system pressures of

300...450kPa,
- the ability to pressurize the system dur-

ing operation at 50...60 %of the rated
voltage, important for cold-starting re-
sponse.

in addition, the electric fuel pump is in-
creasingly being used as the presupply
pump for modern direct-injection sys-
tems, both for gasoline and for diesel en-
gines. For gasoline direct-injection sys-
tens, at times pressures of up to 700 kPa
must to be provided. This, together with
the very high viscosity range when pump-
ing diesel fuel, signifies new challenges
facing the hydraulic and electric systems
of the electric fuel pump.

Design
The electric fuel pump consists of:
- the end cover including the electrical

connections, non-return valve (to main-
tain system pressure) and the hydraulic
discharge fitting. Most end covers also
include the carbon brushes for the drive-

motor commutator and interfe'ence-
suppressionelements(inductancecoils,
with condensers in some applications).

- the electric motor with armature and
permanent magnets. Electronically
commutated (EC) fuel pumps are being
developed for use with special fuels
which feature for instance marked elec-
trolytic effects, and for use in other en-
vironments which have negative effects
on carbon-brush and commutator as-
semblies.

- a positive-displacement or flow-type
pump assembly.

Positive-displacement pump
As the positive-displacement unit's pump
element rotates it draws in fluid through
the suction side and through a sealed
area on its way to the high-pressure side.
Electric fuel pumps fall into two cate-
gories, the roller cell and the internal-gear
unit. Positive-displacement pumps pro-
vide good performance in high-pressure
(400kPa and above) systems. They also
perform well at low supply voltages, i.e.
the flow rate curve remains relatively flat"
and constant throughout a wide range of
operating voltages. Efficiency ratings can
be as high as 25%. The unavcidable
pressure pulses may cause noise; the ex-
tent of this problem varies accorcing to
the pump's design configuration and
mounting location. Yet another disadvan-
tage may be encountered with hct fuel,
when the unit tends to pump gas instead
of fuel, leading to reduced flow rates
(problem potential varies according to in-

455

Electric fuel pump (example)
1 Impeller 2 Pump section, 3 Electric motor, 4 Connection cover

12 3

_7$
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stallation location). Standard positive-dis-
placement pumps usually incorporate pe-
ripheral primary circuits to deal with this
problem by discharging the gas.

While the flow-type pump has to a large
extent replaced the positive-displacement
pump in electronic gasoline injection sys-
tems for performing the classical function
of the electric fuel pump, a new field of ap-
plication has opened up for the positive-
displacement pump in terms of the above-
mentioned presupply for direct-injecton
systems with their significantly increased
pressure requirements and viscosity
range. This is especially true for the pre-
supply of diesel and biodiesel.

Flow-type pumps
Designs based on the principles used for
the peripheral pump and the side-channel
pump have become the standard for elec-
tr c fuel pumps, with a slight preference
for the side-channel pump as this tends to
provide higher pressures and improved
elilciency. An impeller equipped with nu-
rrerous peripheral vanes rotates within a
chamber consisting of two fixed housing
sections. Each of these sections features
a passage along the path of the impeller's
vanes, with the openings on one end of
tie passage on a plane with the suction
openings. From here they extend to the
point where the fuel exits the pump at sys-
tem pressure. Within the passage is a
baffle element designed to prevent inter-
nalleakage. A small gas-discharge orifice
(riot necessary in diesel applications) lo-
cated at a specified angular distance from
the suction opening, improves perfor-
iance when pumping hot fuel; this orifice

facilitates the discharge of any gas bub-
b es which may have formed (with mini-
mal leakage).

The pulses reflected between the im-
pellervanes and the fluid molecules result
in pressurization along the length of the
passage, inducing a spiral rotation of the
fluid volume in the impellers and in the
passages.

Because pressurization is continuous
and virtually pulse-free, flow-type pumps
are quiet in operation. Pump design is
also substantially less complex than that
of the positive-displacement unit. Single-
stage pumps generate system pressures

Electric fuel-pump designs
a) Rofer-cellpump,
b)Internal-gearpump,
c) Peripheralpump.
d) Side-channelpump

a

A

b

A

c

B

A

--
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extending up to 450kPa. Still higher sys-
ten pressures, as will become necessary
to- brief periods in future for highly super-
charged engines, and for engines with
gasoline direct injection (see above), are
possible, but under continuous-duty con-
dilions such pressures would overload to-
day's conventional electrical systems
(permanent-magnet DC motors with con-
ventional electromechanical commuta-
tion) and would result in a significantly re-
dLced service life. The following remedial
measures are being considered:
- High-pressure operation only when re-

quired --> demand control of the electric
fuel pump, e.g. with the aid of a timing
module or another upstream device.

- Equipping ofthe fuel-pump motorwith a
carbon commutator in place of the con-
ventional copper commutator so as to
safeguard the service life also at high
current and additionally with corrosive
and/or high-viscosity fuels.

- l-or applications where the wide range
of operating conditions and fuels place
particularly high demands on the
pump's versatility, work is proceeding
on electronically commutated (EC) fuel-
pump drives. Such an electrical system
features unlimited service life.

The efficiency ranges between 10 and ap-
prox. 20%. The fuel systems of newly de-
signed vehicles with spark-ignition en-

gines rely almost exclusively on flow-type
pumps for fuel delivery

Electric fuel pumps: integration n
injection system and in fuel tank
Whereas the first electronic fuel-in ection
systems almost always featured electric
fuel pumps designed for in-line irstalla-
tion outside the tank, current and more re-
cent applications tend to have in-tank in-
stallation as a standard feature. The elec-
tric fuel pump is one of the elements
within the in-tank units now being de-
signed to include an increasingly wide ar-
rayof components such as: the suc:ion fil-
ter, a fuel-baffle chamber to maintain de-
livery during cornering (usually with its
own "active" supply based on a suclion-jet
pump or a separate primary circuit in the
main electric pump), the fuel gauge sen-
sor, and a variety of electrical and hy-
draulic connections.

Another advance is the returnless fuel
system (RLFS), usually in the forr of an
in-tank unit with an integral fuel-pressure
regulator designed to maintain a continu-
ous return circuit within the in-tank as-
sembly. A pressure-side line-mesh luel fi-
ter can also be incorporated in this unit.
Further functions will in future beinte-
grated in the delivery module, e.g. diag-
nostic devices for tank leakage, timing
module for fuel-pump control.

In-tank unit: complete integrated assembly for returnless fuel systems
I Fuel filter, 2 Electric fuel pump, 3 Suction-jetpump (regulated) 4 Fuel-pressure regulator
5 Fuel-gauge sensor, 6 Suction strainer

.J
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A/F-mixture formation

Influencing variables

Air-fuel (A/F) mixture
To be able to operate, a spark-ignition en-
gine requires a specific air-fuel mixture ra-
tio. Ideal theoretical complete combustion
is available at a mass ratioof 14.7:1. This
is also termed the stoichiometric ratio.
Le.: an air mass of 14.7 kg is needed to
burn a fuel mass of 1 kg. Or expressed as
a volume: 1I fuel burns completely in
roughly 9500 1 air,

The specific fuel consumption of a spark-
ignition engine is essentially dependent
on the mixture ratio of the A/F mixture. It
is necessary to have an excess of air in
order to ensure genuine complete com-
bustion, and thus as low a fuel consump-
tlion as possible. Limits are imposed
though by the flammability of the mixture
and the available combustion time.

The A/F mixture also has a decisive im-
pact on the efficiency of the exhaust-gas
treatment systems. State-of-the-art tech-
nology is represented by the three-way
catalytic converter, This, though, needs a
stoichiometric A/F ratio in order to operate
with maximum efficiency, Such a catalytic
converter helps to reduce harmful ex-
haust-gas constituents by more than
98%.

The engines available today are therefore
operated with a stoichiometric mixture as
soon as their operating status permits
this.

Certain engine operating states require
mixture corrections. Specific corrections
of the mixture composition are necessary
e.g. when the engine is cold. The mixture-
formation (carburation) system must
therefore be in a position to satisfy these
variable requirements.

Excess-air factor
The excess-air factor A (lambda) has
been chosen to designate the extent to
which the actual air-fuel mixture differs
from the theoretically necessary mass
ratio (14.7:1)
A= Ratio of supplied air mass to air re-
quirement with stoichiometric combus-
tion.
A= 1: The supplied air mass corre-
sponds to the theoretically necassary air
mass,
A < 1: There is an air deficiencv and thus
a rich mixture. Maximum power output at
A=0.85...0.95.
A > 1: There is an excess of air or a lean
mixture in this range. This excess-air fac-
tor is characterized by reduced fuel con-
sumption and reduced power output. The
maximum value for ,that can be achieved
- the so-called "lean-burn limit' - is very
heavily dependent on the engine design
and on the mixture-formation system
used. The mixture is no longer ignitable at
the lean-burn limit. Combustion misses
occur and this is accomparled by a
marked increase in uneven runiing

Spark-ignition engines with marifold injec-
tion achieve their peak power output at an
air deficiency of 5..15% (A = 0.95...0.85),
and their lowest fuel consumption at an air
excess of 10. 20% (A= 111.2).

Effect of excess -air factoriAon power P
and specific fuel consumption bN
aRichmixture airdeficiency)
b Lean mixture (air excess).

Sa.

a be

08 1.0 12
Excess-air factor).
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The graphs show the dependence of
power output. specific fuel consumption
aid pollutant buildup on the excess-air
factor for a typical engine with manifold in-
jection. It can be deduced from these
g'aphs that there is no ideal excess-air
factor at which all the factors assume the
most favorable value. For engines with
manifold injection, excess-air factors of
A= 0.9...1.1 have proven effective in real-
izing "optimal" consumption at "optimal'
power output.

Engines with direct injection and
charge stratification nvolve different com-
bustion conditions such that the lean-burn
limit is significantly higher. These engines
can therefore be operated in the part-load
range with significantly higher excess-air
factors (up to A = 4).

For the treatment of exhaust gas by a
three-way catalytic converter, it is ab-
solutely essential to adhere exactly to
A= 1 with the engine at normal operating
temperature. In order to do so, the air
mass drawn in must be precisely deter-
mined and an exactly metered fuel mass
added to it,

For optimum combustion in today's
common manifold-injection engines, not
only is a precise injected fuel quantity
necessary, but also a homogeneous A/F
mixture. This necessitates efficient fuel
atomization. If this precondition is not sat-
isied, large fuel droplets will precipitate
on the intake manifold or the combustion-

Sffect of excess-air factor Aon pollutant
composition in untreated exhaust gas

HC NOx
CO

, X

0 1|

rZ

0.6 0.8 1.0 12 1-4
Excess-air factor

chamber walls. These large droplets can-
not fully combust and will resull in in-
creased hydrocarbon emissions.

Mixture-formation systems
It is the job of fuel-injection systems, or
carburetors, to furnish an A/F mixture
which is adapted as well as possible to
the relevant engine operating state Injec-
tion systems, especially electronic sys-
tems, are better suited to maintaining nar-
rowly defined limits for the mixturg com-
position. This is advantageous with
regard to fuel consumption, driving perfor-
mance and power output. The result of in-
creasingly stringent exhaust-emissions
legislation in the automotive sector is that
today, injection systems have corrpletely
superseded carburetors.

Today, the automotive industry almost
exclusively uses systems in which the
mixture formation takes place outside the
combustion chamber. However, systems
with interior mixture formation, i.e. where
the fuel is injected directly into the com-
bustion chamber, already formed the ba-
sis of the first gasoline injection systems.
These systems are increasing in impor-
tance as they are very well suitec to re-
ducing fuel consumption even further.

'U
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460 Engine management (spark-ignition engines)

Schematic of a carburetor system
1 Fuel tank, 2 Fuel supply pump 3 Fuel filter, 4 Carburetor, 5 Intake manifold,

24

Carburetors

Carburetor systems
The fuel is transported from the fuel tank
to the carburetor by a fuel pump (gener-
ally a diaphragm unit) powered by the
camshaft or distributor shaft. The system
is designed to limit the maximum supply
pressure. A fine-mesh fuel filter can be in-
stalled upstream or downstream from the
pump as required.

Carburetor types

Downdraft carburetors
Downdraft carburetors are the most com-
mon type. Designs featuring optimized
float chamber and metering-jet configura-
tions result in efficient units. These de-
signs work in conjunction with the corre-
sponding intake-manifold layouts for opti-
mum mixture formation and distribution.

Horizontal-draft carburetors
Horizontal-draft carburetors (familiar as
fixed-venturi and constant-depression
units) are useful for minimizing engine
height.

Constant-depression carburetors fea-
ture venturi cross sections which vary in
size during operation to maintain essen-
tially constant vacuum levels at the fuel
outlet. The variation in intake cross sec-

tion is provided by a pneumatically-actu-
ated plunger, attached to the plunger is a
needle which regulates the fuel quantity

Venturi configurations
The single-throat carburetor with one ven-
turi is the least expensive design.

The two-stage carburetor fea uring two
venturis provides convenient tuning for in-
dividual applications and has become the
standard in 4-cylinder applications. The
first barrel controls part-throttle operation,
while the second venturi opens for maxi-
mum power.

The double-barrel carbureto features
two carburetor sections sharing a single
float chamber and operating in parallel,
making it ideal for use on 6-cylinder en-
gines. The two-stage four-barrel carbure-
tor has four venturi fed from a single float
chamber.

Design and operating principles
The driver uses the accelerator pedal to
vary the throttle valve's aperture so that
the airflow into the engine is varied and
with it the engine's power outpu:. The car-
buretor varies the amount of fuel metered
to the engine to reflect the current intake
air flow. Together with the needle valve
the float regulates the fuel flow to the car-
buretor while maintaining a constant fuel
level in the float chamber.
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Engine management (spark-ignition engines) 461

Airflow is monitored by an air funnel de-
signed to induce a venturi effect. The pro-
gressively narrower diameter increases
the velocity of the air, producing a corre-
sponding vacuum at the narrowest point.
The resulting pressure differential relative
to the float chamber - which can be fur-
ther augmented with a boost venturi - is
exploited to extract fuel from the float
chamber. The jets and metering systems
adapt fuel delivery to airflow.

Fuel-metering systems

Main system
The fuel is metered by the main jet Cor-
rection air is added as a delivery aid to the
fuel through side orifices in the venturi
tube.

Idle and progression system
At idle, the vacuum which the air stream
produces at the fuel outlet is not sufficient
to withdraw fuel from the main system
For this reason, there is a separate idle
system with an outlet located downstream
from the throttle valve at the point of max-

imum vacuum. The emulsion required for
idling emerges from the idle circui: after
initial processing by the idle fuel and air-
correction jets.

During transitions to the main metering
system the throttle valve controls a series
of orifices, or a slit, drawing fuel from the
idle circuit,

Other systems
These basic devices are supplemented
by a range of additional systems. hese
are designed to adapt carburetor perfor-
mance for warm operation (part-throttle
control, full-throttle enrichment), to com-
pensate for fuel accumulation with n the
intake-manifold during acceleration (ac-
celerator pump) and to meet the soecial
engine requirements encountered during
starting and in the warm-up phase Other
supplementary systems include lambda
closed-loop mixture control and devices
to deactivate the fuel supply during trail-
ing-throttle operation.

Schematic of a two-stage carburetor
a) Primary stage, b) Secondary stage.

1'die cutoff valve, 2 Accelerator pump, 3 Idle circuit, 4 Choke, 5 Boost venturi
6 Wain systems with venturi tubes, 7 Full-throttle enrichment, 8 Float, 9 Fuel supply
10 Needle valve, I I Bypass plug, 12idlemiture screw, 13 Throttle valves. 14 Venturi wall,
15 Part-throttle control valve, 16 Venturi chamber

3 45 6 7 5 8 9

IJ

-10

11 12 114 13 15 1 13 14
16 16
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462 Engine management (spark-ignition engines)

Electronically-controlled carburetor
system (ECOTRONIC)

Basic carburetor
-he basic carburetor is restricted to the
throttle valve, float system, idle and tran-
sition systems, main system and choke.
An idle-air control system with a choke-
activated needle jet is also provided.

Additional components and actuators
rhe throttle-valve actuator is an electrop-
neumatic servo device for controlling the
cylinder charge. The actuator's plunger
moves the throttle valve via a lever at-
tached to the carburetor's throttle shaft.

The choke valve actuator is a final-con-
trol element designed to adapt the mix-
ture in response to variations in engine
operating conditions. This unit closes the
choke valve to enrich the mixture by rals-
ing the pressure differential (vacuum) at
the main jets while simultaneously in-
creasing flow rates from the idle circuit.

Sensors
The throttle-valve potentiometer monitors
the throttle valve's position and travel.
One temperature sensor monitors the en-
gine's operating temperature while a sec-
ond sensor can be installed if necessary
10 monitor the temperature within the in-
lake manifold.

The idle switch serves to identify trail-
ing-throttle operation; it can be replaced

Schematic of an electronically controlled carburetor (ECOTRONIC)
I EC, 2 Temperature sensor, 3 Carburetor 4 Throttleactuator, 5 Choke actuator 6 Choke valve,
7 Idle switch, 8 Throttle valve, 9 Throttle potentiometer
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by appropriate software in the electronic
control unit (ECU).

Electronic control unit (ECU)
TheECU'sinputcircuitconvertsircoming
analog signals into digital form. The
processor performs further operations
with the input data in order to calculate
output values with reference to the pro-
grammed data map. The output signals
control several functions, includirg regu-
lation of the servo elements that operate
the choke valve and main throttle valve

Basic functions
Thebasic carburetor determines the pri-
mary functions of the system. The idle,
transition and full-throttle systems all con-
tribute to matching performance to the
programmed curves. The base calibra-
tions can be intentionally lean", as the
choke-valve control can provide a correc-
tive enrichment.

Electronic functions
Electronic open and closed-loop control
circuits regulate a number of se-ondary
operations within the ECU. Several of
these are illustrated below, Further func-
tions may include; ignition contrcl, trans-
mission-shift control, fuel consumption
displays and diagnosis capabilities.
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Gasoline injection systems

Systems for external A/F mixture
formation
Gasoline injection systems for external
mixture formation are identified by the fact
that the air-fuel mixture is created outside
the combustion chamber (in the intake
manifold).

Single-point injection (SPI)
Single-point injection is an electronically
controlled injection system in which an
electromagnetic fuel injector injects the
fuel intermittently into the intake manifold
at a central point ahead of the throttle
valve. The Bosch single-point injection
systems are called Mono-Jetronic and
Mono-Motronic.

Multipoint injection (MPI)
Multipoint injection creates the ideal pre-
conditions for satisfying the demands
placed on a mixture-formation system. In
multipoint injection systems, each cylin-
der is assigned a fuel injector, which in-
jec :s the fuel directly ahead of that cylin-
der's intake valve. Examples of such sys-

Single-point fuel injection
I Fuel,
2 Air,
3 Throt valve,
4 Intake maniola,
5 Injector
6 Engine2

4

6

tems are KE- and L-Jetronic with their re-
spective variants.

Mechanical iiection system:
The K-Jetronicsystem operates without a
drive and injects the fuel continuously.
The injected fuel mass is not determined
by the fuel injector but rather prespecified
by the fuel distributor.

Combined mechanical-electronic
inlection system:
KE-Jetronic is based on the mechanical
basic system of K-Jetronic. Thanks o the
extended acquisition of operating data,
this system facilitates electronically con-
trolled supplementary functions in order
to adapt the injected fuel quantity more
exactly to the different engine ope-ating
states.

Electronic injection systems:
Electronically controlled injection systems
inject the fuel intermittently with electro-
magnetically actuated fuel injectors. The
injected fuel mass is determined by tie in-
jector opening time (for a given pressure
drop across the injector).

Multipoint fuel injection
I Fuel.
2 Air.
3 Throttle valvo,
4 Intake manifold,
5 Injectors,
6 Engine, 25

~93
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464 Engine management (spark-ignition engines)

Examples: L-Jetronic, LH-Jetronic, and
Motronic as an integrated engine man-
3gement system.

The high standards required of a vehi-
le's smooth running and exhaust-emis-
ions necessitate high demands being
nade on the A/F mixture composition of

each working cycle. Precisely timed injec-
ions significant as well as precise me-
ering of the injected fuel mass in accor-
dance with the air drawn in by the engine.

In modern multipoint injection systems,
therefore, not only is each engine cylinder
assigned an electromagnetic fuel injector
but also this fuel injector is activated indi-
vidually for each cylinder. In this way, both
thefuelmassappropriatetoeachcylinder
and the correct start of injection are cal-
culated by the control unit (ECU). Inject-
ing the precisely metered fuel mass di-
rectly ahead of the cylinder intake valve(s)
at the correct moment in time improves
mixture formation. This, in turn, helps to a
large extent in preventing wetting of the
intake-manifold walls with fuel, which can
result in temporary deviations from the
desired lambda value during transient en-
gine operation. The advantages of multi-
point injection can thus be fully exploited.

Direct injection (DO)
1 Fuel,
2Air,
3 Throtle-vave (EGAS).
4 Intake manifold,
5 Injectors,
SEngine.

43

1 5

6

The engine intake manifolds thus carry
only the combustion air and can therefore
be optimally adapted to the gas-dynamic
requirements of the engine.

Systems for internal A/F mixture
formation
In direct-injection systems for intenal mix-
ture formation, the fuel is injecte directly
into the combustion chambers by electro-
magnetically actuated fuel injectors. Each
cylinderis assigned a fuel injector Mixture
formation takes place inside the cylinder.
To ensure efficient combustion, it is es-
sential that the fuel be finely atomized
when leaving the injectors.

