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Turbulent Flame Propagation and Combustion in Spark Ignition 
Engines 

G. P. B E R E T T A ,  M.  R A S H I D I ,  and J.  C.  K E C K  

Massachusetts Institute of Technology, Cambridge, MA 02139 

Pressure measurements synchronized with high-speed motion picture records of flame propagation have been made in a 
transparent piston engine. The data show that the initial expansion speed of the flame front is close to that of a laminar 
flame. As the flame expands, its speed rapidly accelerates to a quasi-steady value comparable with that of the turbulent 
velocity fluctuations in the unburned gas. During the quasi-steady propagation phase, a significant fraction of the gas 
behind the visible front is unburned. Final burnout of the charge may be approximated by an exponential decay in time. 

The data have been analyzed in a model independent way to obtain a set of empirical equations for calculating mass 
burning rates in spark ignition engines. The burning equations contain three parameters: the laminar burning speed st, a 
characteristic speed at ,  and a characteristic length IT. The laminar burning speed is known from laboratory meas- 
urements. Tentative correlations relating u T and IT to engine geometry and operating variables have been derived from 
the engine data. 

I .  INTRODUCTION 

Within the last decade, the historically established 
empirical method of  developing an internal com- 
bustion engine has been intensively and progres- 
sively complemented by the science of  modeling 
[1] .  The reasons for this change are found in two 
main problems of  our present society: the en- 
vironmental  problem, with the new constraints of  
strict emission standards, and the fuel shortage 
problem, with the consequent rising costs of  the 
primary energy sources and the demand for more 
efficient use. 

The empirical method of  development cannot 
handle, in an economical way, the complex prob- 
lem of  optimizing efficiency at acceptable power 
levels subject to the new, rigid environmental and 
energy constraints. The principal goal of  engine 
modeling is to provide a bet ter  analytical method  
for treating this problem. But there is also a less 
pra~nat ic  reason for developing models that  has 
received more and more at tention:  the desire to 
understand the governing physical mechanisms of  

the processes occurring in a real operating engine. 
The lat ter  task is obviously o f  great difficulty, 

since it involves going beyond the state of  the art 
in all thermal sciences: nonequilibrium thermo- 
dynamics, chemical kinetics, unsteady fluid dy- 
namics and turbulence-a l l  coupled in one problem. 

A number of  different approaches have been 
tried to solve the modeling problem, and their suc- 
cess depends on how the calculated results com- 
pare with experiments. It is well known that turbu- 
lence plays a fundamental  role in the operat ion of  
a real engine. Mathematical theories have been 
proposed to deal with this problem [2 -8 ] ,  but  no 
established physical description of  a turbulent  
flow is yet available. The physics of  turbulent 
flame propagation is even less well understood [9- 
16].  For  these reasons, an a t tempt  has been made 
in the present work to define quantities and obtain 
experimental  estimates independently of  physical 
models, so that  the resulting experimental  evidence 
may be used to test the assumptions o f  any physi- 
cal model. The aim has been to extract experi- 
mental information on that maall but important  
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portion of the whole operating cycle of the spark 
ignition engine where the combustion process 
takes place. This has been done by developing and 
applying a simple model independent method to 
analyze the data generated by coupling careful 
pressure measurements with high-speed photog- 
raphy of flame propagation [ 17]. 

After a brief description of the experiment, the 
method is presented and the results discussed. In 
accordance with the declared aim of the present 
work, physical interpretation of the results is left 
for future work. An attempt to provide some 
physical interpretation of the results, in the con- 
text of current combustion research, has been 
made by the last author in a recent review paper 
[ 18] based in part on the present work. 

2. EXPERIMENTAL APPARATUS AND 
MEASUREMENTS 
The experiments were carried out on a single-cyl- 
inder transparent piston spark ignition engine [ 19]. 
Figure 1 shows a schematic diagram of the piston- 
cylinder system which allows optical access to the 
combustion chamber through the quartz piston 
window. The cylinder head is that used by Ford 
on the 400 CID V-8 engine. Because optical access 
is obtained through the piston, the original cham- 
ber and valve configuration could be preserved. 
Table 1 gives the details of the engine geometry 
and valve timing. 

The purpose of the experiments was to obtain 
pressure measurements synchronized with photo- 
graphic records of the flame profiles through each 
single engine combustion cycle. High-speed motion 
pictures were made with a Hycam Model K-2001-R 
rotating prism camera capable of taking up to 5000 
frames per second. In order to increase flame 
luminosity, the mixture of isooctane and air was 
seeded with uniformly suspended salts, appropri- 
ately chosen not to affect flame propagation. The 
edge of the film was marked every 20 crank angle 
degrees by a neon light pulse synchronized to the 
flywheel. Such markers provide a means of asso- 
ciating a crank angle with each frame of the photo- 
graphic sequence. The engine pressure was meas- 
ured using a silicone-coated Kistler model 609A 
piezoelectric transducer and a model 504E charge 
amplifier the output of which was A/D converted 
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Fig. 1. Schematic of the M.I.T. quartz piston spark ig- 
ni t ion engine used by Rashidi. 

by an on-line DEC-PDP11 digital computer storing 
one pressure value every crank angle degree. 

The experimental procedure was the following. 
First, the engine was motored for a sufficiently 
long time to reach a completely steady state. Then, 
an electronic switching system was activated for 
the following sequence of operations: start the 
high-speed camera; wait for its speed to reach a 
threshold value; light the spark for 10-13 cycles, 
and simultaneously activate the pressure data ac- 
quisition system. 

As a result of this procedure, the complete data 
set for each cycle of a run consists of synchronized 
records of the cylinder pressure and the flame pro- 
file as a function of crank angle. Table 2 summa- 
rizes the operating conditions of  the seven runs for 
which complete data sets were obtained. 

