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Assuming  the  inlet  temperature  at  70  degrees,  the  outlet  at  150 
degrees,  we   find    the   number  of  pounds    of  water  required  = 

approx.  — - — —  =51  pounds  =say  6£  gallons  per  I.  H.  P.  hour 1  oO  —  70 
at  full  load. 

The  following  figures  from  various  sources  show  how  this 
estimate  agrees  with  others  and  with  some  data  from  actual 

practice. 

W.  Heym,  in  the  Gasmotorentechnik*  states  that  a  producer 
plant  requires  per  horse-power  hour  6.5  gallons  for  the  engine, 
4  gallons  for  the  scrubber,  and  .13  gallons  for  the  producer  vapo- 
rizer. 

Freyn,  in  the  paper  already  mentioned,  makes  the  following 
estimates  for  a  blast  furnace  gas  plant  of  10,500  B.  H.  P.  Theissen 
washers  are  used  to  clean  the  gas. 

GALLONS  OF  COOLING  WATER  REQUIRED 

Load  on  Engines For  the  Engines  per  B.  H.  P.-hour 
For  the  Washers  per  1000 

cu.  ft.  of  gas  cleaned 

per  minute 

Full 
\ 
i 

8.5 10.5 
13.0 

12.0 
14.0 
16.0 

Freyn  also  estimates  that  if  the  plant  is  located  near  a  stream 

of  water,  the  cost  of  pumping  would  probably  be  in  the  neighbor- 
hood of  2  c.  per  1000  gallons. 

J.  R.  Bibbins  f  on  a  51-hour  test  of  a  500  horse-power  Westing- 
house  horizontal  engine,  reported  a  water  consumption  for  the 
engines  only  of  9.4  gallons  per  B.  H.  P.  hour  at  full  load.  The 
same  authority  reports  a  figure  of  5.65  gallons  per  B.  H.  P.  hour  J 
found  on  similiar  engines  in  another  plant. 

In  conclusion  it  should  be  said  that  the  water-consumption 
of  gas  engines  depends  somewhat  upon  the  size  of  the  cylinder. 

Thus  a  single-acting  cylinder  of  very  large  diameter  usually 

*  November,  1907. 
t  J.  R.  Bibbins,  Proceedings  A.  S.  M.  E.,  Mid-November,  1907. 
J  J.  R.  Bibbins,  Gas  Driven  Electric  Power  Station, Proc.  of  the  Eng.  Soc. 

of  W.  Pa. 
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requires  more  cooling  water  than  two  single-acting  or  one  double- 
acting  cylinder  of  the  same  capacity.  Skilful  attendance  also 
is  a  considerable  factor  in  the  amount  of  cooling  water  used,  a 

point  which  is  very  often  neglected. 
(/)  OIL  AND  WASTE.  The  consumption  of  lubricating  oil  per 

B.  H.  P.  hour  depends  upon  the  size  of  the  engine  and,  as  in  the 
case  of  cooling  water,  largely  also  upon  the  care  of  attendants. 
It  is  also  true  that  new  machines  may  for  a  time  require  two  or 
three  times  the  ordinary  amount  of  oil  until  all  the  parts  have 
become  adjusted  to  their  service.  In  large  and  medium  sized 
plants  it  is  usual  to  employ  a  gravity  or  circulating  system  of 
oiling,  in  which  case  the  oil  is  recovered,  filtered,  and  again  used. 
In  such  systems  the  cost  of  oil  is  a  small  item  and  consists  mostly 
of  the  cost  of  oil  necessary  to  replace  that  unavoidably  lost.  Of 
course  none  of  the  cylinder  oil  used  is  recovered. 

Giildner  estimates  that  the  consumption  of  lubricating  oil 

usually  varies  from  .006  to  .008  pints  of  oil  per  B.  H.  P.-hour,  and 
that  under  favorable  conditions  .003  pints  per  B.  H.  P.-hour  may 
be  reached.  L.  L.  Brewer  finds  that  the  consumption  for  the  large 

engines  quoted  in  the  table,  page  552,  varies  from  .0045  to  .0055 

pints  per  B.  H.  P.-hour,  and  that  in  double-acting  two-cycle 
engines  the  consumption  may  be  as  low  as  .0035  pints. 

The  following  table  compiled  by  J.  R.  Bibbins  and  published 
in  the  paper  before  the  Society  of  Engineers  of  West  Pennsylvania, 

already  quoted,  shows  the  actual  oil  consumption  in  a  plant  con- 
taining two  horizontal  Westinghouse  engines  of  500  horse-power 

each,  direct  connected  to  300  K.  W.  generators.  The  figures 
cover  a  period  of  four  months  and  the  results  should  therefore  be 
very  reliable.  The  system  of  oiling  used  is  of  the  continuous 
circulating  and  filtering  type.  The  consumption  amounts  to 
.00202  pints  of  cylinder  oil  and  .00286  pints  of  engine  oil  per 

horse-power  hour,  which  agrees  well  with  the  figures  given  by 
Brewer. 
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OIL  CONSUMPTION 

4  months  ending  Sunday,  May  23,  1906 

CYLINDER  OIL  *  ENGINE  OIL  f 

Kind   Imperial  Cylinder  Oil  Special  Gas  Engine  Oil 
Maker    Union  Petroleum  Co.,  Philadelphia 
Price  (barrel  lots)      32  cents  per  Gal.  18  cents  per  Gal. 
Quantity  used   561  Gals.  765  Gals. 
Quantity  used  per  month   140J  Gals.  191J  Gals. 
Quantity  used  per  (opertg.)  day  .  . .     4.68  Gals.  6.38  Gals. 
Quantity  used  per  full  day          6.07  Gals.  8.27  Gals. 

Engine  Hours  per  day    37  37 
Engine  H.P.  Hours  per  day   18500  18500 
Oil  per  Engine  Hour    0.127  Gals.  0.172  Gals. 
Oil  per  H.P.  Hour    0.000253  Gals.  0.000345  Gals. 
Cost  per  Engine  Hour    4.05  cents  3.1  cents. 
Cost  per  H.P.  Hour    0.00809  0.00621 

Total  Cost    0.0143  cents  per  H.P.  Hour 

The  cost  of  cotton  waste  or  other  cleaning  material  is  an  item 
very  hard  to  estimate,  and  in  any  case  of  little  influence  on  the 
final  result.  It  is  usually  combined  with  the  cost  of  oil,  and 
some  figures  for  this  combined  cost  will  be  found  in  the  estimates 
of  total  operating  costs  at  the  end  of  this  chapter. 

(g)  ATTENDANCE.  The  statement  very  often  carelessly  made 
with  regard  to  small  gas  engine  installations,  that  they  require  no 
waiting  on,  is  of  course  not  quite  the  truth.  The  fact  is  that  a 
small  gas  or  gasoline  engine,  if  in  good  order,  does  not  require, 
after  starting,  much  attending  except  the  proper  handling  of  the 
lubricators.  In  this  respect  the  gas  power  installation  has  an 
advantage  over  the  small  steam  power  plant,  where  at  least  one 
man  is  generally  required  all  the  time.  FOP  small  natural  gas  or 
illuminating  gas  engines,  therefore,  it  is  possible  to  employ  the 

"engineer,"  to  use  a  familiar  term,  somewhere  else  at  least  part 
of  the  time,  but  naturally,  as  the  size  of  engine  increases,  this 
spare  time  decreases,  and  it  is  doubtful  if  suction  gas  plants,  no 

matter  how  small,  can  get  along  with  less  than  one  man's  entire 
time. 

The  general  methods  of  taking  care  of  medium  sized  and  large 

*  Includes  crank  case  oil  for  exciter  engines.  Drainage  from  glands  of 
main  engines  collected,  mixed  with  old  engine  oil  and  used  in  crank  case.  No 
crank  case  oil  purchased. 

t  Includes  oil  consumption  of  auxiliaries.  Sufficient  quantity -old  engine 
oil  drawn  from  circulating  system  to  supply  auxiliaries  replaced  by  fresh  oil. 
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gas  engines  are  perhaps  not  far  different  from  those  used  in  steam 
engine  practice.  It  cannot  be  denied,  however,  that  gas  engines 
have  much  more  opportunity,  so  so  speak,  to  go  wrong.  That  is, 
jacket  water,  lubrication,  igniters,  valves,  etc.,  all  need  careful 
looking  after,  and  any  of  these  things,  if  neglected,  may  cause 
a  shut  down.  .  While,  therefore,  steam  engine  attendants  generally 
accustom  themselves  to  the  new  service  very  quickly,  it  would  be 
wrong  to  assume  that  they  can  in  general  take  care  of  a  gas 
engine  plant  without  some  instruction  and  practice.  Of  course 
the  larger  the  plant,  the  more  important  this  point  becomes. 

There  seems  to  be  nothing  in  English  engineering  literature 
to  give  an  approximate  idea  of  the  time  actually  required  in 
attending  gas  engines.     Giildner  proposes  the  following  equations, 
apparently  based  on  practical  experience: 
For  illuminating  gas,  natural  gas  and  oil  engines, 

W=.25VrN»  hours. 

For  suction  gas  plants  W  =  1.25  vNn  hours 
where  W  =  time  of  attendance  required  in  hours  per  day  of  10 
hours  and  Nn  =  rated  capacity  of  plant. 

Thus,  for  instance,  a  100  horse-power  natural  gas  engine  would 

actually  require  about  .25  lOO  =  2.5  hours  in  a  10-hour  shift. 

Hence  the  attendant's  time  could  be  largely  used  somewhere  else. 
On  the  other  hand,  a  100  horse-power  suction  gas  plant  would 

actually  require  1.25  V  100  =  12.5  hours,  which  means  that  two 
men  will  have  to  be  employed. 

Where  a  station  is  made  up  of  several  smaller  units  and  pro- 
ducers, the  cost  of  attendance  naturally  increases.  Thus  if  there 

are  n  units  in  a  plant  of  Nn  horse-power  total,  Giildner  states  that 
the  actual  time  required  per  operating  day  of  the  plant  may  be 
expressed  by 

W  =  1.25      nNn  hours. 

Thus  if  we  take  a  1200  horse-power  suction  gas  plant  made 
up  of  4  units  of  300  horse-power  each, 

W  =  1.25  \/4  X  1200  =  86.5  hours, 

which  would  mean  the  service  of  9  men  in  the  10-hour  shift.     If 
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this  capacity  had  been  put  in  one  unit,  the  time  would  have  been 

W  =  1.25  Vl200  =  43.5  hours, 

which  would  have  called  for  only  5  men  per  shift. 
If  in  any  of  the  above  equations  we  introduce  the  hourly  wage 

scale,  we  may  express  the  cost  of  attendance  per  B.  H.  P.  per 
hour.  Thus  if  the  scale  should  be  20  c.  per  hour,  we  would  have  for 

illuminating  gas,  natural  gas,  or  oil  engines,  for  the  10-hour  shift, 

Cost  per  B.  H.  P.  -hour  =  20  X  "25  ̂—n  =  -4L  cents. 10  NH  VNn 

For  suction  gas  plants, 

Cost  per  B.  H.  P.-hour  =  20  X  L25  ̂N*  =  -M=  cents 
10  #„ 

and  for  large  suction  gas  plants  of  n  units, 

Cost  per  B.  H.  P.-hour  =  2°  X  -  cents. 

There  is  little  data  available  to  check  the  accuracy  of  these 

formulae,  but  the  two  or  three  instances  cited  by  various  authori- 
ties for  the  labor  cost  in  suction  gas  plants  check  very  well  with 

the  results  of  the  formula. 

(h)  MAINTENANCE  AND  REPAIRS.  The  expenditures  for 
maintenance  and  repairs  of  a  gas  engine  installation  should  not 

exceed  3  per  cent  of  the  purchase  price  of  the  engines  and  pro- 
ducers. There  is  no  doubt  that  this  item  may  easily  run  to  10 

per  cent  and  over,  especially  if  in  a  producer  plant  insufficient 
attention  is  paid  to  cleaning  the  gas.  But  such  conditions  are 
not  normal  and  should  not  occur  in  good  practice. 

Freyn  states  that  the  following  are  average  figures  for  repair 
accounts  for  a  blast  furnace  gas  station  : 

1\  per  cent  per  year  of  the  price  of  the  engines  and  electric 

generators. 
7  per  cent  per  year  of  the  price  of  the  cleaning  plant. 
5  per  cent  per  year  of  the  price  of  the  air  compressor  used  for 

starting. 

2  per  cent  per  year  of  the  price  of  piping,  etc. 
To  this  may  be  added  from  1  to  2  per  cent  of  the  cost  of  the 

building  as  maintenance  for  the  building. 
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Total  Operating  Costs  and  Cost  as  Compared  with  other 

Prime  Movers  —  As  in  the  case  of  fuel  costs,  the  information 
available  in  engineering  literature  on  total  operating  costs  is  of 
two  kinds.  In  the  first  kind  the  estimates  are  based  entirely 
upon  hypothetical  assumptions,  in  the  second  the  results  are 

those  obtained  in  actual  operation.  Again,  the  latter  informa- 
tion is  of  course  of  much  greater  value,  but  except  for  large  in- 

stallations little  of  this  class  has  been  made  public.  Especially 
as  regards  small  installations  of  gasoline,  oil  and  illuminating  gas 
engines  there  seems  to  be  an  almost  absolute  lack  of  data  referring 
to  total  operating  costs.  For  that  reason,  in  order  to  get  some 
idea  of  costs,  it  will  be  necessary  for  the  time  being  to  depend  upon 
cost  computations  based  on  assumptions.  In  any  concrete  case 
these  assumptions  should  be  carefully  scanned  to  see  how  they 
agree  with  actually  existing  conditions  before  forming  a  final  idea 
of  operating  cost. 

The  data  available  from  actual  practice  is  mainly  due  to  Mr. 

J.  R.  Bibbins  *  and  others,  of  the  Westinghouse  Machine  Com- 
pany, and  of  course  relates  to  Westinghouse  engines.  This,  how- 

ever, does  not  preclude  their  applicability  to  other  similar  plants. 
This  information,  combined  with  that  from  a  few  English  plants, 
is  about  all  that  can  be  cited  at  the  present  writing. 

Hypothetical  computations  are  nearly  all  made  on  a  compara- 

tive basis.  -Of  this  kind  are  the  tables  published  by  W.  O.  Webber 
in  the  Engineering  News,  August  15,  1907.  It  is  not  easy  to  give 

a  concise  abstract  of  the  various  factors  assumed  in  the  compu- 
tation of  these  tables,  and  for  that  reason  they  are  given  in  full, 

except  for  electric  power  which  does  not  especially  interest  us  here. 

*  The  following  is  a  partial  list  of  the  valuable  papers  published : 
J.  R.  Bibbins,  Gas  Driven  Electric  Power  Systems,  Warren  &  Jamestown 

Street  Railway,  Eng.  Soc.  of  W.  Pa.;  Gas  Power  for  Central  Stations,  Am. 
Inst.  of  E.  E.,  New  York,  December  18,  1903;  Producer  Gas  Power  Plant, 
Proc.  A.  S.  M.  E.,  December,  1906;  Application  of  Gas  Power  to  Central 
Station  Work,  National  Elec.  Light  Assoc.,  Washington,  D.  C.,  June,  1907; 
Duty  Test  on  Gas  Power  Plant,  Proc.  A.  S.  M.  E.,  Mid-November,  1907; 
and  A.  West,  Gas  Power  in  Electric  Railway  Work,  American  Street  & 
Interurban  Railway  Assoc.,  Philadelphia  Convention,  1905. 

E.  E.  Arnold,  The  High  Power  Internal  Combustion  Engine  and  its  Fit- 
ness for  Central  Station  Work,  New  England  Street  Railway  Club,  March,  1904. 

Reprint  from  Power,  December,  1903,  A  Gas  Engine  Pumping  Station. 
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20 

$750.00 

COST  OF  GASOLINE  POWER 

Size  of  plant  in  H.P         2                     6  10 
Price  of  engine  in  place  .   $150.00          $325.00  $500.00 

Gasoline  per  B.  H.  P.  per  hour. .  J  gal.             \  gal.  £  gal. 
Cost  per  gallon       $0.22              $0.20  $0.19 

=  cost  per  3,080  hours   $451.53          $924.00  $975.13       $1,386~00 

$0.18 

Attendance  at  $1  per  day    308.00 
Interest,  5  per  cent    7.50 
Depreciation,  5  per  cent    7.50 
Repairs,  10  per  cent       15.00 
Supplies,  20  per  cent    30.00 
Insurance,  2  per  cent       3.00 
Taxes,  1  per  cent    1.50 

308.00 
16.25 
16.25 
32.50 
65.00 
6.50 
3.25 

Power  cost      $824.03       $1,371.75 

308.00 
25.00 
25.00 

50.00 
100.00 10.00 

5.00 

1,498.13       $2,016\50 

308.00 
37.50 
37.50 
75.00 

150.00 
15.00 
7.50 

To  these  figures  should  be  added  charges  on  space  occupied  as  follows: 

Value  of  space  occupied   $100.00  $150.00  $200.00  $300.00 

Interest,  5  per  cent       $5.00  $7.50  $10.00  $15.00 
Repairs,  2  per  cent            2.00  3.00  4.00  6.00 
Insurance,  1  per  cent             1.00  1.50  2.00  3.00 
Taxes,  1  per  cent           1.00  1.50  2.00  3.00 

Total  annual  charge  for  space     $9.00  $13.50  $18.00  $27.00 
Total  cost  per  annum   $833.03  $1,385.25  $1,516.13  $2,043.30 
Cost  of  1  H.P.  per  annum,  10 

hour  basis     416.51  239.87  151.61  102.17 
Cost  of  1  H.P.  per  hour      $0.1352  $0.0780  $0.0492  $0.0331 

COST  OF  GAS  POWER 

$1.50  per  1000  cubic  feet  of  gas  less  20  per  cent,  if  paid  in  10  days  =  $1.20 
net,  gas  760  B.  T.  U. 

Size  of  plant  in  H.P         2  6  10  20 

Engine  cost  in  place    $200.00          $375.00          $550.00       $1,050.00 

Gas  per  H.P.-hour  in  cubic  feet .     30  25  22  20 

Value  of  gas  consumed,  3080 
hours      $221.76 $554.40 $843.12 $1,478.00 Attendance  $1  per  day      .    .    . 308.00 308.00 308.00 308.00 

Interest,  5  per  cent    10.00 18.75 27.50 52.50 

Depreciation,  5  per  cent    10.00 18.75 27.50 52.50 

Repairs,  10  per  cent      20.00 37.50 55.00 105.00 

Supplies,  20  per  cent    40.00 75.00 110.00 210.00 

Insurance,  2  per  cent          
4.00 7.50 11.00 21.00 

Taxes,  1  per  cent    
2.00 3.75 5.50 10.50 

Power  cost      $615.76 
$1,023.65 $1,387.62 $2,237.50 

Annual  charge  for  space    9.00 13.50 18.00 27.00 

Total  cost  per  annum            $624.76 $1,037.15 $1,405.62 $2,264.50 Cost  of  1  H.P.  per  annum,  10 
hour  basis                312.38 172.86 110.56 143.22 Cost  of  1  H.P.  oer  hour  . $0.1014 $0.0561 $0.0456 $003.67 
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COST  OF  STEAM  POWER 

Size  of  plant  in  H.P         6 

Cost  of  plant  per  H.P   $250.00 

Fixed  charge,  14  per  cent     $35.00 

Coal  per  H.P.-hour,  in  pounds         20 
Cost  of  coal  at  $5  per  ton   $154.00 
Attendance,  3080  hours          75.00 
Oil,  waste  and  supplies        15.00 

Cost  1  H.P.  per  annum,  10-hour  basis   $279.00 
Cost  of  1  H.P.  per  hour      $0.0906 

10 20 

$220.00 

$30.80 
15 

$103.00 
50.00 
10.00 

$194.80 

$0.0832 

$200.00 

J528.00 

12 

$82.50 30.00 6.00 

$146.50 
$0.0475 

ANNUAL  COST  OF  POWER  PER  BRAKE  HORSE-POWER  * 

B.  H.  P.  of  Unit Steam Gas Gasoline 

1    $600.00 
2   •    500.00 
3  .  .  437.50 
4    375.00 
5    320.00 
6    280.00 
7    250.00 
8    230.00 
9    210.00 

10    195.00 
12    175.00 
14    165.00 
16    157.50 
18    150.00 
20    146.00 
22    140.00 
24    137.50 
26    133.00 
28       130.00 
30    127.50 
35    124.00 
40    120.00 
50    112.50 
60   :    105.00 
70    100.00 
80    95.00 
90    90.50 

100    86.40 

$380.00 
312.50 
260.00 
220.00 
192.50 
172.50 
160.00 
152.50 
145.00 
140.00 

132.50 
126.00 
120.00 
116.50 
113.00 
110.00 
107.50 
105.00 
102.50 
102.00 
100.00 
98.00 
96.00 
94.00 

92.00 
90.00 
88.00 
86.00 

$487.50 
416.00 
350.00 

300.00 
262.50 
240.00 
210.00 
182.50 
165.00 
152.00 
137.50 
122.00 
112.50 
107.50 
102.00 

98.00 
95.00 
92.50 

90.00 
87.50 

85.00 
82.50 
80.00 
78.00 
76.00 
74.00 
72.00 
70.00 

Attention  is  called  in  these  tabies  to  the  high  allowance  for 
repairs  in  the  case  of  the  gasoline  and  gas  engine  and  the  high  coal 
consumption  assumed  for  the  steam  engine. 

Another  interesting  comparison  is  that  made  by  H.  A.  Clark 

*Unit  costs:  Coal,  $5  per  ton;  gas  $1.20  per  1000  cubic  feet,  at  760 
B.  T.  U. ;  gasoline,  $0.20  per  gallon. 

Exhibit 1003, Page 1493 
Petitioner MWE Investments, LLC, et al.



COST  OF  INSTALLATION  AND  OF  OPERATION      571 

in  a  paper  on  the  Diesel  Engine.*  In  this  case  the  computations 
are  carried  out  for  three  sizes  of  Diesel  engine,  Crossley  Gas 

Engine  and  Dowson  producer,  and  high-speed  compound  con- 
densing steam  engine.  The  conditions  assumed  are  partly  as 

follows,  the  remainder  being  given  in  the  table  itself. 
Cost  of  fuel  delivered : 

Diesel  engine,  crude  oil  at  $10.90  per  ton  =  appr.  3.8  c.  per 
gallon. 

Crossley  engine,  anthracite  at  $5.70  per  ton. 
Steam  engine,  coal  at  $3  per  ton. 

The  fuel  cost  is  based  on  the  following  assumption : 
For  the  Diesel,  the  consumption  has  been  taken  in  each  case 

as  the  mean  between  full  and  half-load  rates.  These  rates  were 
actually  determined  by  tests. 

For  the  Crossley,  1.5  to  1.25  pounds  of  coal  per  B.  H.  P.  hour 

plus  an  allowance  for  stand-by  losses. 
For  the  steam  engine,  4  to  3.5  pounds  of  coal  per  B.  H.  P.  hour 

for  the  lowest  and  highest  powers,  assuming  an  evaporation  of 
8  pounds  of  water  per  pound  of  coal. 

The  cost  figures  in  the  original  table  have  all  been  transposed 
to  dollars  and  cents.  The  computations  are  based  on  a  year  of 
2700  working  hours. 

In  the  discussion  on  Clark's  paper,  the  cost  computations 
were  rather  severely  criticised,  mainly  on  account  of  the  fuel 

costs  assumed.  The  claim  was  made  that  both  the  coal  consump- 
tion for  the  steam  engine  and  the  cost  of  the  steam  coal  was 

assumed  too  high,  and  that  the  cost  of  oil  at  3.8  c.  per  gallon  could 
only  apply  to  seaboard  towns.  As  far  as  American  conditions 
are  concerned,  the  assumption  regarding  the  steam  engine  would 
seem  to  be  about  right,  while  the  cost  of  anthracite  at  $5.70  per 
ton  for  the  gas  engine  is  certainly  not  too  low.  On  the  other 
hand,  the  price  of  3.8  c.  per  gallon  for  the  crude  oil  would  seem  to 
favor  the  Diesel  engine.  It  all  comes  to  the  point  that  applies 
to  all  computations  of  this  kind,  and  that  is  that  the  results  are 

strictly  applicable  only  to  the  locality  for  which  they  are  com- 
puted. Allowing  for  possible  difference  in  the  labor  costs,  how- 

ever, it  seems  to  the  writer  that  the  comparison  is  quite  fair  as 
between  the  steam  and  the  gas  engine. 

*  Proc.  of  M.  E.,  1903,  H. 

Exhibit 1003, Page 1494 
Petitioner MWE Investments, LLC, et al.



572 INTERNAL  COMBUSTION  ENGINES 

o3  "jrv, 
c 

3^  <M
 

;5sr3         X 

p       OOO       p 
o     o  o  os      o 

O       O o     o 

ft  00  1C 

OS  1C <N  OS 

0       ie  co TI  CD  00  -H  <N 
I-H  (M  CO  CO 

<N  •<* 

m      . B& 
O   C 

o     ooo 
5  o 

•*      o 

OS        1C ,-t        1C        00  OS 
1C          rHGC 

"5 

CO 

C^  O  00  1C  CO  (M 
OS  t^  CO  CO  CO  7-J 

CO  IM  "C  >C 
.-I          co 

ss 

5£     
     li

 

P 
O 

§ 

rji  00  CD  •«*<  ft 
O  CD  «M  CO  t^ 
•OS  (N  Ti  GO 

(M 

rt^ 

-   — 

os  orod-^oi      b-      eo      •«* 
00        CO        OOGO«^>O        00        ̂          O 

S 

1 

p 
c 
c 
B 

PH 

C^  ̂ H  00 
t^  oo      os 

(D 

t^  O  iO  CO  ̂ H t»  t^  CD  OS  iM •^  ft  JO  CD 

SO
> 

C 

1C 

O>         i-l X 
06161^-^10      10 

o     o 

00        1C CD      d 

O  O  O  O  O  O  i r-  o  ̂ f  o  "4*  co  i 

06  061^  GO-CD' r^  • 

-<*<  co  o:  co  ft  co 
Tf        ̂   CO 

- 

.  o> 
fc* 

' 

2 

-ta"o
 

a-x 

- 

iiii 
-s  ^ 

'&  c* 

Q     OW 

K 

W      PQ 
HO 

on 

o« 

1-1        <NW*<iO        CO        1^00       OS 

Exhibit 1003, Page 1495 
Petitioner MWE Investments, LLC, et al.



COST  OF  INSTALLATION  AND  OF  OPERATION      573 

As  a  final  example  of  this  kind  of  hypothetical  computation, 
the  following  table  is  given.  The  figures  are  due  to  Mr.  L.  G. 
Findlay  of  the  De  La  Vergne  Machine  Company  of  New  York. 
They  were  presented  at  the  Dayton  meeting  of  the  Ohio  Society 

of  Mechanical,  Electrical,  and  Steam  Engineers,  and  were  pub- 
lished in  Power,  July,  1907.  The  table  is  very  complete  and  would 

repay  careful  study.  Especially  interesting  is  the  effect  of  the 
load  factor  on  operating  costs.  This  factor  is  here  defined  as 
the  average  load  on  the  plant  divided  by  the  rated  capacity  of  the 

plant. 
In  Clark's  tables  above  no  mention  is  made  of  the  load  factor 

and  it  is  evidently  assumed  to  be  100  per  cent.  That,  however, 
is  a  condition  existing  and  maintained  in  very  few  plants.  In 
fact,  if  it  were,  it  would  be  poor  engineering,  as  it  gives  the  plant 
but  very  little  overload  capacity.  The  marked  effect  that  a 
decrease  of  the  load  factor  from  100  per  cent  to  50  per  cent  has 
upon  operating  costs  is  very  clearly  brought  out  in  the  table. 
In  the  tables  given  below  for  actual  cost  data,  the  load  factor 
is  in  most  cases  even  lower  than  this. 

