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1. BACKGROUND 

A t  t he  present t ime,  only a rough understanding of the  flame propagation 

process i n  a spark-ignition engine ex i s t s .  To predic t  engine operat ing char- 

a c t e r i s t i c s  and t o  design engine combustion chambers with high e f f i c i ency  

and low emissions, researchers  have developed various approximate techniques 

t o  descr ibe how a turbulent  flame propagates across  t he  combustion chamber. 

These techniques show promise f o r  evaluat ing new design concepts and as 

research too l s  f o r  understanding more about engine experiments. A s  ye t ,  

these approximate techniques a r e  not s u f f i c i e n t l y  predict ive.  Generally, 

these models requi re  empirical information about turbulence, flame geometry, 

heat r e l ea se  r a t e ,  d i f fus ion ,  burning ve loc i ty  and mixture notion. However, 

there  a r e  severa l  problem areas  where the coupling between the  combustion 

process and the  engine va r i ab l e s  of i n t e r e s t  is r e l a t i v e l y  weak. Under these  

conditions,  engine models o r  simulations can be used t o  examine o ther  aspects  

of engine operation. 

In  t h i s  grant  program, two spec i f i c  top ics  i n  t h i s  a r ea  were examined. 

The f i r s t  of these,  an engine combustion modeling a c t i v i t y ,  was d i rec ted  at 

improving our understanding of the  spark-ignition engine flame propagation 

process through an examination of an experimental da t a  base co l lec ted  pre- 

viously on a t ransparent  pis ton research engine i n  our Sloan Automotive 

Laboratory at M.I.T. The second a c t i v i t y  used an e x i s t i n g  spark-ignition 

engine cycle simulation and combustion nodel t o  examine the  impact of turbo- 

charging and heat t r ans fe r  va r i a t i ons  on engine power, e f f ic iency  and NOx 

emissions, 

This f i n a l  report  on the grant  program summarizes the  research findings. 

Section 2 descr ibes  the work on spark-ignition engine turbulent  flame pro- 

pagation and s t ruc tu re .  Section 3 descr ibes  the  r e s u l t s  of the  spark- 
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i gn i t i on  engine cycle s imulat ion s t u d i e s  on turbocharging and changes i n  

heat t r ans fe r .  The Appendix lists the  theses  and publ ica t ions  prepared on 

t h i s  work, with abs t r ac t s ,  where complete d e t a i l s  o f  t h e  research can b e  

found . 
2. DETERMINATION OF TURBULENT FLAME SPEED AND THICKNESS 

The objec t ive  of t h i s  a c t i v i t y  was t o  determine the  r a t e  of flame 

propagation and deduce information on the  flame thickness and s t r u c t u r e  i n  

a spark-igni t ion engine using an e x i s t i n g  experimental d a t a  base which con- 

s i s t e d  of simultaneous records of cy l inder  pressure and flame f r o n t  l oca t ion  

from combustion movies, 

During a one year  s t a y  a t  M.I.T. i n  1977-78, D r .  M. Rashidi s e t  up an 

experiment on a transparent-piston engine. The cyl inder  head on t h i s  engine 

set-u? was a sec t ion  of a Ford 400 C I D  V-8 engine cy l inder  head. The bore was 

10.2 cm and the  s t roke  was 8.89 cm. Optical  access t o  t he  combustion chamber 

was obtained through the  quartz  pis ton,  and high speed photography of t h e  

propagating flame w a s  obtained by using a Hycam rotating-prism camera capable 

of taking up t o  4000 p i c tu re s  per  second. A conventional pressure measure- 

ment w a s  obtained from a piezo-electr ic  pressure transducer and recorded by 

an on-line PDP 11 d i g i t a l  computer f o r  f u r t h e r  analysis .  

One key advantage of having taken photographs through t h e  p is ton ,  ins tead  

of through a t ransparent  head, was t h a t  t h e  valve configurat ion was not  

changed and the  flow geometry was kept t he  same a s  i n  t he  o r i g i n a l  engine. 

Thus t h i s  da t a  represent  cur ren t  p rac t i ce  engine designs. 

