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TURBULENT FLAME STRUCTURE AND SPEED IN SPARK-IGNITION 
ENGINES 

JAMES C. KECK 
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Recent experimental observations of flame structure and speed in spark-ignition engines 
are discussed. Schlieren photographs, shadowgraphs and laser scattering measurements strongly 
suggest a highly wrinkled structure for the turbulent flame in such engines. Simultaneous 
pressure measurements and high-speed motion picture records are used to derive two closely 
related sets of empirical equations for calculating burning rates. One set suggests an eddy 
entrainment and laminar burn-out model and the other, a laminar flame stretching and wrin- 
kling model. Tentative correlations relating the parameters in the burning equations to en- 
gine geometry and operating variables are derived. Statistical variations in the parameters 
produce cycle-to-cycle dispersions in the pl:essure, but correlations for predicting the mag- 
nitude of the dispersions have not yet  been obtained. 

I. Introduct ion  

Spark ignition engines consume more than a bil- 
lion gallons of gasoline daily or roughly one-third 
the total world petroleum production. They are also 
a major source of air pollution in urban areas. Thus 
increasing the fuel efficiency and reducing the pol- 
lution from these engines is a matter of consider- 
able practical importance which has become a ma- 
jor goal of current combustion research. Of 
particular concern is the development of quantita- 
tive models for predicting the burning rate of the 
charge in spark-ignition �9 tl] engines. Such models are 
needed both for interpreting the performance of 
existing engines and for improving the design of 
future engines. 

As a result of studies carried out over more than 
half a century, it has been well established that the 
burning rate in spark-ignition engines involves a 
turbulent combustion process having significant 
cycle-to-cycle fluctuations. Although a great deal of 
experimental data has been accumulated and nu- 
merous theories have been proposed, a completely 
satisfactory model for predicting turbulent burning 
rates in spark-ignition engines has not yet been 
developed. A critical review of current theories of 
turbulence and their compatibility with different 
models of turbulent flame propagation has been 

" [~] nd made by Andrews, Bradley and LwakabamDa a 
the application of such models to spark-ignition en- 
gines has been reviewed by Tahaezynski. I31 

It is dear from these reviews, as well as more 
recent publications, I4-93 that the development of 
models for turbulent combustion in spark-ignition 
engines based on fundamental principles is a for- 

midable task unlikely to be completed in the near 
future. A simpler and more promising short range 
approach is the development of empirical models 
based on detailed correlations of experimental data 
and as free as possible from initial physical as- 
sumptions. An advantage of such models is that 
they can be used both for immediate practical ap- 
plications in engine design and analysis and to ob- 
tain physical insight useful for developing and test- 
ing more fundamental  models of turbulent  
combustion for future use. 

The purpose of this paper is to discuss recent 
experimental observations of flame structure and 
speed in spark-ignition engines and to present two 

models them. empirical burning 10 17 derived from The 
emphasis is on studies t - ] in which simultaneous 
optical and pressure measurements have been made. 
The first measurements of this type were reported 
by Rassweiler and Withrow Ix8] who showed that 
flame geometry and pressure were strongly corre- 
lated. Unfortunately, these authors did not include 
sufficient data to permit quantitative correlation of 
their results with engine geometry and operating 
variables. This is also true of a number of other 
investigations [19-a~ from which only qualitative 
conclusions can be drawn. In all cases, however, 
the qualitative conclusions support the quantitative 
results discussed in this paper. 

Because the primary objective of this paper is 
to examine the manner in which burning rates in 
spark-ignition engines are correlated with engine 
geometry and operating variables, no discussion of 
turbulence measurements in engines, theories of 
turbulent combustion, or burning models based on 
a priori assumptions is included. Reviews of these 
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TABLE 1 
S.I. Engine parameters 

b S hTC Lw Div 
Author mm mm CR mm mm mm Ref. 

Mattavi, et al. 92.1 76.2 6.9 13.0 5.6 41.8 12, 13 
Rashidi, M. 101.6 88.9 7.9 13.0 9.3 48.3 14 
Namazian et al. 82.6 114.3 4.8 30.1 5.7 31.5 16 
Witze; Smith 76.5 82.6 5.5 18.3 4.8 12.7 16, 17 
Blizard & Keck 63.5 76.2 5.0 19.0 4.8 24.9 18 
Lancaster, et al. 92.1 76.2 6.9 13.0 5.6 41.8 11 

b = bore, S = stroke, CR = compression ratio, hTc = Top center clearance height, D1v = inlet valve 
diameter, L w maximum inlet valve lift. 

important topics may be found in Refs. 2, 3, 5 and 
9. 