A typical sequence of pressure traces as a func- 
tion of crank angle for the first 10 firing cycles of 
run 2 is shown in Fig. 2. The "motored cycle" was 
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TABLE 1 

Engine Geometry  

2 1 9  

Compress ion ratio CR = 7.86 
Bore b = 101.6 m m  
Stroke S = 88.9 m m  
Connect ing rod length L r = 147.0 m m  
Clearance height  hTD C = 13.0 m m  
Equivalent wedge angle ~ = 0.17 rad 
Inlet valve diameter  DIV = 48.3 mm 
Exhaus t  valve diameter DEV = 38.5 mm 
Inlet valve lift LIV = 9.3 m m  
Exhaust  valvel i f t  LEV = 9.3 m m  
Inlet valve open 0IV O = - 4 1 0  °ATDC 
Inlet valve close 0iV C = - 1 4 6  °ATDC 
Exhaus t  valve open 0EV O = +130 °ATDC 
Exhaus t  valve close 0EV c = +390 °ATDC 
Volume at top dead center  VTD c = 105 cc 
Volume at b o t t o m  dead center VBD C = 825 CC 
Volume at inlet valve close VIV C = 780 cc 
Total  crevice vo lume Vet = 3.5 cc 
Valve displacement  volume VVAL = 13.6 cc 

TABLE 2 

Engine Operating Condi t ions  

(a) Fixed parameters  

Fuel  Isooctane 
Mixing tank tempera ture  TMI X = 350K 
Engine tempera ture  T i = 350K 
Manifold pressure (WOT) Pi = 0.99 atm 
Spark angle 0 s = - 3 0  ° ATDC 
Volume  at spark V 8 = 167 cc 
Pressure at spark Ps = 7.20 a tm 
Tempera ture  at spark Ts = 570K 
Residual burned fraction fr  = 0.20 +- 0.02 

(b) Text  matr ix 

R u n  N Sis (glOu/Pb)s 
number  (rpm) ¢ f r  (m/s)  (Pu/ala)s (m/s)  

1 872 1.08 0.0 0.83 4.6 3.8 
0.2 0.48 4.1 1.9 

2 1044 0.98 0.0 0.79 4.6 3.6 
0.2 0.44 4.1 1.8 

3 1099 1.13 0.0 0.84 4.6 3.9 
0.2 0.48 4.0 1.9 

4 1108 1.02 0.0 0.81 4.6 3.7 
0.2 0.45 4.1 1.8 

5 1123 1.07 0.0 0.83 4.6 3.8 
0.2 0.47 4.0 1.9 

6 1220 1.13 0.0 0.84 4.6 3.9 
0.2 0.48 4.0 1.9 

7 1233 1.06 0.0 0.82 4.6 3.8 
0.2 0.47 4.1 1.9 
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Fig. 2. Typical sequence of pressure versus crank angle traces from the M.I.T. quartz 
piston engine. 

obtained just prior to switching on the ignition. It 
provided both a useful reference curve and a check 
on the absolute calibration of the pressure trans- 
ducer. Due to the absence of residual burned gases 
in the charge, the first cycle has a higher peak pres- 
sure and a shorter burning time than the subse- 
quent cycles. Using the pressure ratio between the 
first and subsequent cycles and the thermodynamic 
analysis discussed later, the residual burned gas 
fraction fr was determined within an experimental 
error of -+10% to be 0.20 for all engine operating 
conditions and showed no cycle-to-cycle fluctua- 
tions. 

Although the cycles subsequent to the first 
show substantial cycle-to-cycle fluctuations in 
pressure, there is no evidence that the second cycle 
differs significantly from those following it, in- 
dicating that relaxation to steady state operation 
occurs within one cycle. In a normal engine, cycle- 
to-cycle fluctuations of the magnitude shown in 
Fig. 2 would be considered excessive. However, in 
the present case, they provided useful information 
about the causes of this phenomenon which will 
be discussed later. 

A typical photographic record of a propagating 
flame is shown in Fig. 3. The spark is at the right 
edge of the field of view and the flame is propa- 
gating from right to left. The engine operating con- 
ditions for this cycle are given at the top of the 
figure and the pressure record is shown by curve 
10 in Fig. 2. The crank angle 0 and the ratio of  
the pressure p to the corresponding motored pres- 

sure Pm are given below each frame. The interval 
between frames is 1.9 crank angle degrees or 0.30 
ms. Note that the spark occurred at a crank angle 
of - 3 0  ° ATDC and that the first five frames dur- 
ing which the image was too weak to record satis- 
factorily have been omitted. It can be seen that 
the edge of the flame is reasonably well defined 
and similar in appearance to the edge of a cloud. 
It can also be seen that during the first few frames 
in which the flame front is clearly visible, the in- 
crease in pressure above the motored pressure is 
very small. Thus, optical observations provide a 
much better indication of the progress of flame 
propagation at early times than pressure measure- 
ments. 

3. ANALYSIS OF EXPERIMENTAL DATA 

To determine the interrelations between pressure 
rise, burning rate, and flame propagation rate, it is 
necessary to extract from the experimental data 
both the mass fraction of burned gas and the frac- 
tion of volume enflamed as functions of crank 
angle. The methods used for this purpose and some 
empirical correlations found are discussed in this 
section. 

3.1. Mass Fraction Burned 

The thermodynamic analysis used to calculate the 
mass fraction of burned gas from the pressure rec- 
ords is an improved version of that developed by 
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Fig. 3. Typical high-speed motion picture record of flame propagation in the M.I.T. 
quartz piston engine (cycle 10 of Fig. 2). 

Lavoie et al. [20] and includes the important ef- 
fect of gases cycled in and out of crevices. At 
every instant, this analysis involves the following 
basic assumptions: (i) the total mass in the com- 
bustion chamber can be divided into a mass frac- 
tion burned, a mass fraction unburned, and a neg- 
ligible fraction of reacting gas; (ii) the pressure is 
spatially uniform throughout the combustion 
chamber and the crevices; (iii) both unburned and 
burned gases obey the ideal gas equation of state; 
(iv) the composition of unburned gases is frozen; 
(v) the composition of burned gases is that of 
chemical equilibrium; (vi) unburned gases in the 
combustion chamber (excluding crevices and 
boundary layers) are compressed isentropically; 
(vii) gases in the crevices are at the wall tempera- 
ture; and (viii) unburned gases flowing from the 
crevices into an enflamed region of the combus- 
tion chamber burn instantly. 

The equations for volume and mass in the com- 
bustion chamber (excluding crevices) are 

z = vu + vb (1) 

and 

m = m u + mb, ( 2 )  

where the subscripts u and b denote unburned gas 
and burned gas, respectively. The mass and volume 
burned fractions are defined by 

X b = m b / m  (3) 

and 

Yb = V b / V ,  (4) 
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respectively, and the mean burned and unburned 
gas densities by 

Pb = mb/Vb ( 5 )  

and 

Pu = m J V u .  (6) 

Heat loss was estimated using the correlation 
of  Woschni [21] and mass loss to the crankcase 
was estimated using the equations for inviscid 
flow through the piston ring gap. Using the meas- 
urements o f  pressure as a function o f  crank angle 
and the data on engine geometry and operating 

conditions summarized in Tables 1 and 2, the en- 
ergy balance equation for the combustion chamber 
was solved to yield the mass fraction burned and 
all the other relevant thermodynamic properties of  
the gas mixture at each instant. It is o f  interest to 
note that the effect of  gases cycled in and out o f  
the crevice volume was considerably larger than 
that o f  either heat or mass loss. 