In normal operation, a direct-injection
engine draws in only air and not an air-
fuel mixture, as is the case in conven-
tional injection systems. Herein lies an
advantage of this new system: no fuel can
precipitate on the intake-manifold walls.
With external mixture formation, the air-
fuel mixture is generally present through-
out the entire combustion in a homoge-
neous state and in a stoichiometric ratio.
On the other hand, formation of the mix-
ture in the combustion chamber permits
two completely different operating modes:

Stratified-charge operation
In stratified-charge operation, the mixture
only has to be combustible in :he area
around the spark plug. The remaining
section of the combustion chamber thus
only contains fresh mixture and residual
exhaust gas without unburnt fuel. In the
idle and part-load ranges, this creates an
altogether highly lean mixture ar d thus a
reduction in the fuel consumption.

Homogeneous operation
In homogeneous operation, as with exter-
nal mixture formation, there is a homoge-
neous mixture throughout the enire com-
bustion chamber; and the entire fresh air
available in the combustion -hamber
takes part in the combustion procedure.
For this reason, this operating mode is
used in the full-load range,

MED-Motronic is the management sys-
tem for direct-injection gasoline engines.
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Engine management (spark-ignition engines) 465

Single-point injection
systems
Single-point fuel injection has advanced
beyond the compact fuel-injection system
stage to become part of a comprehensive
engine-management system.

The various single-point injection sys-
tems differ in the design of the central-in-
jection unit. All systems feature an injector
located above the throttle plate; they differ
frcm multipoint injection units in that they
frequently operate at low pressure
(0.7...1 bar). This means that an inexpen-
sive, hydrodynamic electric fuel pump can
be used which is generally in the form of
an in-tank unit, The injector is flushed
continuously by the fuel flowing through it
in order to inhibit the formation of air bub-
bles. This arrangement is an absolute ne-
cessity in such a low-pressure system.
The designation "Single-Point Injection
(SPI)" corresponds to the terms Central
Fuel Injection (CFI), Throttle Body Injec-
tion (TBI) and Mono-Jetronic (Bosch).

Mono-Jetronic
Mono-Jetronic is an electronically con-
trolled, low-pressure single-point injection
system for 4-cylinder engines, and fea-
tures a centrally located solenoid-con-
trolled fuel injector. At the heart of the sys-
tem is the central injection unit, which
uses the throttle valve to meter the intake
air while injecting the fuel intermittently
above the throttle valve, The intake mani-
fold then distributes the fuel to the individ-
ual cylinders. Various sensors monitor all
important engine operating data, which
are then are used to calculate the trigger-
ing signals for the injectors and other sys-
tem actuators.

Calnectionunit
The injector is located above the throttle.
in the intake-air path, in order to ensure
homogeneous mixtures and consistent
cylinder-to-cylinder distribution. The fuel
spray is directed into the sickle-s-iaped
orifice between the housing and tirottle
plate, whereby fuel wetting of the intake-
tract walls is inhibited to a great extent,
and the high pressure differential pro-
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Schematic of a Mono-Jetronic system
I Fueltank, 2 Electric uel pump,3 Fuel lter,4Pressure regulator. 5 injector 6 Air-temperatre

sensor, 7 ECU. 8 Throttle actuator,9Throttlepotentiometer, 10 Canister-purge valve, ICarion
canister, 12 Lambda sensor, 13 Coolant-temperature sensor, 14 Igniton distributor 15 Battery,
13 ignition switch,1 7 Relay 18Diagnosticconnector, 19 Central injection unit,
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466 Engine management (spark-ignition engines)

motes optimum mixture formation. The in-
jector operates at a system pressure of
1 bar (referred to atmospheric pressure).
Efficient fuel atomization ensures consis-
tently good mixture distribution, even in
the critical full-load range. Injector trigger-
Ing is synchronized with the ignition
pulses.

System control
I- addition to the engine speed n, the
main actuating variables for the injection
system can include the air volume/air
mass flow, the absolute manifold pres-
sure, and the throttle position a. The
(a/n) system applied with Mono-Jetronic
can meet stringent emission require-
ments when used in conjunction with
l3mbda closed-loop control and a 3-way
catalytic converter. A self-adaptive sys-
tem employs the signal from the lambda
sensor as a reference to compensate for
component tolerances and engine
changes, thus maintaining high precision
throughout the service life of the system.

Adaptation functions
rhe injection time is extended to provide
additional fuel for cold starts and during
the post-start and warm-up phases.
When the engine is cold, the throttle actu-
ator adjusts the throttle position to supply
more air to the engine, thus maintaining
idle speed and exhaust emissions at a
constant level, The throttle potentiometer
recognizes the change in throttle position
and initiates an increase in the fuel quan-
tity via the ECU. The system regulates the
enrichment for acceleration and full-throt-
Ile operation in the same way. The over-
run fuel cutoff provides reductions in fuel
consumption and in exhaust emissions
during trailing-throttle operation. Adaptive
idle-speed control lowers the idle speed
and stabilizes it. For this purpose, the
ECU issues a signal to the servomotor to
adapt the throttle-valve position as a func-
tion of engine speed and temperature.

Mono-Jetroniccentralinjection unit
IPressureregulator,2Air-temperaturs
sensor 3Injector, 4 Upper part {hydra lics),
5 Fuelrsupplyr6Fuelretu7nsulatcrplate,
r Throttle valve,9Lorrpart.

1 3 2 4

4 56Ft tI

5 6

9 j 9

Mutec central injection unit (Opel)
IPressure, regulator2 Injector3 Fuelreturn,

4 Stepper motor for idle-speed contro,
5 To Intake manfold,S6Throttle valve.
7 Fuelinlet
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MUltipoint injection systems

K-Jetronic

Operating principle
- Continuous injection,
-Directair-flowmeasurement.

K-Jetronic is a mechanical system which
does not require an engine-driven injec-
tion pump, It meters a continuous supply
of fiel proportional to the quantity of air
being drawn into the engine.

Because of direct air-flow measure-
ment. K-Jetronic also takes into account
changes caused by the engine and per-
mits the use of emission-control equip-
ment, for which precise intake-air moni-
toring is an essential requirement.

Operation
The intake air flows through the air filter,

the air-flow sensor, and the throttle valve,
before entering the intake manifold and
continuing to the individual cylinders

The fuel is delivered from the fuel tank
by an electric (roller-cell) fuel pump. It
then flows through the fuel accumulator
and fuel filter to the fuel distributor. A
pressure regulator in the fuel distri)utor
maintains the fuel at a constant system
pressure. The fuel flows from the fuel dis-
tributor to the injectors. Excess fueln )t re-
quired by the engine is returned to the
tank.

Mixture-control unit
The mixture-control unit consists of the
air-flow sensor and the fuel distributor,

Air-flow sensor
The air-flow sensor consists of an ai fun-
nel and a pivoting air-flow sensor plate . A
counterweight compensates for the
weight of the sensor plate and pivot as-

Schematicofa K-Jetronic system
I Fuel tank, 2 Electric fuel pump, Fuelaccumulator, 4 Fuel filter, 5 Warm-up regulator, 6 Injetor
7Intake manifold, 8 Electric startvalve, 9 Fuel ditributor, 10 Air-flow sensor, 1 Frequency valve,
12 Lambda seasor, 3 Thermo-time switch, 14 Ignition distributor, 15 Auxiliary-air valve,
16 Throttle switch, 17 ECU 18 lIgnition switch. 19 Battery

13 14
12
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468 Engine management (spark-ignition engines)

sembly. The sensor plate is displaced by
the air flow, while the control plunger in
the fuel distributor exerts hydraulic coun-
terpressure to maintain the system in a
balanced state. The position of the air-
flcw sensor plate provides an index of in-
take air flow, and is transmitted to the fuel
distributor's control plunger by a lever.

Fuel distributor
The amount of fuel supplied to the indi-
vidual cylinders is regulated by varying
the aperture of the metering slots in the
fuel-distributor barrel. The number of rec-
tangular-shaped metering slots in the bar-
rel corresponds to the number of engine
cylinders. The specific size of the meter-
ing-slot aperture depends on the control-
planger's position. In order to ensure con-
stant pressure drop at the slots for various
flow rates, a differential pressure regula-
tor is located downstream of each meter-
ing slot.

Fuelinjector
Hexagon. 2 Rubber molding, 3 Fine-resh

strainer, 4 Valve body 5 Valve needle,

*

Fuel distributor in mixture-control unit
( Diaphagr, 2 To injector 3 Conro punger,

4 Metering slot, 5 Differential-pressure
regulator

12 4 5

.3.

Injector
The injector opens automatically at a
pressure of approximately 3.8 bar, and
has no metering function. It provides effi-
cient mixture formation by opening and
closing at a frequency of approx. 1500 Hz
("chatter").

It is held in place by a rubber molding. It
is pressed, not screwed, into position.
The hexagon serves to brace the injector
when the fuel-supply line is screwed on,

Warm-up regulator
The warm-up regulator is controlled by an
electrically-heated bimetallic elerrent; it
enriches the mixture in the warm-up
phase by reducing the counterpressure
(control pressure) exerted against the
control plunger. A reduction in this control
pressure means that the stroke of the air-
flow sensor plate for a given air tow in-
creases (reflected by a correspondingly
larger metering-slot aperture). The result
is a richer mixture during warm-up.

Where desired, the warm-up regulator
can be expanded to incorporate the fol-
lowing functions
- full-throttle enrichment,
- acceleration enrichment,
- altitude compensation.

Auxiliary-air valve
Theauxiliary-airvalve, controlled by ei-
ther a bimetallic spring or an expansion
element, supplies the engine with addi-
tional air (which is monitored by the air-
flow sensor, but bypasses the hrottle
valve) during the warm-up phase. This
supplementary air compensates [or the
cold engine's higher friction losses; it ei-
ther maintains the normal idle speed or in-
creases it in order to heat the engine and
exhaust more quickly.

Electric start valve, thermo-time switch
Thethermo-time switch activates the
electric start valve as a function of engine
temperature and elapsed time. During
low-temperature starts, the start valve in-
jects supplementary fuel into the intake
manifold (cold-start enrichment).

Lambda closed-loop control
Open-loop control systems do not regu-
late the A/F ratio with enough acctracy to

3 4 51 2
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Engine management (spark-ignition engines) 469

allow compliance with stringent emis-
sions limits.

Lambda closed-loop control is required
for operation of the 3-way catalytic con-
verter- When it is installed, the K-Jetronic
system must include an electronic control
uni: which uses the Lambda sensors sig-
nal as its main input variable.

A solenoid frequency valve regulates
the A/F mixture ratio by controlling the
pressure differential at the metering slots.
However, this principle cannot be applied
to meet the more stringent emissions re-
quirements scheduled for the future.

KE--Jetronic

KE-Jetronic is an advanced version of the
K-Jetronic system. KE-Jetronic includes
an ECU for increased flexibility and sup-
plementary functions. Additional compo-
nents include:

- a sensor for the intake air flow,
- a pressure actuator for mixture rat o ad-

justment, and
-a pressure regulator which maintains

system pressure at a constant level as
well as providing a fuel-cutoff function
when the engine is switched off,

Operation
An electric fuel pump generates the sys-
tem pressure. The fuel flows through the
fuel distributor, while a diaphragm regula-
tor maintains the system pressure at a
constant level. With K-Jetronic, the con-
trol circuit performs mixture corrections
via the warm-up regulator In contrast,
with KE-Jetronic the primary pressure
and the pressure exerted upon the control
plunger are equal. The ratio is corrected
by adjusting the pressure differential in all
the fuel distributor's chambers simultane-
ously

Schematic of a KE-Jetronic system
I Fuel tank, 2 Electric fuel pump, 3 Fuel accumulator 4 Fuel filter, 5 Fuel-pressure regulator,
Sin o manifold, 8 Electric start valve, Fuel distributor 10 Air-flow sensor,
ifElectrohydraulicpressure actuator, 12 Lambda sensor, 13 Thermo-tme swilch, 14 Coolant
temperaturesensor, 15gnition distributor, 16 Auxiliary-air valve, 17 Throttle switch, 18 ECU,
19 Ignition switch, 20 Battery
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The system pressure is present up-
stream from the metering slots, and ap-
plies a counterpressure to the control
plunger. As with K-Jetronic, the control
plunger is moved by an air-flow sensor
flap. A damper unit prevents the oscilla-
tions that could be induced by the forces
generated at the sensor flap. From the
control plunger the fuel flows through the
pressure actuator, the lower chambers of
the differential-pressure valve, a fixed flow
restrictor, and the pressure regulator, be-
fore returning to the fuel tank. Together
with the flow restrictor, the actuator forms
a pressure divider in which the pressure
can be adjusted electrodynamically. This
pressure is present in the lower chambers
of the differential-pressure valves.

A pressure drop corresponding to the
actuator current occurs between the actu-
ator's two connections. This causes varia-
tions in the pressure differential at the me-
tering slots, and alters the amount of fuel

Electrohydraulic pressure actuator
I Nozzle, 2 Valve plate, 3 Coil, 4 Magnetic
pole, 5 Fuel inle, 6 Adjustment screw

5 C

2--

4-

injected. The current can also be reversed
to shut down the fuel supply completely.
This feature can be employed for such
functions as overrun fuel cutofi and en-
gine-speed limitation.

Electrohydraulic pressure actuator
This eectrohydraulic actuator is flange-
mounted on the fuel distributor It is an
electrically-controlled pressure regulator
which operates using the nozzl/flapper-
plate system. The mixture enrichment is
directly proportional to the current flow,

Electronic control unit (ECU)
The ECU processes signals from the igni-
tion (engine speed), temperature sensor
(coolant temperature), throttle poten-
tiometer (intake air flow), throtle switch
(idle and overrun, WOT), starter switch,
Lambda (02) sensor, pressure sensor
and other sensors. Its most mportant
functions are the control of:
- starting and post-start enrichment,
- warm-up enrichment,
- acceleration enrichment,
Sull-throttle enrichment,
- overrun fuel cutoff,
- engine-speed limitation,
- idle-speed control,
- altitude compensation,

closed-loop lambda control.

A coding switch (trim plug) makes it pos-
sible to select between opertion with
lambda control (with catalytic converter)
and without it. This permits a choice be-
tween leaded and unleaded gaolne.

Lambda closed-loop control
The signal from the Lambda sensor is
processed in the KE-Jetronic's ECU. The
pressure actuator carries out the neces-
sary adjustments.

L-Jetronic

Operating principle
- Air-flow measurement
- Main controlled variables: air flow and

engine speed,
- Intermittent injection.

L-Jetronic combines the advantages of di-
rect air-flow measurement with t ie unique
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possibilities afforded by electronics. It is
similar to K-Jetronic in that it recognizes
all changes in engine condition (due to
wear, combustion-chamber deposits,
changes in valve setting). This ensures
consistently good exhaust-gas composi-
tion.

OQeration
The fuel is injected through the engine's
solenoid-operated injectors. A solenoid
valve assigned to each cylinder is trig-
gered once per crankshaft revolution. All
of the injectors are wired in parallel to re-
duce the complexity of the electrical cir-
cuft. The pressure differential between
fuel and intake-manifold pressures is
maintained at a constant level of 2.5 or
3 bar such that the injected fuel quantity is
only dependent on the opening period of
the valves. For this purpose, the ECU de-
livers control pulses whose duration is de-
pendent on the intake air flow, the engine
speed, and other influencing variables.

These are monitored by sensors and
processed in the ECU.

Fuel supply
An electric fuel pump supplies the fuel
and generates the injection pressure. The
fuel is pumped from the fuel tank, through
a paper filter, and into a high-pressure
supply line at the other end of which there
is a pressure regulator (spring-loaded di-
aphragm). The pressure regulator main-
tains a constant pressure at the metering
orifice, regardless of the injected fuel
quantity.

Schematic ofan L-Jetronic system
I Fltank, 2 Electricfuel pump, 3 Fuel filter, 4 ECU. 5 Injetor 6 Fuel-pressure regulator,
71ntake manifold, 8 Electric start valve, 9 Throttle switch, 10 Air-flow sensor, I1 Lambda sensr,
12 Thermo-time switch, 13 Coolant-temperature sensor, 14 Ignition distributor 15 Auxiliary-air
vave, 16 Battery 17 gnition switch.

I

23 4

57

11 - 1-=i2

12 7tt -,IP

13 14 15
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Standard system:
The fuel flows through the high-pressure
line on its way to the engine-mounted fuel
rail with the injectors. The pressure regu-
lator is installed on the fuel rail. After flow-
ing through the rail the portion of the fuel
not required by the engine flows through
the return line attached to the regulator
and back to the tank, Because the return-
ing fuel has been warmed on the way
back from the engine, fuel temperatures
within the tank rise.

Fuel vapor is generated in the tank as a
function of fuel temperature. For environ-
mental purposes these vapors are routed
through the tank ventilation system for
storage in an activated charcoal canister
until they can be returned through the in-
take manifold for combustion within the
engine.

Returnless system:
A returniess fuel-supply system reduces
the tendency of the fuel in the fuel tank to
heat up, thus making it easier to comply
with the legal requirements gove'ning ve-
hicular evaporative emissions. The pres-
sure regulator is located either in the fuel
tank or in its immediate vicinity, which
means that the return line from the engine
to the fuel tank can be dropped. The
amount of fuel pumped to the fuel rail is
limited to the quantity being used by the
injectors. The excess flow volume emerg-
ing from the pump returns direcily to the
tank without the round trip to the engine
and back. Assuming equivalent operating
conditions, and depending upon the spe-
cific vehicular application, this system can
reduce in-tank fuel temperatures by up to
10 K, cutting vaporization by roughly one
third.

IFuel supply
a) Standard systern, b) Returnless system.
1 Fuel tank,2 Ecic fuel pump, 3 Fuel filter 4 Pressure line, 5 Fuel-pressure regulator
6 Injectors 7 Fuel raI l(continuous flow), 8 Return line, 9 Fuel rail (no return flow).

a b 9

4 
6 

4
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Air-flow sensor
I Idle-mixture adjustment screw, 2 Air-flow
sensor flap, 3 Stop, 4 Compensation flap.
5 Damping chamber, 6 Air-temperature
sernsor

1 23

4 5 6

Air-flow sensor
The intake air flow deflects a sensor flap
against the constant return force of a
spring to a defined angular position,
which is converted by a potentiometer
into a voltage ratio. This voltage ratio de-
termines the pulse length of a timing ele-
mert in the ECU. A temperature sensor in
the air-flow sensor indicates changes in
air density caused by temperature varia-
tions.

Fuel injectors
Fuel injectors serve to meter and atomize
the fuel. When the solenoid winding is en-
ergized, the nozzle needle is lifted a mere
0.05 mm off its seat.

Throttle-valve switch
This transmits a control signal to the ECU
whei the throttle valve is either com-
pletely closed (idle) or fully opened (full-
throttle [WOT]).

Engine-temperature sensor
The engine-temperature sensor is de-
signed as a temperature-sensitive resis-
tor (thermistor) and controls the warm-up
enrichment,

Auxiliary-air valve, electric start-valve,
thermo-time switch
Design and function are similar to those of
the corresponding K-Jetronic compo-
nents.

injector
I Finte, 2 Needle. 3 Armature, 4 Spring,
SSolenoidwinding, 6 Electrical terminals
7 Fuel strainer

3 45 6 7

Electronic control unit (ECU)
This ECU converts the engine varibles
into electrical pulses. Transmission hter-
vats for these pulses are correlated with
ignition timing, while their duration is basi-
cally a function of speed and intake air
flow. Since all injectors are activated si-
multaneously, only a single driver stage is
required. The temperature sensort re-
spond to lower engine and air tempera-
tures by increasing the injection duration.
The throttle-switch signals allow mixture
adaptation for idle and full-throttle
operation.

Lambda closed-loop control
The ECU compares the signal from the
Lambda sensor with a setpoint value be-
fore activating a two-state controller. The
control adjustment is then performed. as
are all corrections, by modifying the injec-
tion duration,

L3-Jetronic
L3-Jetronic incorporates functions ex-
tending beyond those provided by the L-
Jetronic's analog technology. The L3 sys-
tem's ECU employs digital technolocy to
adjust the mixture ratios based on a
load/engine-speed map. In order to save
space, the ECU is installed in the engine
compartment, directly on the air-flow en-
sor, where the two components form a
single monitoring and control unit.

1 2

I.

1~
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LH-Jetronic

LH-Jetronic is closely related to L-
Jetronic. The difference lies in the method
of intake air-flow measurement, with LH-
Jetronic using a hot-wire air-mass meter
to measure the mass of the intake air.
Thus, the results no longer depend on the
air density, which varies with temperature
and pressure.

The other LH-Jetronic components and
the basic system concept are to a large
extent the same as those in L-Jetronic.

Operating-data processing in the ECU
LH-Jetronic is equipped with a digital
ECU. Arrangements for adjusting the mix-
ture ratio vary from those used with L-
Jetronic in using a load/engine-speed
map programmed for minimum fuel con-
sumption and exhaust emissions. The
ECU processes the sensor signals when
calculating the injection duration that de-
termines the injected fuel quantity. The
ECU includes a microprocessor, a pro-

gram and data memory, and an AD con-
verter. The microprocessor is xrovided
with a suitable voltage supply and with a
stable clock rate for data processing. The
clock rate is defined by a quartz cscillator.