In  the  discussion  on  the  results  of  the  table  following  its 
presentation,  the  steam  men  objected  to  the  comparison  between 
the  steam  and  gas  plants  at  the  rated  load,  on  account  of  the 
much  greater  overload  capacity  of  the  steam  engine  plant.  Lines 
36,  37,  38,  and  39  of  the  table  are  computed  on  the  assumption 
that  80  per  cent  of  the  steam  used  by  the  engines  is  available  for 
heating,  but  no  standing  charges  are  made  against  the  heating 

plant. 
Turning  next  to  data  from  actual  practice,  the  first  of  the 

following  tables  was  given  by  Mr.  J.  E.  Dowson  in  a  paper  in  the 
Journal  of  the  Institute  of  Electrical  Engineers  April,  1904. 
The  table  refers  to  results  obtained  in  two  English  plants;  the  first 
is  equipped  with  Dowson  generators  and  Crossley  engines,  the 
second  with  the  same  type  of  producer  and  Westinghouse  vertical 
engines  of  comparatively  small  size.  In  spite  of  the  higher  cost 
of  coal,  the  greater  capacity  of  the  Walthamstow  plants  brings 
down  the  wage  and  repair  items  enough  to  make  the  total  works 
costs  not  far  different.  The  table  only  gives  works  cost,  and  it 

should  be  remembered  that  the  results  apply  to  English  condi- 
tions. 
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The  second  and  third  tables  following  are  due  to  Mr.  J.  R. 

Bibbins  of  the  Westinghouse  Machine  Company  and  were  pub- 
lished in  a  paper  on  the  Application  of  Gas  Power  to  Central 

Station  Work,  read  before  the  National  Electric  Light  Associa- 
tion at  Washington,  June,  1907.  Both  of  the  stations  mentioned 

use  natural  gas  for  fuel,  but  the  Bradford  plant  is  equipped  with 
rather  small  Westinghouse  vertical  engines,  while  the  Warren 
and  Jamestown  station  contains  two  large  direct  connected  units 

of  500  horse-power  each.  In  both  cases  the  load  factor  is  con- 
siderably less  than  50  per  cent;  in  the  case  of  the  Bradford  plant 

it  is  only  about  19  per  cent.  The  figures  for  the  latter  plant  are 
remarkable  for  the  length  of  time  covered,  8i  years. 

WORKS  COST  OP  OPERATING  GAS  PLANTS 

Plant 

Midland  Railway  Co., 
Leicester 

Urban  District  Station, 

Walthamstow 

Engine: 
Capacity  tested    300 

6 Crossley 

5  months 

200497 
Arc  and  incandescent 
lighting,  Dowson  gas. 

3 
2.25 

$3.75 .123c. 
.020c. 
.292c. 

1500 

7 
Westinghouse 

12  months 
15.25 
659756 

Arc  and  incandescent 

lighting,  Dowson  gas. 
2 
1.5 

$6.50 .17c. 
.095c. 
.015c. 

Number    
Make      
Length  of  run    
Load  factor    
K.  W.-hour  generated    
Remarks  —  service      

Duty  of  plant:  * 
Lbs.  per  K.  W.-hour      
Lbs.  per  B.  H.  P    

Cost: 
Coal  per  ton     
Fuel  per  K.  W.-hour    
Oil,  waste,  water      
Wages      

Total  works  cost  power, 
cents  per  K.  W.-hour  .... 

Authority: 

.473c. 

R.  M.  DEELY, 

Supt.  Locomotives. 

.445c. 

F.  A.  WILKINSON, 
Elec.  Engineer  in  clwrge. 

WORKS  COST  OF  POWER  —  GAS  DRIVEN  CENTRAL  STATION 
BRADFORD  ELECTRIC  LIGHT  &  POWER  Co.,  BRADFORD,  PA. 

Station  capacity  (five  engines)      470  kilowatts 
Number  of  years  in  operation    8.5 
Average  station  load  factor  ('03-'06)   19.09  per  cent 
Average  gas  consumption  per  kilowatt-hour  ('03-'06)      25.5  cu.  ft. 
Average  heat  efficiency  at  switchboard   14.14  per  cent 

*  Including  "  stand-by  "  losses. 

Exhibit 1003, Page 1499 
Petitioner MWE Investments, LLC, et al.



COST  OF  INSTALLATION  AND  OF  OPERATION      577 

Works  Cost  of  Power Dollars  per  year. 
Average  8  years 

Cents  per  Kilowatt-hour. 
Average  4  years 

Fuel,  gas,  including  heating    
$3,121 

0.307 
Station  wages    

3,068 
0.410 

Oil,  waste  and  supplies    454 0.054 
Running  repairs  (total)                  848 0.085 
Running  repairs  gas  engines    285 0.034 

Total  operating  cost      
$7,776 

0.890 

Engine  repairs  —  $0.36  per  horse-power  per  year. 
57.00  per  engine  per  year. 

.75  per  cent  on  investment. 
Fuel  —  Bradford  natural  gas. 

WORKS  COSTS  —  GAS  POWER  RAILWAY  PLANT 
WARREN  &  JAMESTOWN  STREET  RAILWAY  COMPANY 

Capacity  of  plant  (two  units)      600  kilowatts 
Average  time  operated  per  day   18.5  hours 
Average  output  per  day    4115  kilowatt  hours 
Average  load,  per  cent  rating      37  per  cent 

Works  Cost  of  Power Dollars  per  day 
Cents  per 

Kilowatt-hour 

Average  First  Four  Months,  1906: 
Fuel  gas    $12.97 0.315 
Wages      12.37 0.300 
Oil            .            .... 2.63 0.064 
Repairs  and  miscellaneous  supplies  .  . 3.29 0.080 

Total      
$31.26 

0.759 

Fuel  —  "Bradford  Sand  "  natural  gas. 

In  conclusion,  to  make  the  figures  in  the  above  tables  readily 

comparable  among  themselves,  the  cost  data  has  been  recom- 
puted to  the  basis  of  cost  in  cents  per  B.  H.  P.  hour  in  all  cases. 

Table  I  gives  the  total  operating  costs  for  small  and  medium 
sized  plants  as  computed  from  the  data  of  Webber  &  Clark. 
The  load  factor  is  in  all  cases  100  per  cent.  The  difference  in  the 

cost  of  steam  power  arrived  at  by  the  two  authorities  is  remark- 

able, Clark's  figures  being  less  than  50  per  cent  those  of  Webber. 
The  reason  for  this  is  found  in  two  directions,  different  assump- 

tions as  to  cost  of  coal,  $5  per  ton  as  against  $3,  and  different 

assumptions  as  to  the  coal  consumption  per  horse-power.  Webber 
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assumes  as  high  as  20  pounds  of  coal  per  horse-power  for  a  6 
horse-power  plant,  and  charges  a  20  horse-power  plant  up  with  12 

pounds  per  horse-power-hour.  In  fact  Webber's  figures  are  very 
liberal  throughout  for  all  three  kinds  of  power. 

In  Table  II,  the  works  and  total  operating  costs  per  B.  H.  P.- 

hour  are  shown  side  by  side  as  computed  from  Findlay's  table. 

TABLE  I 

Total  Operating  Costs  per  B.  H.  P.-hour 
Small  and  Medium  Sized  Plants 

g Size  of  Plant 

's 

3 

>, 

Kind o 

A  "i 

•c 

Kind  of  Power of 
Fuel 

"d 

bo  >. 

5 

10 

16  1  20  |  24 30 35 50 

80     ion 

160 
1 
1 

3 o < 
* Cost  in  cents  per  B.  H.  P.-hour 

Steam  Engine  . 
Coal 

100 3080 13.9 
0.3 

5.1 
4.7 4.5 

4.1 
4.0 3.7 

3.1 
2.8 

Webber 
Gas  Engine    .  . 111.  Gas 100 3080 6.2 

4.0 
3.9 3.6 3.5 3.3 3.2 3.1 

2.9 2.8 
Webber 

Gas  Engine    .  . Gasoline 100 3080 
8.5 4.9 

3.7 
3.3 3.1 

2.8 
2.7 

2.(i 

2.4 
2.3 

Webber 
Steam  Engine  . Coal 100 2700 

1.78 
1.26 

.98 
Clark 

Gas  Engine    .  . Prod.  Gas 
100 2700 

1.38 1.04 
.80 

Clark 
Oil  Engine, 

Diesel     .... Crude  Oil 100 2700 
1.08 .78 

.64 
Clark 

TABLE  II 

Total  Operating  and  Works  Cost  per  B.  H.  P.-hour. 
Computed  from  Table  by  Mr.  L.  G.  Findlay. 
Works  costs  in  brackets. 

Kind  of  Power 

Hours  in 
Operation 
per  day 

Load 
Factor 

Size 
of  Plant 
B.  H.  P. 

Steam 
Bituminous 

Producer  Gas 
Anthracite 

Producer  Gas 

Cents  per  B.  H.  P.-hour 

24 100 1000 .39  (   .30) .31  (.21) 
.39  (.30) 

24 
50 1000 .69  (  .41) 

.54  (.33) .67  (.49) 

10.25 100 1000 .53  (  .33) .46  (.22) .55  (.33) 

10.25 50 1000 .88  (  .47) .84  (.36) .99  (.56) 

24 
100 200 .76  (  .69) .40  (.29) .43  (.38) 

24 
50 200 1.23  (1.10) .71  (.49) .86  (.66) 

10.25 100 200 .88  (  .73) .59  (.33) .69  (.45) 

10.25 50 200 1.44  (1.15) 1.11  (.59) 1.26  (.78) 
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The  data  from  the  Bradford  and  Jamestown  plants  and  from 
the  two  English  plants  shows  the  following  results  for  the  works 

cost  per  B.  H.  P.-hour. 

Fuel 
Load 
Factor 

B.  H.  P. 
rated 

Works  Cost 

per  B.  H.  P.- hour  cents 
Plant 

Natural  gas  . 19.09 640 .67 Bradford 

Natural  gas 37.0 800 .57 Jamestown 
Dowson  gas    

400 .35 Midland  Railway 

Dowson  gas    15.25 2000 .33 Walthamstow 

From  these  figures,  and  those  of  Table  II,  the  conclusion 
seems  justified  that  it  should  be  easily  possible  to  produce  one 

brake  horse-power  in  a  fair  sized  plant,  say  not  under  200  horse- 
power, for  a  works  cost  of  from  .5  to  .75  cents  per  hour,  depend- 

ing upon  the  conditions  involved.  This  excludes  fixed  charges 
and  assumes  a  load  factor  in  the  neighborhood  of  50  per  cent. 
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Alcohol  vaporizer,  Altman     ....  198 
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Dresden       201 
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Horch    ...   373 

horse-power  rating  of     483 
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Auxiliaries  and  piping,  cost  of.  .    548 

Auxiliary  spark  gap     409 

B 

Barnett's  engine       236 
ignition  cock        392 

Barsanti  and  Matteucci  free  pis- 
ton engine        239 

Batteries,   primary  and  second- 
ary, method  of  connecting  420 

Beau  de  Rochas        243 

Beau  de   Rochas  or  Otto  cycle, 
theoretical          65 

Benzol      184 

admixture  of  to  alcohol   ...    184 

Blast   furnace   gas,   composition 
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Code  of  German  Society  of  En- 
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producersand  gasengines,  511 
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Coefficient   of   fly-wheel   regula- 
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Coefficient  of  governor  regulation  440 
Coke  oven  gas,  constants  for.  .  .  208 

Cold  gas  efficiency    151 

Cooling  water  conditions  affect- 
ing economy    530 

Combining  weights  and  volumes, 

for  gases    127 

Combination  gasoline  and  alco- 
hol vaporizer    202 

Combination  producers       173 

Combination  producer,  Crossley  173 
Deutz  double  zone       173 

Loomis-Pettibone    174 

Combination  systems  of  govern- 
ing    447 

Combustion,  air  required  for  ...  136 
Combustion  line,  Otto  cycle    ...  90 

Combustion   of  alcohol,   air   re- 
quired     183 
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Constants,  gas,  table  of      126 
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Diagram  of  Lenoir  engine    242 
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Gas  producers  in  practice         156 
Gas,  water,  constants  for     212 
Gases,    combining   weights    and 

volumes         127 

Gases,   commercial,  composition 
of     214 

Gases,  fuel,  constants  for     213 
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Buckeye  two-cycle       286 
Buffalo  tandem      282 

Crossley       324 
Deutz       351 
Diesel       385 
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of    547 

Gas  engines  and  gas  producers, 
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Gas  engines,  blast  furnace,  fuel 
costs  for       561 
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natural,  fuel  costs  for .  . .   558 

Gas  engines,  method    of   opera- 
tion      26 

Gas  engines,  methods  of  testing    486 
producer,  fuel  costs  for    ...   559 
small  and  medium  size  ....   265 
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Gasoline,  composition  and  heat- 
ing value  of        179 

Gasoline,  mixing  devices  for  .  .  .    185 
Gasoline  engine,  automobile ....   372 

Foos      ,     358 

Lozier  two-cycle        364 
Olds    360 
Standard  marine     367 

Strelinger  four-cycle     362 

Gasoline  engines  -.    358 
fuel  costs  for        561 

marine     361 
Gautier  carbureter         191 

Generators,   current,  mechanical 
forms  of     415 

German    Society    of    Engineers, 

Code  for  testing  gas  pro- 
ducers  and    gas    engines  511 

Gibbon  kerosene  vaporizer    ....    193 

Governor,  Campbell  oil  engine.  .   456 

Crossley  hit-and-miss  '.....   452 
Delamare  hit-and-miss  ....    454 
Diesel  engine     459 

Governor,  Ehrhardt  and  Sehmer 

engine        461 

Governor,   Hornsby-Akroyd   en- 
gine     458 

Governor,     Koerting    four-cycle 
engine       460 

Governor,  Nurnberg  engine  ....   458 
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Governing  of  Koerting  engine  .  .    468 

Governing  of  Oechelhauser  en- 
gine    467 

Governing  of  two-cycle  engines     449 
Governing,  Letombe  system  of  .   465 

Reinhardt's  method     464 
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gine    467 

Governing  systems     441 
Governing  by  varying  time  of 

ignition      449 

Governing  by  varying  the  qual- 
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Governing  by  varying  the  quan- 
tity of  fuel  mixture    446 

Governors,  pendulum,  for  hit- 
and-miss  regulation  ....  450 

Governors,  centrifugal,  for  hit- 
and-miss  regulation  ....  454 

Governors,  mechanical  details  of,  450 
Graphical    construction    of    the 

entropy  diagram      120 
Graphical  expressions  for  adia- 

batic  and  isothermal 

changes    55 

Graphical  representation  of  com- 
position of  most  common 

commercial  gases    214 

Grover's  formula  for  mean  effect- 
ive pressure     472 

Giildner's  method  of  determin- 
ing horse-power    477 

Gunpowder  engines     233 

H 

Hammer  break  ignition     398 
Hautefeuille,  Abbe,  gas  engine  of  232 
Hay  vaporizer      190 
Heat  at  constant  pressure,  trans- 

fer of  .  50 
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Heat  at  constant  volume,  trans- 
fer of     50 

Heat  balance     539 
Heat,  definition  of            3 
Heat  engines,  classification  of .  .      17 
Heat    engines,    theoretical    and 

actual,  comparison  of    .  .      61 
Heat,  mechanical  equivalent  of       15 

relation  of  to  entropy       54 
Heat  unit       14 

Heating  value  and  composition 

for  true  explosive  mix- 
tures from  liquid  fuels, 

table  of     217 

Heating  value  and  composition 
of  alcohol      181 

Heating  value  and  composition 
of  blast  furnace  gas    ....    209 

Heating  value,  definition  of    ...    129 
Heating  value  of  carbon         132 

Heating  value  of  carbon  mon- 
oxide    132 

Heating  value  of  crude  oils,  table 
of      178 

Heating  value  of  gasoline         179 

hydrogen   ....    132 
kerosene      179 

liquid  fuels    .  .    134 
oil  gas     208 
solid  fuels    .  .  .    135 

Heating  values  and  specific  grav- 
ities of   commercial  alco- 

hol, table  of      183 
Heating  values  of  hydrocarbons, 

table  of   *      132 Heating  values  of  true  explosive 
mixtures,  table  of     216 

High  tension  distributor        423 

jump-spark  system  423 
Hit-and-miss  engine,  Jacobson .  .   268 

Warren     295 

Hit-and-miss  governor,  Crossley  452 
Delamare     454 

Springfield        453 
Hit-and-miss  system  of  govern- 

ing    442 
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Horch  automobile  engines     373 
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Horsnby-Akroyd  atomizer      193 
Hornsby-Akroyd     engine,     gov- 

ernor for     458 

Hornsby-Akroyd  oil  engine  ....   376 
Horse-power,  brake,  definition  of     38 
Horse-power  defined          1 

Horse-power,  determination  from 
mean  effective  pressure.  .   472 

Horse-power  from  standard  air 
reference  diagram     476 

Horse-power,  Guldner's  method    477 
Horse-power,    indicated,    defini- 

tion of       38 

Horse-power  rating  of  automo- 
bile engines        483 

Hot-air  engine,  Ericsson           22 
Stirling        24 

Hot-air-engines        22 
Hot  gas  efficiency        151 

Hot  tube  igniter,  Koerting    ....   395 

Newton's        238 
Hot  tube  ignition        394 

with  timing  valve  ....   395 

Hugon  engine        242 
Hydrocarbons,  table  of  heating 

values  of      132 

Hydrogen,     lowor     and     higher 
heating  value  of         132 

Hyperbola,  methods  of  drawing      43 

Ignition  .  .    392 

Ignition  by  electric  spark       397 
heat  of  compression  396 
hot  tube    394 

open  flame    392 

Ignition  cock,  Barnett's    392 
Ignition,  hammer  break    398 

jump-spark    401 
make-and -break       397 

Ignition,   variation  in,  affecting 

economy    534 
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Igniter,  Fay  and  Bowen  make- 
and-break     400 

Igniter,  hot  tube,  Newton's  ....  238 
Koerting,  hot  tube     395 

Koerting  open  flame     393 
Illuminating  gas,  constants  for.   206 

Illuminating  gases,  table  of  com- 
position of        207 

Index  for  expansion  and  com- 
pression lines,  method  of 

finding      115 

Indicated    horse-power,    defini- 
tion of       38 

Indicators,  engine       32 

Indicator,  Crosby          34 

optical       35 
Tabor          34 

Thompson          33 
Indicator  diagrams,  forms  of .  .  .      40 

Inertia    governors    for    hit-and- 
miss  regulation         450 

Internal     combustion     engines, 
classification  of          27 

Isothermal  line,  equation  of.  ...      52 
Isothermal    and    adiabatic 

changes,     graphical     ex- 
pressions for       55 

Isothermal  change           16 

Isothermal  expansion,  work  per- 
formed in    .  53 

Jacobson  automatic    cut-off   en- 

gine     271 
Jacobson  gas  engines        267 

hit-and-miss  engine .  .  .   268 

throttling  engine    ....   272 

Jump-spark  ignition     401 

Jump-spark  and  make-and-break 
systems  compared     410 

Jump-spark    system,   high    ten- 
sion     423 

Junker's  gas  calorimeter         131 
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Koerting  engine,  governing  of    .   468 

four-cycle  gas  engine  .   280 
Koerting  four-cycle  engine,  gov- 

ernor for     460 

Koerting  hot  tube  igniter        395 
open  flame  igniter    .  .  .   393 
suction  producer      166 
pressure  producer  ....    161 

Koerting    suction    producer   for 
peat      172 

Koerting  two-cycle  engine     313 

Lacoste  timer     407 

Langen's  experiments  on  specific 
heat     220 

Laws  of  perfect  gases       46 
Leavitt  distributor     426 

Lencauchez  double-zone  suction 
producer      170 

Lencauchez  suction  producer    .  .    170 
Lenoir  engine     239 

diagram  of     242 
gas  consumption  of     242 

Letombe  system  of  governing.  .   465 

Lebon's  engine     234 
Limits  of  explosibility  for  fuel 

mixtures  made  from  dif- 
ferent fuels     218 

Limit  of  piston  speed     471 
Liquid  fuel  engines     358 
Liquid  fuels,  heating  value  of ...  134 
Liquid  fuels,  mixing  devices  for.  185 
Loomis-Pettibone  combination 

producer      174 
Lowe  system  for  making  oil  gas.  196 
Low  tension  system  of  wiring.  .  421 
Lower  and  higher  heating  value 

of  hydrogen      132 
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Lower  loop  diagrams,  Otto  cycle  101 
Lozier  two-cycle  marine  gasoline 

engine      :W4 
Lunkenheimer  mixing  valves   . .    187 
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Magneto,  action  of        416 
Magnetos  and  dynamos     415 

Magnetos,  systems  of  wiring  em- 
ploying     422 

Mahler's  bomb  calorimeter  ....    129 
Maintenance  and  repairs     567 
Make-and-break  and  jump-spark 

systems  compared     410 
Make-and-break  ignition     397 

Mallard    and    LeChatelier's    ex- 
periments on  specific  heat   220 

Manograph        35 
Marine   gasoline   engine,    Lozier 

two-cycle        364 
Marine  gasoline  engine,  Standard  367 
Marine  gasoline  engines      3(5 1 
Mathematical  construction  of  the 

entropy  diagram      112 
Mathot  explosion  recorder      500 

Matteucci  and  Barsanti  free  pis- 
ton engine        239 

Mean  effective  pressure,  Grover's formula      472 

Mean   effective   pressure,    tables 
for  determining     473 

Mechanical  details  of  governors    450 
equivalent  of  heat    .      15 
forms  of  generators  4 1 5 

Method   of   connecting    up    pri- 

mary and  secontlary  bat- 
teries      -120 

Method  of  drawing  hyperbola  .  .      43 

Method  of  finding  index  for  ex- 
pansion and  compression 

lines      115 

Method     of     governing,.    Rein- 
hardt's         464 

Method    of    operating    gas    en- 
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Mietz  and  Weiss  oil  engine      383 
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liquid  fuels    .    185 
Mixing  valves,  Lunkenheimer  .  .    187 
Mond  pressure  producer      163 

Mond  process  for  making  pro- 
ducer gas     1 63 

Moore  automobile  engine  .......   374 
Morgan  pressure  producer      160 
Muffler,  ejector        428 

Powell      428 
Mufflers  .  .  .426 

N 

Natural  gas,  constants  for     212 

PAGE 

Newton's  hot  tube  igniter   238 
Non-trembler  spark  coil     402 
Niirnberg  engine     339 

governor  for     458 
N  urn  berg  gas  engine,     table     of 

standard  sizes  ..  .   346 

0 

Oechelhauser  engine,  governing 
of     467 

Oechelhauser  gas  engine    ......   355 
Oil  and   gas  engines,   tests,  of, 

Code  of  A.S.M.E   488 
Oil  and  waste,  costs  of     564 
Oil,  crude,  distillates         180 

crude      178 

Oils,    crude,    table    of    heating 
value  and  composition  .  .    178 

Oil  engine,  Brayton,  test  of.  ...   250 

De  La  Vergne  two-cycle  .  .  .   380 
Hornsby-Akroyd     376 
Mietz  and  Weiss       383 
Priestman     388 

Oil  engines     375 
Oil  gas,  composition  of     207 

heating  value  of        208 
Lowe  system  for  making  .  .    196 

Olds  gas  engine       292 
Olds  gasoline  engine     360 
Open  flame  igniter,  Koerting     .  .    393 

ignition        392 
Operating  costs       568 
Operation,  cost  of     533 
Optical  indicator       35 

pyrometers          9 
Otto  or  Beau  de  Rochas  cycle, 

theoretical           65 

Otto  cycle,  combustion  line    ...     90 
compression  stroke        80 
diagrams,  typical       94 
exhaust  stroke      100 

expansion  line          97 
pressure  ratio  in        92 
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Otto  cycle,  requirements  for  best 
efficiency  in        100 

Otto  cycle,  suction  stroke       84 
Otto  cycle,  table  of  allowable 

compression  pressures 
and  clearances  for  various 
fuels    90 

Otto  cycle,  table  of  compression 

pressures  and  tempera- 
tures    88- 

Otto  cycle,  table  of  cyclic  effi- 
ciencies    69 

Otto  cycle,  table  of  volumetric 
efficiencies  and  suction 

pressures    86 
Otto    cycle,    theoretical,    cyclic 

efficiency  of          68 

Otto  cycle,  two-stroke      102 
Otto  cycle,   typical   lower  loop 

diagrams      101 
Otto  engine     251 

engines,  early,  tests  on ....   254 
Otto  and  Langen  free  piston  en- 

gine    244 
Otto-Langen  free  piston  engine, 

table  of  tests        247 

Otto-Langen  free  piston  engine, 
typical  diagram     248 

Otto  gas  engine,  Philadelphia  .  .   291 

Papin's  engine    232 
Pendulum  or  inertia  governors 

for  hit-and-miss  regula- 
tion   450 

Perfect  gases,  characteristics  of  45 
laws  of       46 

Perfect  gas,  specific  heat  of  ....  12 
Perfect  gases,   table  of  specific 

volumes    47 

Perry's  engine    238 
Petreano  surface  carbureter ....  187 

Philadelphia  Otto  engine    291 
Piping  and  auxiliaries,  cost  of    .  548 
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Piston  speed,  effect  on  economy,  530 
limit  of    471 

Pittsfield  timer       407 

Poetter  pressure  producer    162 
Powell  muffler    428 

Power  of  gas  engines      471 
Premier  gas  engine    347 
Pressure  after  combustion    220 

producers    159 
producer  capacities  .  .  .  176 

Pressure  producers,  rate  of  gasi- 
fication   177 

Pressure  producer,  Deutz       162 
Koerting    161 
Mond    163 

Morgan    160 
Poetter    162 

Taylor    159 
Wile    160 

Pressure  ratio  in  the  Otto  cycle  92 
volume  diagram  defined  3 

Priestman  oil  engine    388 

vaporizer    194 
Prime  movers,  comparative  cost 

of  power  for   569-579 
Producers  and  gas  engines,  cost 

of    547 
Producers,  classification  of    ....  158 

combination    173 
Producer,  combination,  Crossley  173 
Producer,     combination,     Deutz 

double-zone       173 

Produc?r,  combination,  Loomis- 
Pettibone .    174 

Producer  details       175 

gas       149 
Producer  gas,  composition  of  by 

volume  per  pound  of  car- 
bon gasified     152 

Producer  gas,  determination  of 
weight  and  volume  per 
pound  of  carbon      151 

Producer  gas  engines,  fuel  costs 
for    559 

Producer  gas,  fixation  of    157 

gas,  Mond  process    ...  163 
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Producer,  pressure,  Deutz    162 

Koerting    161 

Mond      "    163 
Morgan    160 
Poetter    162 

Taylor    159 
Wile    160 

Producers,  suction       165 
Producer,      suction,      American 

Crossley       167 
Producer,  suction,  Deutz    165 

Fairbanks-Morse    168 
Koerting    166 
Koerting  for  peat       172 
Lencauchez       170 
Riche  .  .  .  :   ,    169 

Producer  yield,  theoretical    ....  153 
Production  of  air  gas    147 

water  gas    147 
Products  of  combustion    136 

Prony  brake    39 
Pyrometers    7 

optical    9 

Q 

Quality  governing     444 
Quantity  governing        446 

a 

Rate  of  gasification  in  pressure 
producers      177 

Rate  of  work            1 
Rating  of  storage  batteries      413 

Regulation,     coefficient    of    fly- 
wheel     439 

Regulation,  governor     440 
Regulation  of  gas  engines       439 
Reichenbach   engine,    governing 

of     463 

Reinhardt's  method  of  governing  464 
Relation  of  heat  to  entropy    ...      54 
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Repairs  and  maintenance        567 
Requirements  for  best  efficiency 

in  Otto  cycle         100 

Requirements  for  proper  scav- 
enging of  cylinder,  two- 

cycle  engine    103 
Reversible  engine,  Carnot       54 
Riche  suction  producer         169 
Riverside  gas  engine     320 
Robey  governor    455 

