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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)
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- __Refeencesectionheig
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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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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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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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Gears 297

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
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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

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



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

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



Gears 303

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
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I,

N

.1.

CttE
4-.-

'4 iTh

* Il
-A

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



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.

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



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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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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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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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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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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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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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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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 0,266 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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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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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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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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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

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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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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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.
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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.
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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).
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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
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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

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)
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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
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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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Tribology

-- 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
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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
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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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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
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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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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
is
a

a
a

I I

a
a
is
a

aa

0 -1 t ltruck

0.2' -

0-11

A ,3--

0.
100

2.5 t van

60
4-A

A,f
40 16 itltruck

--- Tare weight
2Grs vehicle

00 - , - Weight

80

2.5 tvan
6

/-
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
CO
C
a
a
a

rio
.2
a
S
In

A Understeer

Neutral cornering

Lu ~ Oversteer

2.5 t van

ttuk

I or

'I'

At2
a

-h

r~

0';'

V.

V
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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

12

8

4

-0
-2

A',=`00 -n
ac 30 r/s 2
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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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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).
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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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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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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
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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'
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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
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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
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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
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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
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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
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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
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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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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
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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?
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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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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
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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
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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-
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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).
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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.
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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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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

I r
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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

EO

C 14

q0_60. r4__ 45-1

EDC
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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.

jr

Ii

Till!

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



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.
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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
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I' Ignition point
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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).
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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
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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 " a 0
2 
C os 2

2- Order .0 , _ 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')

4

*[

H

4,

40

30

20

I T
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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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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

'.
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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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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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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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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
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