Work on t h i s  grant has focused on the  ana lys is  of t he  synchronized 

pressure h i s t o r i e s  and photographic sequences t h a t  the  experiment generated 

f o r  each engine opera t ing  condition. The i n t e n t  was t o  generate,  with a 
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minimum of physical  assumptions, information on t h e  flame propagation r a t e  

m d  the  flame s t ruc ture .  Analysis of t h e  pressure d a t a  using thermodynamic 

baaed models permitted an est imate t o  be made of t h e  rate of mass burning 

throughout the  combustion process. An ana lys i s  of t he  flame photographic dfita 

provided information on flame f r o n t  locat ion,  t he  inflamed volume, t he  shape 

and a rea  of t he  flame f ron t  and average flame f ron t  speed, a l l  as a function 

of time. From t h e  combined ana lys i s  of cyl inder  pressure h i s to ry  and flame 

photography, t he  speed with which unburned mixture e n t e r s  o r  is entrained i n t o  

t h e  flame f ron t  ( the  entrainment speed) w a s  determined. A comparison of t he  

inflamed (i.e., wi th in  the  flame) mass f r ac t ion ,  and burned mass f r ac t ion ,  

permitted an est imate t o  be made of t he  amount of unburned mass contained 

i n s i d e  the  inflamed region during the  combustion process. Thus, information 

regarding the  struc:ure of t he  flame, values f o r  t h e  c h a r a c t e r i s t i c  burning 

time of unburned mixture within the  flame, and a flame s t r e t c h  f ac to r ,  could 

be estimated. The key r e s u l t s  i n  each of these a reas  w i l l  now be  reviewed. 

From the  measured cyl inder  pressure versus crank angle da ta ,  the  measured 

i n l e t  mass flow r a t e s ,  and an est imate of the  r e s idua l  burned f r a c t i o n  and the  

hea t  l o s ses  t o  the  combustion chamber walls ,  t he  mass f r ac t ion  burned a s  a 

funct ion of crank angle throughout the  combustion process can be obtained 

from the energy conservation equation f o r  the  combustion chamber. This 

ana lys is  was ca r r i ed  out f o r  a l l  t he  pressure da t a  available--about 10 conse- 

cu t ive  cycles  a t  each of s i x  d i f f e r e n t  engine opera t ing  condition. An 

empir ical  burning law was developed t o  f i t  t h i s  mass f r a c t i o n  burned da t a  

s e t .  An advantage of the  new burning law compared t o  previous empir ical  

burning laws is t h a t  i t  appl ies  f o r  both the  ign i t i on  delay and f o r  the  

developed flame propagation phases of combustion, i n  con t r a s t  t o  previous 



r cone i s t e n t  with developing theor ie l  of flame propagation in engines which 

indicate  tha t  the same mechanismr, rrhould govern both igni t ion  delay and f u l l y  

developed burniag periods. 

The geometric analysis  of the photographic data  on flame f ront  location 

was carried out a s  follows. A best  (least squares) c i r c l e  was f i t t e d  t o  each 

photograph of the  flame f ront  prof i le ,  using a s  f ree  parameters the  radius of 

the c i r c l e  and the position of its center.  In  the  th i rd  dimension (pa ra l l e l  

t o  the cylinder axis) it was assumed tha t  the  apparent flame center  maintains 

the same re la t ive  distance between the  cylinder head and piston crown as the 

spark plug a t  the time of spark. Consistency checks of these assumptions 

indicated they were reasonable and not c r i t i c a l  t o  the  subsequent analysis.  

From t h i s  geometric data, the volume of the  inflamed region ( the region con- 

tained behind the  f ront  of the flame), the  area of the flame f ront ,  and the  

average normal speed of the flame f ron t  throughout the combustion process 

were determined. 