Hot-wire air-mass flow meter
The stream of intake air is conducted past
a heated wire (hot wire). This wire forms
part of an electrical bridge circuit. The
flow of current through the wire serves to
maintain it at a constant temperature
above that of the intake air. This principle
makes it possible to employ the current
requirement as an index of the air mass
being drawn into the engine. A resistor
converts the heating current into i voltage
signal, which the ECU then p-ocesses
along with engine speed as a main input
variable. A temperature sensor is
mounted inthe hot-wire air-mass flow me-
ter to ensure that its output signa is not in-
fluenced by the temperature of tie intake
air- The A/F ratio at idle can be adjusted
with a potentiometer. As contamilation on

Schematic of an LH-Jetronic system
I Fuel tank. 2 Electric fuel pump, 3 Fuel filter, 4 ECU, 5 injector 6 Fuel distributor, 7 Fuel-oressure

regulator, Intake manifold, 9 Throttle switch, 10 Hot-wire air-mass flow meter I ItLamboa sensor
12 Coolant-temperaturesensor, 13 Ignition distributor, 14 Idle-speed actuator, 15 Battery
16 gnitionswitch.

I K
4

-C 2 3 S
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1 13

BOSCH
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the surface of the hot wire could affect the
output signal, each time the engine is shut
down the wire is electrically heated for
one second to burn-off any contamina-
tion. The hot-wire air-mass flow meter has
no moving parts, and its aerodynamic re-
sistance within the intake tract is negligi-
ble.

Hot-film air-mass flow meter
The operating principle of the hot-film air-
mass flow meter is the same as that of the
hot-wire sensor. However, in the interests
of s mplified design, a substantial portion
of the electrical bridge circuit is installed
on a ceramic substrate, in the form of thin-
film resistors. In addition, there is no need
to burn contaminants off the film. The
contamination problem is solved by plac-
ing the areas on the sensor element
which are decisive for thermal transmis-
sior at a downstream location. This pre-
ven's them from being affected by de-
posts on the sensor element's leading
edge.

Ho-film air-mass flow meter
a housing, b Hot-film sensor (installed in
certer of housing).1 Heat sink, 2 Spacer
3 Driver stage 4 Hybrid 5 Sensor element
(metallic film)

a

Karman vortex volumetric flow meter
Yet another option for measuringitake
air is provided by a sensor which uses the
Karmin vortex principle to measure the
volumetric flow rate. This meter monitors
vortices generated as the intake air flows
past vortex generators. The frequency of
these vortices is a measure of the volu-
metric flow rate. This frequency is mea-
sured by emitting ultrasonic waves per-
pendicular to the direction of the intake-air
flow. The propagation velocity of tiese
waves as modified by the vortices is de-
tected by an ultrasonic receiver and the
resulting signals are evaluated in the
ECU.

Karman vortex volumetric flow meter
1Oscillaor, 2 Vortex generator, 3 Transmittef,
4 Ultrasonic waves, 5 Eddy currents, 6 Recei-
ver, 7Ampiier, 8 Filter, 9 Pulse shaper

23 4 5
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Electromagnetic fuel injectors

Design and operation
Fuel injectors essentially consist of a
valve housing with current coil and electri-
cal connection, a valve seat with spray-
orifice disk and a moving valve needle
with solenoid armature.

A filter strainer in the fuel feed protects
the injector against contamination. Two
0-rings seal the injector against the fuel-
distribution pipe and the intake manifold.
When the coil is de-energized, the spring
and the force resulting from the fuel pres-
sure press the valve needle against the
valve seat to seal the fuel-supply system
against the intake manifold (see Fig.).

When the injector is energized, the coil
generates a magnetic field which attracts
the armature and lifts the valve needle off
of its seat to allow fuel to flow through the
injector.

The injected fuel quantity per unit of
time is essentially determined by the sys-
tem pressure and the free cross-section

Fuel injector EV6 (exampe)
I O-rings, 2 Filterstrainer 3 Valve housing
withelectricalconnection, 4Currentcoil,
5 Spring, 6 Valve needle with solenoid
armature 7Valveseatwithspray-orificedisk.

. -

of the spray orifices in the spray-orifice
disk. The valve needle closes again when
the field current is switched off.

Spray formation
The fuel injectors' spray formation, i.e.
spray shape, spray angle and droplet
size, influences the formation of the A/F
mixture. Individual geometries of intake
manifold and cylinder head make it nec-
essary to have different types of spray for-
mation,

Tag~ _esrsy
Individual fuel sprays emerge th ough the
openings in the spray-orifice disk. These
fuel sprays combine to form E tapered
spray. Tapered sprays can also be ob-
tained by means of a pintle projecting
through the injector needle tip. Tapered-
spray injectors are typically used in en-
gines with one intake valve per cylinder,
The tapered spray is directed into the
opening between the intake-valve disk
and the intake-manifold wall.

Dualspray;
Dual-spray formation is used in engines
with two intake valves per cylinder. The
openings in the spray-orifice disk are
arranged in such a way that two fuel
sprays emerge from the injector. Each of
these sprays supplies an intake valve.

Air-shrouding:
n the case of an air-shrouded in ector, the

pressure drop between intake-manifold
and ambient pressures is used to improve
mixture formation. Air is routed through
an air-shrouding attachment into the out-
let area of the spray-orifice disk. In the
narrow air gap, the air is accelerated to a
very high speed and the fuel is finely at-
omized when it mixes with it.
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Igiiition

The ignition system's function is to initiate
combustion in the flammable air-fuel mix-
ture by igniting it at precisely the right mo-
ment, In the spark-ignition (Otto) engine,
this is achieved with an electrical spark,
i.e. an arc generated between the spark
plug's electrodes. Consistently reliable ig-
nition under all circumstances is essential
for ensuring fault-free catalytic-converter
operation.

Misfiring results in damage to or destruc-
tion of the catalytic converter due to over-
heating during afterburning of the uncom-
busted mixture.

Mixture ignition
Provided the composition of the mixture is
sto chiometric, an energy of approxi-
mately 0.2 mJ is required for each individ-
ual ignition of the A/F mixture via electric
spark. Over 3 mJ are required for a rich or
lealmixture, This energy represents only
a fraction of the total energy in the ignition
spark, the actual ignition energy. If suffi-
cient ignition energy is not available, there
will be no ignition, the mixture cannot ig-
nite, and misfiring will result.

The system must therefore deliver
enough ignition energy to ensure consis-
tently reliable ignition of the mixture, even
under unfavorable conditions. Igniting a
small flammable mixture cloud flowing
past the spark can be enough to initiate
the process.

This mixture cloud ignites, the flame
spraads to the remaining mixture in the
cylinder, and the fuel starts to combust.
Ignitability is enhanced by efficient fuel at-
omization and good access of the mixture
to the electrodes, as well as through ex-
tended spark duration and spark length
(large electrode gap).

The spark plug determines the location
anc length of the spark; spark duration
depends upon the type and design of the
ignition system, as well as on the momen-
tary ignition conditions.

Spark generation
Adequate voltage must be present before
a spark will arc from one electrode to an-
other. At the moment of ignition, the volt-

Spark-plug voltage characteristic with sta-
tionary or semi-stationary A/F mixture
I Ignition voltage, 2 Sparkvoltage

I Spark duration.

kV
15 -1
10
5 - 2L

0 1 2 3 rn
Time

age across the electrodes abruptly rises
from zero up to the arcing (ignition volt-
age and the plug fires. Once the spark
has ignited, the spark-plug voltage drops
to the sparking voltage. The A/F m xture
may ignite at any point during the firing
period of the ignition spark (spark dura-
tion). Once the spark has broken away,
the voltage is damped and drops to zero.

Although intense mixture turbulence is
basically desirable, it can extinguish the
spark, thus leading to incomplete com-
bustion. The energy stored in the ignition
coil should therefore suffice for one or
more consecutive sparks, depending on
individual requirements.

High-voltage generation and energy
storage
Battery-ignition systems generally em-
ploy an ignition coil to generate the high-
tension voltage needed to generata the
spark. The ignition coil operates as an au-
totransformer but within coil-ignition sys-
tems it also assumes the further irnpor-
tant function of storing the ignition erergy.
When the contact breaker closes, energy
from the vehicle's electrical system flows
into the coil's primary winding. Thi en-
ergy is then stored in a magnetic field un-
til the firing point, when the secondary
winding discharges it to one of the en-
gine's spark plugs. The ignition coil is de-
signed to ensure that the available high-
tension voltage in the coil is always well in
excess of the spark plug's maximum-pos-
sible ignition-voltage requirement. Energy
levels of 60..,120 mJ within the coil corre-
spond to an available voltage of
25.30 kV

The operational reserves of high volt-

U
11
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478 Engine management (spark-ignition engines)

age and ignition energy are sufficient to
compensate for all electrical losses.
Inadequate maintenance reduces these
high-voltage reserves, and leads to igni-
tion and combustion miss. Engine power
drops and fuel consumption increases. In
addition, this phenomenon can result in
damage to or destruction of the catalytic
converter, should one be installed. In ex-
treme cases, the engine either fails to
start - especially when cold - or stalls.

Ignition systems are also available with
capacitive energy storage (CDI or
Capacitor-Discharge Ignition) for use on
high-performance and racing engines.
These systems store the ignition energy
in the electrical field of a capacitor before
a special transformer transmits it to the
spark plug in the form of a high-voltage ig-
nition pulse.

Ignition timing and adjustment
Approximately two milliseconds elapse
between the mixture's initial ignition and
its complete combustion. The ignition
spark must therefore arc early enough to
ensure that main combustion, and thus
the combustion-pressure peak in the
cylinder, occur shortly after piston TDC_
The ignition angle should therefore move
further in the advance direction along with
increasing engine speed. The chosen fir-
ing point should ensure that the following
requirements are met:
- maximum engine performance
- low fuel consumption
- no engine knock

clean exhaust gas.

Since it is impossible to obtain optimal
compliance with all of these requirements
simultaneously; compromises must be
found on a case-to-case basis. Optimal
ignition timing is defined according to a
variety of parameters. The most important
are engine speed, engine load, engine
design, fuel quality and momentary oper-
ating conditions (starting, idle and trailing
throttle, etc.). In the simplest case, spark-
advance mechanisms sensitive to varia-
tions in engine speed and intake-manifold
vacuum adapt the ignition timing to suit
the engine's current operating conditions.

In modern engine-management sys-
tems with extended functions, additional

Example of cumulative ignition thning
consistingofcentrifugalandvacuum
advance
IPart-loadoperation, 2Fulload.

CL

0
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0cks
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Engine speed

adjustments can be used e.g. for rapid
torque adaptation or for swift ieating of
the catalytic converter.

All the adjustment strategies can oper-
ate either individually or simultaneously.
The degree to which the ignition timing is
advanced or retarded is determined by
the ignition-advance curves calibrated
specifically for each individual engine
configuration

At full load, the accelerator pedal is de-
pressed fully and the throttle is wide open
(WOT). Along with increasing engine
speeds, ignition takes place earlier in or-
der to maintain the combustion pressure
at the levels required for optimal engine
performance. The leaner A/F mixtures en-
countered during part-throttle operation
are more difficult to ignite. Because this
means that more time is required for igni-
tion, it must be triggered earlier, with the
timing being shifted further in the "ad-
vance" direction. The manifold vacuum
employed to determine the necessary de-
gree of spark advance is monitored down-
stream from the throttle valve. If the vac-
uum bore is located near the throttle valve
(P 489), the vacuum initially increases as
the throttle is opened wider and begins to
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Combustion-pressure curve for various
ignition firing points
I Correct ignition advance (Z),
2 Excessive ignition advance (Z,
3 Excessive ignition retard (Z,).
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Ignition advance anglo (z

fall in the proximity of the full-throttle
(WOT) position. The progressively wider
thrAttle openings required to increase en-
gine speed on the operating curve for
part-throttle road operation are reflected
in [he relationship between vacuum and
min-1 shown in the diagram.

Yet another diagram shows the curves
for combustion-chamber pressure in a
4-stroke engine with correct and incorrect
ignition timing. Even if the timing is initially
cotrect, neglected maintenance can allow
it to drift over the course of time. If the tim-
ing shifts towards a later firing point
("retard"), the result is a gradual drop in
engine power and increased fuel con-

sumption. Excessive "advance" may re-
sult in extreme cases in serious damage
to spark plugs or to the engine if the en-
gine knocks. The level of exhaust emis-
sions also increases.

Ignition and emissions
Owing to the fact that it directly affects the
various exhaust-gas components, tie ig-
nition has a significant effect upon ex-
haust emissions. Because various - and
in this context sometimes mutually antag-
onistic - factors such as fuel ecoomy,
driveability, etc., are also potential opti-
mization criteria, it is not always possible
to specify the ideal ignition timing for min-
imum emissions.

Shifts in ignition timing induce mutually in-
verse response patterns in fuel consump-
tion and exhaust emissions: While more
spark advance increases power arid re-
duces fuel consumption, it also raises
HC and. in particular, NO, emisions.
Excessive spark advance can cause en-
gine knock and lead to engine damage.
Retarded ignition results in higher ex-
haust-gas temperatures, which can also
harm the engine. Electronic engine-man-
agement systems featuring programmed
ignition curves are designed to adapt igni-
tion timing in response to variations in fac-
tors such as min-', load, temperature, etc.
They can thus be employed to achieve the
optimum compromise between thesa mu-
tually antagonistic objectives.

Overview of various ignition systems
Function Ignition system

Cil TI Ell) |DLI
Cesignation Col Transist- Enginemanagemen:

ignition orized Electronic Distributor-system ignition ignition less semi-
sys em system conductor ig-

nition system

Igition angle determined from engine Mechanical Electronic
sceedand load

atsrditiution to appropriate Mechanical lent e

')kyassro d i onli ng is olposse,.ih 1 'l0therorodomsts iinregraed ege-maraesrt sptesms.

Mechani-
cal

1'-

F;gh-voltage generation

lcjr,4jon triggering

Inductive

Electronic
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Influence of excess-air factor2 and igni-
tion point a on pollutant emissions
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leaner mixtures require substantially
higher levels of spark energy. Excess en-
ergy, i.e., from an ignition system de-
signed to generate a high-energy spark of
extended duration (transistorized or elec-
tronic ignition) stabilizes flame propaga-
tion and reduces the fluctuation s from cy-
cle to cycle. The reduction in fluctuations
results in smoother engine operation and
lower HC emissions. Increased spark pro-
jection, larger electrode gaps and thin
electrodes also have a positive influence
on the engine's smoothness and HC
emissions.

Ignition energy
The ignition system generates a high-volt-
age spark at the spark plug to initiate
combustion. An ignition-spark energy of
approx.0.2 mJ is adequate to ignite a sto-
ichiometric air-fuel mixture, while richer or
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ignition coil
The ignition coil functions as both an en-
erg-storage device and a transformer.
The coil, which is powered by DC voltage
from the vehicle's electrical system, sup-
plies the ignition pulses for the spark
plugs at the required high voltage and dis-
charge energy. The ignition driver stage
with its defined deactivation current com-
bines with a primary winding featuring
specific resistance and inductance char-
acteristics to determine the amount of en-
ergy stored within the ignition coil's mag-
netic field. The secondary winding can be
designed to provide peak voltage, spark
current and discharge duration in accor-
dance with individual requirements.

The contact-breaker points used with
coilignition (Cl) can only handle interrupt
currents of up to approx. 5 A. TI, El and
DL ignition systems and Motronic ECUs
can handle much higher interrupt cur-
rents. The series resistors generally em-
ployed with coil ignition (they can be by-
passed to increase energy during cold
starts) can be omitted in electronic igni-
lion systems. Here the electronic circuitry
activates the ignition coil depending on
battary voltage, engine speed and other
influencing variables in such good time
that full energy is available at the ignition
poirt.

Each ignition coil is designed to meet
the requirements of a particular applica-
tion, It must charge quickly in order to fur-
nish the voltages and ignition energies re-
quired at high engine speeds. Important
prioities thus include low primary induc-
tance and, in some cases, higher primary
interrupt currents (for adequate energy
storage).

Desn and operation
Traditional ignition coils with asphalt or oil
insulation enclosed in metal casings are
being increasingly replaced by units fea-
turing an epoxy-resin filler. These not only
allow more latitude in the selection of
geometry, type and number of electrical
terminals, but also provide more compact
dimensions, better vibration resistance
and lower weight. The ignition coil is gen-
erally attached by way of the iron core to
the engine or vehicle body Rod-type igni-
tion coils are installed in the cylinder-head

recess above the spark plug.
The col's synthetic materials provide

good adhesion between all of the high-
voltage components and the molded
epoxy resin, which penetrates into all the
capillary spaces. Supplementary iron
cores are sometimes embedded on the
inside of the synthetic molding.

The secondary winding is mostli de-
signed as a disk or sandwich coil, with the

Ignition cols (schematic)
Rotating distribution: a) Single-spark igni ion
coil. Distributorless ignition;

c)n-spa rk ignition coi

a b
a4

5 4a 15 4a

4 04 1 __4b

Single-spark ignition coil
I Externallow-voltage terminal,
2 Laminated iron core, 3 Primary winding
4Secon day winding, Internal hgh-vo rge
connecion via spring contact,6Spark plg,
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3- -
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windings distributed among a series of
segments. Even distribution of stresses
among the insulating elements in all
chambers combines with high dielectric
strength to permit compact dimensions
while at the same time making foil and pa-
per between wire layers redundant. The
winding's self-capacitance isalso re-
duced.

Because lower breakdown voltages are
required for the negative (relative to en-
gine ground) ignition spark, the positive
terminals for the primary and secondary
windings are generally combined on
those ignition coils used with rotating
high-voltage distribution.

Single and dual-spark ignition coils are
an alternative for use in ignition systems
with distributorless ignition (DL ).

When a singlegsacolper spark plug
is used, the primary current is controlled
to furnish the relevant spark plug with an
ignition pulse at precisely the right mo-
ment in time. High-voltage diodes are
used to prevent the positive 1...2 kV high-
voltage pulse generated when the pri-
mary current is activated from causing the
spark plug to fire prematurely.

On thedual-spark coil, the secondary
winding is galvanically insulated from the
primary winding. Each of the two high-
voltage outputs are connected to a spark
plug. Ignition sparks are created at the
two spark plugs when the primary current
is deactivated. As with rotating high-volt-
age distribution, this system does not
usually require any special precautions to
prevent activation sparks.

Connection and installation are facill-
tated by combining several ignition coils in
a common casing to form a single assem-
bly. However, the individual coils continue
to operate as independent units. The inte-
gration of output stages in the ignition
coils means that short primary leads can
be used (lower voltage drop). This
arrangement also prevents power loss in
the driver circuits from overheating the
ECU.

Dual-spark ignition coil (distributorless
ignition)
1Low-voltageterminal.2Laminatedironcore,
3Primary winding, 4 Secondary winding,
5High-voltage terminals.

5

3
4-

Spark plug

Function
The spark plug introduces the ignition en-
ergy generated by the ignition coil into the
combustion chamber. The high voltage
creates an electric spark between the
spark-plug electrodes which icnites the
compressed A/F mixture. As this function
must also be guaranteed unde extreme
conditions (cold starting, full load), the
spark plug plays a decisive role in the op-
timum performance and reliable operation
of a spark-ignition engine. These require-
ments remain the same over he entire
service life of the spark plug.

Requirements
The spark plug must satisfy a variety of
extreme performance demands: It is ex-
posed to the varying periodic processes
within the combustion chamber as well as
external climatic conditions. However, the
combustion chamber must remain
sealed.

During spark-plug operation with elec-
tronic ignition systems, ignition voltages
of up to 30,000 V may occur and must not
damage the insulator. This insulation ca-
pability must also be guaranteed at tem-
peratures in the region of 1000'C.

Because the spark plug is subjected to
mechanical stresses in the form of expo-
sure to periodic pressure peaks (up to
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80 bar) within the combustion chamber,
its materials must exhibit extreme resis-
tance to thermal loads and continuous vi-
bratory stress. At the same time, that sec-
tior of the spark plug that protrudes into
the combustion chamber is exposed to
high-temperature chemical processes,
maKOg resistance to aggressive combus-
tion deposits essential. Because it is sub-
jected to rapid variations between the
heat of the combustion gases and the
cool A/F mixture, the spark-plug insulator
must feature high resistance to thermal
stresses (thermal shock), Effective heat
dissipation at the electrodes and the insu-
lator is also essential for reliable spark-
plug performance.

Design
In a special high-grade ceramic insulator,
an electrically conductive glass seal
forris the connection between the center
electrode and terminal stud. This glass el-
ement acts as a mechanical support for
the components while providing a gas
seal against the high-pressure combus-
tion gases. It can also incorporate resistor
elements for interference suppression
and burn-off.

The connection end of the insulator is
glazed for improved protection against
contamination. The connection between it
and the nickel-plated steel shell is gas-
tight. The ground electrode, like the cen-
ter electrode, is primarily manufactured
using nickel-based alloys to cope with the
high thermal stresses. It is welded to the
shell. The thermal conduction properties
of both the center and the ground elec-
trodes are improved by using a nickel-al-
loy jacket material and a copper core.
Silver and platinum, or platinum alloys,
are employed as electrode material for
speial applications. The spark plugs
have either an M4 or a standard SAE
thread, depending upon the type of high-
voltage connection, Spark plugs with
metal shields are available for watertight
systems and for maximum interference
suppression.

Sparkplug
IHigh-voltageconnector(terminalnut),
2Al0O, Ceramic insulator,
3Shell
4 Heat-shrinkage zone,
5on t glass,

7Composite center electrode NiCu,
8Ground electrode,

V 2

V3

VV4

V I I

V 15
SIf6

V I~

V7

B

I4
it
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Healt range
The operating temperature of the spark
plug represents a balance between heat
absorption and dissipation. The aim is to
achieve a self-cleaning temperature of
approx. 500OC even at low engine power
outputs.

If the temperature drops below this
level, there is the dangerthat unburnt hy-
drocarbons and oil residue from incom-
plete combustion sequences will settle
on the cold areas of the spark plugs (par-
ticularly when the engine is not at normal
operating temperature, at low outside
temperatures, and during repeated
starts), This can create a conductive
connection (shunt) between the center
electrode and the spark-plug shell by
way of which the ignition energy leaks
away in the form of short-circuit current
(risk of misfires). At higher tempera-
tures, the residues containing carbons
burn on the insulator nose; the spark
plug thus "cleans" itself.