2. Experimental Observations 

All of the experiments discussed in this paper 
were carried out in single cylinder research en- 
gines equipped with windows providing optical ac- 
cess. [12-17] Their important geometrical specifica- 
tions are summarized in Table 1. Also included are 
the specifications for the engines used by Blizard 
and Keck N~ and Lancaster, Krieger, Sorenson and 
Hull [nl in earlier investigations the results of which 
are included in Section 4. 

2.1 Visible Emission Photography 

One of the most extensive studies of the rela- 
tionship between flame geometry and pressure is 
that carried out by Rashidi t14] in an engine equipped 
with a quartz piston. Similar studies have also been 
carried out by Mattavi, Groff, Lienesch, Matekunas 
and [12] Noyes and Groff and Matekunas. I13] 

A schematic of the engine used by Rashidi which 
[31] was based on a design due to Bowditch is shown 

in Fig. 1. To enhance the luminosity of the hot 
burned gases, the charge was seeded with NaC1 in 
a heated mixing tank. High-speed motion pictures 
of the expanding flame were made using a rotating- 
prism camera and synchronized pressure records 
were made using a silicone-coated piezoelectric 
transducer coupled to an analog-to-digital recorder. 

To avoid overheating the quartz window, the 
engine was fired in short bursts of 10 to 15 con- 
secutive cycles. A typical set of pressure traces 
from such a burst is shown in Fig. 2. The "motored 
cycle" was obtained just prior to switching on the 
ignition and provided both a useful reference curve 
and a check on the absolute calibration of the pres- 
sure transducer. Due to the absence of residual 
burned gases in the charge, the first cycle has a 

higher peak pressure and a shorter burning time 
than later cycles. The residual fraction for all cycles 
following the first was fr = 0.2 and was determined 
from the thermodynamic analysis of the pressure 
traces discussed in Section 3.1. Although later cycles 
show substantial cycle-to-cycle fluctuations in pres- 

QUARTZ PISTON ENGINE 
Ford 4 0 0  CID V8 Head 

LAID 

C.R. 
Bore 
Stroke 

Hycam 
K-2001 

FIG. 1. Schematic of the M.I.T. quartz piston 
spark-ignition engine used by Rashidi. 
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FIG. 2. Typical sequence of pressure vs crank angle traces from the M.I.T. quartz piston engine. 

sure, there is no evidence that the second cycle 
differs significantly from those following it, indicat- 
ing that relaxation to steady-state operation occurs 
in one cycle. 

A typical photographic record of an expanding 
flame is shown in Fig. 3. The engine operating 
conditions for this cycle are given at the top of the 
figure and the pressure record is shown by curve 
5 in Fig. 2. The crank angle 0 and the ratio P/Pm 
of the pressure to the motored pressure are given 
below each frame. The interval between frames is 
1.9 crank angle degrees or roughly one-third of a 
millisecond. Note that spark occurred at a crank 
angle of -30  ~ ATC and that the first 5 frames dur- 
ing which the image was too weak to record sat- 
isfactorily have been omitted. It can be seen that 
the edge of the fireball 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 is clearly visible the increase 
in pressure above the motored pressure is very 
small. Thus optical observations provide a much 
better indication of the progress of the combustion 
at early times than pressure measurements. 

2.2 Schlieren Photography 

Although high-speed motion pictures of the vis- 
ible emission from a flame provide a satisfactory 
method for locating the front, they give very little 

BOTTOM VIEW THRU QUARTZ PISTON 
Emi~-led Light ( I% NaCI~I, R a s h i d i  

t044 RPM, ~$=-30% P~=|otm, C 8 H|S,~=l , f r=0.2 

= - 1 7  7 o - 1 5 . 8  ~ - 1 3 , ~  , o  - ~ 2 , O  e - ; O I  �9 - 8 . 2 0  

P / P r o  = LOO4 t.OO8 | O~O Ot6  O | S  O~O 

~B3 ~ ~44~ -2;5 ~ -O,S*  )3 ~' 32 ~ 

h044 I 0~4 i.II3 i, i~O ~:~6 I,S55 

1413 ) 553 1716 i.881 2.065 2256 

FIG. 3. Typical high-speed motion picture record 
of flame propagation in the M.I.T. quartz piston 
engine. (Cycle 5 of Fig. 2.) 
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flame with a smoothly varying density gradient. "W THRU SAPPHIRE HEAD 
A more detailed picture of the structure of a 