The coupling of the mass f rac t ion burned data  and the  flame geometric 

data allowed more fundamental quant i t ies  t o  be determined. By determining 

the unburned mass ahead of the flame from the volume of the unburned region, 

the r a t e  of mass entrainment in to  the flame was calculated. The entrainment 

speed, the speed a t  which fresh mixture crosses the flame front ,  could then 

be determined a s  a function of time. It was shown tha t  t h i s  entrainment 

speed increased rapidly t o  about 10 m / s  a s  the f i r s t  5-10 percent of charge 

was burned and then remained essent ia l ly  constant. The magnitude of the  

entrainment speed was shown t o  sca le  with engine speed, though there was 

considerable sca t t e r  i n  the  data and the  range of speed covered i n  these 

experiments was only 970-1230 rev/min. 



A cornpariaon of the mass inflamed (mass contained behind the  flame 

f ron t )  and mass f r a c t i o n  burnt,  and of t he  mass entrainment and mass burning 

rates, during the  engine combustion process, showed t h a t  a s i g n i f i c a n t  

amount of  unburned mass is  contained wi th in  t h e  inflamed region ( for  example, 

f o r  t he  average cycle  whenthe i n f l a m e d  mass f r a c t i o n  i s0 .6 ,  t he  burned mass 

f r a c t i o n  is 0,3). It w a s  shown t h a t  t he  entrainment and burning processes 

a r e  decoupled, and t h a t  t h i n  flame assumptions cannot incorporate  t h i s  exper- 

imental evidence. The flame is "thick"; within a zone behind the  flame 

f ron t  of considerable ex ten t ,  t he re  e x i s t s  both unburned, burned and r eac t ing  

mixture. 

The da t a  was then used t o  determine a c h a r a c t e r i s t i c  burning t i m e ,  This 

burning time was defined a s  the  c h a r a c t e r i s t i c  l i f e t i m e  of an unburnt f l u i d  1 
p a r t i c l e  i n  t he  inflamed region. It was shown t h a t  t h i s  c h a r a c t e r i s t i c  burn- 1 
ing  time is of order  1 ms which, a f t e r  an i n i t i a l  increase,  shows a s teady I 
decreasing t rend through the  combustion process. This c h a r a c t e r i s t i c  burning 1 
time provides an ind ica t ion  of the  turbulent  flame thickness ,  the  order  of 

1 cm. 

3 
r Fina l ly ,  a flame s t r e t c h  f a c t o r  was defined and determined. An equi- 

va len t  laminar flame f r o n t  a r ea  can be  defined by equating the  product of 

laminar flame speed, equivalent laminar flame f ron t  a r ea  and unburnt mixture 

dens i ty  t o  the  mass burning ra te .  Determination of t h i s  flame s t r e t c h  f a c t o r  

showed t h a t  i t  increased from a value of 1.5 t o  2.0 during the ea r ly  s t ages  

of combustion t o  of order  10-15 during the  f u l l y  developed burning s tage.  

To sum up, t h i s  pa r t  of the  research supported by t h i s  grant has provided 

valuable i n s igh t s  i n t o  the propagation process and s t r u c t u r e  of tu rbulen t  

flames found i n  spark i g n i t i o n  engines. It has been shown t h a t  the  flame 

'z is thick,  t h a t  t he  entrainment and burning process can be decoupled, and 
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that within this thick flame there exists substantial unburnt mixture. 

It is clear that tr1in flame front models cannot fit this experimentally 

derived information. This data base and these method6 of analysis provide 

valuable information for the further development of a turbulent flame pro- 

pagation models. 

3. CYCLE SIMULATION STUDIES OF THE EFFECTS OF TURBOCHARGING AND HEAT 

TRANSFER 

The objective of this activity was to examine the effect of turbocharging 

and variations in heat transfer on engine power, efficiency and NO, emissions, 

1 - using an existing computer simulation of the spark-ignition engine operating 

cycle. 

A computer simulation had been previously developed which predicts the 

efficiency, performance and nitric oxide emissions of a spark-ignition engine.* 

With support from this NASA grant program, the computer simulation has been 

used to (i) evaluate predictions of wide-open-throttle engine operation 

against experimental data; (ii) carry out a comparison of the efficiency and 

NOx emissions characteristics of a naturally aspirated and a turbocharged 

engine of equal performance; (iii) explore the effects of changes in heat 

transfer to the combustion chamber walls, and the use of ceramics, on engine 

operating conditions. 