Sargent  gas  engine       310 

Scavenging  of  cylinder,  two- 
cycle  engine,  require- 

ments for     103 

Second  law  of  thermodynamics       55 
Sintz  carbureter         188 

timer     406 

Snow  gas  engines        329 
Solid  fuels,  heating  value  of.  ...    135 
Sources  of  current     410 

Spark  coil,  action  of     402 
dashboard     406 
four-terminal       405 
three- terminal     405- 
Non-trembler     402 
trembler     403 

Spark  gap,  auxiliary     409 
coils,  condensers  in     404 
coils,  types  of     405 
plugs       4C6 

Specific  gravities  and  heating 
values  of  commercial  al- 

cohol, table  of    183 

Specific  heat  at  constant  pres- 
sure    13 

Specific  heat  at  constant  volume     13 
Specific    heat    experiments    by 

Clerk  .  .  .  ."     224 
Specific    heat    experiments    by 

Langen     220 
Specific    heat    experiments    by 

Mallard  and  LeChatelier.   220 
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Specific  heat  of  perfect  gas   ....  12,  48 
Specific     heat     variation     with 

temperature     220 
Specific  heats,  table  of        13 
Specific  volumes  of  perfect  gases, 

table  of       47 

Spraying  or  atomizing  carburet- 
ers       187 

Springfield    hit-and-miss    gover- 
nor      453 

Standard  marine  gasoline  engine  367 
Starter,  Clerk-Lanchester         432 

Felten  and  Guilleaume  ....   436 

Starting  apparatus      428 
Starting  by  auxiliary  source  of 

power         431 
Starting  by  compressed  air     ...   433 

electricity     436 
fuel  mixture     431 
means  of  crank  ....   429 

Steam  engines,  fuel  costs  for  .  .  .   557 
turbines,  fuel  costs  for  .  .    558 

Stirling  hot-air  engine           24 
Storage    batteries    or    accumu- 

lators      411 

Storage  batteries,  charging  of .  .   414 
rating  of     413 
testing  of        414 

Stratification,  theory  of        97 

Strelinger  four-cycle  gasoline  en- 
gine      362 

Street,  Robert,  engine  of     233 

Suction  plants,  volume  of  scrub- 
ber     176 

Suction  pressures  and  volumetric 
efficiencies  for  Otto  cycle, 
table  of        86 

Suction  producers      165 
Suction      producer,      American 

Crossley         167 
Suction  producer,  Deutz         165 

Fairbanks-Morse      168 
Lencauchez      170 

Suction    producer,    Lencauchez, 
double-zone   .  .170 

Suction  producer,  Koerting  ....  166 
Koerting,  for  peat    172 
Riehc    169 

Suction  stroke  of  Otto  cycle  ...  84 
Surface  carburet;  r    186 

Swiderski-Longuemarre    alcohol 
vaporizer       199 

System  of  governing,  Letombe.  465 
System     of     wiring     employing 

magnetos       422 
System  of  wiring,  low  tension .  .  421 
Systems  of  governing    441 

combination    447 

System    of   governing,    hit-and- 
miss        442 

Systems  of  wiring     420 

Tables  for  determining  mean 
effective  pressure     473 

Table  of  allowable  compression 
pressures  and  clearances 
for  various  fuels,  Otto 

cycle     90 
Table  of  combining  weights  and 

volumes  for  gases     128 
Table  of  composition  and  heating 

value  for  true  explosive 
mixtures  from  liquid  fuels  217 

Table  of  composition  of  typical 
illuminating  gases    207 

Table  of  compression  pressures 
and  temperatures  for 
Otto  cycle    88 

Table  of  constants  for  gas-engine 
fuel  gases     213 

Table  of  cyclic  efficiencies  for 
Otto  cycle     69 

Table  of  denaturizing  agents  for 
alcohol     184 

Table  of  engine  tests      544,  545 

Table  of  gas  constants  R  for  per- 
fect gases     48 

Table  of  heating  value  and  com- 
position of  crude  oils.  ...  178 
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Table  of  heating  values  of  hydro- 
carbons    132 

Table  of  heating  values  of  true 
explosive  mixtures        216 

Table    of    relative     fly-wheel 
weights     440 

Table  of  specific  gravities  and 

heating  values  of  com- 
mercial alcohol     183 

Table  of  specific  heats      .•    .13 
Table  of  specific  heats  for  per- 

fect gases     48 
Table  of  specific  volumes  of  per- 

fect gases     47 
Table  of  standard  sizes  N  urn- 

berg  gas  engine    346 

Table  of  tests  on  producer  plants,'  546 thermometric  scales    .  .        5 

Table    of    true    explosive    mix- 
tures,   for    commercial 

gases     216 
Table  of  vapor  tension  for  alco- 

hol and  water     204 

Table  of  various  gas  constants.  .    126 
Table  of  volumetric  efficiencies 

and  suction  pressures  for 
Otto  cycle       86 

Tabor  indicator       34 

Tandem  gas  engine,  Buffalo    .  .  .   282 

Westinghouse   "...   306 
Tar-forming  gases,  fixation  of.  .    157 
Taylor  pressure  producer      159 
Temperature,    absolute       6 
Temperature  after  combustion  .   220 
Temperature,  definition  of          3 
Temperatures  and  compression 

pressures  for  Otto  cycle, 
table  of        88 

Temperature  scales         5 
Test  on  Brayton  oil  engine     250 
Tests  of  Clerk  engines        257 

Tests  of  engines  and  gas  produc- 
ers, results  of .  .    542 

Tests  of  gas  engines      544,  545 
on  early  Diesel  engines    .  .   262 
on  early  Otto  engines  ....   254 

PAGE 

Tests  of  gas  and  oil  engines,  Code 
of  A.S.M.E.  for  1901    487 

Tests  on  producer  plants,  table.  546 
Testing  of  gas  engines,  methods 

for    486 

Testing  of  storage  batteries  ....  414 
Theoretical  and  actual  heat  en- 

engines,  comparison  of    .  61 
Theoretical  Brayton  cycle    69 

cycles,  comparison  of  73 
Diesel,  cycle       71 

Theoretical    Otto    cycle,    cyclic 
efficiency  of      68 

Theoretical    Otto    or    Beau    de 

Rochas  cycle    .    65 
Theoretical  yield  of  producer    .  .  153 
Theory  of  dissociation       98 

stratification       97 
Thermal  unit,  British    14 
Thermo  dynamics,  second    law 

of   ,    55 
Thermo-element       8 
Thermometer,  air       8 
Thermometers,       6 

calorimetric       11 
electrical    8 
fusion       11 

vapor    11 
Thermometric  scales,  table  cf  .  .  5 
Thermopyle    8 
Thompson  indicator      33 
Three-port  two-cycle  engine ....  366 
Three-terminal  spark  coil       405 
Throttling  engine,  Jacobson    .  .  .  272 

engines,  Warren  ....  295 
Time  of  explosion      227 
Timer,  Grouse-Hinds  double-ball  408 

Lacoste        407 
Pittsfield    407 
Sintz    406 

Timing  valve      395 
Timers    405 

Tod  gas  engine       306 
Total  operating  costs    568 
Transfer  of  heat  at  constant  pres- 

sure .  50 
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PAGE 

Transfer    of    heat    at    constant 
volume      !     50 

Trembler  spark  coil        403 
True  explosive  mixture        215 
True    explosive     mixtures,     for 

commercial    gases,    table 
of     216 

Two-cycle  engine,  governing  of 
449,  467 

Koerting     313 
three-port     366 

Two-cycle  gas-engine,  Buckeye      286 
Two-cycle    marine   gasoline    en- 

gine, Lozier        364 
Two-cycle     oil     engine,     De  La 

Vergne        380 
Two-stroke  Otto  cycle      102 
Typical    computations    on    fuel 

mixtures     and     exhaust 

gases      138 

Typical    diagram,  .  Otto-Langen 
free  piston  engine     248 

Typical  Diesel  engine  diagrams.    106 
Typical    lower    loop    diagrams, 

Otto  cycle      101 
Typical  Otto  cycle  diagrams  ...     94 

U 

Unit,  British  thermal        14 

Value  of  blast  furnace  gas    560 
Vapor  tension  for  alcohol  and 

water,  table  of    204 
Vapor  thermometers    11 
Vaporizer,  alcohol,  Diirr     201 

Vaporizer,  alcohol,  Swiderski- 
Longuemarre     199 

Vaporizer,  Altman  alcohol    198 
Vaporizer,  combination  alcohol 

and  gasoline    202 

PAGE 

Vaporizer,  Crossley    194 
crude  oil,  Economist    195 

Vaporizer,  crude  oil,  Fairbanks- 
Morse       389 

Vaporizer,  Deutz  alcohol    198 
Dresden  alcohol    201 
Gibbon  kerosene         193 
Priestman        194 

W.  Hay    190 
Vaporizing  devices  for  alcohol .  .  196 
Vaporizing  devices  for  crude  oil 

and  kerosene    192 
Variation    of    fuel    consumption 

with  load       554 

Variation  of   specific   heat   with 
temperature    220 

Velocity  of  flame  propagation.  .  227 
Vertical     gas    engine,  Westing- 

house     306 
Volume  of  scrubber   in   suction 

plants       176 
Volumetric  efficiencies  and  suc- 

tion   pressures    for    Otto 
cycle,  table  of    86 

W 

Warren  hit-and-miss  engine    .  .  .    295 
throttling  engines     295 

Waste  and  oil,  cost  of        564 
Water  gas,  constants  for      212 

production  of      147 
Wiring,  low  tension  system  of  .  .   421 

Weights,  fly-wheel,  table  of.  ...   440 
Westinghouse  gas  engine     266 
Westinghouse  horizontal  gas  en- 

gine      304 
Westinghouse     vertical     engine, 

governor  for      460 
Westinghouse  vertical  single-act- 

ing tandem  gas  engine   .  .    306 
Wet  and  dry  cells        410 
Wile  pressure  producer         160 
Wiring  employing  magnetos,  sys- 

tems of.  .  .    422 
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A   LIST   OF   BOOKS 

—ON— 

Steam  and  Steam  Engineering, 

AUCHINCLOSS,  W.  S.  The  Practical  Application  of  the  Slide 
Valve  and  Link  Motion  to  Stationary,  Portable,  Locomotive, 
and  Marine  Engines,  with  new  and  simple  methods  for  propor- 

tioning the  parts.  Fifteenth  Edition,  revised.  52  Illustrations.  8vo. 
Cloth.  144  pp   $2 .00 

BACON,  F.  W.  A  Treatise  on  the  Richards  Steam  Engine 
Indicator,  with  directions  for  its  use.  By  Charles  T.  Porter.  Re- 

vised, with  notes  and  large  additions  as  developed  by  American  prac- 
tice; with  an  appendix  containing  useful  formulae  and  rules  for  engi- 

neers4  Fourth  Edition.  Illustrated.  16mo.  Cloth.  180  pp   1.00 

BARRUS,  G.  H.  Boiler  Tests:  Embracing  the  results  of  one 
hundred  and  thirty-seven  evaporative  tests,  made  on  seventy-one  boil- 

ers, conducted  by  the  author.  Illustrated.  Svo.  Cloth.  252  pp. 3. 00 

—  Engine  Tests :  Embracing  the  results  of  over  one  hundred  feed- 
water  tests  and  other  investigations  of  various  kinds  of  steam-engines, 
conducted  by  the  author.  With  numerous  figures,  tables,  and  dia- 

grams. Svo.  Cloth.  338  pp   4.00 
The  above  two  purchased  together   6.00 

BEAUMONT,  W.  W.  Practical  Treatise  on  the  Steam  Engine 
Indicator,  and  Indicator  Diagrams.  With  notes  on  engine  per- 

formances, expansion  of  steam,  behavior  of  steam  in  steam  engine  cylin- 
ders, and  on  gas-  and  oil-engine  diagrams.  Second  Edition,  revised  and 

enlarged.  1 28  Illustrations.  Svo.  Cloth.  261  pp   Net,  2 . 50 

BEGTRUP,  J.  The  Slide  Valve  and  its  Functions.  With  special  refer- 
ence to  modern  practice  in  the  United  States.  Second  Edition.  Illus- 

trated. Svo.  Cloth.  145  pp   2 .00 
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BERTIN,  L.  E.  Marine  Boilers :  their  Construction  and  Work- 
ing, dealing  more  especially  with  tubulous  boilers.  Translated  by 

Leslie  S.  Robertson.  Preface  by  Sir  William  White.  Second  Edition, 
revised  and  enlarged  350 Illustrations.  8vo.  Cloth.  694 pp. Net, 5.00 

BOOTH,  W.  H.  Superheat,  Superheating,  and  their  Control. 
Illustrated.  8vo.  Cloth.  170  pp   Net,  1 .50 

— —  Water  Softening  and  Treatment,  condensing  plant,  feed  pumps, 
and  heaters  for  steam  users  and  manufacturers.  Illustrated.  8vo. 
Cloth   Net,  2.50 

CARPENTER,  R.  C.,  and  DIEDERICHS,  H.  Internal  Combus- 
tion Engines;  Their  Theory,  Construction,  and  Operation. 

Illustrated.  8vo.  Cloth.  611  pp   Net,  5 .00 

CHRISTIE,  W.  W.  Boiler-waters,  Scale,  Corrosion,  Foaming. 
77  Illustrations.  8vo.  Cloth.  242  pp   Net,  3 .00 

  Chimney  Design  and  Theory.  A  book  for  engineers  and  archi- 
tects. Revised  and  enlarged.  Illustrated.  8vo.  Cloth.  200  pp. 3. 00 

—  Furnace  Draft ;  its  Production  by  Mechanical  Methods. 
Second  Edition,  revised.  Illustrated.  16mo.  Boards.  80  pp.  (Van 
Nostrand  Science  Series  No.  123.)   50  cents 

CLARK,  D.  K.  Fuel:  its  Combustion  and  Economy. 

Comprising  an  abridgment  of  "A  Treatise  on  the  Combustion  of  Coal," 
by  C.  W.  Williams.  With  extensive  additions  on  recent  practice  in  the 
combustion  and  economy  of  fuel,  coal,  coke,  wood,  peat,  petroleum, 
etc.  Fourth  Edition.  144  Illustrations.  12mo.  Cloth.  366  pp..  1.50 

DAY,  C.  Indicator  Diagrams  and  Engine  and  Boiler  Testing. 
Third  Edition.  125  Illustrations.  12mo.  Cloth.  220  pp   2.00 

DRAPER,  C.  H.  Heat  and  the  Principles  of  Thermodynamics. 
Third  Edition.  1 33  Illustrations.  12mo.  Cloth.  363  pp   1 . 50 

GOODEVE,  T.  M.  A  Text-book  on  the  Steam  Engine.  With  a 
supplement  on  gas  engines.  Twelfth  Edition,  enlarged.  143  Illustra- 

tions. 12mo  Cloth   2 .00 

GOULD,  E.  S.  The  Arithmetic  of  the  Steam  Engine,  illus- 
trated. 12mo.  Cloth.  80  pp   1.00 

HAEDER,  H.  A .  Handbook  on  the  Steam  Engine.  With 
especial  reference  to  small  and  medium-sized  engines.  For  the  use 
of  engine  makers,  mechanical  draughtsmen,  engineering  students,  and 
users  of  steam  power.  Translated  from  the  German,  with  consid- 

erable additions  and  alterations,  by  H.  H.  P.  Powles.  Third  English 
Edition,  revised.  Illustrated.  8vo.  Cloth.  465  pp   3.00 
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HALSEY,  F.  A.  Slide  Valve  Gears.  An  explanation  of  the 
action  and  construction  of  plain  and  cut-off  slide  valves.  Eleventh 
Edition,  revised  and  enlarged.  109  Illustrations.  12mo.  Cloth.  211 
pp   1.50 

HAUSBRAND,  E.  Drying  by  Means  of  Air  and  Steam,  with 
explanations,  formulas,  and  tables,  for  use  in  practice.  Translated 
from  the  German  by  A.  C.  Wright.  Illustrated.  12mo  Cloth. 
70  pp   Net,  2 .00 

-  Evaporating,    Condensing,    and    Cooling    Apparatus.      Ex- 
planations, formulae,  and   tables  for  use  in  practice.     Translated  from 

the  second  revised  German  edition  by  A.  C.  Wright.     With  numerous 
figures,  tables,  and  diagrams.     8vo.     Cloth.     423  pp   Net,  5.00 

HECK,  R.  C.  H.  The  Steam  Engine  and  Other  Steam  Motors. 
A  text-book  for  engineering  colleges  and  a  treatise  for  engineers.  In 
Two  Volumes.  8vo,  Cloth. 

Vol.  I.    The  Thermodynamics  and  the  Mechanics  of  the  Engine. 
187  Illustrations.  400  pp   Net,  3.50 

Vol.  II.  Form,  Construction,  and  Working  of  the  Engine : 
The  Steam  Turbine.  698 Illustrations.  686 pp   Net,  5.00 

Abridged  edition  of  above  two  volumes.   In  Press 

BUTTON,  W.  S.  Steam  Boiler  Construction.  A  practical  hand- 
book for  engineers,  boiler  makers,  and  steam  users,  containing  a  large 

collection  of  rules  and  data  relating  to  recent  practice  in  the  design, 
construction,  and  working  of  all  kinds  of  stationary,  locomotive,  and 
marine  steam  boilers.  Fourth  Edition,  carefully  revised  and  enlarged. 
540  Illustrations.  8vo.  Cloth.  675  pp   6 .00 

-  The  Practical  Engineer's  Handbook.    Comprising  a  treatise  on 
modern  engines  and  boilers,  marine,  locomotive,  and  stationary.    Sixth 
Edition,  revised  and  enlarged.     423    Illustrations.     8vo.     Cloth.      556 
pp   7.00 

JAMIESON,  A.  A  Text-book  on  Steam  and  Steam  Engines, 
including  turbines  and  boilers.  Specially  arranged  for  the  use  of  engi- 

neers qualifying  for  the  Institution  of  Civil  Engineers,  the  diplomas 
and  degrees  of  technical  colleges  and  universities,  advanced  science 
certificates  of  British  and  colonial  Boards  of  Education,  and  honours 
certificates  of  the  City  and  Guilds  of  London  Institute,  in  mechanical 
engineering,  and  engineers  generally.  Fifteenth  Edition,  revised. 
Illustrated.  8vo.  Cloth.  842pp....!   3.00 

-  Elementary   Manual    on    Steam   and   the   Steam    Engine. 
Specially  arranged  for  the  use  of  first  year  science  and  art,  City  and 
Guilds  of  London  Institute,  and  other  elementary  engineering  students. 

Tenth  Edition,  revised.)  12mo.     Cloth   '   1 .50 
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KENNEDY,    R.     Modern   Engines   and   Power   Generators.     A 
practical  work  011  prime  movers  and  the  transmission  of  power.     With 
tables,    figures,    and    full-page    engravings.     Six   volumes.    Illustrated. 
8yo.     Cloth   15 .00 
Single  volumes,  each   3 . 00 

KERSHAW,  J.  B.  C.  Fuel,  Water,  and  Gas  Analysis, 
for  steam  users.  With  50  Illustrations.  8vo.  Cloth.  177  pp. Net,  2.50 

KLEIN,  J.  F.  Design  of  a  High  Speed  Steam  Engine.  With 
notes,  diagrams,  formulas,  and  tables.  Second  Edition,  revised  and 
enlarged.  140  Illustrations.  8vo.  Cloth.  257  pp   Net,  5 .00 

KLEINHANS,  F.  B.  Boiler  Construction.  A  practical  explanation 
of  the  best  modern  methods  of  boiler  construction,  from  the  laying  out 
of  sheets  to  the  completed  boiler.  With  diagrams  and  full-page  engrav- 

ings. 8vo.  Cloth.  421  pp    .  .3 .00 

KOESTER,  F.  Steam  Electric  Power  Plants  and  their  Con- 
struction. A  practical  treatise  on  the  design  of  central  light  and 

power  stations  and  their  economical  construction  and  operation.  340 
Illustrations.  4to.  Cloth.  473  pp   Net,  5.00 

LEASK,  A.  R.  Triple  and  Quadruple  Expansion  Engines  and 
Boilers  and  their  Management.  Fourth  Edition,  revised  and 
enlarged.  74  Illustrations.  12mo.  Cloth.  306  pp   2.00 

LEWES,  V.  B.  Liquid  and  Gaseous  Fuels  and  the  Part  They 
Play  in  Modern  Power  Production,  illustrated.  8vo.  Cloth. 
348  pp.  (Van  Nostrand's  Westminster  Series.)   Net,  2.00 

LUCKE,  C.  E.  Power,  Cost,  and  Plant  Designs  and  Construc- 
tion. 2  Vols   In  Press 

PICKWORTH,  C.  N.  The  Indicator  Handbook.  A  practical  man- 
ual for  engineers.  In  Two  Parts.  12mo.  Cloth. 

Part  I.  The  Indicator:  Its  Construction  and  Application.  Third 
Edition.  81  Illustrations.  .130  pp   1 . 50 

Part  II.  The  Indicator  Diagram:  its  Analysis  and  Calculation. 
Third  Edition.  143  Illustrations.  134  pp   1 . 50 

PRAY,  T.,  Jr.  Steam  Tables  and  Engine  Constant.  Compiled 
from  Regnault,  Rankine,  and  Dixon  directly,  making  use  of  the  exact 
records.  8vo.  Cloth.  126  pp   2.00 

RANKINE,  W.  J.  M.  The  Steam  Engine  and  Other  Prime 
Movers.  With  diagram  of  the  mechanical  properties  of  steam.  Fold- 

ing-plates, numerous  tables,  and  illustrations.  Fifteenth  Edition,  thor- 
oughly revised  by  W.  J.  Millar.  8vo.  Cloth   5.00 

  Useful  Rules  and  Tables  Relating  to  Mensuration,  Engi- 
neering, Structures,  and  Machines.  With  tables,  tests,  and 

formulae  for  the  use  of  electrical  engineers.  By  Andrew  Jamieson. 
Seventh  Edition,  thoroughly  revised  by  W.  J.  Millar.  Illustrated.  ]2mo. 
Cloth.  482pp.   4.00 
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RATEAU,  A.  Experimental  Researches  on  the  Flow  of  Steam 
Through  Nozzles  and  Orifices.  Translated  by  H.  B.  Brydon. 
Illustrated.  12mo.  Cloth.  82  pp   Net,  1 .50 

REED'S  Marine  Boilers.  A  treatise  on  the  causes  and  prevention 
of  their  priming,  with  remarks  on  their  general  management.  Third 
Edition,  rewritten  and  enlarged.  79  Illustrations.  12mo.  Cloth. 
264  pp   Net,  2.00 

RICHARDSON,  J.  The  Modem  Steam  Engine.  Theory,  Design, 
Construction,  Use.  A  practical  treatise.  300  Illustrations.  8vo. 
Cloth.  384  pp   Net,  3.50 

ROBERTSON,  L.  S.  Water  Tube  Boilers.  Based  on  a  short  course 
of  lectures  delivered  at  University  College,  London.  With  171  Illus- 

trations. 8vo.  Cloth.  228  pp   3.00 

ROSE,  J.  Key  to  Engines  and  Engine  Running.  A  practical 
treatise  upon  the  management  of  steam  engines  and  boilers,  for  the 
use  of  those  who  desire  to  pass  an  examination  to  take  charge  of  an 
engine  or  boiler.  With  numerous  illustrations,  and  instructions  upon 
engineers'  calculations,  indicator  diagrams,  engine  adjustments,  and 
other  valuable  information  necessary  for  engineers  and  firemen.  Third 
Edition.  12mo.  Cloth.  416  pp   2 . 50 

ROSSITER,  J.  T.  Steam  Engines.  Illustrated.  8vo.  Cloth.  (Van 
Nostrand's  Westminster  Series.)   In  Press 

ROWAN,  F.  J.  The  Practical  Physics  of  the  Modern  Steam 
Boiler.  With  an  introduction  by  R.  H.  Thurston.  With  314 
Illustrations.  8vo.  Cloth.  683  pp   7.50 

SCHUMANN,  F.  A  Manual  of  Heating  and  Ventilation 
in  their  practical  application,  for  the  use  of  engineers  and  architects. 
Embracing  tables  and  formula?  for  dimensions  of  heating,  flow  and 
return  pipes  for  steam  and  hot  water  boilers,  flues,  etc.  Fourth  Edition, 
revised  and  enlarged.  Illustrated.  12mo.  Leather.  100  pp   1.50 

SCRIBNER,  J.  M.  Engineers'  and  Mechanics'  Companion. 
Twenty-first  Edition.  Illustrated.  16mo.  Morocco.  264  pp   1 .50 

SEATON,  A.  E.  A  Manual  of  Marine  Engineering.  Comprising 
the  design,  construction,  and  working  of  marine  machinery.  With 
numerous  tables  and  illustrations  reduced  from  working  drawings. 
Sixteenth  Edition,  revised  and  enlarged.  8vo.  Cloth.  735  pp   6.00 

SEATON,  A.  E.,  and  ROUNTHWAITE,  H.  M.  A  Pocket-book  of 
Marine  Engineering  Rules  and  Tables.  For  the  use  of 
marine  engineers  and  naval  architects,  designers,  draughtsmen,  super- 

intendents, and  all  engaged  in  the  design  and  construction  of  marine 
machinery,  naval  and  mercantile.  Ninth  Edition,  revised  and  enlarged. 
Illustrated.  12mo.  Leather.  560  pp   3.00 
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SEXTON,  A.  H.  Fuel  and  Refractory  Materials.  Illustrated.  8vo. 
Cloth   2.00 

SHOCK,  W.  H.  Steam  Boilers :  their  design,  construction,  and  man- 
agement. 150  Illustrations  and  34  Full-page  Plates.  4to.  Half 

morocco.  475  pp   15.00 

SOTHERN,  J.  W.  The  Marine  Steam  Turbine.  A  practical  de- 
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106 INTERNAL COMBUSTION ENGINES 
5.3.1 Combustion Research in Hydrocarbon-Oxygen Mixtures 

In order to understand the reactions in the end gas we must 
examine the fundamental oxidation reactions in hydrocarbon-oxygen 
mixtures. Studies of these reactions may be made in static or 
continuous flow apparatus or in rapid compression machines or in 
motored engines. The simplest experiments are in static and 
continuous flow apparatus. The phenomena discovered in these 
experiments have been confirmed in rapid compression machines and 
motored engines; we shall describe the static experiments. In 
these experiments the hydrocarbon-oxygen mixture is admitted to a 
heated quartz or silica vessel at a fixed temperature and pressure 
and the reactions studied both visually and quantitatively. From 
these experiments the pressure and temperature for auto-ignition of 
the mixture can be observed. An ignition diagram can be 
constructed from which the auto-ignition pressure/temperature 
characteristics for the mixture can be determined. Such a diagram 
is shown for a 1:1 propane-oxygen mixture in a silica vessel 
(Fig. 5.6). 

500 h 

True ignition 

400 h 

300 h 

400 600 
Pressure (mmHg) 

800 

FIG. 5.6. Spontaneous ignition temperatures of a C3H8 + O2 mixture. 
(From Hewitt and Thornes,^^^ by courtesy of the Chemical Society.) 