An upper temperature limit of approx.
90000 should be observed because in
this range wear of the spark-plug elec-

Spark-plug temperature response
Shigh, 2medium and3 ow heat range,

1

1

2

3

0 Engine power outnut 1000

2

-1

3

I
;.~-. *;;

trodes increases markedly (due to hot-
gas corrosion) and if this limit is signifi-
cantly exceeded this increases the risk
of auto-ignition (ignition of thE air-fuel
mixture on hot surfaces). Such auto-igni-
tion subjects the engine to extreme
loads and can result in the engine's de-
struction within a short period of time.
The spark plug must therefore be
adapted accordingly in terms of its heat-
absorption capability to the engine type.
The identifying feature of a spark plug's
thermal loading capacity is its heat
range, which is defined by a ccde num-
ber and determined in compari;on mea-
surements with a reference standard
source,

The Bosch ionic-current process pre-
sents possibilities for adapting the heat
range to each engine. Characteristic
changes in the combustion procedure
due to increased thermal loading of the
spark plugs can be detected using ionic
current and used in the assessment of
the auto-ignition process. The spark
plug must be adapted in such 3 way as
to preclude any possibility of premature
ignition.

The use of center-electrode naterials
with high thermal conductivity (silver or
nickel alloys with copper core) makes it
possible to substantially extend the insu-
lator nose without changing the plug's
heat range, thus extending the plug's op-
erating range downward into a lower
thermal-load range and redicing the
probability of fouling. These advantages
are inherent in all Bosch Super (thermo-
elastic) spark plugs.

Reducing the likelihood of combustion
miss and ignition miss - with their atten-
dant massive increases in hydrocarbon
emissions - provides benefits in exhaust
emissions and fuel consumption in part-
throttle operation at low load factors

Electrode gap and ignition voltage
The electrode gap should on the one
hand be as large as possible so that the
ignition spark activates a large volume el-
ement and thus results in reliable ignition
of the air-fuel mixture due to the develop-
ment of a stable flame-core.

It is frequently impossible to achieve a
smooth idle when the electrode gap is too

QC

1500
2

N1000
0

CL
a
g 5CC
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Spark gap
a) Spark air gap
4) semi-surface gap,
c) Sudace gap.

a

- - -

C

narrow On the other hand, the electrode
gap must be narrow enough to guarantee
that the ignition voltage will continue to
produce a reliable arc, even at the end of
the spark plug's service life and under un-
favorable circumstances.

The required ignition voltage is
nluenced not only by the size of the elec-
trace gap, but also by the electrodes'
shape and temperature and the
materials used in their manufacture.
Parameters specific to the combustion
chamber such as mixture composition
(lambda value), flow velocity, turbulence

'Iand density of the gas to be ignited, also
play an important role.

On today's high-compression engines,
which frequently feature high charge tur-
bulence, electrode gaps must be carefully
defined in order to guarantee reliableigni-
tion and thus misfire-free operation
throughout the required service life.

Spark gap
The configuration of the arcing path s de-
fined by the mutual arrangement of the
electrodes.

Sparkairap aa:
A linear spark arcing directly between the
center and ground electrodes ignites the
air/fuel mixture between the electrodes.

Serni-surfacogap (b)
The semi-surface gap is created by posi-
tioning the ground electrodes (at a de-
fined distance to the insulator end face) to
the sides of the center electrode. Under
certain conditions, the ignition spark
forms between the center electrode and
the surface of the insulator tip before arc-
ing across a gas-filled gap to the ground
electrode.

Shifting a portion of the spark's popa-
gation travel to this shunt path extenc s the
gap across which any given voltage can
produce an arc.

The increased electrode gap improves
the ignition properties.

Sufacegap c
On surface-gap spark plugs, the ground
electrodes are positioned to the sides of
the ceramic body. The sparks thus form
over the surface of the insulator tip before
arcing across a small gas-filled gap to the
ground electrode. The arrangement of the
ground electrode to the side of the ce-
ramic body helps to reduce the quenching
losses, i.e. the flame core can extend
more effectively into the combustion
chamber, thus enhancing the ignition
properties of the plug.
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486 Engine management (spark-ignition engines)

Designation codes for Bosch spark plugs
Individualspark-plug spectications are contained in the designation code. This code incluces all
vital spark-plug characteristics except the electrode gap which is indicated on the package-
Spark-plug specifications for individual engine applica ions a redefined by Bosch and the eIgine
manufacturers.
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Conventional coil ignition (CI)
Maiy vehicles are still equipped with con-
vertional coil ignition. When the contact
breaker closes with the ignition switched
on, current from the battery or alternator
flows through the ignition coil's primary
winding, generating a powerful magnetic
field in which the energy is stored. At the
ignition point, the contact breaker inter-
rupts the current, the magnetic field col-
lapses and the high voltage necessary for
ignition is induced in the secondary wind-
ing. This voltage is fed from terminal 4 to
the ignition distributor via a high-tension
cable and from there to the individual
spark plugs.

The following is a basic definition of the
relationship between the speed of a four-
stroke SI engine and the number of
sparks generated per minute.

f = n/2

f Spark-generation rate, c Number of
cylinders, n Engine speed.

At low engine speeds, the contact-
breaker points remain closed long
encugh to exploit the coils full energy-
storage potential. At higher engine
speeds, this contact period -the dwell an-
gle - is shorter, and the primary current is
interrupted before maximum energy can
be transferred to the coil. The resulting re-
duction in stored energy means that less

Secondary voltage as a function of spark-
ing rate
a Withoutohmicshunts
(R> 10MD
b Shuntresistance f MU
c Shunt resistance 0.5 MO
d Required ignition voltage.

kV

o20

10

0

0 6000 12000
Sparking rate

m n-r

high-tension current is then available from
the coil.

In response, ignition coils are designed
to provide high-tension voltage well n ex-
cess of the spark plugs' requireents,
even at maximum engine speeds.
Contamination on the insulating compo-
nents acts as a capacitive and ohmic
shunt, increasing the ignition loads paced
upon the system, with combustion and ig-
nition misfiring as the ultimate conse-
quences.

~I
I;

2,

lb

*C -

Ccnventional coilignition system (Cf), componentsatle circuitdiagram at rght
1BOattery 2 gnition switch Coil. 4 Distributor, 5 IgnitionInensr,6Contact breaker,
7 Spark plugs, R, Ballast resistor for increasedstart voltage (optional).

7 4_
1 5

RV
212

3((
Rv~jr\1  6 1-k 2
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Ignition coil
Description: see P 481.

Ignition distributor
The distributor is a separate, self-con-
tained component within the ignition sys-
tern. It has the following functions:
- it distributes the ignition pulses to the

engine's spark plugs in the defined se-
quence (CI, TI and electronic ignition),

-triggers the ignition pulse, either when
the contact breaker interrupts the pri-
mary current, or, with breakerless sys-
tems (C, TI, El in some cases), using a
pulse generator,

- adjusts the ignition timing with a spark-
advance mechanism on conventional
ignition systems(CITI).

In modern electronic ignition systems,
operating either alone or in combination
with the fuel-injection system (Motronic),
the distributor generally comprises only a
rotor arm connected to the camshaft and
the distributor cap with high-voitage
cables.

The contact-breaker points and the
spark-advance mechanism perform sepa-
rate functions from those of the distributor
proper. They are combined with it in a sin-
gle unit because they require a synchro-
nized drive.

The ignition pu se passes through the
center connection and the carbon brush
or the center-tower spark gap to the dis-
tributor's rotor arm which then distributes
this ignition energy by arcing it to fixed
electrodes pressed into the periphery of
the distributor cap. From here, the ignition
pulses travel through the ignition cables to
the spark plugs. A dust cover is some-
times installed to separate this high-volt-
age section from the rest of the unit.

Contact breaker
A cam opens the contact-breaker points
to interrupt the flow of primary current to
the coil for ignition. The number of cam
lobes corresponds to the number of en-
gine cylinders. The portion of the distribu-
tor shaft's rotation during which the points
remain closed is the dwell angle.

The contact-breaker points are subject
to three types of wear:

Contact breaker
IIMoving breaker-plate assembly 2 Breaker
lever 3 Distributor shaft, 4 Distrbutor can?

2

.73

4

Centrifugaladvancemechanism atrest
(above), in operation (below
1 Supportplot. 2Dsrutor crn. 3 Contact

path, 4 Advance t'yweight 5 Distributor shaft,
6 Driver

---1
2

3

4

- contact ptting,
- contact arm (rubbing-block) woar,
- plastic deformation and local compres-

sion of the contact metal.

Contact pitting stems from the breaking
sparks (residual arcing) induced by induc-
tion voltage during interruption of the pri-
mary current. The ignition condenser is
designed to suppress this type of arcing,
but residual sparks continue to occur.
Although contact wear and rubbing-block
wear are mutually counteractive, the ef-
fects of the latter are generally ore pro-
nounced, resulting in a tenden:y for the

1@
,:

-6
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ignition to drift in the "retard" direction, to-
ward a later ignition point,

Spark-advance mechanism
Igrition distributors are generally
equipped withtwospark-advancemecha-
nisms: a speed-sensitive centrifugal ad-
vance mechanism and a load-dependent
vacuum-controlled device.

Centrifugal advance mechanism
The centrifugal advance mechanism ad-
justs the ignition timing in response to
changes in engine speed. The support
plate upon which the flyweights are
mounted rotates with the distributor shaft.
The flyweights move outward as engine
speed increases, thereby turning the dri-
ver over the contact path to the distributor
shaft in the direction of rotation. In this
way, the distributor cam also turns to-
wards the distributor shaft by the ignition
advance angle u. The point of ignition is
advanced by this angle.

Vacuum adjustment mechanism
The vacuum mechanism adapts the igni-
tion timing to changes in engine output
and load factor. Intake manifold vacuum is
monitored or tapped off in the vicinity of
the throttle valve. The vacuum acts upon
two aneroid capsules.

Operation of advance mechanism
Because the air/fuel mixture combusts,
rmore slowly during operation at low load

factors, it must be ignited earlier to com-
pensate. Meanwhile, the proportion of
those residual gases which have been
burned but not discharged from the com-
bustion chamber increases, and the mix-
ture leans out. Vacuum for the advance
mechanism is tapped off immeciately
downstream from the open throttle valve.
As the engine load decreases, the vac-
uum in the advance unit rises, causing the
diaphragm and its control arm to move to
the right. The control arm turns the
breaker-plate assembly against the dis-
tributor shaft's direction of rotation; the
point of ignition is advanced still further.

Operation of retard mechanism
Here the connection with the intake man-
ifold's internal vacuum is downsiream
from the closed throttle. The ring-shaped
vacuum retard unit reduces exhaust emis-
sions by reducing ignition advance under
specific operating conditions (e.g. idle,
trailing throttle). The ring diaphragm and
its control arm move to the left when vac-
uum is applied. The control arm rotates
the breaker-plate assembly togethe, with
the contact breaker in the distr butor
shah's direction of rotation.

This spark-retard system operates in-
dependently of the advance mechanism.
The advance mechanism has priorhy. si-
multaneous vacuum in both units curing
part-throttle operation shifts the unit to its
"advance" position.

Vacuum advance mechanism with ignition advance and retard units
a Advance adjustment up to stop, b Retard adjustment up to stop
I fgnition distributor, 2 Breaker-plate assembly 3 Diaphragm, 4 Vacuum retard unit
5'Vacuum advance unit, 6 Vacuum unit, 7 Throttle valve, 8 intake inanifold

a 3

Y A-

_//

1 2 b 4 5be

I

7 8

I
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Transistorized ignition (TI)

'Nith conventional coil-ignition systems,
ignition energy and maximum voltage are
restricted by various electrical and me-
chanical factors limiting the breaker
points' switching capacity. The demands
placed upon battery-ignition systems are
often more than the contact-breaker as-
*embly can satisfy in its role as a power
switch, In electronic ignition systems, the
ooints are assisted or replaced entirely by
Near-free control devices. Transistorized
(coil) ignition is available in both breaker-
Iriggered and breakerless versions.

Transistorized coil ignition with contact
control is especially suitable for upgrading
existing coil-ignition systems (Cl).
Breaker-triggered transistorized coil igni-
tion systems are no longer installed as
original equipment,

Breakerless transistorized ignition
On breakerless transistorized ignition
systems, the cam-actuated contact
breaker is replaced by a magnetic "pulse
generator This generates current and
voltage pulses magnetically (without con-
tacts) to trigger the high-voltage ignition
pulse through the system electronics. The
pulse generator is installed in the ignition
distributor.

These triggering devices operate ac-
cording to various principles.

Induction-type pulse generators (TI-1)
The induction-type pulse generator is a
permanently-excited AC generator con-
sisting of stator and rotor. The number of
teeth or arms corresponds to the number
of cylinders in the engine. The frequency
and amplitude of the alternating current
generated by the unit vary according to
engine speed. The ECU processes this
AC voltage and uses it for ignition control.

Hall-effect pulse generators (TI-H)
This type of ignition-pulse generator uti-
lizes the Hall effect. A speed-sensitive
magnetic tield produces voltage pulses in
an electrically charged semiconductor
layer to control activation of the ECU's pri-
mary current

Ignition pulse generators (impulsers)
display clear benefits over mechanical

Breakerless transistorized ignitionsyste1
1 Battey2 Ignition switch, 3 Coil. 4 Eltronic
triggerbox,5Ignitiondistributorwithcentrifugal
and vacuum advance mechanism
Ca induction-type pulse generatorr 6b HaI-type
pulse generator{aitemnative) 7 Sparkpugs,

7

2

) 4 Sb 43

6b[ -

contact breakers: They do not wear, and
are thus maintenance-free. They allow
precise control of ignition timing with at-
tendant benefits in engine performance.

Ignitiondistributorwithinduction-type
pulse generator
IPermanentmagnet,2Induction winding
with core, 3 Variable air gap4 Trigger whel

E2

3
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Engine management (spark-ignition engines) I91

Electronic control units
Virtually all of the electronic control units
(trigger boxes) in use today are equipped
with primary-current regulators and
closed-loop dwell-angle control.

The primary-current regulator limits the
current in order to protect the ignition coil
and the driver stage. When used in con-
junction with a coil featuring low primary
res stance, it provides high starting cur-
rent at low battery voltages. This makes it
possible to dispense with series resistors
upstream of the coil as well as with the
bridging function for starting.

Closed-loop well-ageecontrolen-
suraes that the desired primary current is
obtained in the control range as far as
possible at the point of ignition. This re-
duces the power losses in the ECU. It also
compensates for battery-voltage fluctua-
tiors and ignition-coil temperature effects.
Depending on system design, this dwell-
angle control is effective up to medium
engine speeds. At high engine speeds,
the dwell angle is determined by the
break time required to achieve adequate
arcng durations. The residual energy re-

Ignition distributor with Hall sensor
1 Vane with width b, 2 Soft-magnetic
coductive elements, Hall IC, 4 Air gap,
teSensor voltage (transformed Hall voltage-

1 2 3

rn-m

|UG

4 2

o

mainIng in the coil after the break time
promotes optimal coil charging with re-
duced dwell times,

The sparkless closed-circuit currert de-
activation switches off the primary cUrrent
with the ignition on and the engine off to
ensure that no sparks occur at the spark
plug. However, there are also
TC-1 systems (with induction-type rulse-
generator) with intrinsic closed-circult cur-
rent deactivation.

Transistorized ignition is sometimes, em-
ployed together with auxiliary devices to
adjust the spark advance. An example
would be the idle-sped control wh ch is
installed between the Hall generato and
the ECU; below idle speed it reacts to fur-
ther decreases in engine min-' bi ad-
vancing the ignition, thus increasing
torque and preventing engine speed from
dropping any further. The lectronic re-
tard device reduces ignition advanze at
high engine speeds to prevent knocking.
It is connected in parallel with the ECU.
Today, both of these functions are inte-
grated in the electronically adjusted igni-
tion systems within the engine-manage-
ment system.

Hybrid units have become the ECU stan-
dard for transistorized ignition systems
owing to their ability to combine high
packaging density with low weight and ex-
cellent reliability. Hybrid technologV re-
places the printed-circuit board, with an
A1203 substrate bearing conductor paths
and resistors applied in a silk-screening
process. Semiconductor devices and ca-
pacitors in chip form complete the circuit,
As the Darlington power-transistor chip is
mounted insulated on the metallic base
plate, cooling is excellent, permitting op-
eration at high temperatures.

Ignition coils (description on P 481)
The performance specifications of ignition
coils for conventional ignition differ from
those of ignition coils with electroni cir-
cuit-breakers (transistorized ignition see
P 490), A coil designed for one applica-
tion should never be employed in the
other

I'
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Time--
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Note: Unlike with breaker-triggered igni-
tion, terminal 1 of the systems mentioned
must not be shortedto ground (e.g. during
compression testing) as this would over-
load the low-resistance primary winding
of the ignition coil.

Capacitor-discharge ignition
(CDI)
The operating concept behind CDI, or
"thyristor ignition," as it is also called, dif-
fers from that of the ignition systems de-
scribed above. CDI was developed for
use with high-speed, high-output multi-
cylinder reciprocatng IC engines in high-
performance and competition applica-
tions and for rotary-piston engines.

The salient characteristic of the CDI
system is that it stores ignition energy in
the electrical field of a capacitor.
Capacitance and charge voltage of the
capacitor determine the amount of energy
which is stored. The ignition transformer
converts the primary voltage discharged
from the capacitor to the required high
voltage. Capacitor-discharge ignition is

[Capactor-discharge ignition system
with induction-type pulse generator,
schematic

Accident hazard

All electronic ignition systems (including ca-
pacitor discharge, transistorized ignition
and all systems with partial or comprehen-
sive electronic control) are potentially dan-
gerous. Always switch off the ignition or dis-
connect the battery before performing any
service or maintenance including:
-Replacing components such as spark-

available in both breaker-triggered and
breakerless versions.

The major advantage of the COI is that
it generally remains impervious to electri-
cal shunts in the high-voltage ignition
circuit, especially those stemming from
spark-plug contamination. Fo- many
applications, the spark duration of
0.1.0.3 ms is too brief to ensure that the
air-fuel mixture will ignite reliatly. Thus
CD1 is only designed for specific types of
engine, and today its use is restricted to a
limited application range, as transistor-
ized ignition systems now afford virtually
the same performance. CDI is not suited
for aftermarket installations.

CDI can also be employed for distribu-
torless ignition (DLI) with the installation
of one ignition coil per cylinder, with en-
ergy distribution taking place at the
medium-voltage level.

plugs, coils, transformers, disributors,
high-tension cables, etc.

- Connecting engine test devicet such as
stroboscopic lamps, dwell-tach testers,
ignition oscillographs etc. Dangerously
high voltage levels are present through-
out the ignition system whenever it is
turned on. All service operations should
be performed exclusively by qualified
technicians.

I Control unit, 5 ignition transformer
2 Charger, 6 To induction-tyge pulse
3 Pulse shaper generator,
4 Control stage, 7 To igniton distrdoufor
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Electronic ignition
(El and DLI)
Electronic ignition derives its name from
the fact that it calculates the ignition point
electronically. The characteristic curves
provided by the conventional distributor's
centrifugal and vacuum-advance units
are replaced by an optimized electronic
igrition map. Mechanical high-tension
distribution is retained with El ignition.
Fully electronic distributorless semicon-
ductor ignition (DLI) uses stationary elec-
tronically controlled components to re-
place the mechanical, rotating high-ten-
sion distributor.

Electronic ignition systems operate
mcre precisely than mechanical systems,
with major benefits originating in the fact
that the ignition process can be triggered
from the crankshaft instead of from a dis-
tributor (distributor drive tolerances are no
longer a factor). The limitations which me-
chanical adjustment mechanisms place
upon the performance curve (summation
of curves for load and engine speed in a

single progression) are also avoided. The
number of input variables is also theoreti-
cally unlimited, usually allowing axten-
sions in the ignition angle's adjustment
range. The fixed-drive ignition distributors
limitations regarding the engine's gvition-
voltage requirements and ignition-angle
adjustment range are such that it has dif-
ficulty coping with larger numbers of cylin-
ders; efficient spark distribution cannot al-
ways be guaranteed. Corrective mea-
sures include dividing the ignition into two
circuits (eg, for 8- and 12-cylinder en-
gines) and static voltage distribution.

Electronic ignition can be corrbined
with electronic fuel-njection (Motonic),
knock control, ASR, etc., making it -ossi-
ble to employ sensors and/or signals from
other units in more than one system. A
serial bus (CAN, P. 884) further reduces
the number of inputs and processing cir-
cuits on the ECU's input-side.

11¾~

J1

Schematic of an electronic ignition system (E)
I 'gnion coil with ignition driver stage, 2 High-voltage distributor, 3 Spark plug, 4 ECU,
5. ngine-temperature sensor, 6 Knock sensor 7Engine-speed and reference-mark sensor.
6SRing gear for sensor, 9 Throttle switch, 10 Battery I1 ignition switch.

4
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Electronic ignition, signal processing
1 Engine speed, 2 Switch signals,
3CAN(serialbus),4Intake-manifoldpressure,
5Engine temperature,6 ntake-airtempera-
lorre,7HBattery voltage,.8Microprocessor,
9 Analog/digital convener. 10 Driver stage

Input Electronic control unit Ignition
signals (ECU) coil

29
3

4

5
6 ' 8

7

[ignton maps
Above: electronically optimized,
m lowmechancal advancesystem

Adva.,nce angle

Advance angle

Operation
The engine's speed and crankshaft posi-
tion are monitored directly at the ring
gear, using either a separate rotor or a
specific pin sequence employing an in-
ductive, rod-type sensor, with two sensors
being employed on older units. Triggering
is either incremental or segmentary, ac-
cording to whether the informaton is
taken from teeth distributed evenly
around the crankshaft or a crankshaft
segment per cylinder pair:
- Beginning of segment = maximum

spark advance angle,
- End of segment = starting angle.