The results of  applying the thermodynamic 
analysis to the smoothed pressure curves for the 
first 5 cycles in Fig. 2 are plotted in Fig. 4. Part 
(a) shows the mass fraction burned x b and part (b) 
the corresponding mass fraction burning rate 5¢ b as 
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Fig. 5. (a) Superimposed tracings of the successive flame fronts shown in Fig. 3. (b) Il- 
lustration showing "best fit" circle to flame front 18. 

functions of crank angle. For burned mass fractions 
less than 0.002 the burning rates were too small to 
be measurable. 

As previously noted, the charge for the first 
cycle contains no burned residual gas, and this is 
the cause of the significantly maaller "ignition 
delay" for this cycle. Subsequent cycles show 
substantial cycle-to-cycle fluctuations in both 
magnitude and shape of the burning rate curves, 
but again there is no evidence that the second 
cycle differs significantly from those following it. 
The final burning rates can be approximated by 
exponential decays having time constants r b vary- 
ing from 0.6 to 1.0 ms, as given in the figure. Also 
given are the corresponding characteristic lengths 
Slrb obtained by multiplying rb by the laminar 

flame speed. Geometrical data to be discussed 
later show that the exponential burning phase oc- 
curs after all the charge in the combustion cham- 
ber has been fully entrained by the flame front. 
This strongly suggests the existence of unburned 
gas pockets entrained behind the flame front. 

3.2. Flame Radius and Center 

Using motion picture records of the type shown 
in Fig. 3, Rashidi has made contour plots of the 
flame front profiles in successive frames for over 
100 individual cycles covering the range of oper- 
ating conditions given in Table 2. A plot of this 
type, made from the photographs in Fig. 3, is 
shown in Fig. 5a. It can be seen that due to the 
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limited field of  view a substantial part of the flame 
front profile was not observable. 

To determine the effective flame center and 
radius, the method of least squares has been used 
to obtain "best fit" circles to the observable por- 
tion of the flame fronts. In making the fits, the 
radius of  the circle and the position of the center 
are the parameters to be determined and the "best 
fit" circle is required to enclose the same area as 
the observed flame front. The coordinate system 
employed and an example of such a fit are shown 
in Fig. 5b. Figure 6 shows the "best fit" flame 
radius r~ and center radius r e as a function of 

crank angle for the first 5 cycles of Fig. 2. The 
points (cycle numbers) correspond to individual 
frames of the motion pictures. The "edge of field" 
line shows the radius beyond which a portion of 
the flame front is out of the field of view. For 
flame radii less than "-4 mm the images were too 
weak for the edge to be clearly defined, while for 
flame radii greater than " 3 0  mm the angle sub- 
tended by the observed flame front was too small 
to permit accurate determination of the radial po- 
sition of the center. 

It can be seen in Fig. 6a that the expansion speed 
of the flame front increases substantially during 
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the first 20 mm of  flame travel, approaching an ap- 
proximately constant value with relatively little 
cycle-to-cycle variation (see also Section 4.2). On 
the other hand, the times required to reach the 
final speed show substantial cycle-to-cycle varia- 
tions which are strongly correlated with the mass 
fraction-burned curves in Fig. 4. It can also be 
seen in Fig. 6b that there can be substantial radial 
displacements of  the flame center from the spark 
location, most of  which occur before the flame has 
grown sufficiently to be clearly visible. Although 
this displacement shows large cycle-to-cycle varia- 
tions, correlations with the curves in Fig. 6b or 
Fig. 4 are less apparent. 

The motion of  the flame center during flame 
propagation is further illustrated in Fig. 7a, where a 
typical plot of  the displacement res of  the flame 
center from the spark is shown as a function of 
flame radius rf. The data suggest that most of  the 
displacement occurs when the flame radius is less 
than 10 mm and that for larger radii the position 
of  the flame center stabilizes. A characteristic 
flame radius required for stabilization can be de- 
fined by the equation 

to = ~ J(arcJarf)~ = s J(Uc/Uf),, (7) 

where ~i e is the displacement of  the stable center 
from the spark, (drcs/drf) s is the derivative of  res 
with respect to rf at rf = 0, and ( u d u f )  s is the ratio 
of  the speed of  the center to the expansion speed 
of  the flame at rf = O. The definition of  l¢ is il- 
lustrated geometrically in Fig. 7a, and a plot of  the 
displacement 5 c as a function of  the speed ratio 
(ue/uf)  s is shown in Fig. 7b. The speed ratio was 
approximated by the expression (ue/uf)  s ~- (rcs / 
r~)l, where (res/rf) 1 is the ratio of  the flame cen- 
ter displacement to the flame radius for the first 
"best fit" circle. The value of  I e determined by 
the "best" line through the data is l¢ = 5.7 -+ 1.0 
mm. 

A rough indication of  the character of  the ve- 
locity field in the vicinity of  the spark plug at ig- 
nition can be obtained from Fig. 8, which shows 
the azimuthal component re)~e of  the flame center 
velocity plotted as a function of  the radial compo- 
nent -~:e. The average values of  the velocities for 
each run are shown along the axes. Large cycle-to- 
cycle variations in both the magnitude and direc- 

tion of  the center velocity are apparent. There is 
also a clear indication of  an inward "squish" ve- 
locity - r e  ~ 1.4 m/s due to the boss in which the 
spark plug is located and a net "swirl" velocity 
rex c ~ 1.0 m/s corresponding to Xc ~ 450 rpm. 
Since the inlet valve was unshrouded, the latter 
must be due to slight asymmetries of  the intake 
port geometry. 

3.3. Enflamed Volume 

The flame geometry and coordinate system used 
to reconstruct the flame front in three dimensions 
are shown in Fig. 9a. It has been assumed that the 
geometrical characteristics of  the flame front are 
well approximated by a spherical surface of  radius 
r r with its center located at the same radial and 
angular position as the "best fit" circle, and at the 
same height as the spark. 

Trajectories of  the flame center and of  the flame 
fronts propagating toward the near and far walls 
are illustrated in Fig. 9b. Because of  the limited 
field of  view, the crank angles O N and 0F at which 
the flame fronts reach the near and far walls had 
to be determined by extrapolation. Also shown in 
Fig. 9b is a typical gas "particle" trajectory. Due 
to the expansion of  the gas during combustion, 
the unburned gas ahead of  the flame front is pushed 
away from the front. 