These results were obtained by Hewitt and Thornes.^^ We shall 
examine the conditions along a constant pressure line (AB) 
corresponding to a pressure of 360 mm. Below 275°C slow oxidation 
reactions are observed; between 275-285°C a faint luminosity 
develops after several minutes and remains until the reaction is 
nearly complete. At 290°C (point A) the luminosity is followed by 
a pale blue "cool" flame of low intensity which starts near the 
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COMBUSTION IN SPARK IGNITION ENGINES 107 
centre of the vessel and spreads outwards giving rise to a pressure 
pulse. After the passage of the flame, the luminosity persists for 
several seconds. Between 300^0 (D) and 340°C (E) the luminosity 
appears immediately on filling the vessel and is succeeded by three 
to five "cool" flames at intervals of several seconds, each of which 
traverses the whole vessel before its extinction gives rise to a 
pressure pulse. Between 340°C (E) and 345°C (F) only two cool 
flames, and between 345°C (F) and 385°C (G) only one cool flame, are 
observed. The intensity of the cool flames is increased as the 
number diminishes. Above 350°C the single cool flame become less 
intense as the reaction temperature is raised; on the other hand, 
the general luminosity increases in intensity until at 425°C (B) a 
bright blue flame appears. At a slightly higher temperature this 
changes to the characteristic yellow flame associated with true 
ignition. 

Outside the cool flame and ignition region the chemical 
reactions proceed at a rate corresponding to the pressure and 
temperature. 

In traversing the cool flame region to the true ignition point 
there may be several seconds delay between the appearance of a cool 
flame and true ignition at the point L, e.g. along an isothermal HL. 
The region NHM is called the cool flame peninsula. In this 
experiment the hydrocarbon-oxygen reaction exhibited two types of 
auto-ignition, a low temperature ignition-cool flames and a high 
temperature ignition-normal flamesT To distinguish between tne two 
types of ignition the region below 350-400^0 is called the low 
temperature region and above 350-400°C the high temperature region. 
The chemical mechanism for the reactions in tne two regions is 
different. Not all hydrocarbon-oxygen mixtures exhibit the two 
types of ignition and not all mixtures which exhibit cool flames 
generate five cool flames; the number varies from one to five. 
Hydrocarbon-oxygen mixtures with low temperature and high temperature 
ignition regions include the higher paraffinics, such as n-heptane 
and iso-octane, to which we shall refer to later. 

When a hydrocarbon-oxygen mixture has only one ignition 
temperature at a given pressure this temperature is in the high 
temperature region. The ignition curves for these mixtures are 
monotonic functions of pressure. Typical hydrocarbons exhibiting 
high temperature ignition only are benzene and methane whose ignition 
curves are shown in Fig. 5.7, together with the ignition curves for 
typical hydrocarbons n-heptane and iso-octane. Cool flames are not 
observed for methane and benzene. 

In hydrocarbon-oxygen mixtures the blue cool flames are 
identified with the fluorescence spectrum of formaldehyde. Aldehydes 
are always present in cool flame regions. The concentrations vary 
with time reaching a maximum on the appearance of the cool flame 
(Fig. 5.8). 

Significant quantities of peroxide are also present in the 
reacting mixture reaching a maximum just before the appearance of 
the cool flame and then dropping as shown in Fig. 5.8. In some 
experimentŝ '̂ '̂  the drop in peroxide concentration is not observed. 

Exhibit 1003, Page 1538 
Petitioner MWE Investments, LLC, et al.



(Do) eunyouedway uoUby 

 
 

6
 

=
 

00
 

Be
nz
en
e 

x
x
 

i
o
e
 

a
u
n
 
x
e
,
 

x
 

x 
x 

x 

50
0 

f--
 

M
e
t
h
a
n
e
 

| 
© 

Tot
al 

al
de
hy
de
 

WA
 

x 
Fo
rm
al
de
hy
de
 

(wil) aunssaud apAyepiy 

 
 

40
0 

|-
 
 
 

108 

 
 

   
e
s
 

o
t
!
 

| 
l 

l 
! 

3 
Y
y
/
f
p
 

Lo
w 

te
mp

er
at

ur
e 

Is
t 

re
gi
on
 

4 
is

o-
Oc

ta
ne

 

"
"
—
-
-
—
—
-
-
 +]
 
n-

He
pt

an
e 

20
0 

|- 
_
—
 

—
 

s 

NANNANN 

t 

300
 L

Y v 
    

JSSSNSSSNY 
A 

y 
q 
1 

 
 

  
  

  
 
 

ro) 

| 
Q d 

(wu) aunssaid apixosed 

Pr
es
su
re
 

(a
tm
) 

   
 

FI
G.
 

5.
7.
 

T
y
p
i
c
a
l
 

i
g
n
i
t
i
o
n
 

t
e
m
p
e
r
a
t
u
r
e
 

FI
G.
 

5.
8.
 

V
a
r
i
a
t
i
o
n
 

of
 
p
e
r
o
x
i
d
e
 

an
d 

a
l
d
e
h
y
d
e
 

p
r
e
s
s
u
r
e
 

c
u
r
v
e
s
.
 

c
o
n
c
e
n
t
r
a
t
i
o
n
 

d
u
r
i
n
g
 

co
ol
 

f
l
a
m
e
 

o
x
i
d
a
t
i
o
n
 

of
 

b
u
t
a
n
o
n
e
 

at
 

2
8
3
°
C
.
 

(
F
r
o
m
 

B
a
r
d
w
e
l
l
 

an
d 

H
i
n
s
h
e
l
w
o
o
d
 

(©
) 

by
 

c
o
u
r
t
e
s
y
 

of
 

th
e 

R
o
y
a
l
 

S
o
c
i
e
t
y
.
)
 

INTERNAL COMBUSTION ENGINES108 INTERNAL COMBUSTION ENGINES 

-—
/ 

co
ol

 f
la

m
es

 

6C
X)

 
- 

"
"
^
 

_
 

I 
fl

y
 

X
 

X
 

X
 

\ 
^
^
>

-̂̂
ig

h
 te

m
pe

ra
tu

re
 r

eg
io

n
 

^
^
"^

 
| 

5
 
_

 
/>

 
^"

Γ
^^

' 
^^

^^
 

. 
5 

\ 
"̂̂

-̂
^̂

^
 

%
 

r/
y

 
X

 F
o
rm

a
ld

e
h
yd

e
 

§.
 

is
o-

O
ct

an
e
 

1
 

7
 

Λ
 

n
-H

e
p
to

n
e
 

I 
^

 
1
 

/ 
/ 

\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

I 
|o

5
- 
Τ
 i
 ψ
 
\
 

0 
1

2
 3
 
4
 
5
 
6
 
7
 
8
 

S
, 

J
 

Λ
 

\^
 

P
re

ss
ur

e
 (

a
tm

) 
^

"̂̂
^^

-̂-̂
 

o
l 

\ 1
 

U
 

I 
\ 

I 

19 
20
 

21
 

22
 

23
 

24
 

T
im

e
 (

m
in

) 

FI
G.

 
5.
7.
 

Ty
pi

ca
l 

ig
ni

ti
on

 t
em

pe
ra

tu
re

 FI
G.

 
5.
8.
 

Va
ri

at
io

n 
of

 p
er

ox
id

e 
an

d 
al

de
hy

de
 

pr
es

su
re

 c
ur

ve
s.

 
co

nc
en

tr
at

io
n 

du
ri

ng
 c

oo
l 

fl
am

e 
ox

id
at

io
n 
of

 
bu

ta
no

ne
 a
t 

28
30
C.

 
(F
ro
m 

Ba
rd

we
ll
 a
nd
 

Hi
ns

he
lw

oo
d^

^^
 b

y 
co

ur
te

sy
 o
f 

th
e 

Ro
ya

l 
So

ci
et

y.
) 

Exhibit 1003, Page 1539 
Petitioner MWE Investments, LLC, et al.



COMBUSTION IN SPARK IGNITION ENGINES 109 

For hydrocarbon-oxygen mixtures not exhibiting cool flames the 
concentrations of aldehydes and peroxides are very much lower than 
in cool flame reactions. 

The extinction of the cool flame is followed by a pressure 
pulse (Fig. 5.9). 

Ε Ε 
iL 
< I 

Explosion 

ι 

II ϋ 
τ, 

ι 

I I 

(b) 

ι 2 
Time (min) 

FIG. 5.9. Pressure time record during cool flames of butanone at 
290^0. (a) Two cool flames; (b) one cool flame followed by 
ignition. (From Bardwell and Hinshelwood^^^ by courtesy of the 

Royal Society. 

The time intervals between the start of a reaction and the 
appearance of cool flames and the period between cool flames and 
normal ignition are called induction periods. In Fig. 5.9(b) we 
can identify two periods-the first period Tj up to the appearance of 
the cool flame and the second period T2 from the appearance of the 
cool flame to the appearance of a normal flame explosion. This is 
a two-stage combustion process and the two separate periods have 
significance in our discussion later on knock. For high temperature 
ignition, with no cool flames, there is only one induction period. 

We can therefore summarize the phenomena observed in laboratory 
experiments on the oxidation of hydrocarbon mixtures. 
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110 INTERNAL COMBUSTION ENGINES 

We have observed that there are two types of auto-ignition—a 
low temperature ignition and a high temperature ignition. Some 
hydrocarbon-oxygen mixtures exhibit both types of ignition; others 
only high temperature ignition. In the case of hydrocarbon-oxygen 
mixture with low and high temperature ignition there are significant 
concentrations of aldehydes and peroxides which peak just before the 
low temperature ignition (cool flame). For mixtures with high 
temperature ignition only, the concentrations of aldehydes and 
peroxides are small and almost insignificant in some cases. 

The presence of the aldehydes and peroxides in the end gas in 
the engine cylinder are important clues in identifying the mechanism 
of knock, so we shall now review the possible mechanism of their 
appearance in a very simple manner. A typical hydrocarbon which 
knocks under certain conditions in an engine is heptane CyHig. The 
overall combustion reaction for a heptane-oxygen mixture is 

C7H16 + IIO2 7CO2 + 8H2O. 

We can picture this as a reaction between one molecule of heptane and 
eleven molecules of oxygen. Such a reaction is called a twelve-body 
reaction. The collision between the twelve molecules will not form 
the seven molecules of carbon dioxide and eight molecules of water 
vapour in one step, it must take place by successive collision of 
oxygen molecules with the heptane molecule degrading the heptane 
molecule to intermediate bodies before the formation of the final 
products carbon dioxide and water vapour. This is called a chain 
process. 

Although the complete process is not known we can suggest 
possible intermediates. Downs(9) and Wheeler(8) have suggested the 
following reactions. 

Fuel (heptane) 

CH3- • CH2 - C - Η 

Η 

+ 02 

G H , 
Η 

CHg-COOH 
Η 

Hydroperoxide 

I CH3— CH2. 

I 
AlkyI radical 

20H — ^ H2O2 

Rsroxide 

H —OHO 

Aldehyde 

+ 0H 
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COMBUSTION IN SPARK IGNITION ENGINES H I 

In this model we see that hydroperoxide is produced in the 
first stage of the reaction and aldehyde in the subsequent stages. 
Thus by this relatively simple model we can identify the presence 
of aldehydes and peroxides in the oxidation processes. 

Our description of the oxidation processes has been based on 
laboratory tests in bench-type experiments under static conditions. 
Experiments under conditions more close to engine conditions such as 
in rapid compression machines confirm the same processes occurring 
in hydrocarbon-oxygen reactions. We are therefore in a position to 
use these results in assessing the processes occurring in engines. 
We shall now turn to engine research. 

5.3.2 Engine Research 
We have already noted that knock is due to spontaneous or auto-

ignition of the end gas. The bench experiments showed that there 
are two types of auto-ignition-a low temperature ignition in which 
cool flames are observed with significant aldehyde and peroxide 
concentrations, and a high temperature ignition in which low 
aldehyde and peroxide concentrations are observed. The engine 
experiments have been devised to establish which form of ignition 
takes place in the end gas in the engine cylinder. It would be 
impossible to observe cool flames in the end gas under power 
conditions because the normal combustion process would generate an 
intense yellow flame. Therefore, under power conditions gas 
sampling only is used. To ascertain the relationship between the 
aldehyde and peroxide concentrations and cool flames, motoring tests 
are carried out. In these tests quartz windows are fitted and the 
cylinder contents are observed visually and photometrically. 

Downs and W h e e l e r h a v e reported extensive experiments. By 
sampling in the region of the end gas during the combustion period 
they were able to measure the variation of the aldehyde and peroxide 
concentrations with crankangle. Some typical results are shown in 
Figs. 5.10 and 5.11. In Fig. 5.10 the experiments were carried out 
under power with iso-octane with compression ratios well below the 
knock limit to a compression ratio giving heavy "knock". These 
curves show that a rise in pre-flame peroxide concentration before 
top dead centre is followed by a higher peak value just before the 
flame. With increase of compression ratio there is an earlier rise 
in peroxide concentration and a much higher peak value. There is a 
point of inflexion just after top dead centre. Downs suggests that 
the shape of the curves are two-stage in nature. In passing we 
might note that the addition of enough tetraethyl lead to suppress 
knock lowers the peroxide concentration considerably. We will 
refer to this result shortly. 

The aldehyde concentration starts to increase at about top dead 
centre and the curves show a smooth rise up to the time of flame 
arrival, achieving a peak concentration some twenty times greater 
than the peak peroxide value. The effect of increasing the 
compression ratio on the aldehyde concentration parallels the effect 
on the peroxide curve. Tetraethyl lead decreases the aldehyde 
concentration. 
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112 INTERNAL COMBUSTION ENGINES 

Fuel*, mixed octonee 
Δ CR 70 
• CRao 
o dR9.9 "knocking" 
+ Ct? 9.9, 3 cm» T E L / I G 

in fuel "non-knocking" 

» TOG 
Degrees early 

10 15 
Degrees lote 

FIG. 5.10. Peroxide and aldehyde concentrations in gases sampled 
from the engine at various crankangle. (From Downs and Wheeler, 

by courtesy of the Institution of Mechanical Engineers. 
(8) 

In Fig. 5.11 the experiments were carried out under power with 
methane as a fuel. It will be seen that the results are somewhat 
different from the iso-octane results. Raising the compression 
ratio to cause knock results in a peak in the peroxide curve; this 
peak is eliminated by the addition of tetraethyl lead to the fuel. 
There is not a great deal of difference between the knocking and 
non-knocking aldehyde curves. Both the peroxide and aldehyde 
concentrations were well below those obtained with iso-octane under 
comparable conditions. Tests with benzene as a fuel gave 
negligible concentrations of both peroxide and aldehydes. 

In the motoring tests with iso-octane, cool flames were 
observed when the compression ratio was raised. Photometric 
experiments showed that the cool flame passed in the region of top 
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Δ CR 18.8 TEL added "non-knocking" 
o CR 15.0 
Χ CR 18.8 "knocking" 

FIG% 5.11· Peroxide and aldehyde curves with methane as fuel. 
(From Downs and W h e e l e r , b y courtesy of the Institution of 

Mechanical Engineers.) 

dead centre, the timing of the cool flame was in agreement with the 
point of inflexion of the sampling curves (Fig. 5.10). The hot 
flame started in the wake of the cool flame. No cool flames were 
observed with methane and benzene fuels. 

From these experiments it is clear that the spontaneous 
ignition in the end gas with iso-octane fuel is a two-stage ignition 
phenomenon, whilst the spontaneous ignition in the end gas with 
methane is a single-stage ignition phenomenon. The results with 
iso-octane are typical of those obtained with the higher paraffinic 
components of commercial gasolene, and the knocking compression 
ratios are of the same order. Thus knock in commercial engines is 
of the two-stage low temperature type since this is associated with 
spontaneous ignition in the low temperature region of the ignition 
curve (Fig. 5.7). We normally call this type of knock low 
temperature knock. 

The mechanism for low temperature knock can therefore be 
described in the light of the above experiments. As the normal 
combustion flame traverses the cylinder, the pressure and 
temperature in the end gas increase until they reach values when, 
firstly, there is low temperature auto-ignition followed after a 
short delay by high temperature auto-ignition which produces a rapid 
increase in pressure generating a shock wave. 

Whether under normal combustion conditions the end gas will 
spontaneously ignite before the flame arrives at the combustion 
chamber walls will depend on: 
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Factor Effect Pro-knock Anti-knock 
Compression ratio Increase / 

Ignition timing Advance / 

Throttle setting Full open / 
Partially open / 

Mixture strength Weak / 

Slightly rich / 

Over rich / 

Engine speed Increase / 

Inlet air temperature Increase / 

Inlet air pressure Decrease / 

Cooling water temperature Increase / 

Compression Ratio. The higher the compression ratio the higher 
the pressure and temperature in the end gas during normal conditions; 
this increases the tendency to knock. For a given engine setting 
and fuel there will be a critical compression ratio above which knock 
occurs. This compression ratio is called the highest useful 
compression ratio (HUCR). 

Ignition Timing. Advancing the ignition timing raises the 
cylinder pressure and temperature which in turn raises the end gas 
pressure and temperature thus increasing the tendency to knock. If 
the ignition is advanced too much the cylinder pressures fall and the 
tendency to knock is reduced. If in a given engine the fuel quality 
is changed and knock takes place, retarding the ignition may 
eliminate the knock; it will also reduce the engine power. 

(1) the composition of the fuel; 
(2) the pressure and temperature in the end gas; 
(3) whether there is sufficient time for the two 

stages of ignition to take place. 

We are now in a position to relate these conditions to the observed 
engine parameters which influence knock. Before doing so we shall 
very briefly refer to fuel composition. Fuels with ignition curves 
similar to the higher paraffinics show a greater tendency to knock 
than fuels with ignition curves similar to methane and benzene. We 
shall shortly refer to how the fuel quality is assessed. Table 5.1 
summarizes the influence of a number of operating factors on the 
tendency to knock. We shall examine these. 

TABLE 5.1. Summary of Factors Influencing Tendency to Knock 
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Throttle Setting. This controls the cylinder inlet pressure 

and mixture strength! I£ we consider mixture strength under a 
separate heading the effect of opening the throttle is to raise the 
cylinder pressure, thus increasing the pressure in the end gas and 
increases the tendency to knock. 

Mixture Strength. This controls the combustion temperature 
and pressure, hence influencing the end gas temperature and 
pressure. The tendency to knock follows the power variation with 
mixture strength. That is at maximum power there is a greater 
tendency to knock; this is reduced as the mixture is strengthened 
or weakened. 

Engine Speed. The lower the engine speed the longer the 
absolute time for the flame to traverse the cylinder, the longer the 
time available for the end gas reaction to take place and the 
greater the tendency to knock. 

Inlet Air Temperature. Raising the air inlet temperature 
raises the cylinder temperature, thus raising the end gas 
temperature and increasing the tendency to knock. 

Cooling Water Temperature. Raising the cooling water 
temperature raises the overall cycle temperature, hence increasing 
the end gas temperature and increasing the tendency to knock. 

As well as the engine operating conditions certain design 
factors also influence the tendency to knock; two of these are the 
locations of the sparking plug and the exhaust valve. The spark 
plug should be located to allow for the minimum distance for the 
normal flame to traverse the combustion chamber thus reducing the 
time for the end gas reactions. The exhaust valve should be 
located close to the spark plug so that it is not in the end gas 
region, otherwise there will be a tendency to knock. 

Another important factor influencing the knock limit is the 
geometric form of the combustion chamber shape including the 
dimensions of the clearance space between the cylinder head and 
piston crown. For the interested reader an extensive review of the 
influence of engine design and operating conditions on the knock 
limits and performance of motor vehicle gasolene engines has been 
presented by Caris et al.^^^^ 

Although the designer has a wide range of variables at his 
disposal to eliminate knock, ultimately his final design will be 
dependent on the fuel quality. To assess the knock quality of a 
fuel, special engine tests are carried out under set engine 
conditions. The engine is a variable compression engine, i.e. 
an engine whose compression ratio can be varied whilst running. 
The fuel under test is supplied to the engine and the compression 
ratio increased until there is incipient lenock as measured by an 
instrument sensitive either to rate of pressure rise, temperature 
or some other knock sensitive parameter. The fuel is then cut off 
and a mixture of n-heptane and iso-octane is supplied to the engine. 
The composition of the mixture is adjusted until incipient knock 
takes place at the same compression ratio. The fuel is rated by the 
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percentage of iso-octane in the n-heptane and iso-octane mixture. 
Iso-octane has a lower tendency to knock than n-heptane, so that the 
higher the octane rating of a fuel the lower the tendency to knock. 
  

The standard engine used in these tests is the CFR engine; 
this is a variable compression ratio engine similar to the Ricardo 
E6 (Fig. 5.12). There are two basic tests called the motor method 
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FIG. 5.12. Ricardo E6 cross-sectional arrangement of variable- 
compression ratio research engine of 3 in. bore by 4§ in. stroke 

(petrol engine).
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The standard engine used in these tests is the CFR engine; 
this is a variable compression ratio engine similar to the Ricardo 
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FIG. 5.12. Ricardo E6 cross-sectional arrangement of variable-
compression ratio research engine of 3 in. bore by 4| in. stroke 

(petrol engine). 
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Method Motor Research 
Engine speed (rev/min) 900 600 
Mixture temperature (°C) 149 51.7 

The sensitivity of a fuel to knock is measured by the difference 
in the two knock ratings; the greater the difference the greater 
the fuel sensitivity. The octane rating of fuel is lower in the 
motor method than in the research method. 

Although the numerical value of the sensitivity has no physical 
meaning, it does give an indication of the relative merits of fuels 
used in automobile gasolene engines on the road. It might be 
expected that a fuel with a high sensitivity would tend to knock 
with the wide range of engine operating conditions experienced in 
normal traffic, whilst a fuel with low sensitivity would be 
relatively insensitive to the same conditions. Other methods have 
been developed to define the fuel quality using motor vehicle tests; 
the reader is referred to Ricardo and Hempson^^^ for a discussion of 
these methods. 

We have mainly discussed low temperature knock. It was shown 
by Downs and W h e e l e r t h a t certain fuels knock at high compression 
ratios. These fuels do not exhibit cool flames. The auto-
ignition mechanism is therefore of the high temperature type. This 
is a single-stage auto-ignition and the phenomenon is called high 
temperature knock. Modern fuels contain components which exhibit 
both low temperature and high temperature knock. Experiments show 
that sensitive fuels knock more by a high temperature process than 
by low temperature knock. 

5.3.3 Influence of Fuel Additives on Knock 
Up to this point we have examined the knock mechanism in 

engines and related these to the engine operating conditions and the 
fuel. There has been much research to develop fuels with high 
knock ratings (high octane number). These are mainly achieved by 
refining processes, but they are in general expensive fuels. 
Alternative methods have therefore been sought, the most promising 
of which are fuel additives. Research has shown that, in general, 
an anti-knock additive in a fuel which inhibits low temperature 
knock enhances knock in a fuel which exhibits high temperature 
knock, and vice versa. Hence the selection of the correct additive 
for a particular fuel is most important. The most effective 
additive for commercial fuels at the time of writing is tetraethyl 
lead (TEL). There has in recent years been criticism of this 
additive since environmentalists claim it pollutes the atmosphere, 
although at present there is no direct evidence of resulting damage. 
Nevertheless, an increasing number of legislatures throughout the 
world are specifying reduction in the lead content in fuels with its 
eventual elimination. Since TEL is so effective there has been 
much research on the mechanism of its action. It is probable from 

and the research method. The test conditions for the two tests are 
summarized below: 
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this work that alternative, and less obnoxious, additives might be 
developed. The exact mechanism of the action of TEL is not clear 
and there is some controversy in scientific circles on the 
mechanisms, but it is possible to identify some of the probable 
facets of its action. 

The chemical formula of TEL is Pb(C2H5)5, i.e. it is a 
metallorganic salt. It is mixed with the fuel and is present in the 
cylinder in the fuel vapour. It is generally accepted that it is 
decomposed thermally during the compression stroke and reacts with 
oxygenated intermediates to give lead oxides. There are two 
opposing theories as to whether the lead oxide is in vapour form or 
in particulate form (fog). The lead oxide acts as a chain-breaking 
agent (this was observed in Figs. 5.10 and 5.11). It does not 
appear to influence the reaction in the first stage of combustion 
nor to have any influence on the cool flames, but it does have an 
inhibiting action in the second stage by increasing the induction 
time T2. 

The suggested chain-breaking mechanism is: 
PbO + OH ^ PbO(OH), 

PbO(OH) + OH > Pb02 + H2O. 
or Pb02 + R ^ PbO + RO, 

where R is a radical. 
The vital point, not clearly understood, is whether the chain 

termination is a surface or a gas phase effect, since if it is the 
former the anti-knock effectiveness of TEL might be increased by 
adding other organometallic compounds so that mixed oxides could be 
formed which would be more efficient than solid PbO itself in 
destroying the HO2 radicals or peroxides. Downs et a l . h a v e 
claimed to have observed Pb02 fog in the cylinder indicating possible 
surface reactions. In addition to the pollution effect of 
lead it also poisons catalytic reactors used to reduce emissions from 
gasolene engines, so that the intense research directed to improve 
fuel quality with alternative additions might, by the time this book 
is in print, have the effect of rendering TEL to the history book. 
Whatever new additive is used, however, its mechanism will have to 
have the same effect as TEL, i.e. to act as a chain terminator. 

5.4 UNCONTROLLED COMBUSTION, PRE-IGNITION AND RUNNING-ON 
Under certain conditions the fuel/air mixture is ignited by a 

hot spot in the cylinder. The hot surface might be the spark plug 
insulator or electrode, or combustion deposits, or when knock occurs 
the exposed surface, where the boundary layer is scored by the shock 
wave. When the ignition occurs before the spark is ignited the 
phenomenon is called pre-ignition" WKen the phenomenon occurs 
after the ignition is switched off it is called running-on. 
Combustion deposit ignition is called rumbling. 
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5.4.1 Pre-ignition 
This is the most severe form of uncontrolled combustion. Under 

severe operating conditions some part of the cylinder surface may be 
hot enough to ignite the charge. If there is insufficient time for 
hot spot ignition to take place before the spark ignites the mixture, 
normal combustion will take place. As the temperature of the hot 
spot increases, a condition may be reached when the engine would run 
normally with the ignition switched off. This is often called auto-
ignition. Further increase in hot spot temperature would cause the 
mixture to ignite before the spark ignites. This is equivalent to 
advancing the ignition, but since the hot spot surface is larger than 
the spark the combustion rate would be faster than normal combustion 
creating very high cylinder pressures and temperatures resulting in 
excessive negative compression work and increased heat loss to the 
walls, the overall effect being a loss in power. Under certain 
conditions the engine could stall and possibly cause mechanical 
failure. 

Pre-ignition normally follows heavy knocking due to the 
breakdown of the cylinder wall boimdary layer. The combustion 
mechanism for pre-ignition corresponds to high temperature ignition, 
and it is noteworthy that although benzene does not knock it has a 
strong tendency to pre-ignite. Methods have been developed for 
pre-ignition ratings for different fuels. Descriptions of these 
methods are given by Downs and Pigneguy.C^^) 

5.4.2 Running-on 
When the ignition is switched off and the throttle closed the 

engine may continue to fire. This might be due to a hot surface in 
the cylinder. It is considered, however, that the major cause is 
spontaneous ignition of the fuel/air mixture. The tendency to 
spontaneous ignition is dependent on the temperature/pressure 
ignition curve (Fig. 5.7) for the fuel, reflected in the octane 
rating of the fuel. Physical factors influencing spontaneous 
ignition are an elevated inlet temperature of the mixture, poor 
cooling of the combustion chamber surface, duration of valve overlap 
and high compression ratio.(^9) 

5.4.3 Rumble 
This is ignition associated with the combustion deposits. 

This might occur with sudden power demand from the engine causing 
the deposit to glow and ignite the fuel/air mixture. The tendency 
of deposits to form and to cause ignition depends on the fuel 
composition. By adding phosphorus compounds the deposits become 
chemically inactive and do not cause ignition. 