*See Heywood, J.B., Higgins, J.M., Watts, P.A. and Tabaczynski, R.J., 

"Development and Use of a Cycle Simulation to Predict SI Engine Efficiency 

and NOx Emissions", SAE paper 79021. 
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Predictions of the model f o r  wide-open-throttle and turbocharged opera- 

t ion  were ver i f ied  through cornpariaon with manufacturers' engine performance 

data, A 5,73 natura l ly  aspirated and 3.84 turbocharged and na tu ra l ly  aapir- 

ated engines were chosen fo r  t h i r  etudy. A comparieon was made between 

measured and predicted brake mean e f fec t ive  presaure and brake s p e c i f i c  f u e l  

consuutption. It was found necessary t o  allow f o r  varying burn ratee,  and 

varying carburetor fuel-air  metering charac ter is t ice  over the  engine epeed 

range, t o  obtain reasonable agreement between performance predict ions and 

meaeurements. Allowance a l s o  has t o  be made f o r  blow-by and quenching, and 

cylinder-to-cylinder a i r - fue l  t a t i o  nonunifonnities t o  obtain acceptable 

agreement f o r  fue l  consumption. The airf low i n t o  the  engine i n  t h i s  cycle 

simulation was computed using quasi-steady one-dimensional flow equations. 

This study did not indica te  tha t  addit ional  dynamic e f f e c t s  a t  high speed 

had t o  be incorporated t o  obtain acceptable predict ions of airf low r a t e  

over the complete engine epeed range. 

A s e r i e s  of s tudies  to  compare a na tura l ly  aspirated and turbocharged 

engine with the same maximum power, a t  part  load, at  selected engine speeds 

was carr ied  out,  Use of the simulation permitted a l l  other  variable6 f o r  the 

two engines t o  be held constant t o  i s o l a t e  the  e f f e c t s  of turbocharging alone. 

Under the  above conditions, turbocharging eignif  icant ly  improves the  ef  f i- 

ciency of a spark igni t ion  engine over mast of the load range. The i ~ p r o v e -  

ment is the  order 10 percent f o r  engines of the same maximum power. However, 

brake spec i f i c  n i t r i c  oxide emissions a r e  s l i g h t l y  higher fo r  the  turbo- 

charged engine than fo r  the  na tura l ly  aspirated engines, 

In the  f i n a l  area studied, the simulation was used t o  examine the  e f f e c t  

of haat t ransfer  reduction on engine operating cha rac te r i s t i c s  a t  part-load 

and wide-open-throttle. 



-8- 

Heat t r ans fe r  pred ic t ion  formulas used i n  engine rimulatione a r e  empiri- 

I c a l  approximations which have not been subjec t  t o  extensive evaluation. 

1 Thus, the  f i r s t  study ca r r i ed  out  examined the  e f f e c t  of an increase and 
i 
I decrease i n  heat t r ans fe r  on engine operat ion t o  def ine  the  impact of pre-o 

d i c t ion  uncertainty,  and t o  explore the  e f f e c t  of changes i n  hea t  t r ans fe r  

due t o  changes i n  flow v e l o c i t i e s  o r  combustion chamber sur face  a rea ,  with 

cold metal walls.  The e f f e c t s  on cycle  parameters such as power,efficiency 

and NOx emissions a r e  modest: e.g., a 25 percent change i n  heat t r a n s f e r  

r e s u l t s  i n  a 3 percent change i n  brake thermal eff ic iet tcy,  and a . 4  percent 

change i n  brake power. 

The impact of ceramic engine components on engine operat ion was then 

examined. The simulation was used a t  two compression r a t i o s ,  8: l  and 16:1, 

t o  produce r e s u l t s  re levant  t o  spark-ignition, s t r a t i f i e d  charge and d i e s e l  

engine technology. Ceramic components (pis ton,  cy l inder ,  cy l inder  head, 

a tc . )  were added one by one. Di f fe ren t  ceramic wal l  s t r u c t u r e s  which produce 

s i g n i f i c a n t l y  d i f f e r e n t  ceramic temperatures were examined. The following 

conclusions emerged from these  s tudies .  