�9 MS'r, pi~a~m,C3H8 ~O.9,f,~O turbulent flame is provided by the enlarged schli- 
eren photographs shown in Fig. 5. These photo- 
graphs were taken by Namazian et al. [ls] using a 
square piston engine equipped with quartz win- 
dows through which the flame front could be viewed 
from the side. The top photograph was taken at a 
relatively early stage of the burning process and 
strongly suggests a thin, moderately wrinkled, but 
simply c6nnected front between unburned and 
burned gas. The thickness of the front as shown by 
the width of the dark lines in the photograph is 
less than 0.1 mm. This is comparable to the thick- 
ness of the thermal preheat zone of a laminar 
flame under the prevailing conditions. The typical 
scale of the wrinkles is ~2.5 mm. The structure 
of the flame at later times is shown in the two 
lower photographs. It can be seen that the width 
of the dark lines remains roughly constant but the 

Z5 

FIG. 4. Schlieren photographs showing the effect 
of spark location on turbulent flame structure at 
various crank angles in a spark-ignition engine with 
no swirl. 

SfOE"V|EW, SOUARE CYLtNDER 
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information about the structure of the flame be- 
hind the front. To obtain such information, schli- 
eren photography has been used. 

Fig. 4 shows a typical set of schlieren photo- 
graphs taken by Witze [181 through a sapphire win- 
dow in the head of an engine equipped with a re- 
fleeting piston. The engine operating conditions are 
shown at the top of the figure and are similar to 
those for Fig. 3. Each photograph was obtained on 
a different engine cycle at the crank angle indicated 
on the left. Sequences are shown for central igni- 
tion, ignition at three fifths of the cylinder radius 
and wall ignition. The dark regions of the photo- 
graphs represent zones with high density gradients. 
It can be seen that the fronts of the flames are 
very well defined and similar in shape to those in 
Fig. 3. Because a sehlieren photograph represents 
an integrated effect along the line of sight and a 
mirror image of the flame has been superimposed 
on the real image, it is somewhat difficult to in- 
terpret the structure behind the front. However, 
it appears that the unburned and burned gas in 
these photographs is separated by a wide zone hav- 
ing a mottled structure more suggestive of a highly 
wrinkled thin laminar flame than a thick turbulent 

-P=t26 
P ~  

FIc. 5. Schlieren photographs showing side views 
of turbulent flames in a square piston spark-igni- 
tion engine at various crank angles. 
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scale of the wrinkles tends to decrease with time 
suggesting a decrease in the turbulent length scale 
due to compression of the unburned gas. 

2.3 Laser Scattering 

As already observed, the interpretation of schli- 
eren photographs is complicated by the fact that 
they represent integrated effects along the line of 
sight. This difficulty has been overcome in the el- 
egant laser scattering measurements made by 
Smith. [17] A schematic diagram of the engine cyl- 
inder and optical arrangement used for these mea- 
surements is shown in Fig. 6. A pulsed laser beam 
was passed across the cylinder and the Rayleigh 
scattered light from the gas molecules was recorded 
by an optical-multichannel-analyzer focused on the 
beam. The duration of the laser pulse was 0.01 p,s, 
the diameter of the beam was 0.05 mm and the 
spatial resolution along the axis of the beam was 
0.14 ram. Using this system, Smith was able to 
obtain "snap shots" of the density profile along the 
axis of the laser beam. 

A selected oscillogram of the output of the op- 
tical analyzer is shown in Fig. 7a. Each dot rep- 
resents the intensity of the scattered light in one 
channel. The signal on the left corresponds to un- 
burned gas and that on the right to burned gas. 
The flame is propagating from right to left. The 
oscillogram shows a thin transition zone of width 
0.25 mm between unburned and burned gas fol- 
lowed at a distance of 1.5 mm by an "island" of 

F l a m e  R a d i u s - r a m  

FIG. 7(a). Selected oseillogram of the output of 
Smith's optical-multiehannel-analyzer showing the 
scattered intensity in various channels. (b) "Au- 
thor's Conception" of a possible flame geometry 
associated with the observed scattering pattern. 
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FIG. 6. Schematic diagram showing engine cyl- 
inder and optical train used in Smith's laser scat- 
tering experiments. 