5.5 CHEMICAL THERMODYNAMIC MODELS FOR NORMAL COMBUSTION 
In the previous discussions we have directed our attention to 

describing the combustion porcesyfrom the point of view of the 
various modes of combustion and their influence on the engine 
performance. We now propose to describe a chemical-thermodynamic 
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+For accurate predictions of the chemical composition reaction rate, 
equations must be included. 

ttMore recently a turbulent flame combustion model has been developed 
by the same research group to predict the burning rate. Full 
details are given by Blizard and Keck^ and Tabaczynski et al. ̂  ^ 

model for the combustion process which will enable us to predict the 
engine performance. In Chapter 9 we shall develop these methods 
further from the view point of cycle analysis; in this section we 
shall outline the model and the assumptions leading on to the 
important new subject of combustion-generated emissions in the next 
section. 

It is clear from the previous discussion that the chemical 
reactions during combustion are complex. For the predictions of 
the pressure and temperature in the cylinder and the overall 
composition of the products of combustion we can make fairly simple 
assumptions to obtain a broad picture of the overall process under 
normal combustion conditions. For this purpose we use equilibrium 
thermodynamics,"^ the major principles of which were reviewed in 
Chapter 2. 

The combustion chamber may contain a heterogeneous mixture of 
burnt and unburnt products. For calculation purposes the combustion 
chamber is subdivided into zones. Lavoie et al.^^^^ and 
Blumberg^^^^ assumed a multi-zone model for the combustion process 
with a uniform temperature in each zone giving a variable temperature 
distribution in the combustion chamber. A burning rate is assumed 
for the combustion process. This is usually in the form of fraction 
of fuel/air burnt as a function of crankangle.(20)tt Another 
model^"^^, which will be outlined in Chapter 9, assumes that the 
combustion chamber is subdivided into two zones—a burnt zone and an 
unburnt zone. The two zones are separated by a flame front which is 
spherical in form and centred on the spark plug. With the second 
model a relationship is required between the flame speed and the 
cylinder conditions. The selection of an appropriate relationship 
is critical to the modelling of the combustion process. In practice 
the flame will be turbulent; unfortunately there is no clear model 
for a turbulent flame, so that attention has been drawn to computing 
the laminar flame speed with a suitable modification to allow for 
turbulence called the flame factor ff. 

Benson et al.^^^^ suggest the following expression for the 
turbulent flame speed u^: 

u^ = ff X u^, 

where U e is the laminar flame speed. This model is due to 
Annand.^^^^ 

The laminar flame speed can be calculated by a number of methods 
which are reviewed by Phillips and Ormê "̂ "̂ ^ and Benson et al. ̂ ^^^ 
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The flame factor ff is adjusted to assume the combustion time is 
symmetrical about top dead centre. A calculation of the flame 
speed using the Annand model is shown in Fig. 5.13. 

10 20 30 40 50 
Time CA after ignition 

60 

FIG. 5.13. Computed flame speed and radius 

An outline of the calculation procedure is given in Chapter 9. 
In the Annand model it is assumed that in the unburnt zone there are 
no chemical reactions, whilst in the burnt zone reactions that 
satisfy chemical and thermodynamic equilibrium, including the 
appropriate reaction rate equations, take place. 

For a correct mixture of a hydrocarbon C Η and air the overall 
chemical reaction can be expressed as 

Oo + 3 . 7 6 N2- ••n CO2 + m H2O + 3.76 η + m N2. 

At the elevated temperatures in the burnt gas zone the carbon 
dioxide (CO2) and water vapour (H2O) dissociate to form carbon 
monoxide (CO), oxygen (O2) and hydrogen (H2). Furthermore, the 
molecular oxygen (O2), hydrogen (H2) and nitrogen (N2), dissociate 
to form atomic oxygen (Oj, hydrogen (H) and nitrogen (N)"I In 
addition there will be equilibrium concentrations of hydroxide (OH) 
and nitrous oxide (NO). Thus in the burnt gas zone we have the 
following species: 

CO2, CO, H2O, OH, H2, O2, N2, NO, H, 0, N. 
The concentration of these various species will depend on the air/ 
fuel ratio and the prevailing pressure and temperature. By setting 
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up the appropriate equations and the equilibrium constants, the 
numerical concentrations can be computed by the methods outlined in 
Chapter 2 and Chapter 9 of Vol. II. The overall effect of the 
dissociation processes is to reduce the maximum temperature of the 
burnt gas below the value which would have been reached if 
dissociation had not been allowed for. This is illustrated in 
Fig. 5.14 for a benzene/air mixture. The maximum temperature 
occurs with a mixture about 10-20* on the rich side of stoichiometric. 

3000 

2500 h 

2000 h 

NO 
y dissociation 

• / Dissociation 

1 1 1 1 
0.6 0.8 1.0 1.2 1.4 φ 

Weak Rich 
Actual fuel/air ratio 

Stoichiometric fuel/air ratio 

FIG. 5.14. Calculated maximum temperature for 
benzene-air mixtures. 

It will be seen that dissociation effects are quite strong 
either side of the stoichiometric mixture. A full discussion on 
the influence of dissociation on the combustion temperature and the 
engine power is given in Chapter 9. 

The gas composition in the cylinder changes during the 
expansion stroke, some of the dissociating species combine; others, 
however, remain in concentrations above the equilibrium values. We 
shall discuss this in the important topic of combustion-generated 
emissions in the next section. 
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5.6 COMBUSTION-GENERATED EMISSIONS 

In recent years public attention has been directed to the 
problem of exhaust emissions from automobiles. The problem was 
first highlighted in the United States in the Los Angeles area where 
air pollution caused plant damage, eye and throat irritation, 
cracking of stressed rubber and decrease in visibility (smog). In 
the United State legislation has been implemented to limit the 
concentrations of hydrocarbon (HC), carbon monoxide (CO), nitric 
oxides (NOX) and particulates in the automobile exhaust gases. 
Although some of the emissions are due to the lubricating oil, the 
main source is the combustion process of the hydrocarbon/air 
mixture. 

In Europe the attention of legislatures has been directed 
mainly to the reduction of lead in the exhaust gases by limiting the 
lead content of the fuel. 

An excellent review of the current knowledge of pollutant 
formation and control in spark ignition engines has been given by 
Heywood.(24) this section we will outline the possible 
mechanisms of the formation of the combustion-generated emissions 
and indicate the thermodynamic factors which influence the 
concentrations. We shall see that for carbon monoxide and nitric 
oxide the evidence indicates that during the expansion process 
recombination does not take place. In these circumstances the rate 
of the forward reaction is different from the rate of the backward 
reaction. The chemical reactions are therefore rate-controlled. 
A brief discussion of the thermodynamics of rate-controlled 
reactions is given in Chapter 2 (section 2.7). 

5.6.1 Carbon Monoxide 
Carbon monoxide (CO) is always present in the exhaust gases due 

to the dissociation processes. With rich mixtures the CO 
concentration is further increased due to the incomplete combustion 
to carbon dioxide. Some typical results are shown in Fig. 5.15 for 
a four-cylinder engine at full throttle. The measured 
concentrations of CO are greater than the equilibrium concentrations. 
This indicates that recombination is not complete in the expansion 
stroke. The reactions in the expansion stroke must therefore be 
rate-controlled. The full mechanism for the formation of CO is at 
the time of writing (1976) not fully known, although some of the 
rate-controlled reactions are known, so it is not possible at 
present to predict the CO concentrations. A review of the present 
position for CO predictions is given by Heywood^^^^ and Benson.^^^^ 

To reduce CO emissions the engine may run with a weak mixture 
with loss of power; or devices may be appended to the exhaust to 
oxidize the CO. One such group of devices are thermal reactors in 
which air is injected into the exhaust stream and a flame is 
produced which aids in the combustion of CO to CO2. Another method 
is to oxidize the CO in the presence of a catalyst. A number of 
these methods are described in the symposium on Air Pollution in 
Transport Engines^^i (Proc. Instn. Mech. Engrs. 1971) and in the 
review paper by Heywood.^^^^ 
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FIG. 5.15. Measured carbon monoxide and carbon dioxide 
in exhaust pipe of a four cylinder gasolene engine. Full 

throttle at 3000 rev/min. 

5.6.2 Nitric Oxide 
Whilst the obnoxious effects of CO are well known the 

significance of the nitric oxide (NO) emissions has only recently 
been discovered. It is the NO and hydrocarbon emissions which 
react in sunlight to cause photochemical smog which caused the 
peculiar pollution problem in the Los Angeles area. There has been 
intensive research to understand the source of the NO emissions and 
to develop methods to reduce them. The pioneering work was carried 
out by Starkman and Newhall. ̂"''̂^ There have been numerous 
publications. We have already indicated that NO is present in the 
products of combustion due to dissociation of the molecular oxygen 
and nitrogen. Under equilibrium conditions one would expect that 
the concentrations of NO would fall with pressure and temperature 
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during the expansion stroke to negligible proportions at exhaust 
valve opening. All experiments on engines indicate that the NO 
concentrations in the exhaust gases are well above the equilibrium 
values. It is therefore deduced that the NO reactions are rate-
controlled. In order to calculate the quantity of NO to be 
expected it is necessary to establish the chemical mechanism so that 
the appropriate rate equations can be used. There have been a 
number of models suggested. Experiments by Newhall and Shahed^"^^^ 
using spectroscopic techniques to record the time rate of formation 
of NO in a hydrogen-oxygen reaction in a closed vessel showed that 
NO formation occurred predominantly in the post-flame combustion 
products. L a v o i e ^ ^ s h o w e d that substantial temperature and NO 
gradients occurred behind the flame in an engine combustion chamber. 
In Fig. 5.16 some of Lavoie's results are shown from spectrographic 
measurements. It will be seen that after the flame arrives at the 
window the NO concentration increases up to a maximum and then 
remains steady. Different concentration curves were observed at 
each window. 

.5 

ζ 

10-̂  

^ ^ \ ^ Γ 
• Experiment W2 

o Experiment W3 

Kinetic solutions 

I φ-OS 

-L· -20 20 
OA deg ATC 

40 60 

FIG. 5.16. Nitric oxide concentrations in engine cylinder. 
Experimental NO concentration versus crankangle for φ = 0.9 for two 
windows, W2 being closer to the spark than W3. The asterisks mark 
estimated initial conditions and flame arrival times. The dotted 
lines are theoretical kinetic solutions for parts of the charge 
burning at the corresponding times and starting with zero NO 
concentrations. (From Lavoie, (17) by courtesy of Combustion and Flame). 
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More recently Blizard and Keck^ ^ and Tabaczynski et_al.^ ^ have 
developed turbulent flame combustion models to predict the burning 
law 

Because the detailed experiments on engines are difficult, 
computer models have been set up to study the effect of engine 
operating variables.on the NO emissions and to identify the 
important parameters which influence the formation of NO. 
Lavoie et al.(^^^ subdivide the combustion chamber into a number of 
elements and assume that each element is burnt separately. This 
method enables the temperature gradient to be computed and the 
variation in NO concentration to be determined. The average value 
of NO concentration is then taken as the NO at exhaust valve opening. 
The rate of combustion of the elements is called the burning law, and 
this is taken from an analysis of the measured indicator diagram.*^ 
Annand,í^^í on the other hand, has suggested a simple two-zone model 
with an unburnt and burnt region with uniform temperatures in each 
region. In this method the indicator diagram is synthesized by 
assuming a spherical flame front separating the two zones and 
calculating the temperature, pressure and composition of the burnt 
zone from a combination of the equilibrium equations for a number of 
reactions and the rate-controlled equations for the oxides of 
nitrogen simultaneously. 

Both methods require a mechanism for the formation of NO. In 
their original work, Newhall and StarkmanC^^) suggested the so-called 
Zeldovich chain reaction: 

O2 ^ 20, 
0 + N2 ^ NO + N, 
Ν + O2 ^ NO + 0. 

It is suggested that at elevated temperatures in the cylinder the 
molecular oxygen (O2) dissociates to atomic oxygen which reacts with 
the molecular nitrogen (N2) to form NO and atomic nitrogen (N) the 
latter reacting with O2, forming NO and atomic oxygen (0). There 
have been suggestions that this model is not complete and Lavoie 
et al.í^^í have proposed a modified Zeldovich reaction with the 
hydroxide (OH) radical: 

Ν + OH ^ NO •»· H, 
Η + N2O ^ N2 + OH, 
0 + N2O ^ N2 + O2, 

0 + N2O ^ NO + NO. 

Using this model, Lavoie compared his experimental results with the 
predicted concentration of NO (Fig. 5.16). 
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Annand^^^^ has suggested a further group of reactions to be 
added to the modified Zeldovich reaction, these are: 

Ν + NO N2 + O2, 

Ν + O2 ^ NO + 0, 
N2O + Μ ^ N2 + 0 + M. 

Benson et al>,^^^^ using Annand's method, predicted the NO emissions 
for a single-cylinder gas engine operating with propane/air as shown 
in Fig. 5.17. It will be seen that the predictions agree with the 
experiment. It should be pointed out that the flame factor ff was 
adjusted to give agreement between the experimental and predicted 
value of NO at the maximum emission. It was then kept constant and 
the predictions made over the whole air/fuel ratio range shown. 

δ 

40 η 

3.0 μ 

20 h 

1.0 h 

920 rev/min 
Propane/air 

— (NO) Computed 
• Experiment 

Flame factor 3.15 
' I I L 

14 15 16 17 18 
Air/fuel ratio 

19 20 

1400 h 

temperature 

Temperature at which 
nitric oxide freezes 

Flame speed .31 
"I 

15 16 17 18 19 20 
Air/fuel ratio 

FIG. 5.17. Influence of mixture strength on nitric oxide and 
maximum and freezing temperatures. (From Benson et al.^^^^.) 
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The variation in NO with crankangle is shown in Fig. 5.18· 

The same trends as noted by Lavoie (Fig. 5.16) will be observed. 

4.5 h 

Ignition 

Equivalence ratio 0 9 
Flame factor 3.15 J I \ I 

40 

30 

2 0 ? 

Η10 

Release 
705 K) 35 60 85 no 135 

OA (ATDC) 
920 iBV/min 

FIG. 5.18. Variation in pressure, temperature and nitric 
oxide concentration. (From Benson et al. (12) 

From these calculations it could be observed that after ignition 
the NO concentration increases rapidly, then there is a slight fall 
and the NO concentration remains constant, even though the 
temperature and pressure are falling. This phenomenon is called 
"freezing" and is due to the slow rate of the backward reactions, 
i.e., the dissociation of NO to N2 and O2 through the chain given 
above. 

Lavoie et al.^^^^ have shown for their multi-element model and 
the modified Zeldovich reaction, that, depending on the time of 
burning of a particular element, even the forward rate of some of the 
reactions are not fast enough to achieve equilibrium conditions. 
This is illustrated in Fig. 5.19. Here we notice that the element 
burning 30^ before top dead centre (Oĵ  - -30®) reaches the peak value 
at about the equilibrium concentrations, but the element burning at 
10° after top dead centre (θ^ • 10°) does not reach the peak 
equilibrium value. In Fig. S.19 we clearly see the difference 
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Time (ms) 
10 15 20 

1.6 

Rote - controlled 
Equilibrium 

1200 rev/min 
φ = 0.9 Residual fraction 005 

θ κ = - 3 0 · 

FIG. 5.19. Variation in nitric oxide concentration. Nitric 
oxide mass fractions as a function of time in the burnt gas 
for two elements which burn at different times: =-30^ is the 
first part of the charge to burn; at = 10°, one-third of 
charge is burnt. From Lavoie et al.,(^8) by courtesy of the 

Massachusetts Institute of Technology.) 

between the equilibrium concentration and the predicted frozen 
concentration at the end of the expansion. 

If we turn to Fig. 5.17 again we see that for weak mixtures the 
temperature at which NO freezes is almost constant; and even on the 
rich side there is only a slight drop in temperature. The peak NO 
concentration occurs on the weak side and falls off considerably 
over a few air/fuel ratios. This trend is observed in engines of 
all types. The NO concentration may vary in the exhaust pipe. 
Some results obtained by the authors in a four-cylinder engine are 
shown in Fig. 5.20. 
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FIG. 5.20. Measured nitric oxide concentrations in exhaust 
pipe of a four-cylinder gasolene engine. Full throttle 

at 3000 rev/min. 

Thus we may conclude that the NO formation in the cylinder is 
associated with the rate-controlled combustion processes. It is 
therefore related to the thermodynamic conditions in the cylinder at 
ignition. To minimize the NO concentration the problem has to be 
attacked by controlling the combustion process. It would seem from 
Fig. 5.19 that the NO concentration is related to the peak temperature 
and the flame speed. The higher the peak temperature the higher the 
concentration, and the lower the flame speed the longer the time for 
the NO to dissociate to molecular nitrogen and oxygen. This does 
not completely hold since we should expect the peak NO to be on the 
rich side, but the general trend is in these directions. Therefore 
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any parameter that can reduce the peak temperature or decrease the 
flame speed or both will reduce the NO emission. Blumberg and 
K u m m e r h a v e carried out a large number of calculations based on 
the Lavoie et al. ̂ ^^^ model to investigate a number of engine 
parameters. This work identified the leading factors which 
influenced the NO emissions. In Figs. 5.21-5.24 the results are 
given of calculations by the authors based on the methods developed 
by Benson et al.^^^^ These calculations differ from those of 
Blumberg and Kummer not only in the combustion model, which is 
simpler, but also because allowance was made for the influence of 
the intake and exhaust systems on the trapped engine conditions. 
The same broad trends as Blumberg and Kummer were observed. 

We have already noted that retarding the ignition timing 
reduces the maximum pressure (and hence peak temperature) 
(Fig. 5.5). It would therefore be expected that decreasing the 
spark advance would also reduce NO emissions. In Fig. 5.21 this 
effect is observed but the magnitude will depend on the air/fuel 
ratio. Reducing NO by this method, however, will reduce the engine 
power. 

6000 -1 3000 rev/min 
Inlet pressure - 1.0 bar 
φ s Equivalence ratio 
{φ> 1.0 richi φ < 1.0 weak) 

-30 
BTDC 

t 
TDC 

Ignition timing (deg CA) 

φ ' 0.95 

10 
ATDC 

FIG. 5.21. Influence of ignition timing on 
nitric oxide emissions. 
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The effect of engine operating conditions such as speed and 
manifold pressure are shown in Figs. 5.22 and 5.23. The lower the 
engine speed, the longer the time available for the dissociation of 
NO, but the magnitude of the change in NO concentration will depend 
on the ignition timing, mixture strength and heat losses. Finally, 
running very lean will also reduce the NO emission (Fig. 5.7). 
Here we are faced with a practical problem of ensuring a uniform 
distribution of fuel between cylinders in multi-cylinder operation 
and ignition stability already referred to earlier in our discussion 
of ignition timing. 

10,000 - 1 
Angle of ignition = 3 4 * bar 
Inlet pressure » 1.0 bar 

φ ' Equivalence ratio 

( φ > 1.0 richj φ < 1.0 weak) 

3000 

(rev/min) 

4000 

FIG. 5.22. Influence of engine speed on nitric 
oxide emissions. 
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FIG. 5.23. 
Intake manifold pressure (bar) 

Influence of intake manifold pressure 
on nitric oxide emissions. 

Another method of reducing the maximum temperature and flame 
speed is to increase the residual fraction of the products of 
combustion from the previous cycle. In Fig. 5.24 it will be seen 
that a small change in the residual fraction has a marked 
significance on the peak NO. 

A practical method of implementing this is to recirculate some 
of the exhaust gas back to the inlet manifold. This method is 
called exhaust gas recirculation (EGR). Some typical results 
obtained in the authors* laboratories on a four-cylinder engine with 
EGR are shown in Fig. 5.25. Here it will be seen that a reduction 
in peak NO concentration from about 4000 ppm to 2500 ppm was obtained 
with approximately 3.51 EGR. The percentage EGR decreases with 
increase in air/fuel ratio for a fixed valve setting. In practice, 
the EGR valve is shut off during idle and closed throttle. 

All the above methods for reducing NO reduce the engine power 
and impair performance. Alternative methods have therefore been 
sought. One method^^^^ is to subdivide the combustion chamber into 
two parts—one with a rich mixture and the other with a weak mixture. 
The rich mixture is ignited first and it, in turn, ignites the weak 
mixture. It is claimed tliat by this method the NO emissions are 
reduced. These engines are called stratified charge engines. 
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Influence of residuals on nitric oxide 
(From Benson et al.^^^^.) 

Finally, devices have been developed for mounting on the exhaust 
pipe to assist in the reduction of NO to oxygen and nitrogen. These 
are called catalytic reactors. The reaction takes place in a 
reducing atmosphere in the presence of a catalyst. There is 
evidence to show that ammonia is formed in the reduction process. t-*-̂J 
The catalysts are very susceptible to lead poisoning, and for their 
effective use lead-free fuels must be used. 

5.6.3 Hydrocarbons 
Hydrocarbons may appear in the exhaust gas from a number of 

sources; some of these can be directly related to unstable ignition 
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18 12 13 14 15 16 Í7 

Air/fuel ratio 

FIG. 5.25. Some typical results for a four-cylinder engine 
with exhaust gas recirculation. 

(misfire), some to poor operation (excessive lubricating oil in 
exhaust due to blow-by, etc.) and some to crevices in the combustion 
chamber which are too narrow for the flame to enter; for example, 
around the valves and between the piston crown and cylinder head. 
The two main combustion-generated sources are the intermediate 
products and wall quenching. 

We have already pointed out that the oxidation of hydrocarbons 
is a chain process with intermediate products such as aldehydes. 
Some of these aldehydes are stable and pass into the exhaust gas. 
The major source of hydrocarbon formation is wall quenching. When 
photographic measurements are made of the combustion process in 
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engines it is observed that as the flame propagates to the wall there 
is a thin layer adjacent to the wall where no chemical reaction 
except some fuel breakdown occurs. This thin layer, containing non-
reacting hydrocarbons, is called the quench distance. The wall acts 
in two ways, firstly, as a chain breaker in the reacting mechanism, 
and secondly, as a heat sink which causes the temperature of the 
boundary layer to drop below the ignition temperature of the mixture. 

The quench distance varies from 0.008 cm to 0.038 cm 
thickness.^^^^ The unburnt hydrocarbons are swept upwards by the 
piston ring during the exhaust stroke and the boundary layer rolls in 
the form of a vortex causing the hydrocarbons to enter the main 
stream and pass through the exhaust valve. 

The quench distance is influenced by the mixture temperature, 
pressure, air/fuel ratio, the wall surface temperature, to the wall 
surface material and combustion deposits. The variation of 
hydrocarbon concentration with mixture strength is of similar form 
to the carbon monoxide curve (Fig. 5.16) with high concentration 
with rich mixture decreasing to a minimum at about the point of 
maximum temperature and then remaining almost constant, although if 
the mixture is too lean the concentration will increase due to 
misfiring. 

Exhaust devices are used to reduce hydrocarbon in the gas 
mainly by oxidation processes in thermal or catalytic reactors. In 
order that the oxidation can be successfully carried out there are 
critical sizes for these reactors to allow for adequate residence 
time for the oxidation process to take place. 
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Notation 

A 
b 

C 
c_ 

D 

f 
F 

I 
I λχ 

L 
Nu 

constant in Annand*s eqn, 
(6,21) and Table 6.2 

area 
constant in Annand's eqn. 
(6.21) and Table 6.2 

constant in Annand's eqn. 
(6.21) and Table 6.2 

particle mass per unit volume 
constants in Woschni's eqn. 
(6.24) (n = 1, 2, 3) 

specific heat at constant 
pressure 
cylinder bore 
black body energy radiated 
per unit area per unit time 
grey body energy radiated 
per unit area per unit time 
shape factor (Table 6.1) 
shape factor (eqn. (6.10)) 
heat transfer coefficient 
radiant energy per unit 
solid angle 
intensity of radiant energy 
at wavelength λ, distance χ 
thermal conductivity 
thermal conductivity of gas 
monochromatic absorption 
coefficient 
linear length (Table 6.1) 
Nusselt number 
pressure 
trapped pressure (Woschni 
eqn. (6.24)) 

motoring pressure (Woschni 
eqn. (6.24)) 

Pr 
q 
r 
Re 
s 
Τ 

V 
V· 
w 

X 
α G X 
Ε 

^ G X 
X 
Ψ 
ω 
Φ 
Ρ 
Pr 
y 
ν 
σ 

Prandtl number 
heat flow per unit time 
distance 
Reynolds number 
particle surface area per 
unit mass 
temperature, absolute 
gas temperature 
wall temperature 
piston velocity 
volume 
trapped volume (Woschni 
eqn. (6.24)) 
local average velocity 
(Woschni eqn. (6.24)) 

combustion induced velocity 
(Woschni eqn. (6.24)) 

length 
absorptivity of gas layer 
emissivity 
grey body emissivity 
emissivity of gas layer 
wavelength 
angle (Fig. 6.2) 
angle (eqn. (6.4)) 
angle (Fig. 6.2) 
density 
reflectivity 
absolute viscosity 
kinematic viscosity 
constant of proportionality 
in Stefan-Boltzmann law 
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6.1 BASIC PRINCIPLES 
In Chapter 3 the limitations of the air standard cycles were 
discussed and heat loss to the walls of the combustion chamber from 
the burning gases was claimed to be the second most important reason 
for the deviation of such a calculation from an engine test result. 
Apart from performance calculations heat transfer is of importance 
because of the thermal loading of components—liner, piston, valves 
and cylinder head. 

The reader is probably familiar with the principles of heat 
transfer, so only a brief description, of relevance to engine 
conditions, will be given here. 

Heat transfer may be defined as the transmission of energy from 
one region to another as a result of a temperature difference between 
them. This may be accomplished by one or more of three methods— 
conduction, convection and radiation. In conduction, heat transfer 
is achieved by molecule to molecule contact without appreciable 
movement of the molecules. Although it may be claimed that heat 
transfer from a gas to a solid is dependent upon conduction, through 
a thin stationary boundary layer of gas molecules adhering to the 
wall of the solid, this concept is seldom used practically, and for 
our purposes conduction may be ignored. 

Convection is the transport of energy by the movement of 
molecules over appreciable distances, the molecules acting as energy 
stores, picking up energy in high temperature regions and giving it 
up in low temperature regions. In internal combustion engines 
convection tends to reduce temperature gradients within the gases and 
also to transfer energy from the hot gases to cold walls. A major 
influence on the rate of convectivo heat transfer is the rate of 
movement of the gases. 

Radiation is a process by which energy is transferred from one 
body to another without the use of molecular movement or contact. 
It may occur through a vacuum or any transparent medium, and is an 
electromagnetic phenomenon. It includes light. X-rays and 
radiowaves, etc. 

In engines heat losses from the combustion chamber gases are due 
both to radiation and convection, but the losses have seldom been 
measured separately. An understanding of the two forms of heat 
transfer, as applied to engines, may be expected to become 
increasingly important. 

6.1.1 Radiation 
The essential facts about radiation for our purposes are 

summarized below. The reader is recommended to read elsewhere for 
greater depth and width of understanding. 

141 
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Radiation consists of electromagnetic waves usually covering a 
variety of wavelengths. Solid bodies radiate at all wavelengths, 
producing a continuous spectrum. The proportion of the total energy 
radiated at any given wavelength is dependent upon the type of body 
and on its temperature. If a body at any specified temperature 
radiates the maximum possible amount of thermal radiation at all 
wavelengths, it is an ideal radiator, called a "black body". The 
energy radiated by a black body is proportional to the fourth power 
of its absolute temperature (Stefan-Boltzmann law). Thus 

= σ τ \ (6.1) 
where Ê ^ is the energy radiated per unit area per unit time and σ 
is the constant of proportionality = 5.68 χ 10"^ J/s m^ K** 

Real surfaces radiate less than a black body at the same 
temperature. If at a given temperature the ratio of the radiative 
power at a given wavelength to that of a black body for the same 
wavelength and the same temperature is constant for all wavelengths, 
the body is called a grey body. For the purpose of heat transfer 
surfaces are usually considered to be grey. The ratio of energy 
radiated by a grey body to that radiated by a black body at the same 
temperature is called its emissivity, ε , so that 

Eg = CgOT . (6.2) 

For a true grey body the emissivity e will be a constant 
independent of temperature, but most real bodies are not grey and 
their emissivities vary with temperature. Also surfaces have 
directional qualities, but these may be neglected for our purposes. 