Some important geometrical properties of  the 
flame are shown in Fig. 10. Part (a) shows the en- 
flamed volume fraction y f  = Vf/rrR2h at top cen- 
ter as a function of  the dimensionless flame radius 
~ = rf/R for various values of  the dimensionless 
flame center radius gc = re/R. Part (b) shows the 
corresponding dimensionless flame front area af = 
Af/zrRh as a function ofy~. The effect of  the flame 
center position on the flame front area can be 
clearly seen in Fig. 10b. Variations in the location 
of  the stable flame center produce variations in 
the flame front area and are an important source 
of  cycle-to-cycle variations in the burning rate. 

4. CORRELATION OF PRESSURE AND 
OPTICAL DATA 

To facilitate the comparison between pressure and 
optical observations, it is convenient to introduce 
several basic definitions: 
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(i) the equivalent burned gas radius rb, defined 
by the equation 

Vb(rb, rc, h) = Vb, (8) 

where h = V/Ap is the mean height of the combus- 
tion chamber, Ap is the area of the piston, r e is the 
position of the flame center, and r b is the radius 
of an ideal spherical surface, concentric with the 
flame front, containing all and only the burned 
gases; 

(ii) the equivalent spherical burning area 

(iii) the equivalent laminar burning area 

A t =- rob~Pus1, (10) 

where s I is the laminar burning speed; 
(iv) the mean burned gas expansion speed 

ub = (a Vb/at)h/Ab 

=rb +-re ~ Vb/a-re, (11) 

where subscript h denotes fixed clearance height; 
(v) the burning speed 

A b ----~Vb/arb; (9) S b =rhb/PuAb; (12) 
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(vi) the mean flame front expansion speed 

uf-Ao/Lo 
= t:f + (rc aAc/arc + Xc aAc/aXe)/Lc, (13) 

where A e = Ae(r~, re, ×e) is the "shadow" area en- 
closed by the "best fit" circles through the leading 
edge of the flame front and L e = aae/Or I is the arc 
length of the "best fit" circles (Figure 5b). 

It follows from Eqs. (10) and (12) that 

SbA b = SlA 1. 

It also follows from the mass conservation equa- 
tion that 

rh = - - r h u k  - -  m b k  

G. P. BERETTA ET AL. 

and from Eqs. (1), (2), (5), (6), (1 I), and (12) that 

m 
$ b "  

Pb V 

\ m b  mu / / 

(16) 

where mbk and muk are the mass flow rates of 
burned and unburned gas out of the combustion 
chamber, h b = Vb/Apb and h u = Vu/Apu are 
equivalent mean heights of burned and unburned 
gases, Apb is the area of the piston face delineated 
by the equivalent burned spherical surface, and 
A p u  = A p  - A p b .  Under almost all conditions of 
practical interest, the second term on the right- 
hand side of Eq. (16) is negligible and it is a good 
approximation to set 

Ub ~-- (m/Pb V)Sb. (17) 

Moreover, it follows from Eqs. (1)-(6) that 

m =at=(1 --Yb) +Yb- (18) 
Pb V Pb 

Note that as Yb ~ 0, m/p b V approaches the ex- 
pansion ratio Pu/Pb. 

Plots of m/p b V and Pu/Pb as functions o f y  b 
are shown in Fig. 1 la for a spark advance 0 s = 
- 3 0  ° and residual burned gas fractions fr = 0 and 
0.2. A plot of the useful relation 

(19) 

obtained from Eqs. (1)-(6) is shown in Fig. l ib .  
The values of Ptt/Pb were obtained from the 
thermodynamic analysis. 

It can be seen in Fig. 1 la that following an ini- 
(14) tial sharp drop due to compression by the piston, 

Pu/Pb remains nearly constant over most of the 
burning range. This is an extremely useful prop- 
erty and simplifies the approximate analysis of 
combustion in spark ignition engines. 

(15) In particular, combining Eqs. (18) and (19) and 
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using the relation 

p u ° / p s  ° = ( p i p s )  1/'ru (20) 

for isentropic compression of  the unburned gas 

outside the thermal boundary layer, we obtain 

x b = ((ps ° V/psVsXmspu/mPu °) 

X ( p i P s )  l l ' ru  - -  1) / (pu/Ipb -- 1), (21a) 
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where 7u = Cvu/Cvu is the specific heat ratio for 
the unburned gas, the subscript s denotes condi- 
tions at spark, and the superscript o denotes con- 
ditions outside the thermal boundary layer. I f  we 
now assume that fo r (p  - Ps)/Ps "~ 1, heat and mass 
losses from the combustion chamber volume V 
(excluding crevices) are the same under firing and 
motoring conditions, then Eq. (2 la) reduces to 

xb = ((p/pm) 1/~'u --  1)/(Pu/Pb -- 1), (21b) 

where P/Pm is the ratio o f  the firing and motoring 

pressures. The advantages of  Eq. (21b) are that it 
is independent of  crank angle, it does not require 
modeling of  either heat or mass losses from the 
combustion chamber, and it is relatively insensitive 
to the value of  ?u and the density ratio Pu/Pb. Eq. 
(21 b) has been used to determine the initial values 
o f x  b . 

4.1. Flame Geometry 

The burned gas volume fraction Yb and the en- 
flamed volume fraction y f  are shown as functions 
of  the flame radius r r in Fig. (12a) for the first 5 
cycles of  Fig. 2. The corresponding dimensionless 
laminar burning area a I = Al/TrRh and flame area 
af = A~/TrRh are shown in Fig. 12b. Discontinuities 
in the derivative of at occur at the points where 
the flame front touches first the piston face and 
then the near wall. It can be seen in Fig. 12a that 
during the rapid flame propagation phase (y~ ,~ 
0.2), the value of  y~ is significantly greater than 
Yb. It can also be seen in Fig. 12b that during this 
phase the laminar area exceeds the flame front area 
by almost a factor of  10. These observations to- 
gether with the assumption (see Section 3.1) that 
the reacting mass fraction is negligible imply the 
existence of  substantial pockets of  unburned gas 
behind the leading edge of  the visible flame. 

A plot of  rf as a function of  r b is shown in Fig. 
13a. The difference (r~ - rb) is shown in Fig. 13b. 
The burned gas radius r b was determined from the 
burned gas volume fraction Yb using the measured 
values of  the flame center radius r c and the curves 
in Fig. 10a. It can be seen that as r b ~ 0, r~ ~ r b. 
This suggests that entrainment of  unburned gas 
behind the flame front is small during the early de- 
velopment of the flame. On the other hand, for 
r b .~ 30 mm, (rf - rb) ~ 6 mm and is approxi- 
mately constant. This suggests that the entrain- 
ment and combustion rates have approximately 
balanced in a quasi-steady rapid propagation 
phase in which a substantial amount o f  unburned 
gases is steadily present behind the flame front. 