In the incremental system illustrated here,
the reference mark (shown as a tooth
gap) represents a defined crankshaft po-
sition, providing a reference for electri-
cally monitoring crankshaft angle using
the ring-gear teeth. A distributor without
an advance mechanism can also be em-
ployed for triggering; here the cont-ol sig-
nal is provided by a Hall generator. An ab-
solute-pressure sensor in the intake man-
ifold is the best way to monitor loaJ. This
provides a better gauge of cylinder
charge than the spark-advance or retard
bores on the throttle valve. It is also pos-
sible to incorporate load switches, throt-
tie-valve potentiometers or electror ic load
signals from the mixture-preparation sys-
tem. The microcomputer in the ECU
processes the engine-speed and lcad sig-
nals prior to using them to calculate the
precise ignition angle within the ignition
map. The computer can also process
other input variables, such as e.g. engine
temperature, or information on trailing
throttle or full-load operation from the
throttle-valve switch, to derive correction
values and regulate other vehicle-specific
functions as required. The dwell angle for
charging the ignition coil is also specified
by the computer. The battery voltage is
monitored here to enable voltage correc-
tion. The system responds to deviations
in battery voltage from the specified base-
line by extending or reducing coil-charg-
ing times accordingly. This ensures con-
sistent availability of maximum voltage
while at the same time limiting the accu-
mulation of heat in ECU and coil to a min-
imum. At speeds below the starting
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Engine management (spark-ignition engines) 495

peed, the computer interrupts the cur-
ent flow through the ignition coil in order
o prevent overheating. The driver stage
:an be either integrated inside the ECU or
istalled externally, e.g. on the ignition
:oil.

iignal processing in the ECU
kfter initial processing the digital signals
1o cirectly to the processor. Analog sig-
ials are first converted into digital form.
here are also ECU's which can transmit
upplementary digital or analog signals
e.g., for overrun fuel cutoff and exhaust-
]as recirculation). There exists a range of

I ignition-system versions of varying
omplexity. A comparison of the ignition
nap with the response curve of a distrib-
itor shows that it is possible to program
tach point in the ignition map indepen-
lently from every other point. Thus the
iptimrnum ignition timing (e.g., for maxi-
num fuel economy) can be selected for
tvery operating condition, according to
he limits imposed by factors such as ex-
taust emissions, pre-ignition limit and dri-
ieability. The entire system is completely

maintenance-free and does not recuire
any adjustments during the engine's ser-
vice life.

Rotating voltage distribution
A high-voltage distributor distributes the
ignition pulsestothe spark plugs of the in-
dividual cylinders (as described earlier). if
the distributor's adjustment range is ir suf-
ficient for handling a larger number of
cylinders, then two ignition circuits are
employed, i.e., two 4-cylinder distribUtors
can be used for one 8-cylinder engine.
Synchronization through the crankshaft
can be used for "two times 4 cylinders",
whereas "two times 3 cylinders" with ,on-
stant ignition-angle spacing (not em-
ployed up to now) must be controlled by
the camshaft.

Distributorless (stationary) voltage
distribution

Systems with single-spark ignition coil
Each cylinder has its own ignition coil with
driver output stage, installed either di-

Schematic ofa futly-electronic distributortess ignition system (01)
1 Spark plug, 2 Single-spark coil 3 Throttle switch, 4 ECU, 5 Engine-terperature sensor,
6 Knock sensor, 7 Engine-speed and reference-mark sensor, 8 Ring garforsensor
9Battery 10 Ignition switch.

0

7
aIBOSCH, 10

4-
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496 Engine management (spark-ignition engines)

rectly above the spark plug or separately.
Either synchronization with the camshaft
sensor or a method for detecting the com-
pression cylinder is required. On engines
with an even number of cylinders, the sys-
tem reverts to crankshaft triggering in the
event of camshaft-sensor failure, al-
though two coils are then always acti-
vated simultaneously (one of the sparks is
discharged during an exhaust stroke).
This system, suitable for engines with any
number of cylinders, provides the greatest
latitude for adjustment, as there is only
one spark per cycle. All these advantages
mean that the single-spark ignition coil is
being increasingly used and is taking over
from the dual-spark ignition coil in spite of
costing more.

Systems with dual-spark ignition coil
One ignition coil is required for every two
cylinders. The crankshaft can be used for
synchronization. The high-voltage end of
each ignition coil is connected to the
spark plugs for two cylinders whose oper-
aling cycles are 360' out of phase with
each other.

As there is an additional spark during
the exhaust stroke, it is important to en-
sure that residual mixture or fresh mixture
is not ignited. Furthermore, the dual-
spark system is only suited for use with
even numbers of cylinders. Owing to its

cost advantage relative to the single-
spark unit, the dual-spark ignition system
is the most common distributorless igni-
tion in use today.

Knock control

Application
Electronic control of the ignition point of-
fers the possibility of controlling very pre-
cisely the ignition angle as a function of
engine speed, load and temperatu'e.

Nevertheless, without knock control a
clear safety distance to the knock limit is
required. This distance is necessary to
ensure that even in the most knock-sensi-
tive case with regard to engine toler-
ances, engine aging, environmental con-
ditions and fuel quality, no cylinder
reaches or exceeds the knock lirrit. The
resulting engine design leads to lower
compressions with retarded ignition
points and thus worsening of fuel con-
sumption and torque figures.

These disadvantages can be avoided
through the use of knock control.
Experience shows that knock cortrol in-
creases engine compression and signifi-
cantly improves fuel consumpticn and
torque. However, the pre-control ignition
angle now no longer needs to be deter-

Knock control Control algorithm for igition
adjustments with a 4-cylinderengine
K 1 3 knock in cylinders ... 3, Cylinder,
no knock
aDelay prior to ignition retard,
b Retardation, c Delay before return to
original ignitionpoint, d Spark advance.

Schematic of knock-control system

Engine
gniion, (conrlled Knock

(actuator) systern) sensor

01Cloed- Evaliuaton
Knopco- circuit
troic tr

az

Ir
K K2 13 K,   K3

2- 2
ICb c d
13421342

Cornbustion cycles in
individal cyinders-

I
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I'

mined for the most knock-sensitive but
rather for the most insensitive conditions
(e.g.engine compression at lower toler-
ance limit, best possible fuel quality, most
knock-insensitive cylinder). Each individ-
ual engine cylinder can now be operated
over its entire service life in virtually all op-
erating ranges at its knock limit and thus
at optimal efficiency.

The essential precondition for this igni-
tion-angle configuration is reliable knock
de ection for each individual cylinder as
from a particular knock intensity, and over
the entire engine operating range.

Combustion knock
The characteristic vibrations of combus-
tion knock are detected by knock sensors,
converted into electrical signals and for-
warded to the Motronic.

It is essential to work out carefully the
number and installation positions of the
required knock sensors. Reliable knock
detection must be guaranteed for all cylin-
ders and for all engine operating points,
particularly at high engine speeds and
lo.ds. As a rule, 4-cylinder in-line engines
are equipped with one knock sensor,
5- and 6-cylinder engines with two sen-
sors and 8- and 12-cylinder engines with
two or more sensors.

Knock detection, evaluation
For the purpose of knock detection, the vi-
brations characteristic to knocking are
converted into electrical signals by one or
more knock sensors mounted at appropri-
ate positions on the engine, and then for-
warded to the Motronic for evaluation. It is
here that the corresponding evaluation al-
gorithm is applied to detect knock for each
cylinder and each combustion. Detected
combustion knocks result in a retardation
of the ignition point by a programmable
amount at the cylinder in question. If
knock stops, the ignition point is ad-
vanced again in stages up to the pre-con-
trcl value,

The knock-detection and knock-control
algorithms are matched in such a way as
to eliminate any knocking that is audible
ard damaging to the engine.

Knock sensor
I Seismic mass, 2 Potting compound,
3 Piezocerarmic element, 4 Contacts,
5Terminals.

-- 1

- 2

4

-5

Adaptation
Real engine operation produces different
knock limits and thus also different igni-
tion points for the individual cylinders. In
order to adapt the ignition-point pre-con-
trol values to the particular knock limit, the
ignition-point retardation values individual
to each cylinder and dependent on the
operating point are stored.
They are stored in non-volatile maps of
the permanently powered RAM covering
load and engine speed. In this way, the
engine can also be operated in the event
of rapid load and speed changes in each
operating point at optimal efficiency and
without audible combustion knocks.

The engine can even be approved for
fuels with lower anti-knock properties.
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Combined ignition and
injection system (Motronic)
The Motronic engine-management sys-
tem has undergone substantial develop-
ment since its introduction in 1979.
Intially, integration was based on the ba-
sic gasoline-injection systems, in combi-
nation with distributorless semiconductor
ignition, as were available in the following
systems:
- KE-Motronic, based on KE continuous

gasoline injection (P. 469),
- Mono-Motronic, based on intermittent

single-point injection (P 465),
- M-Motronic, based on intermittent multi-

point injection (P. 471).

On the basis of M-Motronic, and by apply-
ing further integration steps, the Motronic
system assumed control of all the manip-
ulated variables of a spark-ignition engine
that influence torque:
- ME-Motronic with electronic accelerator

pedal (ETC) for controlling gasoline in-
jection, ignition and fresh-air charge for
manifoldinjection(P.498).

- MED-Motronic with further integrated
open- and closed-loop control functions
for the high-pressure fuel circuit. With
direct injection and realization of the
various operating modes of this engine
type (P 507).

System overview
The Motronic system comprises all the
sensors for recording the current engine
and vehicle operating data (P. 501.
Operating-data acquisition) and all the ac-
tuators for the adjustments to be carried
out on the SI engine (P. 503, Operating-
data processing).

Electronic control unit
The ECU employs sensors to monitor the
relevant status of engine and vehicle at
extremely short intervals (milliseconds).

Input circuits suppress sensor-signal
interference and convert the signals to a
single unified voltage scale. An analog-
digital converter then transforms the con-
ditioned signals into digital values.
Further signals are received by way of a
digital interface. Using this information,
the mcroprocesso identifies the operat-

ing state desired by the driver aid from it
calculates for instance:
- the required torque,
- the resulting cylinder charge with the

associated injected fuel quant ty, and
- the correct ignition timing.

The low-level signal data from he micro-
processor outputs are adapted by the dri-
ver stages to the levels required by the
various actuators. A semiconductor mem-
ory chip stores all programs and perfor-
mance maps, ensuring system consis-
tency which remains completely impervi-
ous to fluctuations resulting from
signal-level and component tole-ances,

Digital accuracy is a function of word
length, as well as of the consisfeicy of the
quartz's basic clock frequency and the
types of algorithms used for the calcula-
tions, The consistency and precision of
the reference voltages and the compo-
nents installed in the analog inpit circuits
influence the analog accuracy.

Program design must satisfy the en-
gine's severe real-time demans: in an
8-cylinder engine at maximurr speeds,
less than 2.5 ms are available between
two ignitions. All essential calculations
must be completed within this period In
addition to these crankshaft-synchronous
processes, there are also time-synchro-
nous operations. Both types can be sus-
pended by interrupts.

ME-Motronic

Design

Basic functions
In order to set the operating state desired
by the driver (main function), the position
of the gas pedal is converted by the mi-
croprocessor into a setpoint vale for the
engine torque. Then, while taking into
consideration the highly varying current
operating data from the ME-Motronic,
these are converted into the variables for
determining the engine torque:
- the charging of the cylinders with air,
- the mass of the injected fuel and
- the ignition angle.

498
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500 Engine management (spark-ignition engines)

Additional function
As well as the basic functions, the
ME-Motronic has a large number of addi-
tional open- and closed-loop control func-
tions. Examples of such functions are:
- idle-speed control,
- closed-loop lambda control,
- control of evaporative-emissions control

system,
- exhaust-gas recirculation for reducing

NOx emissions.
- control of secondary-air system for re-

ducing HC emissions, and
-cruise control.

These functions have been made neces-
sary by the legislation covering the reduc-
tion of exhaust emissions, the calls for a
decrease in fuel consumption but also in-
creased demands placed on driving com-
fort and safety.

In addition, the ME-Motronic system can
be further extended with the following
functions:
- Control of turbocharger control and vari-

able-tract intake manifold for increasing
engine power output,

- Camshaft control for reducing exhaust
emissions and fuel consumption and for
increasing power,

- Knock control, engine-speed limitation
and vehicle-speed limitation for protect-
ing components in the engine and vehi-
cle.

Torque-guided control concept
The torque-guidance principle is aimed at
simplifying the many and sometimes very
different assignments placed on the en-
gine and the vehicle. Only then is it possi-
ble, depending on the engine or vehicle
type, to determine the required functions
in each case and to integrate them in the
relevant Motronic version.

Most of the additional open- and closed-
loop control functions likewise influence
the engine torque. In a torque-guided sys-
tem, all these functions behave like the
driver: they request an engine torque irre-
spective of each other. The torque-guided
ME-Motronic uses torque coordination to
sort the often contradictory torque re-
quirements and to then put the most im-
portant requirement into effect.

Vehicle management
The ME-Motronic can commuiicate via
the CAN bus system (P 884 with the
ECUs of other vehicle systems. Among
other things, in conjunction with the auto-
matic-transmission ECU, it reduces
torque at the gear-shift point so that the
transmission is subjected to less loading
and wear. When wheel spin occurs, the
ECU belonging to the Traction Control
System (TCS) signals to the ME-Motronic
to reduce the generated torque

Diagnosis
The ME-Motronic incorporates compo-
nents for on-board monitoring (CBD). It
therefore complies with the most stringent
emission limits and the demands placed
on the integrated diagnosis functions.

Cylinder-charge control systems

Throttle-valve control
In an SI engine with external A'F mixture
formation, the cylindercharge is the factor
that determines torque output and thus
power output. The throttle valve controls
the air-flow intake into the engine and
thus the cylindercharge.

In conventional systems, a cable or a
linkage transfers the movement of the ac-
celerator pedal to the throttle valve.
Requirements for additional ai: are cov-
ered by a bypass air actuator which di-
rects an additional air flow aound the

Air control with bypass air actua or
(principle)
I idle actuator (bypass airactuator.

2 ECU 3 Throttle valve, 4 Bypass.

- 3

1

-~2

-I
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throttle valve (see Fig), or a throttle-valve
actuator alters the stop for minimum air
quantity. However, the air flow required by
the engine can only be electronically in-
fluenced to a limited extent (idle-speed
ccntrol).

Systems with ETC (electronic throttle
control, integrated in the engine control
unit for ignition, injection and other auxil-
ia y functions) detect the position of the
accelerator pedal with a pedal-travel sen-
sor (potentiometer).

Taking into account the current engine
operating status, the ECU calculates how
far the throttle valve needs to open and
actuates the throttle-valve drive accord-
ingly (see Fig.). A throttle-valve angle
sensor (potentiometer) monitors exact
compliance with the desired throttle-valve
position. Two potentiometers (for redun-
dancy reasons) at the accelerator pedal
and throttie device are part of the ETC
monitoring system which, while the en-
gine is running, continually checks all the
sensors and calcu'atons which affect
it rottle-valve opening.

Charge-cycle control
Tie behavior of the gas columns flowing
into and out of the cylinders changes con-
siderably as a function, for instance, of en-
g ne speed or throttle-valve opening. With
fixed valve timing, the charge cycle can

ETC system

Sensors Actuators,

IICAN I

PC

Mlonitoring

module

Engine ECU

tAccelerator-
\pedal

module
\N

|

I/

Throttledevice
- _ -.

only be optimized for a specific operating
range.

Camshaft control or camshaft-lobe
control (P. 387) permits not only viably
valve timing, and thus adaptation tovari-
ous engine speeds, but also enables the
residual exhaust-gas mass in the cylinder
to be influenced ("internal EGR).

("External") EGR effectively reduces
the temperature-dependent NOx emis-
sions. Exhaust gases which have aLready
been combusted are added to the /F
mixture in order to reduce peak combus-
tion temperatures. For this purpose. the
Motronictriggers the exhaust-gas rcircu-
lation valve as a function of the eng ne op-
erating point. The EGR valve then adds a
partial flow of exhaust gas to the fresh mix-
ture, thereby increasing the total charge
while the fresh-air charge remains con-
stant. In this way, the engine must be throt-
tied less heavily in order for a specific
torque to be reached (lower fuel consunp-
tion).

The achievable torque, which is propor-
tionai to the fresh-mixture charge, can be
increased still further by compressing the
air in the cylinder. This is the purpose of
dynamic supercharging, exhaust-qas tur-
bocharging, or mechanical supercharging
(P 390)_

Operating-data acquisition

Vehicle-n~ierator conirandl
In the case of engine managemcnt with
an electronic throttle valve (ETC), :here is
no longer a mechanical connect on be-
tween the accelerator pedal ard the throt-
tIe-valve actuator, Instead, the position of
the accelerator pedal is sensed by a
pedal-travel sensor or acceleratcr-pedal
module and converted into an electrical
signal. The engine-management system
interprets this signal as the vehicle-oper-
ator command.

Air charge
In engine concepts with manifold injec-
tion, there is a linear relationship between
the air charge and the torque geierated
by combustion. In the torque-guided ME-
Motronic, the air charge is theretore not
just one of the main factors involved in
calculating the injected fuel quantity and

11
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502 Engine management (spark-ignition engines)

ignition angle, but also serves to calculate
the torque currently being delivered bythe
engine. The following sensors can be
used for this purpose:
- Hot-film air-mass meter,
- Intake-manifold pressure sensor,
- Ambient pressure sensor,
- Boost-pressure sensor (BPS) and

- Throttle-valve sensor.

Engine speed, crankshat position and
camshaft position
A speed sensor on the crankshaft moni-
tors the crankshaft revolutions per minute
rotationalspeed). It then forwards this in-

formation on the crankshaft position, that
is, the piston position of all cylinders, as
an important input variable to the ME-
Motronic. The cylinder's piston position is
used, for instance, to determine the injec-
tion and ignition points.

To trigger the single-spark ignition coils,
the ME-Motronic with static voltage distri-
bution also requires additional information
on the camshaft oosition. This information
is mostly monitored with a Hall-effect sen-
sor and forwarded to the ECU as a switch
signal.

A/F mixture composition
The lambda factor (,) is the fic ure which
quantities the A/F mass ratio of the mix-
ture. The catalytic converter only per-
forms optimally at .= 1. The lambda sen-
sor measures the oxygen concentration in
the exhaust gas and provides information
on the current value of the excess-air fac-
tor (P 458).

Combustion knocks
The characteristic vibrations of combus-
tion knocks are detected by knock sen-
sors, converted into electrical sgnals and
forwarded to the ME-Motronic (P 498).

Engine and intake-air temperatires
The voltage at the NTC resistor of the en-
gine-temperature sensor is a lunction of
the coolant temperature. It is insut via the
analog-digital converter and is a measure
of the temperature In the same way, a
sensor in the intake part measures the
temperature of the intake air.

Operating-data processing

Torque guidance
Torque guidance is a feature of the ME-

Exhaust-gas recirculation (example)
1 Exhaust-gas recirculation (EGR), 2 Electropneumatic converter 3 EGR valve, 4 ECU
5 Air-mass meter,n Engine speed.

42
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Motronic. Numerous subsystems within
the Motronic (e.g. idle-speed control, en-
gine-speed limitation), and the systems
for management of the drivetrain (e.g.
TCS or transmissior-shift control) or of
the complete vehicle (e.g. air-conditioner
control), direct their torque requirements
to the basic Motronic system with the aim
of modifying the engine torque which has
just been generated. The ME-Motronic
evaluates and coordinates these require-
ments and implements the resulting set-
point torque using the available manipu-
lated variables (optimum engine opera-
tion in terms of exhaust gas and fuel
consumption at each operating point).

An essential precondition for torque
guidance is the electronic accelerator
pedal ETC with the throttle valve con-
trolled independently of the accelerator
pedal.

Calculation of setpoint torque
The basic variable for the ME-Motronic
to -que structure is the internal torque aris-
ing from combustion. The function of
toque guidance is to set the internal
to'que, through appropriate selection of
the manipulated engine variables, in such
a way that the vehicle-operator command
is satisfied, and all the losses and addi-

tional requirements are covered. Bezause
the Motronic "knows" the optimum values
for charge, injection time and ignition an-
gle for each and every desired sEtpoint
torque, it can ensure optimal engine oper-
ation in terms of exhaust gas and fuel
consumption.

Setting of setpoint torque
For setting the internal torque, the ME-
Motronic's torque converter has L slow
path (cylinder-charge path, steady-state
operation) for the throttle valve (ETC), and
a high-speed path (ignition-angle path,
dynamic operation) for variation of :he ig-
nition angle and/or injection blank-out of
individual cylinders.

Calculation of cylinder charge
Theair mass in the cylinder after :he in-
take valves have closed is termed [he air
charge. Referring the actual air charge to
the maximum obtainable charge pro-
duces a variable that is indepencent of
the engine piston displacement: the "rela-
tive (air) charge". The associated iriected
fuel quantity can be calculated from the
relative air charge.

The relative charge cannot be mea-
sured directly but it can be determined
from the available measurement signals.