Kirchhofes law states that, at thermal equilibrium, the ratio 
of the emissive power of a surface to its absorptivity is the same 
for all bodies. For any body the absorptivity for black body 
radiation from a surface at temperature Τ is the same as the 
emissivity of the body at the same temperature T. 

So far we have considered the total radiation emitted by a 
black body in all directions. This concept may be visualized by 
placing a hemispherical surface over a surface element dAi as shown 
in Fig. 6.1. 

The hemisphere will intercept all of the radiation emitted from 
the surface element, but only from directly above it (taking dAj to 
be horizontal) will dAi be seen undistorted. When viewed from a 
point on the hemisphere displaced by an angle Φ from the normal to 
dAi, the surface element will appear as the projected area dAi cosφ. 

If we define the intensity of radiation from dAi, I, as the 
radiant energy propagated in a particular direction per unit solid 
angle, per unit of area of dAi as projected on a plane perpendicular 
to the direction of propagation, the rate of radiant heat flow from 
dAito dA2 is , 

dq^.^ = I cosφ dAi dA^/rS (6.3) 
= I dA^p dwi, (6.4) 
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FIG. 6.1. Radiation from surface element to circumscribing 
hemisphere. (From Kreith^^^-^ by courtesy of the International 

Text Book Co.) 

the solid angle subtended by dA^ at dA^ and where άα^ι - (dA2/r ) 
dA^p = dAi cosφ = the projected area of dAi in the direction φ. 
If the intensity of radiation from surface dAi does not vary with 
the direction Φ, as for a diffuse surface, then integrating the 
radiation intercepted by all such elemental areas as dA2 over the 
total surface of the hemisphere, the total rate of emission per unit 
area of A^, or emissive power will be 

dA, 
I 0 0 5 φ - y - (6.5) 

but 

Therefore 

dω ] 

I 
πΐ. 

2π 

r sinφ di|; r 
2 

π/2 

dφ 
5 ΐ η φ dψ dφ. 

sinφ cosφ dφ d\|;. (6.6) 
(6.7) 

So far we have considered emission and absorption of radiation 
by various surfaces but not the net flow between them. To do this 
we have to determine the fraction of the total emission from each of 
the radiating surfaces which reaches and is absorbed by the others. 
If only black body surfaces are involved, all incident radiation is 
absorbed and only the geometric relation between the surfaces has to 
be considered. 
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Figure 6.2 shows the surfaces of two black bodies separated by 
a transparent medium. 

FIG. 6.2. Radiation between two elemental surface areas. 

To determine the fraction of the energy radiated from surface 
Ai that strikes surface A 2 , consider the two elements dAi and dA2, 
distance r apart: 

dqi2 = I cosφl dAi dωl2, (6.8) 

where I χ is the intensity of radiation from dAi, dAi cosφl = 
projection of area dAi as seen from dA2, dwi2 is the solid angle 
subtended by dA2 with respect to centre point of dAi, but 

dωl2 = cosφ2 ak^jr^ 

giving dqi2 (6.9) E^^ dAi (cosφl cosφ2 άΑ2/πτ ), 

and cosφl cosφ2 άΑ.2/πτ^ is the fraction of the total radiation 
emitted from dAi that strikes dA2. 

Similarly, dq2i = E^^ dA2 (cosφ2 cosφl dAl/πr^). The net rate 
of radiation between the two surfaces Ai and A2 will be 

cosφl cosφ2 dAi dA2 
^bl"^b2jjAi JA2 
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1 
^12 -

A I 

cosφl c o s φ 2 dAj d A 2 
(6.10) 

F 1 2 Í S the fraction of the total radiant energy leaving Αχ that is 
intercepted by A 2 . 

Thus 
'I = (^bl-^ba) ^ 1 2 ^ 1 = (E^j-E^J F 2 1 A^. (6.11) 

If surface Αχ is totally enclosed by surface A 2 it can be seen 
that all of the net radiation that leaves Aj will be intercepted by 
A 2 , so that the shape factor F 1 2 should be unity. This will be 
true unless some of the radiation from Aj is intercepted by another 
part of Ai. In this latter case the true area A^ may need to be 
corrected to become an effective area. 

If the surfaces are opaque but not black the analysis becomes 
difficult because all of the incident radiation is not absorbed— 
some is reflected. The next simplest case is if the surfaces are 
grey. It is not intended to delve deeper into these fascinating 
complexities but of interest may be the simple case of radiation 
between two grey concentric spheres. Then-net radiation becomes 

1 = ihrHz) V12A1. (6.12) 
where 

= ρ^^Μιει * IMi - Ρ^ζΜζε^ (̂-̂^̂  
and * reflectivity and ε = emissivity (note, as surfaces are 
opaque, + ε « 1). 

Radiation may also occur from gases. Many common gases and 
gas mixtures, such as nitrogen, oxygen and hydrogen, have symmetrical 
molecules and are practically transparent to thermal radiation, they 
neither emit nor absorb appreciable amounts of radiation at 
temperatures of practical interest. However, some gases and vapours 
of interest, such as carbon dioxide, water vapour, carbon monoxide 
and hydrocarbons are not so neutral. 

Gases do not radiate at all wavelengths but emit and absorb only 
in narrow regions of wavelength, called bands. Thus the radiation 
bands for carbon dioxide lie between wavelengths of 2.36 and 3.02μ, 

This shows that the net rate of heat flow between two black bodies 
may be determined by evaluating the radiation from either to the 
other but replacing its emissive power by the difference between the 
emissive powers of the two surfaces. 

If we divide the double integral by the total area of one of 
the surfaces the result is called the shape factor for the system 
evaluated on the basis of that surface. Thus shape factor on basis 
of area Αχ is 
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4.10 and 4·80μ and 12.5 and 16.5μ; for water vapour between 2.24 and 
3.27μ, 4.8 and 8.5μ and 12 and 25μ. Even if complete absorption/ 
emission within these bands was achieved, i.e. the quantities of gas 
involved were sufficient to achieve black body conditions within 
these bands, the intensity of radiation (absorption) would only be a 
part of that obtained from an equivalent black body. At 4730K the 
parts would be 12% for carbon dioxide and 67t for water vapour, at 
12730K 10.5 and 46» respectively and at 2273θΚ 6 and 24%. These 
changes, which indicate that the intensity of gas radiation increases 
less rapidly with temperature than does black body radiation, are 
because the wavelength at which maximum intensity for black body 
radiation occurs become shorter as temperature rises, moving to 
shorter wavelengths than those at which the gas radiation occurs. 

As is implicit in the statement above, gas radiation is not a 
surface phenomena as is usual for a solid body (apart from a few 
transparent substances and even these are relatively opaque). To 
calculate the radiation emitted or absorbed by a gas layer, its 
thickness, pressure and shape, as well as its surface area, must be 
taken into account. 

If radiation of a single wavelength and intensity I^Q passes 
through a gas layer of thickness L, the radiant energy absorbed in 
a distance dx, distance χ into the layer is 

where I. is the intensity at a distance χ and k' is the 
A X X 

monochromatic absorption coefficient, a proportionality constant, 
value depending on pressure and temperature of the gas. 

Integration between the limits χ « 0 and χ = L gives 

^ L = ΙχΟ^^^'"· í̂ -l̂ í 
-k'L 

So energy absorbed by gas layer = ^xo'^^XL * ^XO^^ " ® ^* 
"kJ L 

(l - e ) = absorptivity α̂ ^̂  = emissivity ε^^ of the gas layer. 
Such calculations would need to be done and summed over all the 
radiation bands. For large thicknesses, gas radiation approaches 
black body radiation within the wavelengths of the appropriate bands. 

6.1.2 Radiation from Clouds of Solid Particles Such as Soot 
A particle cloud may be treated as an absorbent medium similar 

to the gas layer described earlier, provided that the particles are 
large enough—compared with the radiation wavelength—not to produce 
scattering. The absorption coefficient of a suspension of black 
particles having a total particle surface per unit mass s and a total 
mass per unit volume C can be shown to be given by 

k' - 0.25CS. (6.16) 
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An isothermal cloud of grey particles may be replaced by an 

equivalent grey body. To do this the fraction of the energy emitted 
by each particle in the cloud which emerges from each element of area 
of the cloud boundary must be determined, making allowance for 
absorption on the way, and then it must be summed over all particles 
and all surface elements. Analytical solution is possible only in 
very simple cases and numerical methods must be used in others. It 
is found convenient to express the results in the form 

1 - e -fk' L (6.17) 

where L is a chosen linear dimension and f a shape factor for the 
cloud. Some values are presented in Table 6.1 and Fig. 6.3 shows 
the resulting values of Ê "̂ ^ 

TABLE 6.1. Approximate Emissivity of a Uniform Isothermal Cloud 
-f k' L 

Values of L and f for use in equation Ε = 1-e 
Values of f 

Cloud shape Linear dimension L k'L-̂ 0̂ ka=i k'L=2 
Arbitrary convex 
cloud 

Ratio of volume to 
surface 4 3.4 3.4 

Sphere Diameter 0.67 0.64 0.61 
Cylinder 
Height = dia. 
Height = 5 dia. 
Height » dia. 

Diameter 
0.67 
0.91 
1 

0.61 
0.82 
0.91 

0.55 
0.75 
0.84 

Rectangular 
parallelepiped 
Cube 
1:1:5 
l:l:«o 
1:«:« (slab) 

Edge 
Shortest edge 
Shortest edge 
Thickness 

0.67 
0.91 
1 
2 

0.59 
0.77 
0.85 
1.5 

0.58 
0.68 
0.75 
1.4 

Combustion of pulverised coal. (From Field et a l . b y courtesy 
of the Institute of Fuel). 

6.1.3 Convective Heat Transfer 
When a fluid flows along a surface the fluid particles adjacent 

to the surface have zero velocity relative to the surface. Other 
fluid in the vicinity is retarded by viscous shear if the flow is 
laminar. If the flow is turbulent, retardation will be due to 
turbulent shear as well. A short distance from the surface the 
velocity of the fluid approaches that of the undisturbed free stream. 
The region of substantial velocity change is called the hydrodynamic 
layer. Even if the flow is turbulent there will be a very thin 
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FIG. 6.3. Variation of the whole-body emissivity of a uniform 
cloud with shape. (From Field et al. 

Institute of Fuel.) 
by courtesy of the 

layer adjacent to the wall that is laminar—called the laminar 
sublayer. 

From this brief description it may be deduced that very near to 
the surface heat can only flow by conduction through the stationary 
layer of fluid. Further from the wall the movement of the fluid 
helps heat transfer by transporting material and energy by turbulent 
motion. If the temperature gradient 3T/3y at the surface was known, 
the rate of heat transfer per unit area q/A would be -'k^idJ/dy) ^^^^y 

Usually this gradient is not known, and a heat transfer 
coefficient is used so that, for a steady flow situation. 

(6.18) 

where is surface temperature and is the bulk temperature of 
the fluid (usually the two temperatures known). Equating these two 
concepts and introducing a length L representative of the system 
leads to the relationship 
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3T 
3y 

s 

(h^L)/k£ is a dimensionless niimber, called the Nusselt number, and is 
the ratio of the temperature gradient at the surface to a 
representative temperature gradient of the system. If the value of 
the Nusselt number is known, then the convectivo heat transfer 
coefficient may be calculated from = Nu(k£/L). This shows that 
for similar systems the heat transfer coefficient will be inversely 
proportional to the significant length dimension. 

There are a number of methods available for obtaining heat 
transfer coefficients, such as solving the boundary layer conditions, 
by analogy with mass and momentum transfer or by dimensional analysis 
combined with experiments. Unfortunately they tend to be applicable 
to much simpler systems than the internal combustion engine. 

Nonetheless, it is of interest to note that such studies have 
been made and additional dimensionless groups have been found to be 
of value. One is the group VLp/μ, the Reynolds number, and another 
is the Prandtl number Cpp/k^^, known as Re and Pr respectively. 
According to the principle of similarity the behaviour of two systems 
will be similar if the ratios of their linear dimensions, forces, 
velocities, etc., are the same. In geometrically similar systems 
with forced convection if the ratio of inertia forces to viscous 
forces, that is the Reynolds number, is the same the velocity fields 
will be similar. So similar flow conditions may be expected if the 
Reynolds number is the same for any two systems. Again, the ratio 
of kinematic viscosity μ/ρ, which affects the velocity distribution, 
to thermal diffusivity k£/pCp, which affects the temperature profile, 
gives the Prandtl number. So the Prandtl number may be regarded as 
a dimensionless group that relates temperature distribution to 
velocity distribution. The Nusselt number has already been shown to 
relate the temperature gradient at a fluid/surface interface to a 
reference temperature gradient. These three groups may therefore 
be expected to be interrelated, i.e. Nu = f(Re, Pr). 

The ideas developed above have been largely derived from steady 
flow considerations. Applying them to engine conditions may be 
thought to be a dubious procedure but in general has proved to be 
useful. 

6.2 HEAT TRANSFER IN INTERNAL COMBUSTION ENGINES—A SURVEY 
The processes inside the combustion chamber of an intermittent 

type engine are very complex, involving rapidly varying gas pressure 
and temperature and local fluid velocities which may also vary more 
or less rapidly. Heat flux into the walls varies throughout the 
engine cycle from a small negative value to a positive value reaching 
up to several megawatts per square metre, and also varies spatially 
due to differences in local gas temperatures and velocity and 
doubtless also due to differences in orientation of the wall to the 
radiating flames. As yet an adequate theoretical analysis of heat 
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transfer under these conditions has not been achieved although a 
number of studies aiming to improve this situation have taken place. 
Measurements of air movement in an engine cylinder have been made by 
Fitzgeorge, ̂ -̂̂  Dent^^^ and Tindal^^^ during the compression stroke 
but not during combustion and expansion. Some attempt has also 
been made to predict convective heat transfer coefficients from air 
movement using momentum concepts. 

These studies do not deal with any effect due to combustion 
itself. At one time it was widely held that combustion would in 
itself produce a major increase in turbulence but recent studies 
indicate that this is not so.̂ -̂̂  However, local velocity changes 
can be caused by expansion of the hot burned products. In the 
spark ignition engine expansion of the charge produces a clearly 
defined difference between the rate of flame movement and the speed 
of propagation relative to the unburnt gas. Calculation for typical 
cases has given velocity changes due to this cause of the order of 
10 m/s—quite large compared with fluid velocities normally found in 
this type of engine before the passage of the flame. This effect 
has also been shown by S u m m e r s i n a single-cycle engine simulator. 
Figure 6.4 shows the effect observed in which combustion increased 
Nusselt number considerably. Similar effects are expected in 
compression ignition engines. In indirect injection engines, in 
particular, the air motion produced by expansion is deliberately 
channelled and consequently produces high local velocities, and so 
convective heat transfer. HeneinC^) presents some observations on 
an engine with an energy cell combustion system with analysis showing 
high values of heat transfer associated with charge velocities of the 
order of 500 m/s. In direct injection engines charge motion 
produced by combustion is much smaller and less well defined. 

2«10 

|-- Without 

\ \ 
\ X 

-After combustion 
ignition at 6 ms 

X 

After combustion 
Ignition at 66 ms 

50 100 

Time from piston arrival at TDC(ms) 

150 

FIG. 6.4. Nusselt number variation with time, with and without 
combustion, in single-cycle simulator. 
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At one time convective heat transfer was considered to be by 

far the major form with radiation relatively small, perhaps 
negligible. The importance of radiation, at least in the 
compression ignition engine, is now firmly established, even if 
calculation on this basis is not yet usual. 

Radiant heat transfer in the spark ignition engine has been 
investigated less than it has been in the compression ignition 
engine. Under the usual conditions of homogeneous deflagration no 
solid intermediate products are formed and only gas phase radiation 
has to be considered—effectively radiation from carbon dioxide and 
water vapour. Some assessments have given typical maximum 
effective emissivity about 0.1, with maximum radiant flux of half a 
megawatt per square metre and total maximum flux of 10 times this. 
As radiation diminishes much more rapidly than convection as 
temperature falls during expansion, the overall effect could be of 
negligible radiation relative to convective heat transfer. 

These assessments have been quoted from A n n a n d w h o adds that 
although this view may be correct it is not substantiated, and there 
are grounds for doubt, such as that radiation from the flame itself 
has not been calculated, radiation from carbon dioxide and water 
vapour was based upon data obtained at lower partial pressures than 
exist in engine cylinders and the non-uniformity of cylinder 
temperature and non-equilibrium cylinder conditions may affect the 
result. Nonetheless, radiation from premixed flames is normally 
much less than from diffusion flames, and this seems to be borne out 
by experience of premixed combustion in the compression ignition 
engine, Lyn and Valdamis. 

For the compression ignition engine there is a considerable 
amount of published evidence showing that radiation can account for 
an appreciable fraction of the total. Thus Oguri,^"^^^ Flynn^"^^^ and 
Sitkei^^^^ agree in showing measured radiant heat transfer amounting 
to between 201 and 50% of the total, averaged over the complete 
engine cycle. Belinkii^^^^ made measurements on a small, open-
chamber engine and concluded that the diesel engine flame radiated as 
a grey body within the rather narrow range of wavelengths covered by 
his experiments. He showed emissivities ranging from 1.0 at top 
dead centre down to about 0.6 at 50° after top dead centre. The 
similar but more extensive work by Flynn̂ "̂ "̂ ^ gave a somewhat non-grey 
distribution. Typical observations are shown in Fig. 6.5. 

So far calculation of radiation from consideration of soot cloud 
density and size and temperature has hardly begun although Annand 
has made some tentative suggestions towards this end, with the flame 
treated as a grey body in a black box, filling the box so that form 
factors are not needed. Even so, soot temperature and quantity has 
to be estimated, and neither is as yet readily calculable though 
knowledge is accumulating (see Khan^"^^^). 
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FIG. 6.5. Typical observations of radiant heat transfer in a 

diesel engine. (From Flynn et ai, (11) by courtesy of the 
Society of Automotive Engineers.) 

6.3 HEAT TRANSFER IN INTERNAL COMBUSTION ENGINES—SOME 

PRACTICAL CONSIDERATIONS 
  

  

Heat transfer in engines may be considered in two ways: 
(1) the overall effect which provides, if the engine is running at a
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FIG. 6.5. Typical observations of radiant heat transfer in a 
diesel engine. (From Flynn et al.^^^^ by courtesy of the 

Society of Automotive Engineers.) 

6.3 HEAT TRANSFER IN INTERNAL COMBUSTION ENGINES—SOME 
PRACTICAL CONSIDERATIONS 

Heat transfer in engines may be considered in two ways: 
(1) the overall effect which provides, if the engine is running at a 
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steady load and speed, a nominally steady, or mean, rate of heat 
loss to the combustion chamber walls and hence to a coolant; 
(2) the instantaneous rates that occur during a cycle of events in 
the engine cylinder. The second way may be integrated with respect 
to time to give the first. This second way is of particular 
interest as it is involved in the thermodynamic cycle calculations 
considered in Chapters 8 and 9. It also allows for a more detailed 
and deeper study of the heat transfer process than does the overall 
approach, and so gives the hope of better predictive value in the 
future, even though there is doubt at present. As the attempts to 
tackle the problem fundamentally have not yet arrived at conclusions 
of practical value, as may be deduced from the previous section, 
semi-empirical studies that have been found useful will be dealt 
with hereafter. 

Such studies have been based mainly on temperature measurements 
in components forming the combustion chamber walls. These may be 
steady values, obtained throughout a component, from which 
isothermals may be drawn as outlined in Chapter 11, and mean heat 
fluxes deduced; or surface transient temperatures may be obtained 
and instantaneous heat fluxes into the combustion chamber surfaces 
calculated. Figure 6.6 shows typical variations in surface 
temperature in a medium speed engine and Fig. 6.7 the resultant 
calculated instantaneous heat flux diagram. 

720 

Cnankangle (deg) 

FIG. 6.6. Typical values of cyclic variation of surface 
temperature on cylinder head of diesel engine (b.m.e.p. 10 bar), 
The fluctuation in temperature at the surface is rapidly 

reduced to a steady state value within a few millimetres of the 
surface. Typical calculated values of temperature are shown in 
Fig. 6.8 to illustrate this. 
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FIG. 6.8. Cyclic temperature variation in surface region of a 

piston crown. (From Whitehouse et al., (15) by courtesy of the 
Institution of Mechanical Engineers.)
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FIG. 6.7. Instantaneous heat flux at cylinder head thermocouple. 
(From Whitehouse, (28) by courtesy of the Institution of Mechanical 

Engineers.) 
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FIG. 6.8. Cyclic temperature variation in surface region of a 
piston crown. (From Whitehouse et al.,^^^^ by courtesy of the 

Institution of Mechanical Engineers.) 
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For most practical purposes the component temperatures may be 
taken to be the steady state values. Only rarely have the surface 
thermal stresses been considered to be worthy of consideration, as 
in one case of piston thermal loading. ̂ "̂ ^̂  These steady state 
temperatures vary widely within components, depending both upon the 
heat transfer into the component from the burning substances, which 
is our main concern, and upon the component design, particularly 
cooling arrangements, which is a major concern of the engine 
designer. 

Figures 6.9-6.12 illustrate these points showing component 
temperatures in a medium speed two-stroke diesel engine with 
different piston-cooling arrangements and with two different cooling 
fluids (oil and water). These also show heat flux lines, normal to 
the isothermals, which show the direction of flow of heat through the 
component. The heat flux per unit area at the combustion chamber 
surfaces can be evaluated from such diagrams if the conductivity of 
the component is known. 

The design engineer may use empirical information of this sort, 
but for prediction of heat transfer in a new engine, improvement on 
such direct empiricism is sought. Semi-empirical models in use are 
mainly based upon single-zone models of the combustion process in 
which it is assumed that the cylinder temperature and other factors 
are uniform. The method can be extended to multi-zone models. 
These semi-empirical models will now be examined. 

6.4 INSTANTANEOUS HEAT TRANSFER CALCULATIONS 
The methods outlined in the following sections show how 

calculations are usually performed—for practical engineering 
purposes—if estimates of instantaneous values are required. These 
methods are all dependent upon an estimate of the instantaneous 
conditions in the engine combustion chamber, and in practice usually 
form part of cycle calculations such as those shown in Chapters 8 and 
9. It is also assumed that the ideas generated from the steady flow 
convectivo heat transfer concepts given in the first part of this 
chapter are valid for each instant of time, i.e. quasi-steady 
calculations are correct. This concept has been challenged by 
Overbyê "''̂ ^ who has shown that the heat flux and the overall driving 
temperature difference will normally be out of phase. However, the 
shift in phase is unlikely to be of importance and the quasi-steady 
approximation is unlikely to be bettered in the foreseeable future. 
It may also be noted that other deficiencies of greater significance 
can arise from the assumptions used—such as mean gas temperatures 
when reality involves a complex mixture of gases at different 
temperatures. 

6.4.1 Single-zone Heat Transfer Calculations 
As a matter of historical interest reference may be made to 

some of the numerous investigators who have reported on work of this 
kind (refs. 17-22). Annand's paper(23) gives a critical examination 
of much of the earlier published work, using dimensional analysis to 
indicate fundamental weaknesses in various equations put forward for 
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FIG. 6.9. Two-stroke engine : isothermal chart of cylinder head, 

liner and water-cooled piston. (From Steiger and Aue (40) by 
courtesy of the Institution of Mechanical Engineers.) 

  

Engine operating data: Remark: 

b.m.e.p. 6.2 bar Heat flow lines are 
Mean piston speed: 7.5 m/s spaced 2000 kcal/h 
Supercharging pressure: 1.0 ata apart 
Relative air weight: 6.6 kg/h.p-h. 
Scavenging air temp.: 44°C 
Cooling water temp.(outlet): 62°C 
Cooling oil temp. (inlet): 40°C

156 INTERNAL COMBUSTION ENGINES 

FIG. 6.9. Two-stroke engine : isothermal chart of cylinder head, 
liner and water-cooled piston. (From Steiger and Aue^^^) by 

courtesy of the Institution of Mechanical Engineers.) 
Engine operating data: 
b.m.e.p. 
Mean piston speed: 
Supercharging pressure: 
Relative air weight: 
Scavenging air temp.: 
Cooling water temp.(outlet): 
Cooling oil temp.(inlet): 

6.2 bar 
7.5 m/s 
1.0 at a 
6.6 kg/h^p.h. 
440c 
62^0 
40^0 

Remark: 
Heat flow lines are 
spaced 2000 kcal/h 
apart 
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(From Steiger and Aue, 

157 

isothermal chart of cylinder head, 

(40) 4, 
courtesy of the Institution of Mechanical Engineers.) 

Engine operating data: 
  

b.m.e.p.: 
Mean piston speed: 
Supercharging pressure: 
Relative air weight: 
Scavenging air temp.: 
Cooling water temp. (outlet) 
Cooling oil temp. (inlet) 

10.2 bar 
7.0 m/s 
2.4 ata 
6.3 kg/h.p.h. 
45°9C 
65°C 
40°C 

Remark 

Heat flow lines are 
spaced 2000 kcal/h 
apart
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FIG. 6.10. Two-stroke engine : isothermal chart of cylinder head, 
liner and oil-cooled piston. (From Steiger and Aue,^^^^ by 

courtesy of the Institution of Mechanical Engineers.) 
Engine operating data: 
b.m.e.p.: 
Mean piston speed: 
Supercharging pressure: 
Relative air weight: 
Scavenging air temp.: 
Cooling water temp.(outlet) 
Cooling oil temp.(inlet) 

10.2 bar 
7.0 m/s 
2.4 at a 
6.3 kg/h.p.h. 
450c 
65°C 
40^0 

Remark 
Heat flow lines are 
spaced 2000 kcal/h 
apart 
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j58 290 430 Αρβ 

FIG. 6.11. Two-stroke engine : isothermal chart of water-cooled 
piston and liner. (From Steiger and Aue, (40) 

Institution of Mechanical Engineers.) 
by courtesy of the 

Engine operating data: 
b.m.e.p.: 
Mean piston speed: 
Supercharging pressure: 
Relative air weight: 
Cooling water temp.(outlet) 
Piston cooling water temp. 

(outlet) 

9.7 bar 
6.1 m/s 
2.1 at a 
6.9 kg/h.p.h. 
570c 
45°C 

Remark 
Heat flow lines are 
spaced 10,000 kcal/h 
apart 

heat transfer calculations and proposing a more satisfactory 
alternative. 

Few of the multitude of formulae referred to are now of much 
more than historical interest. Three have been of use to the 
authors in cycle calculations at various times and are known to be 
still in use. These are by Eichelberg, by Annand and by Woschni, 

1^7+?-χ 10"' (ρΤ)* (Tg-V kjVs (6.20) 
pv D 

i.e. 

Eichelberg J 

Annand ^ a ^ (Re)^ (T„-T„) + CFT^T^L), where Re ·= 

Woschni 

g 

C 3 Ό-°'' ρ°·« Τ - ° · " 

g w (6.21) 
VT' 

(6.22) 
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^ 5 3 2 ^ 5 ^ ^ 1 

FIG. 6.12. Two-stroke engine : isothermal chart of oil-cooled 
piston and liner. (From Steiger and Aue,^^^^ by courtest of 

the Institution of Mechanical Engineers.) 
Engine operating data: 
b.m.e.p.: 
Mean piston speed: 
Supercharging pressure: 
Relative air weight: 
Scavenging air temp.: 
Cooling water temp.(outlet): 
Piston cooling oil temp. 