unburned gas. The fraction of oscillograms showing 
such "islands" varied from 0 at 300 RPM to 20% 
at 1800 RPM. The present "author's conception" 
of the flame front geometry associated with a signal 
of this type is shown in Fig. 7b. The thickness of 
the laminar flame shown was calculated by West- 
brook. [17] 

Note that the widths of the observed transition 
zones are not significantly greater than those ex- 
pected from a convolution of a tilted laminar flame 
and the resolution function. In this connection it 
should be noted that the most probable tilt angle 
of a highly wrinkled flame front is not zero, as 
Smith assumed, due to the fact that the solid angle 
available for the local normal vector to the flame 
front vanishes at zero tilt angle. In Fig. 7b, the 
unburned gas behind the leading front is shown as 
an "island" which is the interpretation favored by 
Smith. It could, of course, also be a "peninsula" 
as shown by the dashed curve. 

In the opinion of the author, Smith's laser scat- 
tering experiments coupled with the schlieren pho- 
tographs discussed earlier provide convincing evi- 
dence that fully developed turbulent flames in spark 
ignition engines are indeed highly wrinkled and 
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probably multiply connected laminar flames. This 
implies a small value for the ratio of the laminar 
flame thickness to the turbulence length scale in 
such engines. No evidence for the existence of 
thick turbulent flames with monotonically varying 
density profiles has been found under any condi- 
tions studied to date. 

3. Correlation of Pressure and Flame Geometry 

A preliminary analysis of the experimental data 
obtained by Rashidi [14] has been reported by Ber- 
etta, Rashidi and Keck. [321 This analysis led to a set 
of empirical burning equations identical in form to 
those proposed earlier by Blizard and Keck. []~ A 
more comprehensive analysis of the same data has 
recently been completed by the same authors 
(BRK) [33] who found that an additional term was 
needed in the Blizard-Keck equations to describe 
correctly the initial burning rate of the charge. The 
discussion presented in this section is based pri- 
marily on the latter report. 

3.1 Thermodynamic  Analys is  

To establish a quantitative relationship between 
pressure and flame geometry in spark ignition en- 
gines, it is necessary to have an accurate thermo- 
dynamic model for obtaining the mass fraction of 
burned gas from the observed cylinder pressure. 
The model used by BRK is a refinement of the 
model originally developed by Lavoie et al. [341 and 
includes the important effects of gas cycled in and 
out of crevices as well as the usual heat and mass 
loss corrections. The basic assumptions of the model 
are (i) the charge in the combustion chamber at any 
time can be divided into a mass fraction burned 
separated from a mass fraction unburned by a re- 
action zone of negligible volume; (ii) the pressure 
is spatially uniform; (iii) both unburned and burned 
gases have slowly varying specific heats and obey 
the ideal gas equation of state; (iv) the composition 
of the unburned gas is frozen while that of the 
burned gas is in chemical equilibrium; (v) the gas 
in the crevices is at the wall temperature and (vi) 
the unburned gas in the control volume is isen- 
tropically compressed. Note that assumption (i) 
which has been included in virtually all thermo- 
dynamic models of combustion in closed chambers 
has now been justified by the optical observation 
discussed in Section 2. 

As a result of these assumptions the equations 
for volume and mass become 

and 

V~ = V . +  V b 

mv = m,, + m b 

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

xb = rob/my (3.3) 

and 

Yb = Vb/Vv (3.4) 
and the mean burned and unburned gas densities 
by 

Pb = mb/Vt ,  = P/RbTb (3.5) 

and 

p,, = m , , / V , ,  = p / R u T  u (3.6) 

Using these equations and submodels for heat and 
mass transfer, the energy equation for the combus- 
tion chamber can then be solved to obtain the mass 
fraction burned as a function of the pressure. 