Unless t he  ceramic mater ia l  is thermally ineulated from any conventional 

metal support o r  coolant system, t he  increase  i n  ceramic sur face  temperature 

above conventional metal wa l l  temperatures is  small, and the e f f e c t  on engine 

operat ion is modest. Increasing the  sur face  temperature of the ceramic 

mater ia l  over the range 400 t o  1200 K s i g n i f i c a n t l y  reduces the engine heat 

t r ans fe r  and r a i s e s  the  exhaust temperature. However, brake power i r  eub- 

s t a n t i a l l y  reduced due t o  t he  decreasing volumetric e f f ic iency ,  and the  

brake thermal e f f ic iency  remains e s s e n t i a l l y  constant. A t  part-load, the 

brake s p e c i f i c  f u e l  consumption decreases s l i g h t l y  a r  the ceramic wall tem- 

perature is increased. A t  compreeeion r a t i o s  t yp ica l  of d i eoe l  operation, 



the deleterious effects of reduced volumetric efficiency and power due to 

increased component temperaturer are reduced. At compreruion ratior typical 

of rpark-ignition enginer, the effect8 of increrred wall temperature on un- 

burned mixture conditione (and hance on knock) would be rubrtantial. 

When ceramic componentr (piston, cvlinder head, valver and cylinder 

liner) were added one at a time, it war rhown that use of ceramic materials 

on the piston crown and cylinder head proved most effective in reducing heat 

transfer for si,mulated stratified charge or dierel conditionr. 

Thus, the predictions made with the cycle ! mulation indicate that 

changes in engine efficiency and performance may or may not be favorable 

depending upon the method employed to redtrce heat loss. Decreasing the heat 

transfer coefficient while maintaining cool wallr improver efficiency and 

performance. However, heat loer reduction by using ceramic cylinder compo- 

nents adversely affects engine power as a result of decreased volumetric 

efficiency, has little effect on efficiency, though it doer significantly 

increase exhaust gar temperature. 

4. APPENDIX: PUBLICATIONS COHPLETED ON THIS GRANT 

Watts, P.A., "Simulation Studies of the Effectr of Lean Operation, Turbocharg- 

ing and Heat Transfer on Spa&&-Ignition Enginer", S.M. Thaeir, Mechanical 

I. Engineering Department, kt. I.T., Hoy, 1979. 

A computer simulation in presented that predicts the efficiency, 
performance and nitric oxide emierions of a spark-ignition engine. 
Predictionr of the model for wide-open-throttle and turbocharged 
operat ion were verif led through comparieon with manufacturerr ' 
engine performance data. Simulation rtudier were performed to 
determine the effect6 of lean operation, turbocharging and heat 
tranefer on the efficiency, performance and nitric oxide emirrionr 
of a rpark-ignition engine. The 5.71 naturally arpirated and 3.8L 
turbocharged and naturally arpirated en~iner were choren for thir 
rtudy. 



The cycle r i m l a t i o n  r tud ie r  of lean operation rtunmd t h a t  the  
improvemmtr i n  f u e l  cmruaption were the  mama f o r  a i r  and EGR at  
equal l eve l r  of mixture di lut ion.  ECR, a t  tha ram di lu t ion  level 
a r  with a i r ,  producer much grea ter  reduction i n  rpec i f i c  t40 emirrionr. 
Further r tudiea  revealed tha t  turbocharging r ign i f fcan t ly  improver 
the eff iciency and performance of a rpark-ignition engine. However, 
the brNO emirrionr a r e  higher f o r  a turbocharged engine. H a a t  t ranr-  
f e r  reduction r tudier  indicated tha t  the  changer i n  engine eff iciency 
and performance m y  o r  may not be favorable depending upon the  wthod  
employed t o  reduce heat lor r .  Increaring the  thermal boundary layer  
rer ietancc ilignif i can t ly  improver eff iciency and purforounce, where 
a s  heat lose  reduction by using ceramic cylinder component8 adverrely 
a f fec t r  power am a rerdt  of decruored volumetric efficiency. It La 
anticipated tha t  heat  lour reduction through u t i l i t a t i o n  of ceramic 
engine component8 coupled with a turbocharger may provide a f e u i b l e  
method t o  r ign i f i can t ly  improve the  eff iciency and performance of 
spark-ignit ion anginer . 