(outlet): 

9 .7 bar 
6.1 m/s 
2.1 at a 
6.9 kg/h.p.h. 
300C 
570c 

45°C 

It may be noted that Eichelberg's equation has the virtues of 
simplicity and explicitness. There are no unknown or variable 
constants so it is very easy to use. It is not dimensionally 
homogeneous and many of the relationships appear quite arbitrary. 
To use such a formula in conditions outside those where experience of 
its reliability has been gained is therefore questionable. Modified 
versions, with different values of the initial constant have been 
used. 

The Annand and Woschni expressions although different in form 
are both based largely on turbulent convection considerations. 
Annand shows that the Prandtl number for the gases forming engine 
cylinder contents will be approximately constant at a value of 0.7, 
claims that the Reynolds number is the major parameter affecting 
convection and that the convectivo heat transfer relationship may be 
represented by (Nu) = a(Re) , where a and b are constants, 
gives the first term in Annand's equation. The second is a 
straightforward radiation term assuming grey body radiation. 

This 

Exhibit 1003, Page 1590 
Petitioner MWE Investments, LLC, et al.



160 INTERNAL COMBUSTION ENGINES 
Woschni*s equation is also based upon a similar forced 

convection model, with the index b specified as 0.8, as for 
turbulent flow in pipes. The constant C 3 is a number obtained from 
Hausen's equationC") for turbulent flow in pipes. The Reynolds 
number is replaced by pressure and temperature relationships for the 
gases, so that the equation is in the parameters normally used. 
From the above considerations Woschni*s expression for the heat 
transfer coefficient would be 

h^ = C 3 D"°-' p°-ö w°-' (^23) 

where w is the local average gas velocity, 
= C^ V p . (6.24) 

The value of the constant Ci was obtained from experiments with 
a motored four-stroke diesel engine with two inlet valves and no 
swirl. During combustion and expansion, however, radiation and 
additional combustion-induced turbulence is allowed for by adding on 
a velocity ŵ , = (C2 (VTVp'V*)) (p-pg), where the pressure difference 
term is the difference between cylinder pressure with combustion 
and cylinder pressure at the same point in the cycle, for the same 
conditions except for the absence of any combustion. 

Both the Annand and the Woschni formulae have constants which 
may be adjusted to give reasonable overall heat transfer values, and 
this can be useful if experience or available information is adequate. 
Some values of the constants that have been used are given at the end 
of the chapter. 

It should be noted that the gas temperature is the mean value 
for the cylinder, whereas in reality the cylinder contents are not 
homogeneous. These formulae have been used with single-zone cycle 
calculation models, and that anomalies should become apparent 
between calculation and experience is not unexpected. One such 
anomaly is that heat transfer to the cylinder walls would apparently 
be evenly distributed both in time and place. This has been found 
not to be so. Reference mav be made to papers by Seale and 
Taylor, f̂ ^̂^ Annand and Mâ ^̂ ^̂  and WhitehouseC28) which illustrate 
these points. 

Figure 6.13 from the last of these three papers shows another 
apparent anomaly whereby instantaneous heat fluxes obtained under a 
variety of operating conditions are found to have much less 
variation in maximum values than would be expected from single-zone 
calculation using Annand*s equation. 

Accepting that any of the heat transfer equations mentioned is 
best thought of as unreliable except in so far as experience 
justifies its use and in particular the use of given values of the 
constants involved, it may also be remarked that for performance 
calculations a high accuracy is not of very great significance. 

The authors must acknowledge a prejudice, compounded partly of 
local patriotism and greater experience, in favour of the use of the 
Annand equation. It may also be defended on the grounds that it 
does separate, as logically one should, the convective and the 
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JL 
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Scale of crankangle (deg) 

560 640 720 

FIG. 6.13. Instantaneous heat fluxes for a range of conditions. 
(From Whitehouse,f^^^ by courtesy of the Institution of Mechanical 

Engineers.) 

radiative components of heat transfer. Calculations with the 
single-zone model tend to suggest that radiation is small. The 
experience of some research workers suggest that it is not. 
Ebersole et_al.(^9) indicate that radiation may comprise up to 40% 
of the total heat transfer and mention is made by Borman et al. 

(30) 
of instantaneous values of perhaps 70% during combustion. Such 
quantities are thought due to radiation from hot soot particles at 
temperatures well above the mean gas temperature. This would also 
agree with comments by Alcock^^^) that changes in wall temperatures 
have much less effect on heat transfer than would be expected from 
mean gas temperature considerations. 

These various effects are not unexpected if the heterogeneity 
of engine combustion and the fourth power effect of temperature on 
radiation is considered. 

6.4.2 Multi-zone Heat Transfer 
These considerations inevitably lead to the conclusion that only 

a multi-zone model of the happenings in the engine cylinder during 
combustion and expansion can hope to produce calculations valid 
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enough for heat transfer to be estimated at novel conditions. This 
conclusion reinforces the trend towards multi-zone models for 
performance and pollution calculation. 

As radiative heat transfer is believed to be important and as 
the zone temperatures in a multi-zone model are relatively very high 
during combustion, the importance of a heat transfer formula that 
deals directly and explicitly with radiation, using the fourth power 
of temperature relationship, is obvious. Of the formulae considered 
earlier, that due to Annand, or some modification of it, is 
undoubtedly superior. It also provides, incidentally, for both 
spark ignition and diesel engines. 

There is comparatively little published material on multi-zone 
modelling (two or more). There is even less that deals with any 
explicitness with the heat transfer aspects of such models. Thus 
Shahed et al.(^^) mention that heat transfer (from the cylinder 
contents) is calculated based on a bulk average temperature, using 
an Annand type correlation, with total heat transfer apportioned to 
the various zones in relation to their mass and temperature. Heat 
transfer between zones has not been modelled. Bastress et al.^^^^ 
calculated total heat transfer to the walls using a simple formula 
Q = C4A(Tj^-T^), where Ĉ^ was a mean heat transfer coefficient, and 
then divided this quantity among the different zones in proportion 
to their volumes. Whitehouse et al.,í^^> with a two-zone model, 
calculated radiation from the burning zone to the combustion chamber 
walls, assuming radiation from the total surface of the burning zone. 
Convectivo heat transfer was calculated from both zones where contact 
was made with the walls. It was assumed that heat transfer between 
the zones did not occur. Annand*s equation was used for the heat 
transfer calculations. 

This use of the total surface area of a number of burning jets 
for radiation calculations is excessive as each jet will have some 
of its radiation intercepted and absorbed by the other jets. This 
sort of problem has been mentioned earlier in this chapter and the 
theoretical method of determining a shape factor indicated. 
Unfortunately, determination of shape factors for such complex shapes 
is difficult. As heat transfer by radiation as at present 
calculated is anyway very approximate, and the surface area and shape 
factor change for every step of a cycle calculation, some simple 
approach is required. 

Saadawi^^^^ has used a simple "effective area" approach for this 
purpose. Considering black body radiation, to avoid difficulties 
with reflection, etc., from a hot body totally enclosed in a 
container, it is obvious that all the radiation is absorbed by the 
container irrespective of its size, so the distance from body to 
walls may be made large, if desired, without change to the heat 
radiated. Consider the radiation reaching some small area A- of the 
large container. In the limit the area receives the same radiation 
from the body as it would from an area equal to the projection of the 
surface of the body on the plane normal to the line joining body and 
area A3 and at the centre of the body. 

The actual body may thus be imagined to be replaced by a number 
of such projected areas. It is then necessary to determine the 
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FIG. 6.14. Model for heat transfer calculations 
before impingement. 

6.5 NUMERICAL VALUES 
The value of the constants in the Annand equation for heat 

transfer, quoted earlier, have usually been chosen to suit empirical 
data, often to give overall percentage heat transfer of the correct 
order by comparison with estimates from steady state heat 

appropriate number and orientation of such areas that will 
approximate to the original body. 

Should the body be a sphere the surface area of the body would 
be 4Trr^ and the surface area of any projected area would be πr^. 
Thus any four projected areas would represent the sphere 
appropriately. Making the assumption that the same number would be 
appropriate for other shapes it is necessary to choose the most 
representative orientations. Saadawi chose projections from 
vertically above and vertically below the combustion chamber, 
horizontally in line with one jet and horizontally at right angles 
to that same jet. A three-jet model is shown in Figs. 6.14 and 
6.15, before and after impingement, to illustrate the technique. 
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FIG. 6.15. Model for heat transfer calculations 
after impingement. 

  

  

TABLE 6.2 

Annand coefficients 
engine Ref. a b c 

J/s m* x" 

Two-stroke (23) 0.76 0.64+0.10 3.0341.06 x 107° 

Four-stroke (23) 0.26 0.75 0.15 3.8841.39 x 107° 

Foden FD6 (2-S) (37) 0.3-0.5 0.7) 

Rolls-Royce, K60 (37) 0.3 0.7 

Dorman 4LBT (37) 0.2 0.7 8 

Mirrlees National 3.28 x 10 

FV2 (37) 0.06 0.85 

Mirrlees National 
FV2 (37) 0.4 0.7   
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/A 
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Section B-B 

FIG. 6.15. Model for heat transfer calculations 
after impingement. 

TABLE 6.2 

Annand coefficients 
engine Ref. 

Two-stroke (23) 0.76 0.64±0.10 
Four-stroke (23) 0.26 0.75 0.15 
Foden FD6 (2-S) (37) 0.3-0.5 0.7 
Rolls-Royce, K60 (37) 0.3 0.7 
Dormán 4LBT (37) 0.2 0.7 
Mirrlees National 
FV2 (37) 0.06 0.85 

Mirrlees National 
FV2 (37) 0.4 0.7 

J/s m^ 
3.03±1.06 X 10 
3.88±1.39 X 10" 

. .8 

. - 8 

3.28 X 10 . - 8 
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balances, i'̂ )̂ Annand himself gave estimates based upon an analysis 
of a limited amount of published data. Such data is summarized in 
Table 6.2. 

In considering these values it must be remembered that there is 
a considerable interaction between a and b. Thus the two sets for 
the Mirrlees National FV2 engine are alternative ways of achieving 
almost the same effect. 

The values of c used with the single-zone combustion model give 
very low values of heat transfer by radiation, in line with beliefs 
current when the formula was first proposed. 

Awbi,^^^^ comparing Woschni's formula with Annand's for heat 
transfer in a four-stroke medium speed engine (the Mirrlees National 
FV2), found they gave similar results. Woschni had given values of 
C3«3.715x10"^, 02=10.63x10"^ ft/s °C and Ci = 2.28 during 
compression and expansion and 6.18 during the gas exchange period. 
Awbi used the same ratio between Οχ and C2 but varied Ci to give the 
same mean heat transfer as did the Annand equation. This resulted 
in Ci = 4.83 ± 0.3. These units gave heat transfer in CHU/ft^ s Κ 
with D in feet, p. Ibf/in and v^ in ft/s. Converting to J/m 
metres, bars and m/s we have, for the Awbi values 

-0.2 pO.a ^-0.53 ? = 7.54 D 

(2.12±0.13)10.63 

(4.83 ± 0.3)v 

VT' 
0.8 

(Tg-T^). 

(6.25) 
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Preface 

The ever present energy crisis and the need for environmental con­
trols has had a major impact on the development of the internal com­
bustion engine. In this development a closer understanding of the 
thermodynamic processes occurring within the engine is necessary. 
Both authors have been continuously involved in industry and the 
universities over the past 30 years in the design, development, re­
search and the teaching of internal combustion engines. The present 
text represents the fruits of some of their labours. Much of the 
material is original and some has not been published heretofore. The 
material has been used in the authors* department in the final year's 
BSc courses and in the MSc course. 
The text has been written as a companion to one of the authors 
(R.S, Benson's) text in the same series entitled Advanced Engineering 
Thermodynamias (2nd edition). A novel feature in the text is the 
presentation of FORTRAN listings of two programs for simple cycle 
calculations—one for a compression ignition engine cycle and the 
other for a spark ignition engine cycle. Methods are also outlined 
for more complex cycle calculations of the type which are now normally 
carried our in design offices. The quantitative material for combus­
tion processes in compression ignition engines and some of the data for 
spark ignition engines are based on the latest research carried out 
in the authors' laboratories. 
The text is divided into two volumes to suit the convenience of stud­
ents. The first volume contains material suitable for an undergrad­
uate course in internal combustion engines, whilst the second volume 
is more relevent to postgraduate courses. 
The book is primarily concerned with the thermodynamics of internal 
combustion engines but inevitably we have included hardware features. 
Since the successful understanding of the processes in which the 
engine operates is dependent on experimental work, a section is 
included on experimental methods which is appended to Volume I al­
though some of the techniques are only used in advanced research est­
ablishments. 
The authors wish to acknowledge with thanks the help of the numerous 
research students, research assistants and technical staff in pro­
ducing the data used in the text. They wish to thank the various 
publishers and institutions for the reproductions of figures, due 
acknowledgement of which is given in the appropriate place. They 
also wish to thank Mrs. M. McDonnell and Mrs. P. Shepherd for typing 
the draft and Mrs. J.A. Munro for typing the camera ready copy of the 
text. 
Finally, they wish to thank their respective wives and families for 
their patience and forbearance for the many evenings and weekends spent 
in preparing the text. 
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Our understanding of the thermodynamic processes in internal 
combustion engines depends on accurate experimental work. In this 
appendix we describe some methods currently in use to elucidate the 
phenomena occurring in engines. It is not intended to describe the 
range of equipment for engine testing (these are well reviewed by 
Ricardo and Hempson(^)) or to discuss in detail the accuracy of 
electronic measurements in internal combustion engines unless they 
specifically refer to the influence of the accuracy on thermodynamic 
analysis. The proceedings of an excellent conference on the 
accuracy of electronic equipment has been published by the 
Institution of Mechanical E n g i n e e r s . N o r will we describe 
electronic circuitry, since modern developments in this area would 
render description out of date. In this chapter we shall outline 
the principles of the instrumentation and some typical designs 
manufactured and tested in the authors* laboratories. We shall 
also refer to instrumentation developed by others and to the 
standard equipment now required for emissions, although for a 
comprehensive description of this equipment the reader is referred to 
the book by Patterson and Henein.^^^ 

The most common equipment is the pressure transducer since this 
enables us to study the pressure changes throughout the cycle. 
Special problems arise in recording the pressure accurately and 
analysing the subsequent record. Since these are critical to the 
successful analysis of the thermodynamic processes, we shall discuss 
the installation of transducers and the methods of recording in some 
detail. We shall follow with temperature measurement. This is 
extremely difficult, and complex equipment is normally required; we 
shall describe some methods successfully applied by recent workers. 
Studies of combustion processes involve high speed photography, gas 
sampling, flame speed measurement and spectrographic techniques— 
some of the methods in current use—will be described. Finally, we 
conclude with the special instrumentation used for gas analysis; 
this can be equally used with sampled gas from the cylinder or 
exhaust pipe emissions. 

I.l PRESSURE MEASUREMENT AND RECORDING 
The measurement of cylinder pressures has been of interest to 

engineers since the birth of the steam engine for which the Watt 
indicator was developed. In the early days of the internal 
combustion engines the Watt indicator was used, but as the engine 
speeds increased the frequency response of this and similar types of 
indicator, as well as passage effects,militated against their use, 
and alternative methods have been developed. It is now widely 
recognized that the most satisfactory method of recording cylinder 
pressure is with an electrical transducer. In this type of 
transducer the deflection of a diaphragm subjected to the cylinder 
pressure is recorded electrically. For cylinder pressure 
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measurement the piezoelectric transducers are favoured since its 
frequency response and linearity hold over a wider range. Its 
major disadvantages are temperature drift causing a lack of pressure 
reference stabilityand low electrical output. Extreme care 
must be taken in the correct installation of piezoelectric 
transducers to avoid overheating which will cause the quartz 
elements to break up, producing loss of sensitivity, severe 
electrical leakage and drift. In all cases these transducers are 
water-cooled. 

For accurate pressure recording the transducers should be 
located flush with the cylinder wall surface. Unfortunately under 
these conditions the impingement of fuel or a hot flame causes 
thermal shock which produces a distortion in the pressure record 
similar to that shown in Fig. I.l. The expansion line drops often 

Ε 

60.0 Γ -

50.0 h-

40.0 h 

3O0 h 

2O0 h 

10.0 h 

-180 - 6 0 60 100 300 
Crankangle (deg) χ 10"' 

420 540 

FIG. I.l. Effect of defective transducer 
or thermal shock. 

to an apparent pressure below absolute zero, with recovery of the 
diaphragm during the gas exchange period. An analysis of a diagram 
taken with thermal shock may give an i.m.e.p. less than the b.m.e.p. 
To eliminate thermal shock a flame trap can be fitted in front of 
the d i a p h r a g m . T o allow for the zero drift which causes 
instability in the pressure reference level the authors have 
developed a two- or three-pressure transducer system. In the 
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/P\ezo transducer Β 

Flame shield and 
^gauze flame trap 

Z4 Slot in piston skirt 
^ /expos ing liner piezo 
^^^^ to crankcase pressure 

Liner piezo used for 
| / L P diagram and 

obtaining pressure datum 

Position of piston at 
BDC*. note liner piezo 
exposed to cylinder 
pressure 

FIG. 1.2. Location of pressure transducers. 

example shown in Fig. 1.2 one transducer (HP) is located in the 
combustion space and the second (LP) is located in the liner 
approximately mid-stroke position. The LP transducer is exposed 
for part of the stroke to the cylinder pressure and for part of the 
stroke it is in communication with the crankcase. A third 
transducer may be fitted in the crankcase. Since this transducer 
is not subject to zero drift, it can be used to set the baseline for 
the LP transducer when the latter is exposed to the crankcase 
pressure. The LP transducer is then used to calibrate the baseline 
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30.0 , - 120 Γ-

-180 -80 120 220 320 

Crankangle (deg) χ 10"' 

420 520 

FIG. 1.3. Typical cylinder pressure diagram direct output 
from on-line computer. (From Benson and Pick,^^) by courtesy 

of the Society of Automotive Engineers.) 

for the HP transducer. A typical record is shown in Fig. 1.3. In 
addition to the accurate measurement of the pressure, the phasing of 
the diagram is also critical. In the authors' laboratories an 
optical encoder is used. This is essentially a perspex disc with 
some 720 apertures on the periphery for the passage of light. A 
photocell is located on one side of the disc and a lamp on the 
other. There is one reference aperture which is lined up to one 
cylinder bottom dead centre—the final adjustment being made with 
the engine running with the aid of a stroboscope. 

The accurate recording of the pressure is most important if a 
successful understanding of the cylinder phenomena is to be obtained. 
The signal may be recorded on a cathode ray oscillograph and 
subsequently photographed or the signal directly processed on an on­
line computer. In this system the analogue signal is converted 
into digital impulses at fixed crankangles in an analogue to digital 
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converter (ADC). The digital signal is then transmitted to the 
computer where it is stored. It is immediately processed as soon 
as all the data for one or any number of cycles have been completed 
as requested. The processing may be in the form of a pressure 
crankangle diagram or a pressure volume diagram or a heat release 
crankangle diagram. A full discussion of the techniques is given 
by Benson and PickC^) from which two figures are taken to illustrate 
the influence of zero drift (Fig. 1.4) and incorrect timing (Fig.1.5) 
on the cumulative heat release diagrams for a compression ignition 
engine. 

76.0 I-

68.0 

6O0 

52.0 

1. Diagram produced by α cumulative downward drift of 5 lb/in2 
2. Diagram produced by using correct cylinder press 

I— 3. Diagram produced by α cumulative upward drift 5 lb/in2 

200 

12.0 

4.0 h 

-40 JL J I 
-150 -110 -70 -30 10 50 

Crankangle (deg) χ ΐσ' 
90 130 

FIG. 1.4. Effect of h.p. piezo drift on the cumulative 
heat release diagram. (From Benson and Pick^^^ by 

courtesy of the Society of Automotive Engineers.) 
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760 — 

680 |. Diagram produced by error of + 1° CA press data 

: 2.Diogram produced using correct crankangle timing 

- 3. Diagram produced by error of - |°CA press data 

600 -- 

520 

sf , 
7 3 
2 440 - 
8 
Qo = 

® 
3 
5 360 |- 

<£ 

gs 
& 220 
2 

Ee 
5 — 

3s) 

20.0 + 

120 

40 

-40 | | , tg | es ! ! {4 {4 

-I50 -110 -70 -30 10 50 90 130 

Crankangie (deg) x iO"! 

FIG. I.5. Effect of crankangle error on the cumulative heat 

release diagram. (From Benson and Pick, (4) by courtesy of 
the Society of Automotive Engineers.) 

For pressure measurements in the intake and exhaust systems it 
is usual to use inductive transducers or strain gauge transducers. 
Both types of transducer must be water-cooled not only to reduce 
temperature drift but also to preserve transducer life.
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76.0 r-

68.0 

60.0 

520 h 

3 

i 4 4 θ μ 

3βΟ h 

σ 28.0 h 

5 

20.0 h 

120 

4.0 

- 4 0 

1. Diagram produced lay error of + Γ CA press data 
2. Diagram produced using correct crankangle timing 
3. Diagram produced by error of - I" CA press data 

_L 
-150 - n o -70 -30 10 50 

Crankangle (deg) χ 10"' 
90 130 

FIG, 1.5· Effect of crankangle error on the cumulative heat 
release diagram. (From Benson and Pick,^^^ by courtesy of 

the Society of Automotive Engineers.) 

For pressure measurements in the intake and exhaust systems it 
is usual to use inductive transducers or strain gauge transducers. 
Both types of transducer must be water-cooled not only to reduce 
temperature drift but also to preserve transducer life. 
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1.2 TEMPERATURE MEASUREMENT AND RECORDING 
We are interested in both surface temperature measurements as 

well as gas temperatures. The former are required for heat 
transfer studies. Because of the rapidly fluctuating temperatures 
the measuring techniques are complex and different approaches have 
to be made if the cylinder temperature is required, or the exhaust 
gas, or the cylinder surface fluctuating temperature, or the 
component mean temperature. We shall first discuss the cylinder 
surface temperature measurement techniques, then follow with methods 
for measuring mean temperature at a point following by an analogue 
method for using these measurements to calculate heat flow. We 
shall then turn to a method for measuring the cylinder gas 
temperature and conclude with exhaust temperature measurements. 

1.2.1 Component Temperature Measurement 
At the cylinder surface—gas side—the temperature fluctuates 

with time, but a short distance from the surface the temperature is 
constant. Separate techniques are therefore required for the two 
locations. For surface measurement a thin film thermocouple may be 
used (Fig. 1.6). A small plug is inserted in the cylinder wall or 
piston surface. The plug is bored at the axis and a coated nickel 
wire inserted. The nickel oxide coating acts as an insulator. A 
junction is then made between the nickel wire and the plug with a 
5 X 10'^ mm nickel film deposited under a pressure of 1 χ 10"^ mmHg 
absolute. Details of the method are given by Benson and Pick.i^) 
The signals from the piston thermocouples are normally conveyed 
through a link mechanism of the type shown in Fig. 1.7. Wires from 
the thermocouple pass via a C spring through a stainless steel tube 
as an oscillating link. Thence the wires pass a second C spring to 
an outside connector. A typical piston surface temperature record 
is shown in Fig. 1.8. 

0.0148 ia dia. nickel wire 
insukrted from body b y \ , 
0 thin kiyer of nickel 11 
oxide \\ 

•Thermoshrink 
^piostk: sleeving 

00148 in. dkj. nickel ^Ό.0 Ι48 in. dio. iron wire 

Thin layer 
nickel (QSMthkik) ^ • 4 8 included angle taper 

FIG. 1.6. Piston and liner surface thermocouple. 
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Part No. Description iVk). of 
1 Side plates 2 
2 Spacer 1 
3 Svvivel pin 1 
4 Brocket 1 
5 Crossheod 1 
6 Hook 1 
7 Spring anchor 1 
θ Tension adjuster 1 
9 Side plates 2 

Spring to give 20 Ibf 
tension at centre 
position 

FIG. 1.7. Link mechanism for recording piston 
surface temperatures. 

The instantaneous heat flux Q through the cylinder wall surface 
(liner, cylinder head or piston crown) can be computed from a 
diagram of the type shown in Fig. 1.8(a) if we can assume that heat 
flux is normal to the surface. 

The theoretical background is given in standard textbooks. 
It can be shown that the one-dimensional heat flow normal to the 
surface can be represented by the following two expressions: 

(19) 

-k 
3T„ 
3x x=0 

energy units/unit area/unit time, (a) 

at 
3̂ T 
3X 

(b) 

where Τ is the temperature of the wall material at a location χ 
from the cylinder surface at time t, α is the thermal diffusivity of 
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(b} Cyclic heat flux through piston 

FIG. I.8. Cyclic piston surface temperature and heat flux. 

(From A.G. Law. (29)
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(a) Cyclic piston surface temperature 
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(b) Cyclic heat flux through piston 

FIG. 1.8. Cyclic piston surface temperature and heat flux. 
(From A.G. Law. '̂ ^̂ )̂ 
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the wall material given by α = k/pc, and the density p, specific 
heat c and thermal conductivity k of the material are assumed to be 
constant. 

The boundary conditions at the inner and outer wall can be 
represented by expressions of the form: 

At X 

At X 

Τ 

0, cylinder wall; 

Τ w Τ + y Κ cos nωt + G sin nut η η 

= a, coolant surface: 

"̂c " ^cm " constant, 

where T ^ is the time mean wall temperature in the cylinder at the 
point under consideration and T̂ ĵ  is the time mean wall temperature 
at the coolant surface, and Ĝ^ are Fourier coefficients, ω is the 
angular frequency equal to 2π times the cycle repetition rate, and η 
is the harmonic number. 

Integration of the temperature differential equation (b) with 
the above boundary equations and substitution in the heat flux 
equation (b) gives the following expression for the heat flux: 

k 
a Τ -Τ wm cm 

n=oo 
+k I r 

n=l 
(Gĵ -K̂ ) sin (Jit +(Gĵ +Kĵ )cos 

where r = ηω/2α. 
Law^^^^ has indicated that if a Fourier analysis is made of a 

temperature diagram of the type shown in Fig. 1.8(a) with up to 
η = 90 harmonics, taking sample points at two-degree intervals, an 
accurate representation of the wall temperature may be made. 
Typical results are shown for the heat flux in Fig. 1.8(b) taken 
from Law's work. (20) The heat flux and temperature curves 
correspond to the same test. 

Two methods may be used to measure the steady temperature in the 
component. For a stationary component, Ricardost-^) have developed 
the traversing thermocouple. In Fig. 1.9 an adaptation of Ricardo's 
thermocouple is shown to measure the temperature gradient in the 
bottom deck of a cylinder head.f^^i It is important in this method 
that the plug on which the thermocouple is mounted is in contact with 
the surface. An alternative method used in the authors' laboratory 
was developed by the Shell Thornton Research Centre. This method 
makes use of the hardness temperature relationship for special alloy 
steels. Certain alloys undergo changes of hardness when subjected 
to elevated temperatures over a period of time. The hardness remains 
when the alloy returns to normal temperature so that by measuring the 
hardness the elevated temperature can be inferred. These alloys are 
used in the form of small screwed plugs called templugs. The plugs 
are screwed in the component whose temperature is required; the 
temperature of the component is measured at the point of contact of 
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Cylinder head 

Bottom deck Top deck 

Pyrotenox "¿"in. od. 
sheathed chromel 
enamel thermocouple 
wire 

Extension to prevent 
O-ring gripping 
thermocouple 

in.od. tube 

^Sealing tube 
retaining screw 

"i'in.od. 
sealing tube 

FIG. 1.9. Modified Ricardo traversing thermocouple 
arrangement. (From Brock and Glasspoole, 

(21) by courtesy of the Institution of Mechanical Engineers.) 

the plug and the component. In Fig. I.10 templug positions are 
shown in a piston in the thrust section. The engine is run at a 
steady load and speed for a fixed period of time after which the 
plugs are removed and their hardness measured. If sufficient plugs 
are fitted the heat flow through the component can be computed 
either numerically or by using an electrical analogue. In both 
methods the isothermals in the component are constructed to agree 
with the measured temperature. We shall describe the analogue 
method. 