Fig. 8 shows the results of such a thermody- 
namic analysis applied to the pressure curves for 
the first 5 cycles of Fig. 2. Part (a) shows the mass 
fraction burned x b as a function of crank angle 
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(3.1) FIG. 8. (a) Typical mass fraction burned curves 
calculated from the pressure records for cycles 1- 
5 of Fig. 2. (b) Mass fraction burning rate curves 
obtained by taking the time derivative of the curves 

(3.2) in (a). 
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while the lower part shows the corresponding burn- 6c 

ing rate xb. 
As previously noted, the charge for the first cycle 

contains no unburned residual gas and this is the sc 
cause of the significantly smaller "ignition delay" 
for this cycle. Later cycles show substantial cycle- 
to-cycle fluctuations in both the magnitude and ! 4o 
shape of the burning rate curves but again there ~,-'- 
is no evidence that the second cycle differs signif- ~ 3o 
icantly from those following it. The final burning =~ 
rates can be approximated by exponential decays 
having characteristic time constants % varying from ~_ zo 
0.6 to 1.0 ms as given in the figure. Also given are 
the corresponding characteristic lengths ro 

e T = Se % (3.7) 
0 

obtained by multiplying % by the laminar burning ! 30 
speed s e. Geometrical data to be discussed later 
show that the exponential burning phase occurs 
after all the charge in the control volume has been ~ 2o 
fully entrained in the flame. This is consistent with 
the existence of "islands" of unburned gas behind ~' 
the leading edge of the flame. ~c - 3 0  

Q ~ / - - - - -F lo rae  Front  Trac ing 

/ 2 4 / / ' - ' ~ - ~ .  ~ ' ~ - ~ - - ~  ~ Field of 

Cy l inder  

WI / 

b 

Best F i t "  
\ \ ~ ~ = /* \ ~(" / Circle to 

~ Front  18 

FIc. 9. (a) Superimposed tracings of the succes- 
sive flame fronts shown in Fig. 3. (b) Illustration 
showing "best fit" circle to flame front 18. 
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FIc. 10. (a) Typical plot of "best fit" flame radius 
ry as a function of crank angle O for cycles 1-5 of 
Fig. 2. The points (cycle numbers) correspond to 
individual frames of the motion picture record. The 
"edge-of-field" line shows the radius beyond which 
only part of the flame front is visible. (b) Plot of 
corresponding flame center radius r c. 

3.2 Flame Geometry  

Using motion picture records of the type shown 
in Fig. 3, Rashidi has made contour plots of the 
leading edge of the flame in successive frames for 
more than 100 cycles covering a range of operating 
conditions. A plot of this type made from the pho- 
tographs in Fig. 3 is shown in Fig. 9a. It can be 
seen that due to the limited field of view a sub- 
stantial part of the flame front was not observable. 

To reconstruct the flame front and to obtain the 
effective fireball volume, BRK have used the method 
of least squares to obtain "best fit" circles to the 
observable portion of the flame fronts. In making 
the fit 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 coor- 
dinate system employed and an example of such 
a fit are shown in Fig. 9b. 

Fig. 10 shows the "best fit" flame radius ~'f and 
center radius re as a function of crank angle for the 
first 5 cycles of Fig. 2. For flame radii less than 
4 mm, the images were too weak for the edge to 
be clearly defined, while for flame radii greater 
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than 20 mm, the angle subtended by the observed 
front was too small to permit accurate determina- 
tion of the center radius. 

It can be seen that the expansion speed of the 
flame increases with radius, approaching a very 
nearly constant value for radii greater than approx- 
imately 20 mm. It can also be seen that there is 
a significant radial displacement of the flame center 
from the spark most of which occurs before .the 
flame has grown sufficiently in radius to become 
clearly visible. This can be attributed to convection 
of the flame kernel by a "squish" flow which for 
cycle 3 has a mean speed of ~6 m/s. 

To obtain the enflamed volume Vy. and frontal 
area Af, it is necessary to eohsider the third di- 
mension and BRK have assumed that Af may be 
approximated by a spherical surface of'radius rf 
with its center located at the same radial and an- 
gular position as the "best fit" circle and at the 
same height as the spark. 

3.3 Correlation of  Thermodynamic and 
Geometrical Data 

To facilitate the comparison of the thermody- 
namic and geometrical data, BRK have introduced 
the following basic definitions: 

(i) the burned gas radius r~ defined by the 
equation 

Vb(rb, r~, h) -= Vb(p,O), (3.8) 

where h = Vv/A p is the mean combustion chamber 
height, Ap is the piston area, r~ is the position of 
the flame center and rh is the radius of the spher- 
ical surface concentric with the flame front which 
contains the burned gas mass; 

(ii) the spherical burning area 

Ab ------ aVb(rb, r~, h)/Orb; (3.9) 

(iii) the laminar burning area 

Ae -~ (dmJdt)lp,se,  (3.1o) 

where s e is the laminar burning speed; 
(iv) the mean expansion speed of the flame front 

uy-= (dAc(rf, r~, Xc)ldt)lLc, (3.11) 

where Ac(rf, re, Xc) is the "shadow" area enclosed 
by the "bdst fit" circle through the leading edge 
of the flame front and 