An interesting comparison suggested by the 
data in Figs. 12 and 13 is shown in Fig. 14a, where 
the differences (.41 - Af) and (Vf - Vb) are plot- 
ted on a logarithmic scale as functions of  r~. It can 
be seen that the two sets o f  points are remarkably 
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similar in shape, suggesting that their ratio should 
be approximately constant. This ratio l T = (V~ - 
Vb)/(A 1 - A f ) ,  which has the dimensions of a 
length, is plotted in Fig. 14b. Although there is 
considerable cycle-to-cycle scatter, the points for 
any one cycle are quite consistent and suggest a 
slight decrease in I T with increasing r s. How much 
of the cycle-to-cycle scatter is intrinsic to lr  and 
how much is due to measurement errors is not 
clear. The relatively small difference (V s - Vb) is 
very sensitive both to errors in the measurements 
of V~ and V b individually and to the synchroniza- 
tion of optical and pressure data. Nevertheless the 
measurements show l T to be approximately 1.3 
mm in the range r~ = 20-55 mm, corresponding to 
Yr = 0.20-0.85. 

4.2. Characteristic Speeds 

The flame front expansion speeds uf calculated 
from Eq. (13) are shown as functions of  the flame 
radius r s by the upper set of  points in Fig. 15a for 
the first 5 cycles of Fig. 2. Also shown are the cor- 
responding burning speeds s b obtained from Eq. 
(17) using the approximation Ub -~ us (justified by 
the data in Fig. 13a) and the laminar burning 
speeds sl measured by Metghalchi and Keck [22] 
for isooctane/air mixtures with residual burned gas 
fractions fr = 0 and 0.2. The difference between 
u b ~ uf and s b is the unburned gas speed ug just 
ahead of the flame front. Note that the ratio 
Us/s b decreases monotonically from a value equal 
to the expansion ratio Pu/Pb at 0s to a value of 
unity as the flame front approaches the far wall. 

It can be seen that although the values of s b are 
approximately the same for all cycles, the values 
of u s for the first cycle are somewhat higher than 
those for subsequent cycles. This is primarily due 
to the large value of the expansion ratio for the 
first cycle. It can also be seen that s b increases 
from a value close to s 1 to a value of order 10 
times sl as rs increases from 0 to 50 mm. For r s 
30 mm, s b is roughly proportional to x/-~-u. 

Fig. 15b shows the ratio sb/s 1 as a function of 
rs. By definition this ratio is also equal to the ratio 
A1/Ab of the laminar burning area to the spherical 
burning area. Note that the ratio sb/s: for large rt 
is significantly lower for the first cycle than for 

the following cycles due to the higher laminar 
burning speed of the charge for the first cycle. 
Also note that for rf ~ 30 mm, sb/sl is constant 
within the scatter of the data. Since for isentropic 
compression of the unburned gas s I ~- sls(pu/Os) ° .4,  
this is consistent with the observation previously 
made that s b is proportional to V~u. 

The values of u~*, Sb*, UT* = Sb* -- Sl*, and 
r e* at the angle 0* of maximum burning rate (rf* 
45 mm) are summarized in Table 3 for all runs 
listed in Table 2. Also given are values of the pa- 
rameters ufs and r~s obtained by making a least 
squares fit of the equation 

uf  = u~s + rdr f s  (22) 

to the measured expansions speed for r~ ~ 15 mm, 
where ufs is an extrapolated expansion speed at 
spark time and rfs a characteristic time describing 
the initial rapid increase in the expansion speed uf. 
For each entry of Table 3, the first line gives the 
value for the first cycle and the second line the 
average value for all subsequent cycles along with 
the standard deviation of the cycle-to-cycle dis- 
persion. 

All of the quantities tabulated show cycle-to- 
cycle dispersion of the order of  -+10% or greater. 
Part of this is undoubtedly due to measurement 
errors, but most of it is felt to reflect the actual 
dispersion. The values of u~*, sb*, and u T* appear 
to increase with engine speed, while those for re* , 
Ufs, and rfs show no statistically significant trends. 
The only quantities for which the first cycle v, alues 
are significantly different from the averages for 
the subsequent cycles are uf* and ufs. In the case 
of uf*, the difference can be attributed largely to 
the difference in Pu/Pb as previously noted. In the 
case of ufs, the difference can be attributed to the 
difference in the laminar expansion speed Sl(Pu/Pb) 
for the first and subsequent cycles. The measured 
values agree well with the calculated values of 3.8 
and 1.9 m/s given in Table 2. 

4.3. Burning and Propagation Angles 

The most common method used to characterize 
mass fraction-burned curves of the type shown in 
Fig. 4a is to introduce a set of  burning angles. One 
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TABLE 3 

Characteristic Velocity Parametersa 

Run no. 1 2 3 4 5 6 7 

N (rpm) 872 1044 1099 1108 1123 1220 1233 
¢ 1.09 0.98 1.14 1.02 1.08 1.13 1.07 Run ave. 

ufs (m/s) 3.7 b 2.8 3.7 2.7 3.3 4.0 4.2 3.5(0.6) 
2.2(0.6)e 1.5(0.9) 2.3(0.7) 1.8(0.~) 2.7(0.8) 2.3(0.5) 1.8(0.6) 2.1(0.4) 

7ts (ms) 1.7 1.3 1.9 1.2 1.9 1.4 1.8 1.6(0.3) 
2.2(0.3) 1.6(0.3) 1.4(0.2) 1.4(0.2) 1.8(0.5) 1.4(0.2) 1.4(0.2) 1.6(0.3) 

uf* (m/s) 12.0 14.1 13.9 15.2 15.9 15.8 14.4 14.5(1.3) 
10.4(0.8) 10.9(1.0) 13.0(1.4) 13.0(1.0) 12.7(1.0) 13.3(1.5) 13.6(1.4) 12.4(1.2) 

Sb* (m/s) 5.5 6.4 6.3 6.9 7.2 7.2 6.5 6.6(0.6) 
5.2(0.4) 5.5(0.5) 6.5(0.7) 6.5(0.5) 6.3(0.5) 6.6(0.8) 6.8(0.7) 6.2(0.6) 

UT* (m/s) 4.6 5.3 5.2 5.8 6.1 6.1 5.4 5.6(0.5) 
4.5(0.4) 4.8(0.5) 5.8(0.7) 5.8(0.5) 5.6(0.5) 5.9(0.8) 6.1(0.7) 5.5(0.6) 

re* (mm) 27 29 29 24 30 30 23 27(3) 
25(3) 26(3) 27(3) 27(3) 26(3) 27(3) 23(3) 26(2) 

a Asterisks indicate values at maximum burning rate x b. 
b Numbers in first row following a parameter are for first cycle. 
e Numbers in second row following a parameter are averages excluding first cycle; numbers in parentheses are stand- 

ard deviations of points from averages. 

way of  defining these angles is shown graphically 

in Fig. 16. The fast burn ing  angle 0B may  be de- 
fined as the angle required for a line drawn tangent  

to the mass fract ion burned  curve at the angle of  

m a x i m u m  slope 0* to rise from x b = 0 to Xb = 1. 