1ifluencing torque in a gasoline engine

External requirements:
-Accelerator pedal
(driver)

-Cruise control
-Driving dynamics
-Driving comfort

Starting

Idle-speed control

Engine-speedlimitation

component protection

Staling,
Catalytic-conveer
heating,
Idle-speed control

Efficiency

Coordination of
torque and
efficiency
requirements

503

Conversion of
torque into avail-
ablemanpulated
variables

Throttle valva

Advance anqje_
Injection blank-out
Duration of
njection

Wastegate
openirn)
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For this purpose, an intake-manifold
model calculation is used in which all the
air-mass flows into the intake manifold
and from the intake manifold to the com-
bustion chamber are calculated. The
most important measured variable in this
model is either the air flow through the
throttle valve (measured with a hot-film
air-mass meter) or the absolute intake-
manifold pressure (measured with a pres-
sure sensor).

Starting out from this intake-manifold
model, it is then also possible to deter-
mine the actual relative air charge.

Cylinder-charge control
In today's spark-ignition engines, the rela-
tive cylinder charge is also the main factor
in influencing the engine torque, and is
therefore used in the torque structure as a
manipulated variable. The intake-mani-
fold model is also used to control the
cylinder charge by means of the throttle
valve: for this purpose, a required cylinder
charge is first of all calculated from the
desired torque (which was calculated by
ME-Motronictorque guidance). This cylin-
der charge is then converted into an as-
sociated throttle-valve angle and finally
passed on as the setpoint value to the po-
sition controller of the throttle-valve actu-
ator

Calculation of iniection period
The fuel mass for a stoichiometric air-fuel
ratio can be calculated from the air charge
in the cylinder When the fuel-injector con-
stant (this is a function of the fuel-injector
properties) is taken into consideration,
this furnishes the duration of injection.

The duration of injection is also depen-
dent on the pressure differential between
fuel-supply pressure (approx. 300 kPa)
and injection back pressure. Fuel-supply
systems with fuel recirculation keep the
supply pressure constant with respect to
the intake manifold, This ensures that, in
spite of a changing intake-manifold pres-
sure, the same pressure differential is ap-
plied at the fuel injectors. On the other
hand, fuel-supply systems without fuel re-
circulation keep the supply pressure con-
stant with respect to the environment. As
the intake-manifold pressure changes.
the pressure differential varies between

fuel supply and intake manifold. A com-
pensation function corrects this error.

A further adaptation factor individual to
each cylinder serves to acccmmodate
fuel-pressure pulsations caused by the
opening and closing of the fuel njectors,

The effective opening duration calcu-
lated in this way is valid under the precon-
dition that the fuel injector is already
open. It must therefore be extended by
the opening and closing time of the injec-
tor. An additional, battery-voltage-depen-
dent duration of injection, which is added
to the valve-opening period, compen-
sates for this effect.

if the effective injection duraiion is too
short, the influences of the valve-opening
and closing time become excessive. In or-
der to ensure exact fuel metering, the in-
jection duration is restricted to a minimum
value. This value is below the injection du-
ration associaied with the minimum possi-
ble cylinder charge.

To ensure optimum combustion, it is nec-
essary to precisely define the injected fuel
quantity and the exact pgint for tiestart of
inection. The fuel is generalli injected
into the intake manifold while the intake
valves are still closed. The end cf injection
is determined by the "fuel-hod angle",
which is specified in "crankshaft degrees".
The point at which the intake va ve closes
serves as the reference point. It is then
possible to use the duration of injection for
calculating, as a function of engine speed,
the start of injection as an angle The fuel-
hold angle is determined taking into ac-
count the current operating conditions,

The ME-Motronictriggers a fuel injector
for each cylinder. The fuel can thus be
held (stored) separately for eacq cylinder
to optimum effect (sequential inection).

Calculation of ignition and dwell angles
When calculating the igntion angle, the
first step is to determine the "baic ignition
angle" while taking into accourt the cur-
rent engine operating conditions. This ba-
sic ignition angle can be adapted in spe-
cific operating states.

When calculating the dell angle, the
first step is to determine the dNell period
from a speed- and battery-voltage-depen-
dent map. Once a temperatu-e-depen-
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Engine management (spark-ignition engines) 505

dent correction has been taken into ac-
count, the associated dwell angle is de-
erminned by means of a time/angle con-
version.

The difference between the end of
dwell (determined from the resulting igni-
tion angle) and the dwell angle deter-
mines the start of dwell.

Operating states
In some operating states, the fuel require-
ment differs markedly from the steady-
state requirements of an engine at normal
operating temperature, with the result that
corrective intervention in the mixture for-
mation becomes necessary.

Starting
Intake-air adjustment, fuel injection and
ignition are specially calculated during the
starting procedure. An increased injected
fuel quantity adapted to the engine tem-
perature serves to build up a fuel film on
the intake-manifold and cylinder walls and
covers the increased fuel demand while
the engine is running up. The ignition an-
ge is likewise adapted to the starting pro-
cedure. The air charge while the engine is
at a standstill is not affected by the throt-
tie valve. which however is opened slightly
in anticipation of the post-start phase.

Post-start
In this phase, the still increased charge
and injected fuel quantity are reduced as
a function of engine temperature and time
at the end of the starting procedure. The
ignition angle is adapted accordingly.

Warmig 
Ater starting at low engine temperatures,
the engine's increased torque demand is
covered up to a specific temperature
threshold by adaptation of the charge, fuel
injection and ignition.

Catalytic-converter heating
Highly retarded ignition angles generate
very hot engine exhaust gas, thereby
qLickly bringing the catalytic converter up
to operating temperature.

Ide
At idle, the engine-generated torque is
just enough to permit sustained engine

operation and running of the auxiliary sys-
tems. With idle-speed control, the desired
idle speed remains stable under all condi-
tions.

Full load
At full load, the throttle valve is wide open
(WOT) and there are no throttling losses.
The engine delivers the maximum torque
relative to the current engine speed.

Acceleration and deceleration
Heavy acceleration and deceleration re-
sult in rapid changes in the intake-ani-
fold pressure and thus in the concitions
for the fuel film on the intake-manifold
wall. In orderto prevent leaning during ac-
celeration, additional fuel is injected to
build up the wall film. During deceleration,
the injected fuel quantity is reduced ac-
cordingly,

Overrun fuel cutoff and restart
During the transition to no-combstion
overrun conditions, the ME-Motroni: cuts
off the engine torque without jolting, and
also provides for a smooth torque build-up
when fuel feed starts again.

Additional closed-and open-loop
control functions

idle-speed control
Idle-speed control specifies a torque at
which the desired engine speed is main-
tained under the given operating condi-
tions. This torque increases as engine
speed drops and decreases as engine
speed rises.

Lambda closed-loop control
It is only possible to convert the noxious
exhaust-gas constituents in the three-way
catalytic converter in a very narrow range
("lambda window" where A = 0.99.1).
Lambda closed-loop control is essential in
order to remain inside this window
(P. 522).

Evaporative-emissions control system
The function of evaporative-emissions
control systems is to limit the HC emis-
sions. Such systems are equipped with a
carbon canister, which accommodates
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506 Engine management (spark-ignition engines)

the end of the vent line from the fuel tank.
Degassing fuel is retained in the canis-
ter's activated carbon. When the engine is
running, a vacuum is created in the intake
manifold which causes air to be drawn in
from the environment through the acti-
vated carbon and into the intake manifold.
The fuel vapors trapped in the canister
are entrained with this air and carried to
the engine for combustion. A canister-
purge valve meters this "scavenging flow".

Knock control
Knock sensors convert the vibrations
characteristic to knocking into electrical
signals. These are used by the Motronic
to adjust the ignition point in order to pre-
vent audible knocking and knocking which
could damage the engine (P 496).

cost-pressure control
Cn engines with exhaust-gas turbocharg-
irg, the setpoint value of the desired
boost pressure is adjusted by electronic
boost-pressure control. It is converted into
a setpoint value for the desired maximum
charge and then by means of torque man-
agement into a setpoint value for the throt-
tie-valve angle and a control duty factor
for the "wastegate. In the "wastegate", by
rreans of a change in the control pressure

and stroke this signal leads to a change in
the cross-section at the bypass valve.

Safety and security, comfort and
convenience functions
The safety and security functions include:
- Engine-speed/vehicle-speed limitation,
- Torque/power limitation,
- Limitation of exhaust-gas temperature
- Vehicle immobilizer.

The comfort and convenience fictions
include:
- Load-change damping,
- Surge-damping function,
- Cruise control.

Integrated diagnosis (OBD)
"On-board diagnosis" (OD) is a basic
feature of the ME-Motronic. During nor-
mal operation, it continually compares the
system's responses with the ECU's com-
mands, as well as comparing the various
sensor signals with each other for plausi-
bility.

During vehicle inspection, a testar con-
nected to a standardized interface reads
out the stored faults and displays them.
Due to the demands of the Californian
Environmental Protection Agency, an ex-

Evaporative-emissions control system
Linefr frm fuel tank t carboncaniste 2 Carbon canister 3 Fresh air, 4 Canister-purge valle,

S Line to intake manifold, 6 Throttle device with throttle valve.
j.Diffference between intake-manifoldpressureps and ambient pressurePu-

, 1

6

4 [
5

All

2
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panded diagnosis system (OBD II;
adaited for Europe: EOBD) monitors all
those components which if they fail could
result in a significant increase in noxious
emissions (fault indication with diagnosis
lamp).
Examples of systems subject to diagno-
sis:
- Air-mass meter,
- ETC throttle-valve actuator,
- Combustion misses,
- Catalytic converter,
- Lambda sensor,
- Fuel supply,
- Tank system,
- Secondary-air injection,
- Exhaust-gas recirculation (EGR).

Fault memory
If exhaust-gas-related faults are detected,
an entry is made in the non-volatile fault
memory. Apart from the officially stipu-
lated fault codes, each entry includes a
"treeze frame", which contains additional
information on the general conditions un-
der which the fault occurred (e.g. engine
speed, engine temperature). Service-
related faults can also be stored.

Limp-home operation
If a fault occurs during driving (e.g. failure
of a component), this leads not only to an
entry in the fault memory. Substitute val-
ues and emergency functions now come
into force for calculating cylinder charge,
fuel injection and ignition in such a way
that the vehicle can continue to be driven,
albeit with restricted comfort.

For this purpose, the ETC throttle-valve
actuator has a limp-home position, in
which the throttle valve is held in place by
spr ng force. The engine speed is then re-
stricted to low values so that the vehicle
car, continue to be driven (with impaired
functions) in spite of this important actuat-
ing device having failed.

MED-Motronic

Requirements
With gasoline direct injection in SI en-
gines, fuel consumption can be reduced
by up to 20% when compared with con-

ventional manifold injection, and the C02
emissions caused by road traffic cai be
reduced with lasting effect.

In order for direct injection to be at all
feasible, it must be possible during ergine
operation for coordinated alternaticn to
take place between "charge stratification"
at part load and operation with a homoge-
neous mixture at full load.

Essentially, the features required o' the
MED-Motronic engine-management sys-
tem are:
- precise metering of the required in-

jected fuel quantity,
-generation of the necessary injection

pressure,
- definition of the start of injection, and
- introduction of the fuel directly and ac-

curately into the engine's combustion
chambers.

Itmust also coordinate the various torque
demands on the engine in order then to
be able to perform the required adjust-
ments at the engine.

An important system interface de ivers
the internal torque from combustion The
torque-control structure is divided into the
following areas of operation:
-torque demand,
-torque coordination and
- torque conversion.

The most important torque demand de-
rives from the vehicle-operator command
generated by the accelerator pedal, from
the position of which the engine-manage-
ment system interprets the demand to be
made on the IC engine for a part cular
torque.

Further torque demands can also origi-
nate, for instance, from the transmission-
shift control, the traction control system,
or the electronic stability program.

Torque coordination is performed cen-
trally in the engine-management system.

Design
As with manifold injection, the high-pres-
sure direct-injection system is des gned
as a rail, or accumulator-type, injection
system. In such systems, the fuel can be
directly injected into the cylinders at any
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508 Engine management (spark-ignition engines)

stipulated moment in time using electro-
magnetic high-pressure fuel injectors.

In comparison to the ME basic ECU
the ECU for the MED gasoline direct-in-
jection system also incorporates a driver
stage for triggering the pressure-control
valves,

The intake air mass can be freely ad-
justed by the electronically controlled
throttle valve (ETC). Precision measure-
ment of air mass is made by means of a
hot-film air-mass meter. The A/F mixture
is monitored by universal lambda sensors
LSF and LSU in the exhaust-gas flow up-
stream and downstream of the catalytic
converter. They serve to control1= 1 op-
eration and lean-burn operation, and are
also responsible for the precise control of
catalytic-converter regeneration, It is im-
portant to set the exhaust-gas recircula-
tion rate exactly, particularly in dynamic
operation,

Operation

Fuel delivery and injection
The MED-Motronic accumulatcr injection
system injects the fuel stored uider pres-
sure in the rail. Injection can take place at
any moment in time, whereby electro-
magnetically controlled fuel in ectors in-
ject the fuel directly into the combustion
chamber. It thus offers the following func-
tions:
- free selection of the injection point,
- variable system pressure.

Low-pressure circuit:
A primary pressure of 0.35 M'a (3.5 bar)
is initially generated in a low-pressure cir-
cuit on the tank side which comprises an
electric fuel pump with a mechaical pres-
sure regulator connected in pa allel. This
feeds the high-pressure pump driven by
the IC engine.

High-pressure circuit:
High-pressure umo: The function of the
H_. pump is to increase the fue pressure

Direct-injection engine with MED-Motronic components
I Fuel supply (high pressure),
2 Accumulator (ai, 1 2 3 4 5
3 Fuel injector _ I
4 Ignition coil with spark plug,
S Phase sensor.
6 Prcssure sensor,
7 Knock sensor,
8 Engine-speed sensor-
9 Engine-temperature sensor -

10 Lambda sensor(LS),
11 Three-waycatalytic converter,-
12 Exhaust-gas temperature sensor
13 NOx catalyticconvere
14 Lambda sensor (LSF). 9

... ... ..

12

3

14

7

tV
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from 0-35 MPa (3.5 bar) primary pressure
to 12 MPa (120 bar), to ensure that pres-
sure fluctuations in the rail remain at a
mirimum, and to ensure operation exclu-
sively with fuel (to prevent any mixing with
engine oil).
Rail: The rail must on the one hand fea-
ture sufficient elasticity to damp the pres-
sure pulsations arising from the periodic
fuel-extraction processes when injection
takes place. and from the fuel-delivery
pulsation generated by the H.P fuel
pump. On the other hand, it must be rigid
enough for the rail pressure to adapt
quickly to the requirements of engine op-
eration.
Pressure sensor: The pressure sensor
(welded diaphragm of high-gradesteelas
sensor element with measuring resistors)
serves to register the pressure level in the
rail.
Pressure-control valve: The pressure-
control valve adjusts the system pressure
across the entire engine operating range
according to the map specifications, and
irrespective of the injected fuel quantity
and pump delivery rate. Excess fuel is re-
turned to the intake side of the H.P. pump.
[ul injectors: The fuel injectors are the
central components of the gasoline direct-
injection system and are directly con-
nected to the rail. Start of injection and in-
jected fuel quantity are defined by the trig-
geing signal for the fuel injectors.

Mixture formation and combustion
A complex engine-management system
is necessary for the gasoline direct-injec-
tioi system to be exploited to the full in
terms of low fuel consumption and high
engine power output. A distinction is
made between two basic operating
modes in this respect:

Lower load range
In this range, the engine is run with a
heavily stratified cylinder charge and a
high level of excess air in order to achieve
the lowest-possible fuel consumption.
Retarded injection just before the ignition
point is used with the aim of achieving the
ideal state of having two zones in the com-
bustion chamber: In one zone the com-
bustible air-fuel mixture cloud at the spark
plug, embedded in the second zone in the

form of an insulating layer of air and resid-
ual exhaust gas. In this way, the engine
can be run to a large extent unthrottled
while gas-exchange losses are avcided,
In addition, thermodynamic efficiency in-
creases due to the avoidance of heat
losses at the combustion-chamber walls.

Upper load range
As engine load and thus the injected fuel
quantity increases, the stratified-charge
cloud becomes increasingly richer. This
would result in a deterioration in exiaust
emissions, particularly with regad to
soot. The engine is therefore operated
with a homogeneous cylinder charge in
this higher torque range.

Lambda coordination assumes the
control function between2. 1 and lean-
burn operation. The fuel is injected during
the intake stroke in order to ensure that
tuel and air are thoroughly mixed.

Alternation between torque ranges
In the event of a switch between hornoge-
neous and stratified-charge operaton, it
is crucial to control injected fuel quantity,
air charge and ignition angle in sich a
way that the torque delivered by the en-
gine to the transmission remains con-
stant. The torque structure means that
here also the important functions for con-
trolling the electronic throttle valve have
been transferred directly from the ME-
Motronic. The throttle valve must be
closed prior to the actual chanceover
from stratified to homogeneous operation

Exhaust-gas treatment, catalytic-
converter control
An important consideration with gasoline
direct injection is that in stratified-charge
operation the NOx content in the very lean
exhaust gas cannot be reduced by a
three-way catalytic converter. Exiaust-
gas recirculation with a high EGR rate
helps to reduce the NOx content of the ex-
haust gas by roughly 70%. To comply
with emissions-control legislation it is
also absolutely essential to treat thn NOx
emissions. To reduce this exhaust-gas
content, the NOx accumulator-type cat-
alytic converter offers the greatest ooten-
tial,

19
''41

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4883



510 Engine management (spark-ignition engines)

Engine-test technology

Service and maintenance requirements for
modern vehicles are declining steadily;
electronic systems are essentially mainte-
nance-free. But malfunctions can still oc-
cur. Factors such as wear, contamination
and corrosion can impair the operation of
engine and electronic systems, and set-
tings can drift over time. Rapid and reliable
diagnosis of malfunctions is the most im-
portant function of any service facility. It is
important to distinguish between testing
and diagnosis. Testing entails the determi-
nation of certain measured values for com-
parison with the prescribed specifications.
Diagnostic procedures (e.g. engine diag-
nostics) attempt to correlate deviations
from specified values with system func-
tions, malfunction patterns and experience
in order to determine the failure mode or to
locate the defective component.

Engine diagnosis
Engine, igntion and fuel-metering sys-
tems are becoming more complex and
less accessible. Universal, automated
procedures, free from the effects of sub-
jective influences, are thus essential ele-
ments of the computer-controlled testing
program in the automotive service facility.
These include:
- comparison of cylinder output by selec-

tive shorting of the ignition or smooth
running analysis via current engine
speed,

- comparison of compression via the
shape of the starter current curve,

- determination of mixture distribution
performed by selective measurement of
the exhaust-gas HC content,

- analysis of the primary and secondary
ignition-voltage patterns.

Electronic-system testing
Testing of engine-related electronic sys-
tems is carried out using test equipment
specifically designed to utilize on-board
engine monitoring technology.

The test connection is established by
inserting a universal test adapter between
the plug and socket at the junction linking
the peripheral device with the ECU. If only
the peripheral device (sensor, actuator,
wiring and power supply) is to be tested,

Peripheralandfunctionaltesting
1 ECU, 2 System wiring harness, 3 System
adapter cable, 4 Plug connection, 5 Universal
test adapter 6 Sockets for test unit

2-

3

4

6
5 U

System test with ECU diagnostics
I Test unit, 2 Test vehicle, 3 inormation
system, 4 Modem, 5 Long-distance data
transmission.

then it is sufficient to connect the tester to
the peripheral's plug, while the ECU is
also connected for tests embracing
dynamic operation. The individual elec-
tronic system requires only a sin)Ie inter-
changeable, system-specific adapter ca-
ble. The program switches on the univer-
sal test adapter are then used to establish
a logical test sequence specifically tai-
lored to the requirements of the system.

Once connected, the test unit provides
a display of both measured values and of
signals such as ignition and fuel-injection
pulses.

When the ECU remains connected for
operational testing, keys can be used to
enter simulations of various operating
conditions for test-unit evaluatior.

1

ISO RS 232

2 -07

`7 -111- -0 -

4

5
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ECU diagnostics
The dominant role being assumed by
electronic systems in the vehicle makes it
necessary to devote increased attention
to the problems associated with service.
In addition, because essential vehicle
functions are becoming increasingly de-
perident upon electronics, these systems
must satisfy stringent reliability require-
ments,whileemergencydefaultprograms
are required to deal with system errors.

The solution is to incorporate electronic
system-diagnosis functions in the ECU.
These rely on the electronic 'intelligence"
already in place in the vehicle to continu-
ously monitor the system, detect faults,
store the fault data and perform diagnos-
tics.

For instance, the ECU carries out its
owi self-check as follows: Programmed
memory chips are provided with test pat-
terns which can be retrieved and used for
comparisons. For program memories, a
comparison with test sums is employed to
ensure that data and programs are cor-
rectly stored. The data and address
buses are included in the test program.

Sensors are tested for plausibility within
specified limits, while open and short cir-
cuits are also recognized Final-control el-
errents can be tested during activation
using current-draw limits.

The "off-board test units" used for the
evaluation of "on-board diagnostics" em-
pcy a communications interface as de-
fined in ISO 9141. The serial port can
maintain communications at rates ranging

ECU diagnosis of electronic systems

Sensors ECU
Measurement
'ange

Sotwu2l

IonCO ulil

from 10 baud to 10 kbaud. It is designed
as a single- or two-wire port allowing con-
nection of several control units to a cntral
diagnosis plug,

A stimulation address is transmitted to
all of the connected ECUs, whereupon
each unit recognizes its address ard re-
sponds by transmitting back a baud-rate
recognition word.

The test unit monitors the period be-
tween pulse flanks to determine the
sender's baud rate, which it then adopts
automatically. The key bytes that lollow
(assigned by the DIN Motor-Vehicle
Committee) specify the protocol for sub-
sequent data communications.