L c = aAc( r  f ,  r~, X~)/arf 

is the arc length of the "best fit" circle; 

(3.12) 

(v) the mean expansion speed of the burned 
gas 

u/, --= (av b, (r b, r e, h)/at)h/Ab; (3.13) 

(vi) the burning speed 

sb = (dmb/dt)/p,X~; (3.14) 

(vii) the mean gas speed 

Ug = ub  - sb. (3.15) 

It follows from Eqs. 3.10 and 3.14 that 

sbAb= seAe (3.16) 

It also follows from Eqs. 3.1, 3.2, 3.4, 3.5, 3.6, 
3.13 and 3.14 that 
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FIG. 11. (a) Comparison of burned gas volume 
fraction t/~ for cycles 1-5 of Fig. 2 and enflamed 
volume fraction y/as a function of flame radius r/. 
A mean value of 0,5 was assumed for rc = rc/R in 
calculating yr. (b) Comparison of the dimensionless 
laminar burning area a~ and the dimensionless flame 
area a/. Note that discontinuities in the derivative 
of a t occur when the flame front impinges on the 
piston face and the near wall. 
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\pbVd 

where the piston speed has been assumed small 
compared t o  the expansion speed u s , Note that for 
Yt, = O, mv/Vv = p= and mv/pbVv = PJPb is just 
the expansion ratio. 

A comparison of the burned gas volume fraction 
Yb and the enflamed volume fraction yf as a func- 
tion of the flame radius rf is shown in Fig. l la  for 
the first 5 cycles of Fig. ~and a comparison of the 
corresponding dimensionless laminar burning area 
at = At/~rRh with the dimensionless flame area 
af = Af/TrRh is shown in Fig. llb. Discontinuities 
in thederivative of af occur at the points where 
the flame front first touches the piston face and the 
near walt. It can be seen in Fig, l la  that during 
the rapid burning region from yr ~ 0.2 to 0.7 a 
significant fraction of the gas entrained in the fire- 
ball is unburned. It can also be seen in Fig. l ib  
that during this phase the laminar burning area 
exceeds the flame front area by almost a factor of 
10. Both these observations are consistent with the 
existence of a wrinkled laminar flame suggested by 
the optical observations discussed in Section 2. 

An interesting comparison suggested by the data 
in Fig. 11 is shown in Fig. 12a where the differ- 
ences (Vf - Vt,) and (At - At-) have been plotted 
on a log~u'ithmic scale as a function of rf. It can be 
seen that the two sets of points are remarkably 
similar in shape suggesting that their ratio should 
be approximately constant. This ratio 

eT = (V s -  V~,)/(Ae - AZ) (3.18) 

which has been identified with the characteristic 
length defined by Eq. 3.7 is of the order of 1 mm 
and is shown in Fig. 12b. Although there is con- 
siderable cycle-to-cycle scatter, the points for any 
one cycle are quite consistent and suggest a slight 
decrease in ~T with increasing rf. 

The expansion speeds uf  calculated from Eq, 
3.11 are shown as a function of flame radius r r  by 
the upper set of points in Fig, 13a, Also showd are 
the corresponding burning speeds s/~ obtained from 
Eq. 3.17 and the laminar burning speeds s e for 
isooctane measured by Metghalchi and Keck. [~] 
The difference between ub and sb is, of course, the 
gas speed ug at the front. 

It can be seen that sb accelerates from a value 
very close to se to a value of order 10 times se as 
rf increases from 0 to 50 mm. It can also be seen 
that the value of the difference (sb - st) for the 
first cycle does not differ significantly from that for 
later cycles suggesting that (% - st) is independent 
of chemistry. 

Fig. 13b shows the ratio s t / s ,  as a function of 
r/~ By definition this ratio is also equal to the ratio 
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Ae/Ab of the laminar burning area to the spherical 
burning area. This suggests that the increase in % 
is simply the result of the increase in laminar burn- 
ing area produced by wrinkling of the flame front 
as it expands. Note that the ratio %/se for large rf 
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. 