The burn ing  delay angle OD is then the difference 

be tween the angle at which the same line intersects 

x b = 0 and the spark angle. The total  burning  angle 

iSOT =OD +0 t l .  
F lame radius curves o f  the type shown in Fig. 6 

R+ re* 
~- 0 B 

~ 1.0 

X b 

0~ 0 D 0* Or Or 0 
Fig. 16. Plots of rf and x b versus 0 showing the definitions of characteristic burning 
and propagation angles. 
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can be characterized in a similar manner by a 
complementary set of angles 0D', 0a ' ,  and 0T'. 
These angles are also shown graphically in Fig. 16. 
In this case, the fast propagation angle 0B' is de- 
fined as the angle required for a line drawn tangent 
to the flame radius curve at the angle of maximum 
burning rate 0* to rise from rf = 0 to re =R + re*. 
The propagation delay angle 0 D' is the difference 
between the angle at which the same line inter- 
sects rf = 0 and the spark angle. The total propa- 
gation angle is 0 T' = 0D' + 0B'. 

It follows from these definitions that 

O B .= CO/JOb *, (23) 

0 a' = ~(R + re*)/rf*, (24) 

0 T = 0* + co(1 --Xb*)/Xb*, 

0 T' = O* + w(R + re - r f* ) / f f* ,  

where w [deg/s] = 6N[rpm]. Near top dead center, 
I? ~ 0 and rc ~ 0, so that 

Fig. 1 la, it follows from Eq. (19) that 

dXb P U ( x  _Xb)  pb )2 
----- b + ( 1  

dYb Pb Pu " 
(31) 

Finally, substituting Eqs. (30) and (31) into Eqs. 
(28) and (29) yields 

+ re)Ab~ Pu 

and 

(32) 

I (25) OT--0 T -----O B (l--Xb) I - -  b+(1--Xb) 

x P b  R + r  e - r f  (33) 

R + r c -- r b 

Yb -~ Abi'b/V. (27) 

If it is also assumed, in agreement with the data in 
Fig. 13, that ff* ~ fib*, then Eq. (27) can be com- 
bined with Eqs. (23)-(26) to obtain the relations 

(28) 

and 

(29) 

For (R + r e - rb) < rb, which is the case at maxi- 
mum burning rate, 

(R + re - rb )ab  ------0r/2)(V-- vb ) ,  (30) 

and for Ou/Pb approximately constant as shown in 

A plot of 0a as a function of 0B' for all cycles 
is shown in Fig. 17a and a plot of the ratio 0B'/0 B 
as a function of re* is shown in Fig. 17b. The 
numbers refer to runs. It can be seen that, as ex- 
pected, 0 B and 0 B' are strongly correlated and that 
the ratio 0B'/0 B is a relatively slowly varying func- 
tion of re*. The curve in Fig. 17b was calculated 
using Eq. (32) and the curves in Fig. 10b. The 
agreement between the calculated curves and the 
experimental data is well within the combined sys- 
tematic and statistical uncertainties. 

A plot of 0 r as a function of OT' is shown in 
Fig. 18. It can be seen that also 0T and 0 T' are 
strongly correlated and that 0 T ~ 0T'. The mean 
value of (0T -- 0T')/0B is 0.05, in good agreement 
with the value of 0.07 calculated from Eq. (33). 

A comparison of the parametric angles for the 
first and second cycles with the average values ex- 
cluding the first cycle is given in Table 4 for all 
runs. Also shown are the values ofxb*  at the angle 
0* of maximum burning rate. No significant de- 
parture of the second-cycle values from the aver- 
age values can be seen for any of the quantities 
tabulated. This indicates that relaxation to steady 
state operation occurred within one cycle. On the 
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other hand, the first cycle values of all the angles 
tend to be somewhat smaller than the average 
values, suggesting that these quantities are affected 
by the residual burned gas fraction. There are no 
significant trends of  any quantity in this table with 
engine speed or equivalence ratio. 

5. T U R B U L E N T  B U R N I N G  EQUATIONS AND 
CORRELATIONS 

The experimental results discussed above can be 
correlated by the following empirical set of differ- 
ential equations: 

/J = p u  a fUT - -  bt /Tb,  (34b) 

where/x is a dummy variable with the dimensions 
of a mass, rb a characteristic time, and ua, a char- 
acteristic speed. 

To complete this set of equations, a relation- 

ship between r f and rb is needed. The data in Fig. 
13 suggest that as r b ~ 0 the ratio r f / r  b ~ 1, while 
for r b -+ ~ the difference r i - r b ~ u r r  b.  An em- 
pirical equation satisfying these requirements and 
fitting the data is 

rf = rb + LT(1 -- e x p ( - - ( r b / L r ) Z ) ) ,  (35a) 

where 

m b  = P u A  fsl + tXfi'b, (34a) L T = u T r b (35b) 
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TABLE 4 

Summary of Burning and Propagation Angles 

Run no. 1 2 3 4 5 6 7 

N (rpm) 872 1044 1099 1108 1123 1220 1233 
1.09 0.98 1.14 1.02 1.08 1.13 1.07 Run ave. 

0* (deg) 23 a 30 31 28 30 31 30 29(3) 
31 b 39 30 35 34 35 35 34(3) 
29(4) c 41(5) 34(5) 33(3) 33(3) 36(4) 36(4) 35(4) 

0 D 15 19 21 20 21 21 22 20(2) 
21 26 20 25 23 25 25 24(2) 
21(1) 28(3) 22(3) 24(3) 23(2) 25(2) 26(2) 24(2) 

0 D' 5 6 7 4 6 6 7 6(1) 
9 14 7 10 7 9 9 9(2) 
8(1) -12(2) 9(3) 9(2) 8(2) 8(1) 11(2) 9(2) 

0 a 20 23 23 14 22 20 19 20(3) 
25 34 18 19 18 23 20 22(6) 
21(3) 29(5) 24(4) 24(4) 24(4) 26(7) 25(5) 25(2) 

o B' 33 34 38 32 34 37 38 35(2) 
38 41 31 35 34 35 37 36(3) 
36(4) 43(4) 35(4) 37(3) 39(4) 39(5) 39(4) 38(3) 