Beret ta, C.P.,  "Tinermodynamic h a l y r i r  of Turbulent Combwtion i n  a Spark- 

Ignit ion Engine. Experimental Evidence ruid Analytical Methodr", S .M. Theria, 

Mechanical Engineering Department, M.I.T., January, 1980. 

PART I, A thermodynamic method t o  analyre fundamental turbuloat  
f l m  information from cylinder prerbure mearurementr and high- 
speed flame photography i n  a tranrparent-pirton rpark-ignition 
engine has been developed and applied. The method i r  indepmdent 
of phyrical modelr of turbulent flame propagation. Entrainnrsnt 
rpeed ue, inflamed urd burnt mcrcm fract ion8 xf and xb, entrainment 
and burning r a t e r  Sf and ib and a cha rac te r i r t i c  burning time r 
a re  defined and e r t i m t e d  during the  combwtion period of an 
engine operating cycle. 

The nrojor r e r u l t r  a re  tha t  ue remain. approximately c m r t a n t  
and a r u b r t m t i a l  f rac t ion  of the  inflamed aurr is unburnt. In- 
formation is extracted a l r o  on cycle-to-cycle variat ionr.  

An important uae of the experimental evidence prerented is t o  
ver i fy  the arrumptionr of turbulent comburtion aodelr. 

PART XI. An analyt ica l  aolut ion of the energy and entropy ther- 
modynunic balance equation8 i n  the comburtioa chamber of a rpark- 
igni t ion  engine is prerented with empharim l a i d  upon the  required 
mruraptiono. The fu r the r  aoruslptionr aeeded t o  obtain approximate 
exprerrionr of copmon use i n  rerearch exper iwnt r ,  ruch ar the p ~ y  
approxiaution, a r e  diacurred. An e x p l i c i t  method fo r  e r t i ~ t i n g  
the mars f rac t ion  burnt given a cylinder prerrure t r ace  i r  a l r o  
ruggerted. I t  i r  anticipated tha t  tho a ~ l y r i r  prerenttd w i l l  be 
rueful  for  the  in terpre ta t ion  of experimental da ta  and the so- 
cal led second law o r  a v a i l a b i l i t y  analyr i r  of in te rna l  coabuation. 



Watts, P.A. and Heywood, J.B., "Simulation Studier of the  Effecta of Turbo- 

charginp and Raducd Heat Trmrfe r  on Spark-Ignition Engine Operation", 

SAE paper 800289, prerented at  SAE Conurara and Exporition, Detroi t ,  MI, 

February 25-29, 1980. 

A computer a i m l a t i o n  of the  four-stroke rpark-ignit ion enl ine  
cycle har been ured t o  examine the  e f f e c t r  of turbocharging and 
reduced heat t r a n r f e r  on mgine  performance, e f f ic iency and #% 
emisrionr. The simulation computer the  f l o w  i n t o  and out of the  
engine, ca lcula ter  the  changer i n  thrrmodynamic propert ies  and 
coapoaition of the unburned end burned g u  mixturer within the  
cylinder through the enginc cycle due t o  work, heat and m r a  
t r m r f e r r ,  and f o l l a r r  the k ine t i c r  of NO fo tp r t ioa  and decomporition 
i n  the burned gar. The coaburtion process i r  mpecified aa an input 
t o  the program through use of a normalized r a t e  of u r a  burning 
profi le .  For thim infonn8t,ion, the  rimulation computer engine 
power, fue l  conrumption and ?4% emiasionr. 

Wide-open-throt tlc prediction8 made with the r i m l a t i o n  were 
compared with experimental da ta  from a 5.7i naturally-arpirated 
and a 3.8i turbocharged production engine. The predicted trend. 
of mean ef fec t ive  prerrure and f u e l  conrumption ahowed acceptable 
agreement with the data. 