4. Turbulent Burning Equations and Correlations 

The experimental results discussed above have 
been used to derive two closely related sets of em- 
pirical burning equations for spark-ignition engines 
and to obtain correlations relating the parameters 
in these equations to engine geometry and oper- 
ating variables. These equations and correlations 
are discussed in this section, Also included are 
some recent observations of hydrogen and propane 
combustion in a spark-ignition engine which show 
the dominant influence of the laminar flame speed 
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on the initial burning rate and provide a critical 
test of the empirical burning equations. 

4.1 Eddy Burning Equations 

Based on their analysis of Rashidfs data, BRK 
have derived the following empirical burning equa- 
tions: 

where 

dmb 
dt - puASSe + - -  (4.1A) 

Tb 

d~ Ix 
. . . .  (4.1S) dt puAyUT % 

Ix = PutT(Ae - At),  (4.2) 

is a parametric mass, u r is a characteristic speed 
and % = eT/S t. 

TO complete this set of equations, a relation be- 
tween r s and r/~ must be specified. The experi- 
mental data suggest that rf/rt, -~ 1 as rf--~ 0 and 
(rf - r~,) --) UT'rt, as r b ---) oo An empirical equation 
which approximates the data and satisfies these lim- 
iting conditions is 

r s = r b + UT%(1 -- exp (-(rb/ux%)Z)) (4.3) 

Equations 4.1 are similar to those previously pro- 
posed by Btizard and Keck but contain the impor- 
tant additional term puAfst in Eq. 4.1A. This term 
is necessary to describe correctly the dependence 
of the initial burning rate on the laminar flame 
speed st. 

4.2 Flame Stretching Equations 

During the preparation of this review, the au- 
thor developed an alternative equally valid set of 
empirical burning equations. These equations were 
inspired by the work of Alun Thomas [38] on the 
application of "flame stretching" theories to com- 
bustion in spark-ignition engines and can be writ- 
ten in the form: 

dm~ PutT'q 
- p u A f s t  + - -  (4.4A) 

dt 7 b 

where 

d'q - Puerr l  (4.4B) Putt -~ = puAyur rb 

= A ,  - A s (4.5) 

is a parametric area. 

In the case where PutT is a constant, Pu~T~q = 
IX and Eqs. 4.4 and 4.1 are mathematically iden- 
tical. In practice pu~x is slowly varying and Eqs. 
4.1 and 4.4 fit the available data equally well. 

It should be emphasized that the names "eddy 
burning" and "flame stretching" assigned to Eqs. 
4.1 and 4.4 were suggested by the form of the 
equations and are not associated with any a priori 
physical models. Whether physical models corre- 
sponding to these equations can in fact be found 
is an open question requiring further study. 

4.3 Limiting Cases 

The behavior of Eqs. 4.1 and 4.4 in four im- 
portant limits is given below: 

(i) quiescent charge, u T ~ 0 or (~T ---) :r 

sb -~ se (4.6) 

(ii) quasi-steady state, d ix /d t  ~- 0 or 
d~l/dt ~ O, 

s~ ~ Ur + s t  (4.7) 

(iii) initial burning, t -< r x = (?Ju T, 

t pbuTrf s b _ A t = l + _ _ = l +  �9 (4.8) 
st Ab 3rT 3PuStgT ' 

(iv) final burning, t -> tF(A f = 0) 

At ,hb 
- -  ~ e - ( t - t v ) / r b  (4.9) 

ACF rhbF 

These limiting expressions were suggested by the 
experimental data and were used in determining 
the form of both sets of empirical burning equa- 
tions. 

4.4 Parameters for  Burning Equations 

Each set of burning equations contains three 
parameters se, Uz and e T which in principle could 
be obtained from fundamental chemical kinetic and 
turbulence models but which at present must be 
determined experimentally. 

The laminar flame speed s e can be measured 
using laboratory burners and constant volume bombs 
and values are already available for a variety of 
practical fuels burning under engine-like condi- 
tions. 

The characteristic speed u T can be obtained either 
from optical data of the type shown in Fig. 13 or 
from measurements of the mass burning rate using 
Eqs 3.14 and 4.7. Within experimental error u T is 
proportional to V~p, and a summary of currently 
available measurements is given in Fig. 14 which 
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fer from those given in their paper due to the in- 
clusion of the term p,Afse in Eq., 4.1A. 

Although there is considerable scatter in the 
data, f 'r  appears to scale with valve lift Liv rather 
than clearance height hTc and to decrease with in- 
creasing density at a rate proportional to p u  - a / 4 .  