The programmable test unit converts
the received data into diagnosis se-
quences and plain-text information de-
signed specifically for the respective sys-
tem.

The ECU diagnostic capabilities inc ude:
- identification of system and ECU,
- recognition, storage and readout of sta-

tic and sporadic malfunctions together
with the error path, failure mode arid as-
sociated parameters,
readout of current actual values, switch-
ing conditions, specifications,

- stimulation of system functions, and
- programming of system variants.

Individual programs for the test unit are
stored in plug-in modules, while updates
and communications with data sy3tems
are supported by a data interface,

Final-control ele-
mentstactualors

Self-test
Oper criIt

Provisioncol Storage ofsalic
ieplacemeat and sporadic

vors fr ri'ad-
imp-home a-1 during
program diagoi-s

0'Shor c rull

'19
11i
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LPG systems

Liquefied petroleum gas
Liquefied petroleum gas assumes a liquid
state at pressures of 2...20 bar, depending
on the propane/butane ratio and the tem-
perature (see chapter on "Fuels", P. 238)

At the end of the '90s, LPG was being
consumed by internal-combustion (IC) en-
gines at a rate of approximately 10.3 mil-
lion metric tons annually (of which 2.6 mil-
lion tons were consumed in Europe).
Should efforts to utilize the gas contained
in petroleum succeed, then these figures
could increase exponentially. The mineral-
oil tax is a decisive factor in determining
the profitability of liquefied petroleum gas.

Natural gas as engine fuel
Reserves of natural gas are extensive.
Together with it being used nowhere near
as much as crude oil, this fact makes nat-
ural gas a very interesting alternative fuel

for automotive applications. Both the LPG
equipment configurations and the emis-
sions produced would be similar o those
for the combination of propane and bu-
tane known as LPG (see illustration),
Natural gas can be transported in Ihe vehi-
cle either as a high-pressure gas (160.200
bar) or in liquefied form (at -160'C) in an
insulated tank: the disadvantage ol the for-
mer mode lies in its limited operating range,

The only real difference between con-
cepts based on natural gas and LPG is
the way the gas is transported in the vehi-
cle; actual differences in operating princi-
ples are minimal.

Operation on LPG
Any vehicle equipped with an IC enginecan
be converted for operation on LPG. For the
most part, spark-ignition (SI) eng nes are
re-equipped for dual-fuel operation (system
can be switched between gasoline and
LPG). LPG-powered taxis and buses are

Exhaust emissions and effects with gasoline, LPG, CNG and diesel
Empirical values taken from five spark-ignition and five diesel-ngine vehicles, status 1993 in Europe,
includingindirect emissions (manufacture, transport, etc.).
a) PollutantmsSions b) Pollutant eaect ("greenhouse gas"Ossessment, status 1998).

Particulates
(g/km)

0.15

0.101

0.05

0Ji
Summer smog
(mg/km)

400

300

200-

100

Winter smog
(mg/km)

400

300

200 1-

10
0 0LJ

Acid formation
(mmol H+/km)

40

30
F 1

20-

10 -

0

E Gasoline D Liquefied petroleum gas (LPG) E Natural gas (CNG) E Diesel

Co
(g/km)

a 2.0

1.5

NOx
(g/km)

1.0 l-

2.0

1.5

HC
(g/km)

2.0-

1.5-

1.0-

0.5 k

00 -7

1.0F

0,5

0

b

"Greenhause
gas" (g/<m)

400

300

200

100

0

Th
-i

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4886



Engine management (spark-ignition engines) 513

generally set up for single-fuel (LPG only)
operation, while regulations require this
configuration on gas-powered industrial
trucks intended for indoor use. When en-
gines are converted, it should be remem-
bered that they operate as naturally aspi-
rated engines while running on LPG (con-
sumption in liters increases by approx.
25% as compared to gasoline).

Exhaust emissions
Because LPG mixes well with air, emissions
(of C02 and other components such as poly-
cyclic aromatic hydrocarbons) are substan-
tially lower than those produced by gasoline-
burning engines, and are lower even than
those produced by fuel-injection engines
equipped with three-way closed-loop cat-
alytic converters. LPG contains no lead or
sulphur compounds. It's very good combus-
tion characteristics are complemented by
excellent mixture formation and distribution
properties. These characteristics are even
more significant at low temperatures.

Advantages
- Extremely economical for drivers who

cover large distances
Assuming the same level of technology
(electronic control systems, etc.). emis-
sions from an LPG engine are substan-
tially lower than those achieved with
gasoline or diesel fuel.

Disadvantages
- Lower cruising ranges and increased

fuel volumetric consumption compared
to gasoline (although actual energy use
is not higher than with gasoline, lowest
with diesel engine).

- Special safety precautions are neces-
sary, as LPG is pressurized,

- Pressurized gas cylinders require a lot
of space, as the actual capacity is only
80% of cylinder volume (the remainder
serving as expansion room forthe gas)

LPG system
In Germany, professional installation of

Schematic diagram of an LPG system (carburetor principle)
1 Ventilation line for tank fittings 2 LPG tank Housingwith ank fittings4Eterrial flerle
(desinedto interrupt retuoling at0% of coainorcapacityl, 5 Gas sut-off t alvePrssure
regulatorfrevaporator c7Servornotor for gas control, 8 ECU. 9 Gasgasoine changeovr slth
10Ventnr mixing device, I La a oxyg nsensor, 12 Vacuum sensor13 Battery
14 'gition/startingswitch,15Relay

Equipment for gasolne operation

R4
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the LPG system in a specialist workshop
is followed by a trip to the TUV or TUA
(Serman inspection authorities) to secure
operating approval This inspection is
based on the "Guidelines for inspecting
vehicles with engines powered by lique-
ted gases" as issued by the Federal
Minister of Transportation. Uniform regu-
lations for Europe are being drawn up.

A modern LPG system will incorporate
tie following components:
- LPG tank,
-* external filler valve designed to interrupt

refueling at 80% of container capacity,
flow-interrupt valve,
evaporator pressure regulator with cool-
ing system,

--venturi mixing unit/injector,
- electronic control unit (ECU),
-- servomotor for controlling gas flow,
- switch for alternating between LPG and

gasoline operation.

The LPG flows from the LPG tankto the

evaporator pressure regulator, where it is
vaporized and its pressure reduced. The
ECU processes the signals from the
Lambda (0p) and vacuum sensors, which
serve as references for controlling the
servomotor used to regulate the flow of
liquefied gas to the venturi mixing unit.

The flow-interrupt valve shuts immedi-
ately when the ignition is switched off,
A gasoline/LPG switch installed in the in-
strument panel allows the operator to al-
ternate between the two fuels,

LPG tanks
As LPG tanks are used to store pressur-
ized gas, they are subject in Germany to
the TRO 380" technical regulations. At
the factory, each tank receives official
technical approval with certification.

They are equipped with an external filler
valve (designed to interrupt refueling at
80% of container capacity) as well as an
electromagnetic discharge valve, and have
a capacity of 40...128[for passengercars.

Schematic diagram of an LPG system (injection principle)
I ECU, 2 Diagnosis plug, 3 Fuel selection switch, 4 Relay 5 Air-intake pressure sensor
6 Evaporator pressure regulator, 7 Flow-interrupt valve, 8 Distributor with step motor
9 RPM signal 10 Lambda (0) sensor, I Gas injector nozzle
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Natural-gas operation
of spark-ignition engines
Against the backdrop of worldwide efforts
to reduce C02 emissions and to comply
with ever more stringent exhaust emis-
sion limits, natural gas is gaining increas-
ing significance as an alternative fuel.

Properties and storage of natural gas
The main component of natural gas is
methane (CH4 ), making up 80...99%. The
remainder consists of inert gases such as
carbon dioxide, nitrogen and other
low-order hydrocarbons. A differentiation
is made between L-gas (80...90%
methane) and H-gas (>90%) depending
on the gas quality,

Natural gas can be stored both in liquid
form at -162oC as LNG (Liquefied
Natiral Gas) or in compressed form at
pressures of up to 200 bar as CNG
(Compressed Natural Gas), In view of the
great expense involved in storing the gas
in liquid form, natural gas is used in com-
pressed form in virtually all applica-
tions.The low energy density of natural
gas is a particular disadvantage, making
large storage tanks necessary Metal-hy-
dride storage tanks represent a further
storage option, although they are not
used for reasons of cost.

Mixture formation
In most systems, gas is injected into the
intae manifold as in conventional multi-
point gasoline-injection systems. A low-
pressure common rail supplies the injec-
tor valves that inject intermittently into the
intate manifold- Mixture formation is sim-
plified by the completely gaseous supply
of fuel, as natural gas does not condense
on tie intake manifolds and does notform
a filn on the walls. This has a favourable
effect on emissions, particularly during
the warm-up phase.

Tre output of the natural-gas engine is
approx. 10.15% lower than that of the
gasline engine due to the lower fuel
mass necessary for stoichiometric com-
bus:ion (172:1 ratio) as well as a lower
volumetric efficiency due to the injected
natural gas. Higher compression can
boost performance while simultaneously
increasing efficiency. The extremely high

antiknock quality of natural gas (120
RON) enables very high compressions of
approx- 13.1 (8:1 for regular gasoline).
As a result, the natural-gas engine is ide-
ally suited for turbocharging. As p ston
displacement decreases, efficiency in-
creases due to additional de-thro:tling
and reduced friction.

A further improvement in efficiency can
be achieved by lean-mixture operaticn up
to A= 1.7, A lean mixture reduces com-
bustion temperatures while at the same
time further de-throttling the engine.

Emissions
Natural-gas vehicles are characterized by
low C02 emissions due to the favou able
hydrogen/carbon ratio (H/C ratio) of al-
most 4:1 (gasoline: 2-3:1) and the rEsult-
ing shift in the main combustion products
C02 and H20.Apart from the virtually par-
ticle-free combustion, in conjunction with
a three-way closed-loop catalytic con-
verter only very low levels of the pollu-
tants NOx, CO and NMHC ("non-methane
hydrocarbons": the sum of all hydrocar-
bons minus methane) are emtted.
Methane is classified as nontoxic, aid is
therefore not considered to be a pollotant

In lean mixture mode the NOx Emis-
sions are higher than in A= 1 mode with a
three-way catalytic converter. In the same
way as in gasoline operation, this d sad-
vantage can be largely eliminated by us-
ing more expensive exhaust-gas treat-
ment methods (e.g. NOx catalytic con-
verter).

Natural-gas-engine applications
In view of their limited range, natura-gas
engines are used almost exclusively n lo-
calpublic transportation fleets (e-g.buses
and taxis). Bivalent systems which csn be
easily changed over from natural gas to
gasoline operation are used primarly in
passenger cars.
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516 Engine management (spark-ignition engines)

Operation on alcohol
(spark-ignition engines)
The limited availability of fossil fuels has
led to an increased effort to develop en-
gines and injection systems capable of
using alcohols such as ethanol and
methanol as alternative fuels ("Alternative
fuels", P 246). Due to its non-availability,
virtually the only place where ethanol is
used is Brazil. In the US (and in California
in particular), increasing attention is being
focused on methanol, which generates
lower emissions: reduced NOx and CO2
along with reduced ozone and smog for-
mation.

In the absence of comprehensive
methanol-distribution networks to ensure
universal availability, engines and engine-
control systems must be designed for
flexible dual-fuel operation (ranging from
pure gasoline to max. 85% methanol).
Alcohol places special, particularly critical
demands upon engines and fuel-delivery
components. Moisture, acids and gums
contained in the fuel pose a hazard to
metals, plastics and rubber. Because

methanol has a high antiknock quality, en-
gines designed to run exclusively on
methanol have substantially higher com-
pression ratios than gasoline engines,
making them more efficient. On the other
hand, methanol's low calorific value
means that fuel consumption is almost
doubled, necessitating higher fuel supply
rates, greater tank volumes and special
injectors.

Suitable Lambda (02) sensors can be
employed for optimal emissions control
with a catalytic converter. Speial lubri-
cants are able to maintain long-term sta-
bility in the face of this aggressive fuel
and its combustion products.

Pilot control of the fuel mixture is facili-
tated by a fuel sensor which sends a sig-
nal to the ECU reflecting the proportion of
methanol in the fuel.

Suitable programs implement the nec-
essary mixture and ignition corrections
applicable to a particular set of engine op-
erating characteristics,

Hydrogen-powered passenger car with spark-ignition engine (BMW 735i)
LH2 Liquid hydrogen, GH2Gaseoushydrogen. I Valveblock fori-LH fuelng and GH2Supply
(vacuum-insulaed,2 Hydrogen lines, vacuurn-sulated, 3 LH Evporato, 4 Metering valve for
regulatingpowerwith electronic control, 5 Hydrogen injectors, 6 Overcurrent and safety valves,
7 Liquid-hydrogenr ank with vacuumsuper-insulation, 8 Hydrogen sensors for automatic leak
monitoring,9 Throttle valve forgasoline operation with electronic control,10 Variable-speed
centritugal supercharger

1 2 3 4 5
LH 2 GH2

PLH

L L H2

LH2QGHO I 1 ; t
- - = - I I

7 8 9 106
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Operation on hydrogen
(spark-ignition engines)
Although the production of hydrogen, the
required infrastructure and refueling all
pose difficult problems, technically feasi-
ble solutions are on the horizon.
Producing hydrogen by means of electrol-
ysis necessitates sufficient quantities of
electrical power in the form of solar en-
ergy or nuclear power.

Storing hydrogen in the vehicle

Gaseous storage in pressurized tanks
High pressures (300 bar) are required
for storage in gaseous form This results
in high weight along with safety risks.

Liquid storage (cryogenic tank)
Liquid storage represents the best alter-
native with regard to both weight and en-
ergy density (present operating range ap-
pro . 300 km). The extremely low temper-
ature required (-253,C) places sub-
stantial demands on thermal insulation.
Residual heat causes loss of hydrogen
via the safety valves at a rate of about 2%
per day when the vehicle is parked. An
electric evaporator maintains the speci-
fied tank pressure during operation.

Metal-hydride tanks
Hydrides are produced as hydrogen is ab-
sorbed by a metallic powder. This is an
exohermic process, i.e. heat must be dis-
sipated during fueling. There are no stor-
age losses.

The disadvantages associated with the
low energy density (range: 120 km) and
high materials costs are to a degree offset
by uncomplicated safety technology.

Methylcyclohexanol storage
This type of storage employs a catalyst to
dehydrate the hydrogenous methylcyclo-
hexanol at 500CC. The by-products are
hyd-ogen and recyclable toluene.

Mixture formation
Regardless of storage mode, up to now all
systems inject gaseous hydrogen into the
intake manifold. Although a number of ad-
vantages could be gained by injecting ex-

tremely low-temperature hydrogen di-
rectly into the combustion chamber (im-
proved charge for higher output, cool mix-
ture for low NOx emissions, no danger of
backfiring), the short injector-valve ser-
vice life means that this type of system is
not likely to appear in production in the
near future,

Current external mixture-formation
concepts rely on a continuous-injection
system in which a central electric meter-
ing valve and a hydrogen distributor con-
duct the vaporized hydrogen to the indi-
vidual intake tracts.

Backfiring into the intake passage is
prevented by lean mixtures or supple-
mentary water injection. A supercharging
device can be used to compensate
for a portion of the power loss associated
with lean operation.

One alternative, based on intermittent
sequential injection of hydrogen intc the
intake manifold, is currently in the devel-
opment stage

This system's unlimited range of op-
tions for injection timing allows it to ir hibit
backfiring almost completely, even with
rich mixtures.

Injector valve and electronic-control
system must operate with extreme preci-
sion and short valve-opening times the
technical requirements are thus substan-
tial.

Emissions
During combustion, pure hydrogen (H)
oxidizes to form water (H20). No CO2 is
produced by the combustion process.
Provided no fossil fuels are used in its
producion, H 2 is thus the only fuel which
can be used to avoid all CO 2.

Electric drive is the only alternative
which can make a similar claim. Future
NOx emission limits can be met by lean
mixtures or a system for catalytic ccntrol
of emissions (still to be developed).
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Exhaust emissions
from spark-ignition
engines
Combustion products

Complete combustion
The by-products of complete gasoline
combustion are carbon dioxide and water

Incomplete combustion
Unburned hydrocarbons:
CnHm (paraffins, olefins, aromatic hydro-
carbons)

artially-burned hydrocarbons:
CHm.- CHO (aldehydes),
C.,Hm CO (ketones),
CH, -COOH (carboxylic acids),
CO (carbon monoxide).
Thermal ck products and derivatives:

;2H 2, 02H4, H 2 (acetylene, ethylene, hy-
drogen, etc.), C (soot), polycyclic hydro-
carbons.

Combustion by-products
From atmospheric nitrogen: NO, NO2 (ni-
rogen oxide). From fuel impurities: sul-

furous oxides.

Oxidants
The following oxidants are produced
when exhaust gas is exposed to sunlight:
organic peroxides, ozone, peroxy-acetyl-
nitrates.

Properties of exhaust-gas
components
Major components
The major proportion of the exhaust gas
is composed of the three components ni-
trogen, carbon dioxide and water vapor.
These are nontoxic. However, emissions
of CO 2 - largely the result of fuel combus-
tion - are becoming more and more im-
portant due to their contribution to the
"greenhouse effect".

Minor components
Carbon monoxide CO: A colorless, odor-
less and tasteless gas. Inhalation of air
with a volumetric concentration of 03%
carbon monoxide can result in death

within 30 minutes. The CO-content of the
exhaust gas from spark-gnition engines
is especially high at idle. Itis therefore im-
perative that the engine never be run in a
closed garage!
Nitrogen monoxide NO: A colorless,
tasteless and odorless gas, in air it is
gradually converted into NO2. Pure NO2 is
a poisonous, reddish-brown gas with a
penetrating odor. The concentrations
found in exhaust gases and in extremely
polluted air can induce irritation in mu-
cous membranes. NO and NO2 are gen-
erally referred to collectively as oxides of
nitrogen NOx.
Hydrocarbons are present in exhaust
gases in a variety of forms. When ex-
posed to sunlight and nitrous oxide, they
react to form oxidants which irritate the
mucous membranes. Some hydrocar-
bons are considered to be carcinogenic.
Particulates (particulate matter) ii accor-
dance with American regulatory practice,
are defined as all substances (except un-
bound water) which under normal condi-
tions are present in exhaust gases in a
solid (ash, carbon) or liquid state.

Mixture formation
The fuel used in spark-ignition (SI) en-
gines is more volatile than dieselfuel,
while the air-fuel mixing process prior to
combustion also extends over a longer
period than in a diesel engine. The result
is that spark-ignition engines operate on a
more homogenous mixture than their
diesel counterparts. Spark-igniion en-
gines run on a mixture in the stoichiomet-
nc range (X = 1), Diesel engines, on the
other hand, always operate with excess
air ( > 1). An air deficiency (<1) results
in increased soot, CO and HC emissions.

Combustion characteristic
The combustion characteristic defines the
combustion as a function of time, and ap-
plies the ratio of the already cornbusted
fuel to the fuel awaiting combustion.

Here, the efficiency, the combustion
temperature, and therefore the fuel con-
sumption and NOx emissions are particu-
larly influenced by the position of maximum
energy conversion referred to piston TDC
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In the spark-ignition engine, the ignition
limirg initiates the combustion process,
while the start of injection initiates com-
bust on in a diesel engine.

Emissions control

The methods used to influence the com-
posizion of the SI-engine exhaust gases
are divided into two basic categories: en-
gine-design measures and exhaust-gas
trealment. The selection of procedures to
be Employed in any given country is de-
terrrined by the legal regulations in force
there. The major industrial nations, with
their important markets, have been mov-
ing toward implementation of the stringent
American exhaust emissions regulations
(or have already implemented them).
Compliance with this legislation necessi-
tates using emission control systems
which incorporate the 3-way catalytic con-
verter, a principle which has already
proven itself in the USA.

Engine-design measures

Setting the A/F ratio
The excess-air factor ,of the A/F mixture
delivered to the engine has a dominating
effect on the composition of the exhaust
gas. The engine produces its maximum
torque at approximately . = 0_9; thus this
ratio is generally programmed for full-load
ope ation. A certain level of excess air is
required for favourable fuel consumption.
This coincides with the setting for low CO
and HC emissions; oxides of nitrogen
(NOx) however, are at a maximum at this
ratio. Excess-air factors of X = 0.9-.1.05
are selected at idle. An excessively lean
mixture results in the engine's lean misfire
limit (LML) being reached or exceeded,
and as the mixture becomes progres-
sively leaner, misfiring causes a rapid in-
crease in HC emissions. For overrun
(trailing-throttle) operation, it is frequently
necessary to enrich the mixture (= 0.9)
in order to maintain an ignitable mixture,
while at the same time air is added to
avo'd excessive manifold vacuum.

Yet another option for overrun operation
is tc completely interrupt the fuel supply to
the engine at speeds above idle (overrun

The excess-air factorinfluences:
Exhaust-gascomposition(CO, NOH),
torque (M) and specific fuel conumption (b)
Thevalues apply to the part-load range of a
spark-ignition engine operating at a constant
moderate speed and cylinder charge (/. val-
ues implemented in the vehicle engine range
from approx. 0.85...1.15, depending on the
operating point).
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fuel cutoff). Precise mixture control
(P 465) is achieved by the use of elec-
tronic fuel-injection systems (EFl).