The analogue method is based on the similarity of the heat 
conduction equation and the electrical potential equations. For 
steady state the conduction equation, using r, z, θ coordinates, is, 
for axisymmetry, 

. i!i. i!i = 0, 
3z r 3r dT^ 

3̂ T 

and, for electrical potential (V), 
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(l5)-h 

(I6>f 

M2O) 

FIG. I.10. Templug positions in piston section 
thrust plane. 

3^V ^ 1 3V ^ â V 
9z' r 3r 3r^ 

0. 

Thus there is a direct analogy between Τ and V. 
We shall illustrate the method, initially, with respect to a 

two-dimensional system, and then indicate how a three-dimensional 
system can be set up. 

The two-dimensional equations for Τ and V in the x, y plane 
are 

3^T ^ 3^T 
3x^ 3y 

and i i X + i l l 
3X^ 3y^ 

A diagrammatic arrangement of the system is shown in Fig. I.11. A 
tank contains distilled water as an electrolyte. Inserted in the 
tank are two electrodes A and Β and a probe P. The electrodes are 
connected to an alternating current supply (to avoid electrolysis) 
with resistances Ri and R2 forming two arms of a Wheatstone Bridge— 
the resistances of the electrolyte between the probe Ρ and the 
electrodes A and Β being the other two arms. A galvanometer D is 
used as a detector. The resistances Ri and R2 are set at fixed 
values to correspond to a given isothermal and the probe Ρ moved 
until the detector D is zero and the current flow is balanced. To 
nullify polarizing effects at the probe a variable capacitor C may 
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A.C. ^ 
supply 

RI 

Electrolytic 
tank 

FIG. I.11. Electrical analogue system. 
S, switch; C, variable capacitor; 
D, detector; Ri,R2, variable resistances; 
A, B, electrodes; P, probe. 

be switched into either arm at S. The probe is connected by means 
of a pantograph to a pencil over a plotting table. When the null 
point is obtained a pencil mark is made on drawing paper in the 
plotting table. The probe traverses the tank until a reasonable 
number of null points are obtained for a continuous isothermal to be 
plotted. 

..̂  be the electrolyte resistance from A to Ρ and Β 
to Ρ respectively, and let Rj and R2 be set at some value, then at 

Let R„ and R 
re 

balance 

Let X be the ratios 
•̂ a 

o k ; R1+R2 

Now the analogue equations give: 

"AB ^A-Tß = ΔΤ AB' 

'PA ^P-^A Tp-TA = ΔΤ PA* 

Then at balance for current I: 
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'PA 

R 
R1+R2 

O R ; a "b 

1 

= ΔΤ7" ' Ά Β 

ΔΤ 
1+(R2/Ri) ^ ΔΤ 

PA 
AB 

Hence for a fixed ratio of Rj/Rj we can plot an isothermal for 
ΔΤρ^/ΔΤ^β· Now if T, and Tg are known it follows that the isothemal 
for Tp corresponds to the ratio R2/R1 
R2 give the temperature Tp. 

Thus the resistances R, and 

For an engine component the temperatures are not uniform along 
the surfaces so that a modification is required to the analogue 
system. An arrangement for a piston is shown in Fig. 1.12 to 
illustrate the modification. The electrodes A and Β shown in 
Fig. I.11 are replaced by the system shown in Fig. 1.12. A model 
piston—normally made of wood—is filled with distilled water. 

100% 

Rston in 
electrolytic 
tonk 

|>Non-
E conducting 
material 
(wood) 

>ltage divider 

FIG. 1.12. Modification to electrical analogue for 
non-uniform temperature boundaries. 

At certain locations on the surface A, B, C, D and Ε the 
temperatures are known, say with templugs. We will assume that the 
maximum temperature is at A and the minimum temperature at B. The 
points A and Β are connected either end of the voltage divider such 
that V, IR̂  Ξ ΔΤ, 'AB "'"AB - "'ΑΒ· 
to the divider such that 

The points C, D and Ε are then connected 

"CB . ΔΤ 
"AB = ΔΤ 

CB ^DB 
AB "AB = A T — » 

^EB . ΔΤ 
"AB 

EB 
AB 

Exhibit 1003, Page 1616 
Petitioner MWE Investments, LLC, et al.



EXPERIMENTAL METHODS 185 

The plotting procedure for the isothermals follow in the same 
manner as before. 

In practice the piston cannot be represented by a simple two-
dimensional pattern due to the piston shape. We normally consider 
two planes—the gudgeon pin plane and the thrust plane—normal to 
the gudgeon pin plane. One half of each plane is represented in 
the model as shown in Fig. 1.13. 

Free surface 

1000 c/s 
oscillator 

Supply 

Typical voltages obtained by 
trial and error 

FIG. 1.13. Three-dimensional electrolytic tank wiring 
diagram for the piston. 

The axisymmetric equations are simulated by inclining the base 
at the tank 30^ subtended from the axis (Fig. 1.13). We now have a 
wedge of water comprising the free surface, the bottom of the tank 
and the piston wall. The voltage divider is connected as before on 
the free surface. If the templugs are bedded into the component 
the boundary temperature must be adjusted so that the isothermals 
agree with the bedded temperature. Inevitably, because of the 
approximations in the axisymmetric assumption for a piston, it will 
be difficult to obtain complete agreement between the isothermals 
and the measured temperature, but very close agreement can be 
obtained as shown in Fig. 1.14. 

To obtain the heat flux a "heat path" is generated as shown in 
Fig. 1.14 (broken line). Since there is no heat accumulated in the 
piston it is possible to calculate the width of the heat path Δ1 at 
each isothermal. The total heat flux and local heat fluxes at the 
surface can be computed from a knowledge of the thermal conductivity 
of the piston. From the heat flux, the surface temperature and the 
gas temperature, the heat transfer coefficients at the cylinder 
surface are determined. A full discussion of the electrical 
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Thrust plone Gudgeon pin plone 

FIG. 1.14. Isothermals obtained from electrical analogue. 

analogue method is given by Ramchandani^^^ and J a m i l ; t h e former 
also describes a computer analysis of the problem. 

1.2.2 Gas Temperature Measurement 
The measurement of gas temperatures is extremely difficult, 

particularly in the cylinder. A number of methods have been 
developed but at the time of writing it seems that infrared or 
spectrographic methods are the most successful. These are both 
based on the same principle. For exhaust temperatures fine wire 
resistance thermometers have been successful, but there are 
practical difficulties in maintaining the integrity of the probes 
unless they are only used when the temperature is required and 
removed from the pipe when hot required. 

We shall first discuss the infrared method developed by Myers 
and Uyeharai^) for cylinder temperature measurement and then describe 
the fine wire resistance method for exhaust gas temperature 
measurement. 

In Fig. 1.15 a diagrammatic arrangement of the infrared method 
developed by Myers and Uyehara is shown. It is a null method. 
The method is based on the principle that if infrared waves from a 
black body source pass through a cylinder containing gas at a 
temperature T, then the black body temperature equals the cylinder 
temperature when the rate of absorption of the infrared waves by the 
gas in the cylinder equals the rate of emission from the gas. Water 
vapour is taken as the sensing element (that is the detector and 
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Detector Lens Filter 
I 

Thermocouple 

Cylinder 

Block body/ 
source / 

] ^ r~ f -Potentiometer 

Amplifier 

Pressure transducer 

Amplifier 

Intensity 
I 

A 

Time 

Pressure 

Time 

FIG. 1.15. Diagrammatic arrangement of infrared method 
of measuring cylinder temperatures. 

optical system is set to record the emissions at one of the 
wavelengths for water vapour—2.6 μ). A black body source is 
placed opposite the detector and an optical filter is placed ahead 
of the detector to absorb the unwanted wavelengths. The cylinder 
has two quartz windows so that there is a direct optical path from 
the infrared source to the detector. During the suction stroke 
there is minimum infrared absorption by the cylinder gases so that 
infrared waves transmitted from the black body source will pass 
through the cylinder with almost no change in intensity. A 
horizontal line AB (Fig. 1.15) will be recorded. The intensity I 
will correspond to the black body temperature measured by the 
thermocouple. Note this will not be the same as the gas temperature. 
If T^ is set above the suction temperature then at the beginning of 
the compression stroke as the temperature rises there will be some 
absorption of the infrared by the cylinder gas and the emission level 
will be less than from the black body. The detector will record a 
decrease in intensity. Further increase in temperature of the 
cylinder gas will produce a further decrease in recorded intensity 
until a minimum is reached. As the stroke continues the intensity 
will now increase until at C the rate of absorption of the infrared 
waves from the black body source equals the rate of emission from the 
cylinder gases. At this point the cylinder temperature equals the 
black body temperature T^. The crankangle at which this occurs can 
be measured in the normal manner. By taking a series of black body 
temperatures T^ the procedure is repeated and a temperature angle 
diagram can be obtained. The accuracy of the method depends on the 
cleanliness of the quartz windows, window radiation and absorption. 
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homogeneity of the cylinder temperature cycle to cycle variations. 
A full analysis of the accuracy of the method is given by Myers and 
Uyehara. 

This method makes use of the intensity of infrared waves 
emitted on 2.6 u waveband corresponding to water vapour. It is a 
null method. If some other chemical species can be identified 
participating in some chemical reaction in the cylinder whose 
equilibrium data are known and the relationship known between light 
intensity and chemical concentrations at the set wavelength, then it 
is possible to measure local temperatures. This method will be 
discussed later since it is the basis of spectrograph studies of the 
chemical reactions in the combustion chamber. 

Another method using the relationship between the speed of 
sound and temperature was developed to study end gas temperatures(^J 
but is not now extensively used. 

For measuring rapidly fluctuating exhaust gas temperatures a 
thin wire resistance thermometer may be used. The smaller the size 
of the wire the faster the response; there is, however, a limitation 
to the wire size before mechanical failure in service militates 
against its use. A full description of the construction of a 
resistance probe and the factors which influence its response are 
given by Benson.(^^> A typical design is shown in Fig. 1.16. 
The element is retracted from the exhaust pipe when not in use, thus 
saving the wire from destruction due to solid particles in the 
exhaust, particularly during starting. The tungsten wire, 6.9 μ 
diameter and about 10 mm long, is welded to the supports after 
insertion in the nickel sleeves. For recording purposes the 
thermometer is one element of an a.c. bridge suitably offset so that 
the transient temperature can be measured (Fig. 1.17). 

Coaxial socket 

Heavy lines indiorte^ 
sprayed ceramic oooting 

shutter 

Tungsten sensing 

pipe 

FIG. 1.16. Water-cooled transient temperature probe. 
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FIG. 1.17. Exhaust pipe temperatures 1200 rev/min 
two-stroke engine. (From Benson and Pick, 

C4) by 
courtesy of the Society of Automotive Engineers.) 

360 

1.3 COMBUSTION PHOTOGRAPHY AND FLAME SPEED DETECTION 
For qualitative combustion studies high speed colour 

photography has been successfully used, notably by Ricardo. I-J A 
diagrammatic layout of the system is shown in Fig. 1.18. The 
cylinder has either a quartz or perspex window. A high speed 
rotating prism camera, operating up to 16,000 frames per second, is 
mounted on a rigid support, and mirrors are arranged to record the 
combustion and crankshaft simultaneously. The fuel is normally 
doped with copper oléate to render low luminosity flames visible. 
From combustion films a better understanding of the combustion 
process has been obtained.^^^^ 

An alternative arrangement for photographing the combustion 
process. Fig. 1.19, has been developed in the author's laboratory 
for a medium speed engine, where, due to the valve gear in the 
cylinder head, it is not possible to obtain a good view of the 
combustion space. In this apparatus the piston has a perspex 
crown. The combustion is viewed through the piston by means of 
mirrors. 

A direct measurement of flame location with time may be made 
using ionization gauges. These consist essentially of a wire in an 
annulüs. The wire is insulated from the body of the gauge. When a 
flame reaches the annulus it becomes conducting as an electrical 
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FIG. 1.18. Ricardo combustion photographic rig. (From Alcock and 
Scott, ̂ "̂ ^̂  by courtesy of the Institution of Mechanical Engineers.) 
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FIG. 1.19. 
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how camera sees full top surface area of piston 
crown at BDC and TDC 

Diagrammatic arrangement for indirectly photographing 
combustion phenomena. 
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Circuit is completed between the wire and the gauge body. A d.c. 
voltage is normally applied to the wire and an electronic timing 
circuit connected to the gauge body as well as some reference time 
location. When the flame arrives at the gauge the timing circuit 
is triggered and the time from the reference time measured. A full 
description of the technique is given by Harrow, f̂ *̂^ 

By locating a sufficient number of gauges in the combustion 
chamber a quantitative picture of the flame propagation may be made. 
In analysing the results allowance must be made for expansion of the 
hot gas zone which is superimposed on the flame speed. The minimum 
voltage to trigger the ionization gauge will vary with air/fuel 
ratio. 

1.4 SPECTROGRAPHIC METHODS 
Spectrographic methods may be used for studying the chemical 

reactions in the cylinder as well as the local gas temperature. 
In these methods the light intensities associated with reacting 
species are measured at defined wavelengths at which the intensities 
are at a maximum. We will describe one method which has been 
successfully used to study the formation of nitric oxide during 
combustion. 

In Fig. 1 . 2 0 the rig used by Lavoie et al.^*^^* is shown. 
A number of quartz windows W are fitted in the cylinder head. The 
light source is 2 mm by 2 mm in the cylinder combustion chamber. 
The cone of light emitted from the cylinder is split into four 
separate beams in mirror M2, each of which is brought to a separate 
focus by mirrors M3 and M^. Three beams ( 2 , 3 and 4) are focused 
onto a photomultiplier with an interference filter to pass wavelengths 
0 . 3 8 μ and 0 . 6 1 μ with a bandpass of 100 A and a wavelength of 0 . 7 5 μ 

o 
at a bandpass of 300 A. The fourth channel is monitored with a 
monochromator and photomultiplier. 

The light intensities I at the wave length 0 . 3 8 μ , 0 . 6 8 μ and 
0 . 6 1 μ are recorded on a oscillograph relative to the crankangle as 
shown in Fig. 1 . 2 0(c). The 0 . 3 8 μ wavelength corresponds to the 
reaction 

CO + 0 ^C02 + h v , 

where the emitted light is associated with the discreet energy 
packet h v . The 0 . 6 1 μ and 0 . 6 8 μ wavelengths are associated with 
the reaction 

NO + 0 ^Νθ2 + h v . 

For the above two reactions the intensities of emitted light I 
associated with the energy packets hv are related to the 
concentrations ( ) by 

I c o = Kl ( C O ) ( 0 ) , 

INO = ( N O ) ( 0 ) . 
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FIG. I.20. Spectrographic measurements. (From Lavoie et al., (14) 
by courtesy of the Massachusetts Institute of Technology.)
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(NO) ^NO 

For a full discussion of the technique the reader is referred to 
the original papers ί·̂ »̂ . 

1.5 CHEMICAL ANALYSIS TECHNIQUES 
Spectrographic techniques require sophisticated equipment and 

are limited to studying the combustion in fix positions associated 
with the location of the quartz windows. These windows must be 
kept clean and the spectrograph must be a rigid structure to cope 
with the optics. A more rugged method of analysis is to use a 
sampling valve. If this is located in a probe, then provided there is 
adequate clearance in the combustion space a reasonable area of the 
combustion chamber can be studied. Witn a sampling valve the chemical 
analysis can be carried out at some distance from the engine with 
fairly standard equipment which has been specifically developed for 
engine exhaust emissions. In this section we will describe a 
sampling valve and five methods of chemical analysis which are now 
standard equipment in engine laboratories. 

1.5.1 Sampling Valve 
A sampling valve should be capable of opening at a defined time 

and should remain open for as short a time as possible to allow an 
adequate sample to be drawn for analysis. There should be no 
chemical changes in the sample from the sample point to the point of 
analysis. The experiments by Downs and Wheeler referred to in 
Chapter 5 were carried out using a sampling valve in the end gas. A 
sampling valve designed in the authors' laboratories is shown in 
Fig. 1.21. This valve is fitted in a 300 mm bore engine and opens 

The parameters and K2 are functions of the instantaneous 
temperature Τ and the wavelength λ. 

Lavoie assumed that the carbon-hydrogen-oxygen reactions were 
in equilibrium. Thus for each temperature Τ there is a known 
value for (CO) (O) from the equilibrium constant. Furthermore, 
for each temperature and wavelength there is a known value for Ki. 
It follows therefore that at a given wavelength 

Ki (CO) (0) = f(T). 

When this function equals the numerical value of the emitted light 
IQQ we know the temperature and the oxygen concentration. Thus 
by measuring the intensity I^Q at the wavelength 0.38 μ we can 
determine the local temperature T. 

For the nitric oxide reaction, if I^Q is known at the 
appropriate wavelength, then since we know the temperature Τ and the 
oxygen concentration (O) and K2 is a known function of the wavelength 
and temperature, the nitric oxide concentration can be calculated 
from 
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FIG. 1.21. Sampling valve. 

for a period of about 3 crankangle degrees at 500 rev/min with a 
sample withdrawal rate of some 2 Ä/min. The timing of the valve is 
controlled by a crankshaft driven optical encoder which initiates 
current flow to the solenoid (2). This causes the steel striker (1) 
to be accelerated. After travelling a predetermined distance the 
striker hits the cap (3) on the head of the spindle (8) and rapidly 
opens the valve to its maximum position. The valve and the striker 
are returned to their original positions by the springs (5) and (6). 
During the opening period the gas flows from the engine cylinder 
through the valve annulus into a pair of hyperdermic tubes and then 
out of the valve body through drilled passages. The rapid 
expansion of the gas and the water-cooled passages provide 
conditions for freezing the gas composition. The sampling valve 
can be moved into various positions in the cylinder so that a broad 
spatial-temporal study of the cylinder reactions can be made. The 
gas samples can be analysed by the methods outlined below. 

1.5.2 Orsat Apparatus 
The conventional method of gas analysis is the Orsat apparatus. 

It is primarily used for exhaust gas analysis. If it is handled 
correctly it can give excellent results but cannot measure extremely 
small quantities or concentrations. 

100 c.c. of exhaust gas is withdrawn from the pipe directly 
into a water-jacketed measuring burette. The sample gas is then 
successively passed into a solution of caustic potash to absorb 
carbon dioxide, a solution of pyrogallic acid in caustic potash and 
water to absorb oxygen and finally, a solution of cuprous chloride . 
to absorb carbon monoxide. At each step the reduction in volume of 
the 100 c.c. sample corresponds to the percentage of the constituent 
in the exhaust gas. Accurate exhaust gas analysis will enable the 
air flow to an engine to be calculated from the fuel flow. 
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ALNICOS – Alnicos materials are composed mainly of aluminium, nickel,
cobalt and iron. Some include additions of copper and titanium. They
are high-coercive force, high magnetic energy alloys.

ALOXITE – Artificial abrasive material used in the manufacture of grinding
wheels. Essentially it consists of alumina, or aluminium oxide, the
chemical symbol for which is Al2O3·

ALPHA IRON – The body centered cubic form of pure iron, stable below
1025°C.

ALUMEL – A nickel base alloy containing about 2.5% Mn, 2% AI, and
1 % Si, used chiefly as a component of pyrometric thermocouples.

ALUMINIUM – Grayish white metal, very light in weight, and having in
its pure form low mechanical strength, frequently alloyed with other
elements to improve its physical characteristics.

ALUMINIUM ALLOY – Aluminium which is alloyed with other metals
to give it strength and desirable properties.

ALUMINIUM BRONZE – Alloy containing 90% copper and 10%
aluminium, extensively used for diecasting.

ANTIFREEZE – A chemical added to the coolant in order to lower its
freezing point.

ANTIFRICTION BEARINGS – Ball, roller and needle bearings exhibit
very low friction and are suitable for very high speeds, and high loading.

ANTIMONY – Brittle, bluish white metallic element designated Sb. Melting
point 630°C. Used as a constituent in some alloys, for instance, bearings
and storage battery plates.

ARGON – An inert gas used in certain welding and heat treatment processes.

ARSENIC – A brittle, grayish metallic element designated As. Melting point
814°C. Used as a constituent in some alloys, and in the manufacture of
lead shot.

ASBESTOS – A fibrous organic mineral that is non-combustible,
non-conducting and acid resistant.

ATOM – The smallest particle of an element.

AUSTENITE – A solid solution of iron and carbon and sometimes other
elements in which gamma iron, characterized by a face centered crystal
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CHILL – (1) A metal insert embedded in the surface of a sand mould or core
or placed in a mould cavity to increase cooling rate at that point. (2)
White iron occurring on a gray iron casting such as the chill in the
wedge test.

CHINESE SCRIPT – An angular microstructural form with the constituents
alpha (AI-Fe-Si) and alpha (AI-Fe-Mn-Si) in cast aluminium alloys. A
similar microstructure is found in cast magnesium alloys containing
silicon as Mg2Si.

CHROMEL – (1) 90% Ni, 10% Cr alloy used in thermocouples. (2) A
series of Nickel chromium alloys, some with iron, used for heat resistant
applications.

CHROMIUM – Grayish white metallic element obtained from chromite,
chemical symbol is Cr and melting point 1830°C, used in alloying
steels and corrosion resisting plating.

CLAD METAL – A composite material containing two or three layers that
have been bonded together. The bonding may have been accomplished
by rolling, welding, casting, heavy chemical deposition or heavy
electroplating.

COAL TAR – Also called crude oil, when subjected to fractional distillation
and purification, yields a variety of useful products-neutral, acidic, and
base oils.

COBALT-60 – A radio isotope with a half-life of 5.2 years and dominant
characteristic gamma radiation energies of 1.17 and 1.33 MeV. It is
used as a gamma radiation source in industrial radiography and therapy.

COLD FINISHED STEEL – Steel bar which has been cold drawn/cold
rolled, centerless ground or turned smooth to improve surface finish,
accuracy or mechanical properties.

COLD ROLLED STEEL – Steel which has been passed through rollers at
the steel mill to size it accurately and smoothly.

COLLOIDS – Finely divided material, less than 0.5 micron in size, gelatinous,
highly absorbent and sticky when moistened.

COLUMNAR STRUCTURE – A coarse structure of parallel columns of
grains having the long axis perpendicular to the casting surface.

COMBINED CARBON – The part of the total carbon in steel or cast iron
that is present as other than FREE CARBON.
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COMPOSITE FIBRES – The strands of material used as reinforcement
extending through a resin or other matrix in a composite material. An
example is carbon fibres in an epoxy matrix. Loads applied to the
structure are carried by the fibres.

COMPOSITE MATERIAL – Materials exhibiting a much higher strength
than the matrix or base material because of reinforcement fibres.

CONDUCTORS (electrical) – Materials in which an electromotive force
causes appreciable drift of electrons, called CURRENT.

CONSTANTAN – A group of copper nickel alloys containing 45-60%
copper with minor amounts of iron and manganese and characterized
by relatively constant electrical resistivity irrespective of temperature
used in resistors and thermocouples.

CONVERSION COATING – A coating consists of a compound of the surface
metal produced by chemical or electro-chemical treatments of the metal.

COPPER – A reddish, soft, ductile metal with very good heat and electrical
conductivity and is the basic element in brass and bronze.

CORE – (1) In a metal casting, the hollow parts (which cannot be shaped as
easily by the pattern) that are made by using formed sand shapes, that
are strengthened by baking or by using epoxy. (2) In a ferrous alloy, the
inner portion that is softer than the outer portion or case.

CORE SAND – Variety of silica sand. Rock sand, river bed and sea shore
sand, commonly known as sharp sand, used for making of cores in the
foundry because they are capable of withstanding high temperatures,
and resisting the penetrating action of the molten metal.

CORUNDUM – Natural abrasive of the aluminium oxide type that has
higher purity than emery.

ROCUS CLOTH – A very fine abrasive polishing cloth.

CHROMIUM BRONZE –  It is a precipitation hardening alloy of copper
with upto 1 per cent chromium. It has high electrical conductivity and
high temperature resistance.

CRUCIBLE – A vessel or pot, made of refractory substance or of a metal
with a high melting point, used for melting metals or other substances.

CRUCIBLE STEEL – A high grade steel made by melting iron in a crucible
and adding charcoal, pig iron and some substance rich in carbon so that
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SLOTTING MACHINE – Machine whose mechanical principles are much
the same as those of the shaping machine, but with the difference that
the ram on which the slotting tool is mounted moves vertically, as in
a vertical shaping machine. Also called SLOTTER.

SOLENOID – An electrically operated magnetic device used to do work.

SPOT WELDING MACHINE – Fixture in which sheets of metal to be
welded together are clamped between two electrodes through which
an electric current is passed.

SUPERCHARGER – An air pump driven by an engine, which fills the
cylinders with air at a higher pressure than atmospheric pressure.

SURFACE GRINDER – It is a general purpose machine tool used to finish
machine a plane surface. There are two types—horizontal and vertical.

TAPE CONTROLLED MACHINES – Machines which have partial
automation in which the movements of a machine tool and cutters
are automatically controlled by a magnetic tape or cards which have
been punched to indicate data previously planned for the sequence of
each operation to be performed.

TAPPING MACHINE – Machine designed to cut threads in holes in nuts
and other parts.

TESTING MACHINE – Machine designed to apply accurately measured
loads to a test piece and, in many cases, to measure the resulting
extension, compression or deflection, in order to ascertain the physical
properties of materials.

THYRISTOR – A type of semiconductor device that acts as a switch. It turns
on when a certain voltage is applied to the gate, and it turns off when
the current flowing between the other two terminals stops or reverses.

TOOL GRINDER – Special machine for the grinding of turning, planing
and other tools.

THREAD MILLER – A machine that cuts threads by using a rotating milling
cutter.

TROCHOID PUMP – An oil pump consisting primarily of a pair of rotors
of special shape.

TURBO CHARGER – An exhaust gas driven turbine directly coupled to a
compressor wheel.
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DUAL SERVO BRAKES – A drum brake assembly with both front and
rear shoes, self energized during forward and rearward wheel rotations.

DUMMY AXLE – provided in some vehicles increases the load carrying
capacity of the vehicle. Wheels on the dummy axle can rotate freely.

DUNY BUGGY – Off road vehicle set up to run on sand.

ELLIOT TYPE AXLE – Solid bar front axle on which ends span or straddle
steering knuckle.

EMERGENCY BRAKE – is the hand brake, operated by a lever, is used when
the vehicle is left parked and prevents the vehicle from moving. The hand
brake can be applied to stop the vehicle when the service brake fails.

EPICYCLIC GEAR – In the epicyclic gearing, at least one gear not only
rotates about its own axis, but also rotates about some other axis.

EQUALIZER LINK – A common connector in the parking brake  system
that causes both rear brakes to be applied with the same cable tension.

EVASIVE MANEUVER – Rapid steering changes to avoid obstacles in the
path of the vehicle.

EXPANSION TANK – A tank at the top of an automobile radiator which
provides room for heated coolant to expand and give off any air that
may be trapped in the coolant. Also used in some fuel tanks to prevent
fuel from spilling from the tank because of expansion.

FADE (brake) – A condition that occurs when there is little braking effect
with full brake pedal force.

FIFTH WHEEL – is the swivelling type arrangement at the rear of a tractor
unit. The fifth wheel carries the front part of the semitrailer.

FINAL DRIVE – The final gear reduction between the engine and the drive
wheels.

FIXED CALIPER DISC BRAKES – Disc brakes using a caliper which is
fixed in position and cannot move.

FLOATING CALIPER DISC BRAKES – Disc brakes using a caliper
mounted through rubber bushings which permit the caliper to float,
or move, when the brakes are applied.

FLUID FLY WHEEL – A liquid coupling used to transmit the engine effort
(torque) to a clutch and transmission. This coupling is always a major
part of the engine flywheel.
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