S i m l a t i o n  studies were perforaed t o  cappare the  fue l  conrump- 
t ion  and N4( r a i r s ionr  of a 5.7; natura l ly  arp i ra ted  engine with 
a 3.8i turbocharged engine over the  coatplete load and rpeed rants .  
There engines have equal maximum power. Further r tud ie r  were 
carr led out t o  examine the ef  f ec t r  of reduced heat  t ransfer  on 
engine pe r fomnee ,  eff iciency and Nh en~issionr.  ileductionr i n  
heat t r an r fe r  were riarulated by Increasing the  thermal boundary 
layer  rer i r tance ,  and through the  use of ceramic material8 on 
relected engine coaponentr over a rang* of coarburtion chamber wall  
teqmraturer .  

Beretta,  G.P., Rarhidi, n. and KacL, J.C., "Thermodynamic Analysir of Turbulent 

Combustion i n  a Spark-Ignit ion En~ine .  Experimental ~vidence", Paper No. 

WSS 80-20, prerented a t  the 1980 Spring Ueeting, Wertern Sta ter  Section, The 

Comburtion I n r t i t u t e ,  University of C a l i f ~ x - ~ '  A, I rvine,  CA, April 21-22, 1980. 



A method independrnt of phyrical nodeli- arrtmptioar ir pro- 
rented t o  m a l y t e  high-rpeed f1.w photography and cylinder prerrure 
w u u r e m m t r  from r ' ruuparent-pirton rpark-ignition rerearch 
angine. The mthod involver defining cha rac te r i r t i c  q w n t i t i e r  of 
the phmorma of f 1- propagation and comburtiolr, and e r t iv t  iag  
t h e i r  valuer from the  e x p e r i r m t a l  i n f o r u t i o n ,  Uria~ only the  
prerrure i n f o r u t i o n ,  the  u r r  f rac t ion  c u n r r  a r e  examined. A 
new empirical burning law ir prerented which well r i w l r t e r  ouch 
curver. S t a t i r t i c a l  da ta  fo r  the  charac ter i r t i r ;  delay and burnin8 
mger  rhow tha t  cycle-to-cycle f r ac t iona l  variat ion8 a r e  of the  
r u  order of magnitude f o r  both rngler  (about 20 percent). Urins 
only the  photographic i n f o r u t i o n  on flame front  contcurr, r t a t i r -  
t i c r  a r e  obtained f o r  the  apparent true igni t ion  delay ti-, 
E n f l m d  volume, area  of the  f l a w  f ront  and an average normal 
f l m  front  rpeed a r e  ertimated u a function of time, From the 
combined analyr i r  of cylinder prerrure h i r to ry  and flame photography 
the entrainmeat rpeed t~. ( o f t m  cal led  turbulent fl- .peed) i r  
ertim8t.d and found t o  iacreare  rapidly durina the i n i t i a l  period 
of f l m  propagation. A t  a l a t e r  time, when the m a r  f rac t ion  burnt 
i r  greater  than about f i v e  percent, u, r e i n .  approximately con- 
rtrnt a t  a value of the order of 10 m/a fo r  the  p r e r m t  operating 
conditions with cycl ic  f r ac t ioua l  var ia t ions  of about 20 percent. 
Coapariron of the e a f l m d  and burnt mrr f rac t ionr  indicate8 tha t  
r r u b r t a n t i r l  m u n t  of unburnt av r r  i r  in r ide  the  enflamed region 
during f l a m  propagation, Compariron of the  rater of entrainment 
and burnin8 r h w r  tha t  the  two procerrer a r e  not coupled a r  it is 
implied when a th in  f l m  is u r u w d .  The charac te r i r t i c  burning 
time ir  found t o  be of the order of 1 au and tendr to  decreare 
through the  colaburtion period. The f l m  r t r e t c h  fac tor  is a180 
ertimated. The prerent w r k  concentrater on experiarnr.ai ct:idence 
which cur be wed  t o  tert theore t i ca l  modelr and coaputes rrimula- 
t ion r  of the  phenomenon. 
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