0 T 35 42 44 34 43 41 41 40(4) 
47 60 38 43 41 47 45 46(7) 
43(3) 56(5) 46(6) 48(4) 47(5) 41(8) 51(7) 49(4) 

o T' 38 40 45 36 40 43 45 41(3) 
47 55 38 45 41 44 46 45(5) 
44(3) 55(5) 44(4) 46(3) 47(5) 49(6) 50(5) 48(4) 

Xb* (%) 41 49 44 54 51 48 44 47(5) 
39 42 55 55 60 41 49 49(8) 
45(7) 50(6) 49(7) 45(8) 50(7) 46(7) 44(7) 47(3) 

a Numbers in first row following a parameter are for first cycle. 
b Numbers in second row following a parameter are for second cycles. 
e Numbers in third row following a parameter are averages excluding first cycle; numbers in parentheses are standard 

deviations of point from averages. 

is a characteristic turbulent flame thickness. It 
is noteworthy that this thickness is of the same 

magnitude as the characteristic flame radius l e 
[defined by Eq. (7)] at which the position of the 

flame center stabilizes. 
Alternatively, Eqs. (34) and (35) may be writ- 

ten in terms of the useful characteristic length 

l r  = Sffb (36) 

instead of the characteristic time %. 
Equations (34) are mathematically equivalent 

to those previously proposed by Blizard and Keck 
[23] except for the important additional term 
puArsl in Eq. (34a). This term is necessary to de- 

scribe correctly the observed dependence of the 
initial burning rate on the laminar flame speed s I. 

The asymptotic behavior of the burning equa- 
tions in four important limits is as follows: 

(i) quiescent charge, UT ~ 0 or l T ~ ~o, 

Sb ~ Sl; (37) 

(ii) quasi-steady state,/.i --~ 0, 

Sb ~ /'/T "b $1; (38)  

(iii) initial burning, t ~ rT = IT/UT, 

S b  t 1 / /UT~ rf 
- - = 1 + - - = 1 + - - . /  ; (39) 
Sl 3rTs 3 \ uf / s  ITs 
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(iv) final burning, t/> t r  (At = 0), 

mb 
- -  _~ e - ( t - t F ) l r b .  (40) 
mbF 

These limiting expressions were suggested by the 
experimental data and were used in determining 
the form of the empirical burning equations (34). 
For the purpose of interpreting the physical mean- 
ing of the proposed burning equations, it is note- 
worthy that the dummy variable/a defined by Eqs. 
(34) is related to previously defined quantities by 
the relations 

p = -rb(m b - - P u s l A f ) = P u l r ( A 1 - - A f ) ,  (41a) 

[.t = PuAf(UT + Sl) -- m b 

= PuAfUT -- pu(A l - -Ae)s  1. (41b) 

However, in accordance with the aim of this work, 
the development of  physical models to explain the 
present experimental observations will be left for 
future work. 

5.1. Parameters of the Burning Equations 

The burning equations (34) and (35) contain three 
parameters, Sl, UT, and/T, which in principle could 

be obtained from fundamental chemical kinetic 
and turbulence models but which in the present 
analysis were obtained from experimental meas- 
urements. 

The laminar flame speed sl can be measured 
using laboratory burners and constant volume 
bombs, and values are already available in the liter- 
ature for a variety of  practical fuels burning under 
enginelike conditions. Values for u T can be ob- 
tained from engine data of the type shown in Fig. 
15 and Table 3. Assuming quasi-steady state at 0", 
Eq. (38) yields u T ~ uT*. A plot ofuT* as a func- 
tion of engine speed is shown in Fig. 19. The enor 
bars show the standard deviations of the mean 
values for all cycles of a given run. The data are 
well correlated by the relations 

u T * = 1.05~p = 0.19u-i, (42) 

where up = 2NS  is the mean piston speed, ui = 
ev(Ap/Aiv )U p the mean inlet gas speed,N the en- 
gine speed, S the stroke, ev -- 0.95 the volumetric 
efficiency, Ap the piston area, and AIv  the maxi- 
mum open area of the inlet value. Equation (42) 
is in good agreement with the correlation s b = 
0.22~ i found by Blizard and Keck [23] for the 
quasi-steady flame propagation phase. Measure- 
ments of uf and Sb have also been made by Mat- 
tavi et al. [24] and Groffand Matekunas [25] in a 
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transparent piston engine similar to that used in 
the present work, and estimates of  s b have been 
made by Lancaster et al. [26] in a CFR engine 
from pressure measurements only. Their results 
are in general agreement with those presented 
here. In addition, they found a strong correla- 
tion between s b and the turbulence intensity u'  
measured in motored engines [27-32] ,  but did 
not correlate their data with inlet gas speed. 

Values for l T are shown as a function of  the 
density ratio PulPs in Fig. 20. Three different 
methods were used to determine this parameter 
at different times during combustion. For values 
o f x  b ~ 0.2, the definition 

l T = (Vf -- gb)/(A 1 - - A f )  (43) 

was used in conjunction with data of  the type 
shown in Fig. 14a. This expression cannot be used 
for smaller values of  Xb, since it becomes inde- 
terminate; i.e., it approaches 0/0 as Xb approaches 
0. For x b = 0, the expression 

--/l[ur d Sb --X 

obtained from Eq. (39) was used in conjunction 
with data of  the type shown in Fig. 15b and Table 
3. Finally, for x b -+ 1 the expression 

lr  = $ 1 T b  (45) 

was used in conjunction with data of  the type 
shown in Fig. 14b. 

The values of  l T at Pu/Ps = 1 (x b = 0) obtained 
using Eq. (44) showed surprisingly little run-to- 
run scatter, and only the average for all runs is 
shown. The points at Pu/Ps = 2.2 and 2.9 (x b = 
0.2 and 0.5) are average values for individual runs 
and were obtained using Eq. (43). The points at 
Pu/Ps = 3.5 (Xb = 1) are also average values for in- 
dividual runs and were obtained using Eq. (45). 
The standard deviation of  the cycle-to-cycle fluc- 
tuations was approximately +20% and is shown by 
the representative error bar. Although the run-to- 
run scatter is quite large, the points at various den- 
sities for a given run are fairly strongly correlated, 
suggesting that the scatter is not entirely due to 
data errors. To a first approximation 

lw ~ 2(ps/pu)a/4 mm. (46) 
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The value of l r at spark and the trend with 
density given by Eq. (46) are in reasonable agree- 
ment with measurements reported by Namazian 
et al. [33]. These authors quote a value of l r " 
1.8 mm for small Xb, and a value of I r ~ 0.5 mm 
for x b ~ 0.4 may be deducted from the curves in 
their Fig. 17. Measurements of 1 r at spark have 
also been made by Blizard and Keck [23], who 
obtained a correlation of the form 