Mixture formation
Mixture formation embraces not only set-
ting the correct A/F ratio, but also the
quality of the A/F mixture which actially
enters the combustion chamber. The
fuel's homogeneity, its stratification pat-
terns, and its temperature at the instant of
ignition are all essential factors in dater-
mining combustibility and combustion
characteristic, with consequent ef ects
upon exhaust-gas composition. Homo-
genous mixtures and controlled stratifica-
tion (rich mixture at the spark plug, lean
mixture in the vicinity of the combustion-
chamber walls) are examples of two dif-
ferent development options.

Uniform distribution
Maximum engine efficiency can only be
achieved if every cylinder is operated with
the same excess-air factor. This necssi-
tates a system which ensures that bo h air
and fuel are distributed evenly among the
individual cylinders.

I
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Exhaust-gas recirculation (EGRI
Exhaust gas can be conducted back to
the combustion chamber to reduce peak
combustion temperatures. Higher com-
bustion temperatures induce an over-pro-
portional increase in NOx formation, and
because exhaust-gas recirculation (EGR)
reduces combustion temperatures, it rep-
resents a particularly effective means of
controlling NOx emissions. Extensive op-
timization of EGR can also lead to a re-
duction in fuel consumption. EGR can be
implemented in either of two ways:
- Internal exhaust-gas recirculation is

achieved with appropriate valve timing
(overlap),
External exhaust-gas recirculation em-
ploying controlled EGR valves.

Valve timlng
Large valve overlaps (early opening of the
inlet valve) increase the internal exhaust-
gas recirculation, and can therefore help
to reduce NOx emissions. However, since
the recirculated exhaust gas displaces
fresh A/F mixture, early opening of the in-
let valve also leads to a reduction in the
maximum torque. In addition, excessively
high exhaust-gas recirculation, particu-
larly at idle, can lead to combustion mis-
fire which in turn causes an increase in
HC emissions. An optimum can be found
with variable valve timing (P. 387), in
which the valve timing is varied as a func-
tion of the operating point.

Compression ratio
It has long been recognized that the en-
hanced thermal efficiency associated with
high compression ratios represents an ef-
fective means of improving fuel economy
However, the increase in peak combus-
tion temperature also results in higher
NOx emissions.

Combustion-chamber desiqn:
Low HC emissions are best achieved with
a compact combustion chamber featuring
a minimal surface area and no recesses.
A centrally-located spark plug with short
flame travel produces rapid and relatively
complete combustion of the mixture, re-
sulting in low HC emissions and reduced
fuel consumption. Induced combustion-
chamber turbulence also provides rapid

combustion. Combustion chambers opti-
mized in this way feature favourable HC
emissions at= 1 and improve the en-
gine's lean-mixture operation.

A thoroughly optimized combustion
chamber design coupled with external
measures (such as intake swirl) produce
a lean-burn engine capable of running on
mixtures in the range of . 1.4...1.6.
Although the lean-burn engine features
low exhaust emissions and excellent fuel
economy, it does require catalytic ex-
haust-gas treatment in order to meet the
most stringent emissions limits for CO,
HC, and NOx Particularly due to the fact
that developments in the aftertreatment of
NOx in lean exhaust gas are st II in their
infancy, the lean-burn engine has up to
now only been successful in Europe and
Japan, and only in the case of a few mod-
els using lean/mix concepts which com-
promised between emissions and fuel
consumption A new way of substantially
improving the lean-running behavior of
the spark-ignition engine is to inject fuel
directly into the combustion chamber with
stratified charge. In this case, accumula-
tor-type catalytic converters are favoured
for exhaust gas treatment.

The lean-running characteristics
achieved by combustion-chamber design
and induced turbulence can also be ap-
plied to implement high EGR rates for de-
signs with X= 1. Here, a reduction in fuel
consumption can be easily achieved with
exhaust-gas treatment, but not to the
same degree as in lean-burn engines.

Ignition system
The design of the spark plug, it3 position
in the combustion chamber, together with
spark energy and spark duration all exer-
cise a major influence on the ignition, the
mixture's combustion characteristic, and
therefore on emissions levels. The signifi-
cance of these factors increases with the
leanness (? >1.1) of the mixture Ignition
timing exerts a decisive effect on both ex-
haust emissions and fuel economy. Using
the firing point for optimum fuel economy
as a baseline, the timing is retarded to a
point at which the exhaust valve opens
before the combustion process is com-
pleted. Excess oxygen in the exhaust sys-
tem can cause a thermal post-reaction to

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 4894



Exhaust emissions (spark-ignition engines) 521
t

Dcour. Although this process reduces un-
aurned hydrocarbons, it also leads to in-
:reased fuel consumption. NOx emis-
sions are low due to the low combustion-
chamber temperatures. Fuel consump-
tion and NOx and HC emissions increase
when the firing point is set earlier com-
pared to the optimum.

Crarkcase ventilation (blowby)
The concentration of hydrocarbons in the
cranacase can be many times that found
in the engine's exhaust gases. Control
systems conduct these gases to a suit-
able point in the engine's intaketractfrom
where they are drawn into the combustion
chamber for burning. Originally, these
gases were allowed to escape untreated
directly into the atmosphere; today,
crankcase emission-control systems are
a standard legal requirement.

Exhaust-gas treatment

Thermal afterburning
Before today's catalytic treatment of ex-
haust emissions became standard, initial
attempts to reduce emissions utilized
thermal afterburning. This method em-
ploys a specific residence time at high
temperatures for burning the exhaust-gas
components which failed to combust dur-
ing normal combustion in the engine
cylinders. In the rich range (K= 07._1.0),
the process must be supported with sup-
plementary air injection (secondary air).
In lean-burn engines (k= 1.05.. 1.2), the
residual oxygen in the exhaust gas sup-
ports the afterburning process.

In the past, mechanical pumps driven
by belts directly from the engine were
used for secondary-air injection. Since
such air injection is only required during
the engine's warm-up period, these
pumps are switched using electromag-
netic couplings. Lower-priced blower
pumps powered by electric motors are
quickly superseding the former mechani-
cal versions.

Due to its lack of potential, particularly
in maintaining low NOx limits, thermal af-
terburning alone is currently considered
to be of little significance. It can be used,
however, to reduce emissions of HC and
CO during the operating phase in which

the catalytic converter has not yet
reached its operating temperatire.
Because it greatly reduces the time taken
for the catalytic converter to reach its op-
erating temperature, thermal aftertraat-
ment with air injection during the engine
warm-up phase in combination with cat-
alytic aftertreatment will play a major role
in achieving compliance with more strin-
gent emission limits in the future.

Catalytic afterburning
The catalytic converter is composed of a
carrier substrate, which serves as a base
for the catalytic material, mounted w thin
a housing using vibration-proof, heat-in-
sulated supports. Granulate and ceramic
or metallic monolith structures are em-
ployed as substrate materials. The suit-
ability of the monolith structure for auto-
motive applications has been derion-
strafed over the course of an extended
development period. It offers the following
advantages: maximum utilization of cat-
alytic surface, durability combined with
physical strength, low thermal retention
and limited exhaust back-pressure. The
active catalytic layer consists of small
quantities of noble metals (Pt, Rh, Pd),
and is sensitive to lead. For this reason, it
is essential that engines with catalytic
converters be run on unleaded fuel eclu-
sively, as lead destroys the effectiveless
of the active layer. The conversion rate is
largely a function of operating tempera-
ture; no significant conversion of pollu-
tantstakes place below an operating tem-
perature of approx. 2500C. Operating
temperatures of approx. 400...800`Cpro-
vide ideal conditions for maximum effi-
ciency and extended service life.

Installing the catalytic converter directly
adjacent to the engine means that it more
quickly reaches operating temperature
since the exhaust gases are hotter. This
results in improved efficiency, but at the
cost of high thermal stresses. Because
the maximum permissible operating tem-
perature lies just slightly above 10COC,
the units are generally installed at a less
critical location under the floor of the vehi-
cle. Engine malfunctions, such as ignition
miss, can cause the temperature in the
catalytic converter to increase to the point
where the substrate melts, resulting in de-
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struction of the unit. This must be pre-
-vented by using reliable, maintenance-
ree ignition systems. Oxidation-type cat-

alytic converters oxidize CO and-HC ei-
:her by utilizing the excess air supplied by

Catalytic converter efficiency as a func-
tion of the excess-air factor;,
I Exhaust emissions upstream of 3-way cat-
alycconverter, 2 Exhaustemissions down-
stream of 3-way catalytic converter, 3Eectric
signalfrom Lambda oxygen sensor
U. Sensor voltage.

A range of catalyic converter (window)

NO,
HCCo

CNo

3

VA

0.975 1.0 1.025 1,05
Excess-air factor A

Functional schematic of the Lambda
closed-loop control
1Air-mass meter, 2 Engine, 3a Lambda
oxygen sensor 1, 3 Lambda oxygen sensor
2 (only if required), 4 Catalytic converter,
5 Fuel inectors, 6 ECU
Us Sensor voltage, Uv injecor triggering
voltage, V, Injected fuel quantity

Exnaus,
Air gas

=>1 2 4 =

3a 3b

Fuel

v s
L siL L Ih

lean engine mixtures or by relying on sec-
ondary-air injection. Reduction-toe con-
verters on the other hand operate with air
deficiency, and thus without air injection.,
to reduce NOx levels.

The reduction- and oxidation-type cat-
alytic converters can also be combined in
series to produce a dual-bed catalgijc con-
verter. This device uses air injection be-
tween the two converters to reduce not only
NOx emissions but also HC and CO levels.
Its disadvantages include a more omplex
design (two converters, air injection) and
the need to operate the engine in a range
with higher fuel consumption (X= 0.9).

The three-way or selective atalytic
converter with lambda closed-loop control
has proven to be the most effective con-
cept for exhaust-gas aftertreatment. It is
capable of providing the required reduc-
tion of all three pollutants provided the en-
gine is operated with a stoichometric mix-
ture. The "window" for treatmert of the
three toxic components is narrow; this
means that an open-loop fuel-metering
system cannot be used with this concept.

Lambda closed-loop control

In the US, Europe and Japan, catalytic af-
tertreatment of the exhaust gas using a
closed-loop three-way catalytic crnverter
has proven to be a highly effectivu means
of meeting the current low emisson limits
for CO, NOx and HC.

Approximately 14-7 kg of air are re-
quired for complete combustion of 1 kg of
gasoline. The excess-air factor k
(Lambda) is used to define this AF ratio;
it is the ratio of the actual A/F rat'o to the
stoichiometric A/F ratio Two main control
concepts for exhaust gas optimization are
used in the spark-ignition engine:

Closed-loop control for k= 1
This concept is the most effective for min-
imizing pollutants. The engine must be
operated within a very narrow tange in
which = 1 ±0.005 (catalytic-crnverter
window). Such precision can Dnly be
achieved with precise closed-loop control
of the A/F mixture with a Lambda oxygen
sensor installed upstream of tie con-
verter. A second Lambda senscr down-
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Two-bed, 3-way catalytic converter with Lambda oxygen sensor
I Larmbda oxygen sensor, 2 Ceramic monolith, 3 Wire screen, 4 Heat-resistant double shell.

1 234

stream of the catalytic converter in-
creases the precision even further.

Closed-loop control for X> 1
(lean-burn control)
The main advantage here lies in the re-
duct on of fuel consumption as a result of
lean-burn (non-throttled) operation. The
success of this concept depends to a high
degree upon the availability of catalytic
converters which are able to reduce NOx
emissions during lean-burn operation.
Thelean-misfirelimit(LML)forspark-igni-
tion engines in the lean-burn range is
reached at - 1.7 regardless of engine
design measures.

Lambda oxygen sensors

Zirconium-dioxide sensor (1= 1)
This sensor operates according to the
principle of a galvanic oxygen concentra-
tion cell with solid electrolyte whose ce-
ramic is made of zirconium dioxide and yt-
trium oxide. This oxide mix is a practically
pure oxygen-ion conductor and separates
the exhaust gas from the surrounding air.

An electrical voltage is generated
across the platinum-cermet electrodes in
accordance with the Nernst principle.

Us =R In PIn
4F POM,

R general gas constant, F Faraday con-
stant, T absolute temperature, po" oxy-

gen partial pressure of reference load,ns0
oxygen partial pressure in exhaust gas.
The catalytically active electrodes nust
be in thermodynamic balance before
measurement of the oxygen concentra-
tion can be applied for reaching corclu-
sions on the Lambda values. In this case,
the sensor's characteristic shows a jump
at /= 1. When high concentrations o ex-
haust-gas components which are not in
thermodynamic balance are incompletely
converted, the sensor's characteristic
shows shifts in the excess-air factcrX.

Zirconium-dioxideoxygensensor
SZr 2solid electrolyte,2 Ptouter eectrode,
3 Pt innerelectrode 4 Contacts, 5 Housin
contact, 6 Exhaustpp.

AirExhaust gas

2 15

-" . 4
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These must be compensated for by de-
sign measures taken at the engine The
sensor characteristic's dependence on
temperature can be minimized by heating
the sensor electrically.

Resistive sensor
Due to the change in the O vacancy con-
centration of the oxide, oxidic semiconduc-
tors such as titanium oxide or strontium ti-
tanate change their volume conductivity.

The temperature-dependency of the
conductivity is superimposed upon this ef-
fect, so that the determination of the
Lambda value depends upon the quality
of the required temperature control
- open-loop or closed-loop (by varying
the amount of heat generated).

Lean sensor
In its lean range (. in the vicinity of 1), the
"voltage-jump" (zirconium-dioxide) sensor
as described above has only been used to
a limited extent. Special measures taken to
stabilize the sensor, together with the use
of a high-capacity heater (18 W) permit op-
eration to approx. < 1,5. The lean sensor

Broadbandsensor
a)Schematicdesign b)Pumpcurrentas
function of the excess-air factor. ,
1, Pump current. UKHeater voltage.LUs
Sensorvoltfage. IHeater, 2Airreference,
3 Nernst cell, 4 Pump celf, 5 Diffusion barrier,
6 Controlelectronics

8 4 5 Exhaust gas

-77ttT+6
13

2
b ,'A II

CL

E)

-2

3.8 1.0 .2 i fco 1X
Excess-airfactor?.

using the limit-current principle permits the
measurement of any values above I= 1.

O, ions are pumped from the cathode
to the anode when an external voltage is
applied across two electrodes deposited
on a ZrO2 ceramic substrate. Since a dif-
fusion barrier prevents the flow cf02 m-
ecules from the exhaust gas to the cath-
ode, current saturation is reached above
a given pump-voltage threshold value. By
approximation, the resulting limit current
is proportional to the oxygen concentra-
tion. This sensor principle is particularly
sutable for lean-burn concepts. However,
in lean/mix concepts in which a control
setpoint ?.= 1 is often desired, the broad-
band sensor is more suitable.

Broadband sensor
This is a combination of the leen sensor
using the limit-current principle and the
zirconium-dioxide sensor (Nernst oxygen
concentration cell). As a two-cell sensor,
and in combination with closed- oop con-
trol electronics, this sensor generates a
clear signal which rises linearly within a
broad lambda range (0.7 < < z).

The pump cell and the concentration
cell are made of ZrO, and each is coated
with 2 porous platinum electrodes. The
cells are so arranged that there is a mea-
suring gap of 10.50 pm between them.
This measuring gap is connected to the
surrounding exhaust-gas atmosphere
through an exhaust-gas opening in the
solid electrolyte, and at the same time
represents the diffusion barrier which de-
termines the limit current. An electronic
circuit controls the voltage appl ed to the
pump cell so that the composition of the
exhaust gas in the measurinc gap re-
mains constant at k= 1. This corresponds
to a voltage at the concentration cell of U%
= 450 mV With lean exhaust gas, the
pump cell pumps the oxygen from the
measuring gap to the outside. On the
other hand, when the exhaust gas is rich,
the oxygen is pumped into the measuring
gap from the surrounding exhau;t gas (by
decomposition of C02 and H 20) and the
direction of current flow is reversed. The
pump current is proportional to the oxy-
gen concentration or oxygen require-
ment. An integrated heater maintains an
operating temperature of at least 600'C.
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Exhaust emissions (spark-ignition engines) 525

Types of control

Two-step control
The zirconium-dioxide sensor as de-
scribed above with its voltage-jump char-
acteristic at X = 1 is suitable for two-step
co0rols. A manipulated variable com-
posed of the voltage jump and the ramp
chaiges its direction of control for each
voltage jump which indicates a change
from rich/lean or lean/rich. The typical
amplitude of this manipulated variable
has been set to the 2...3% range. This re-
sults in a limited controller response
which for the most part is determined by
the sum of the dead times.

Tnis sensor's typical "false measure-
merit", caused by variations in exhaust-
gas composition, can be compensated for
by selective control. Here, the manipu-
lated-variable curve is designed to incor-
porate an intended asymmetry whereby
the retention of the rarnp value for a con-
trolled dwell time t, following the sensor's
voltage jump is the preferred method.

Twc-step control with reference sensor
downstream of the catalytic converter
The effect of the disturbance on the accu-
racy at the voltage-jump point at .= 1, as
described above, has been minimized by
a modified surface coating. Nevertheless,
aging and environmental influences (poi-
soning) still have an effect. A sensor
downstream of the catalytic converter is
subjected to these influences to a consid-

erably lesser extent. The principle o the
two-step control is based upon the fact
that the controlled rich or lean shift is
changed additively by means of a "slow"
corrective control loop-

The resulting long-term stability s of
decisive importance for compliance with
the exhaust-gas legislation now coining
into force.

Continuous-action control with
broadband sensor
The defined dynamic response of a two-
step control can only be improved when
the deviation from?. 1 is actually mea-
sured. With the broadband sensor, it is
possible to achieve continuous-action
A = 1 control with a stationary, very low
amplitude together with high dynamic re-
sponse. This control's parameters are cal-
culated and adapted as a function of the
engine's operating points. Above all, with
this type of Lambda control, the unavoid-
able offset of the stationary and instation-
ary pilot control can be compensated for
far more quickly. If demanded by certain
engine operating conditions (for instance.
warm-up), further optimisation of the ex-
haust-gas emission applies the potential
inherent in the control setpoints . 1,for
instance, in the lean range. The expan-
sion to a lean-mixture control system. with
the advantages and disadvantages al-
ready dealt with, merely necessitate: the
definition of other control setpoints

0

U)

Manipulated-variable curve with closed-loop-controlled Lambda shift (two-step control)
!y dwell time following voltage jump.

Shiftin "ean"drecton

TimeTime

Shift in "rich" direction
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526 Exhaust emissions (spark-ignition engines)

Testing exhaust and
evaporative emissions

Test program
in order to precisely determine a passen-
ger car's emission levels, the vehicle must
be tested in an emissions test cell under
conditions which accurately simulate ac-
tual driving conditions. Compared to on-
road driving, operation in the test cell of-
fers the advantage of allowing tests to be
conducted at precisely predefined speeds
without having to take traffic flow into con-
sideration. This is the only means of en-
suring that individual emissions tests re-
main mutually comparable.

The vehicle to be tested is parked with
its drive wheels on rollers whose rota-
tional resistance can be adjusted to simu-
late friction and aerodynamic drag.
Inertial masses can be added or removed
to simulate the weight of the vehicle. A
blower mounted a short distance in front
of the vehicle provides the necessary
cooling.

The measurement of emission levels is
based on a simulated driving pattern
which progresses through a precisely de-
fined driving cycle incorporating various
vehicle speeds. The exhaust gases pro-
duced during this driving cycle are col-
lected for analysis of the pollutant masses
at the end of the cycle (see illustration).

The methods for collecting the exhaust
gases, and the procedures for determin-
ing emissions, have largely been stan-
dardized in the various countries, but the
driving cycles have not. In some coun-
tries, regulations governing exhaust emis-
sions are supplemented by limits placed
on evaporative losses from the fuel sys-
tem,

Chassis dynamometer
In order to compare vehicle emissions,
the speeds and forces acting on the vehi-
cle during simulation on the chassis dy-
namometer and on the road must agree
with respect to time. It is necessary to
simulate the vehicle's moments of inertia,
its rolling resistance, and its aerodynamic
drag. For this purpose, eddy current
brakes or DC motors produce a suitable
speed-dependent retarding force. This

force acts on the rollers, and must be
overcome by the vehicle. Rapid couplings
of various sizes are used to attach inertial
masses to the rollers, thus simulating ve-
hicle weight. It is imperative tha the curve
of braking load versus vehicle speed, and
the required inertial masses, be main-
tained precisely. Deviations result in mea-
suring errors. Ambient conditions such as
atmospheric humidity, temperature and
barometric pressure also influence test
results.

Driving cycles
To obtain comparable exhaust-emission
values, the predefined speeds on the dy-
namometer must agree with those on the
road. Testing is based on a standardized
driving cycle in which gearshifts, braking,
idle phases, and standstill peribds, have
all been selected to provide a high level of
correspondence with the velocities and
acceleration that characterise typical dri-
ving in the normal traffic of a I.rge town,
Seven different test cycles are employed
internationally. In Europe, the driving
schedule has been abbreviated to EU
Stage Ill (as of 01/2000; the 4C s pre-run
is no longer used). The USA additionally
uses the SFTP test for vehicles with air
conditioning, as well as further sets of dri-
ving conditions.

Usually, a driver sits in the vehicle to
maintain the speed at the levels indicated
on a display screen,

Sampling and dilution procedures
(CVS Method)
The European adoption of the constant-
volume sampling method (CVS) in 1982
means that there is now basically a single
standardized procedure in force world-
wide for collecting exhaust gases.

Sampling and analysis of emiss ons
The dilution procedure operates accord-
ing to the following principle:

The exhaust gases produced by the
test vehicle are diluted with fresh air at a
mean ratio of 1:10, and extracted using a
special system of pumps such that the
flow volume composed of exhaust gas
and fresh air is maintained at afxed ratio,
i.e. the admixture of air is adjusted ac-
cording to the vehicle's momentary ex-
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