ITs = 0.17L1v(p~pu)  , (47) 

where Liv-is the maximum inlet valve lift and Pi is 
the inlet gas density. Although the density de- 
pendence of Eq. (47) is in reasonable agreement 
with that of Eq. (46), the magnitude of l w at spark 
predicted by Eq. (47) for the present experimental 
conditions is only about one-fifth the value meas- 
ured. This is due to the omission of the term puA~Sl 
in the Blizard-Keck equation corresponding to 
Eq. (34). If this term is included, Blizard and Keck's 
data give values for ITs in agreement with those 
given by Eq. (46). A general correlation which fits 
all the data cited above is 

l T = 0.SLiv(p.~pu)al  4. (48) 

6. SUMMARY AND CONCLUSIONS 

Simultaneous pressure measurements and high- 
speed motion pictures of the visible flame in a 
spark ignition engine show that the initial flame 
front propagation speed is very close to that of a 
laminar flame for the same charge. As the flame 
grows, its speed increases rapidly to a quasi-steady 
value of order 10 times the laminar value. During 
the rapid quasi-steady propagation phase, a signifi- 
cant fraction of the gas entrained behind the visible 
flame front is unburned. The measurements also 
suggest that the final combustion phase can be 
approximated by an exponentially decreasing burn- 
ing rate with a time constant of order 1 ms. 

Detailed analysis of the data has led to the de- 
velopment of a set of empirical differential equa- 
tions that correlate well the experimental observa- 
tions. The burning equations contain three param- 
eters: the laminar burning speed of the charge sl, a 
characteristic speed UT, and a characteristic 

length l T. Measurements of Sl under enginelike 
conditions can be made in constant volume com- 
bustion bombs, and values for a number of com- 
mon fuels are available. Values for uT and lT can 
be obtained from engine experiments, and pre- 
liminary correlations for relating these parameters 
to engine geometry and operating variables have 
been given. The data suggest that u T increases and 
l T decreases during compression of the unburned 
gas. For a given engine cycle, the parameters in 
the burning equations can be adjusted to fit the 
observed pressure curve. Cycle-to-cycle fluctua- 
tions in pressure can be caused by variations in 
any of the parameters sx, UT, and 1T. Variations in 
s I can be caused by incomplete mixing of the fresh 
charge with burned residual gas in the cylinder and 
by variations in the stoichiometry of the fresh 
charge. Variations in u T and l T are presumably 
associated with the statistical character of turbu- 
lence. 

An additional parameter required to close the 
burning equations with a geometrical description 
of the enflamed region is the vector_r e giving the 
position of the apparent flame center. The nominal 
value of r e is determined by spark plug position, 
but convection of the flame kernel at early times 
during propagation can produce significant dis- 
placement. It is observed that substantial cycle-to- 
cycle fluctuations can be caused by variations in 
the parameter r e . Variations in r e are presumably 
caused by convection of the initial flame kernel in 
the flow field near the spark plug. In this connec- 
tion, it may be noted that a correlation between 
the pressure and the flow velocity -re near the 
spark has been observed in laser doppler measure- 
ments made by Cole and Swords [34]. 

Although the proposed empirical burning equa- 
tions provide a relatively simple and accurate 
method of predicting the observed burning rates in 
spark ignition engines, the range of engine geome- 
tries and operating variables investigated in this ex- 
periment is relatively small and needs to be con- 
siderably extended. In particular, systematic in- 
vestigations over a wide range of engine speeds, 
spark angles, valve lifts, and compression ratios 
are needed to establish the proper correlations for 
u, r and lT. The origin of the cyclic variations in 
the values of st, UT, lT, and r e needs to be more 
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closely examined, and correlations for relating their 
magnitudes to engine geometry and operating con- 
ditions need to be developed. The range of validity 
of the burning equations and their applicability, 
for example, to engines with significant swirl and 
squish also needs to be established. Finally, the ex- 
perimental evidence presented and the proposed 
empirical equations need to be better understood 
in terms of the underlying physical mechanisms. 

NOMENCLATURE 1 

af dimensionless flame front area 
a 1 dimensionless equivalent laminar burning 

area 
A area 
A b equivalent spherical burning rate 
A e area of  "best fit" circle 
Af flame front area 
A l equivalent laminar burning area 
Ap piston surface area 
cp specific heat at constant pressure 
Cv specific heat at constant volume 
h mean clearance height (=V/As) 
l e characteristic radius for stabilization of 

flame center 
l T characteristic length 
L e arc length of "best fit" circle 
L T characteristic turbulent flame thickness 

(=UTrb) 
m mass of gas in combustion chamber (ex- 

cluding crevices) 
N engine speed (revolutions/minute) 
p pressure 
r radius 
r b equivalent burned gas radius 
_r c, location of center of "best fit" circle 

(re = I r~ I) 
res displacement of flame center from spark 

plug 
rf "best fit" flame radius 
R radius of combustion chamber (=b/2) 
s speed 
s b burning speed 
s I laminar burning speed 
t time 
T temperature 

1 See also Tables 1 and 2. 

U 

Ub 
Ue 
Uf 
Ug 

Ui 
Up 
UT 
V 

X 

Y 
7 
8c 

~v 
0 

0B 
0 B ' 
0D 
0 D ' 
0r  
0 T ' 
0V 
0N 
/l 

P 
rb 
Tfs 
7T 
¢ 

Xe 

expansion speed 
mean burned gas expansion speed 
speed of  flame center 
mean flame front expansion speed 
unburned gas speed just ahead of flame 
front 
mean inlet gas speed 
mean piston speed 
characteristic speed 
volume of combustion chamber (excluding 
crevices) 
mass fraction 
volume fraction 
ratio of specific heats (=cp/cv) 
displacement of stable flame center from 
spark plug 
volumetric efficiency 
crank angle 
fast burning angle 
fast propagation angle 
burning delay angle 
propagation delay angle 
total burning angle 
total propagation angle 
crank angle when flame hits far wall 
crank angle when flame hits near wall 
dummy variable with dimensions of  mass 
density 
characteristic time 
characteristic initial flame acceleration time 
initial burning characteristic time (=IT/UT). 
equivalence ratio 
angular displacement of  center of  "best fit" 
circle 

Subscripts and Superscripts 

b burned gas 
c "best fit" circle 
f enflamed volume 
m motoring conditions 
o conditions outside thermal boundary layer 
s conditions at spark time 
u unburned gas 
* conditions at maximum mass burning rate 
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