Whether there is a dependence on inlet speed is 
not clear from the available data but, if there is, 
it is relatively weak. The results in Fig. 15 imply 

I.O 

0.8 

0.6 
shows u T ~  as a function of the mean inlet 
gas speed fii = %(Ap/Aw)2NS, where p~ is the inlet 
gas density, % is the volumetric efficiency, Ap is 0.4 
the piston area, A w is the maximum open area of 
the inlet valve, N is the engine speed and S is the > 

_J stroke. It can be seen that the measurements are ~ o.2 
correlated within -+ 10% by the equation .~ 

uT = 0.08 ai PV~u-u~u/~ ~ (4.10) 
0.1 

Values of the characteristic length e T obtained .08 
from available engine data are shown in Fig. 5 
where the ratio of ~?T to the maximum inlet valve .06 
lift Lxv is shown as a function of the ratio Pu/Pi" 
The points shown as circles were taken from BRK 
and show the variation of fT during combustion. 
The remaining points were calculated by the author 
from data in the references cited using Eqs 4.1 and 
all refer to conditions at spark. Note that the values 
of t? T found from the data of Blizard and Keck dif- 
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a correlation of the form 

e T = 0.8 Lxv (pi/p,) z/4 (4.11) 

with a standard deviation of about -+25%. 

4.5 Hydrogen-Propane Comparison 

A critical test of the proposed turbulent burning 
equations 4.1 and 4.4 is provided by the schlieren 
photographs of combustion in hydrogen/air and 
propane/air mixtures shown in Fig. 16. These pho- 
tographs were obtained in a recent investigation by 
Vilchis and Heywood [zT] 'using M.I.T.'s square pis- 
ton engine. [is] The difference in the combustion 
process shown for these two gases is dramatic. In 
hydrogen, the induction time has been virtually 
eliminated and the flame expands at a constant 
high speed from the onset of ignition. The flame 
is more nearly spherical than that for propane and 
the scale of the wrinkles is larger. Vilchis and Hey- 
wood also observed that the thickness of the tur- 
bulent burning zone in hydrogen was substantially 
thinner than that in propane. All of these obser- 
vations are in qualitative agreement with the pre- 
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FIG. 17. (a) Calculated expansion speeds u~ for 
hydrogen/air and propane/air mixtures as a func- 
tion of burned gas radius rbl (b) Comparison of 
experimentally measured (points) and calculated 
(dashed curve) flame radii r/for hydrogen/air and 
propane/air mixtures as a function of crank angle. 
Also shown (solid curve) is the burned gas radius 
r~. 
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FIG. 16. Schlieren photographs made in M.I.T.'s 
square piston engine comparing the flame in hy- 
drogen/air and propane/air mixtures at various 
crank-angles after spark. 

dictions of the burning equations 4.1 and 4.4. 
A quantitative comparison of these measure- 

ments and the predictions of Eq. 4.1 is shown in 
Fig. 17. The calculated burned gas expansion speeds 
u/~ for hydrogen and propane are shown as a func- 
tion of burned gas radius in Fig. 17a. The param- 
eters Ux and eT were chosen to fit the propane data 
and are consistent with values shown in Figs 14 
and 15. The laminar burning speeds for propane 
were obtained from Ref. 35. Those for hydrogen 
were obtained from recent measurements by Brian 
Milton made in M.I.T.'s spherical combustion bomb. 

It can be seen that the initial expansion speed 
in hydrogen is roughly 10 times that in propane 
and that there is relatively little increase in this 
speed as the burning proceeds. This is in marked 
contrast to the expansion speed in propane which 
undergoes a large initial increase due to the large 
difference in the ratio UT/Se for these two gases. 
For propane, uT/se ~ 10 while for hydrogen, 
UT/Se ~ 1.0. 
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The results of integrating the curves in Fig. 17a 
are given in Fig. 17b. Both the burned gas radius 
rb and flame radius rf  are shown as a function of 
crank angle after spark. Also shown are the ex- 
perimental values of rf obtained from the photo- 
graphs in Fig. 16. As previously mentioned, the 
parameters UT and eT were chosen to fit the pro- 
pane data. There were no free parameters involved 
in calculating the hydrogen curves. It can be seen 
that the agreement between the predictions and 
measurements is excellent and almost certainly in 
part fortuitous. It can also be seen that the differ- 
ence (ry - r~,) is very much smaller for hydrogen 
than propane. This is a simple consequence of the 
fact that for a quasi-steady premixed turbulent flame 
( r f -  rb) = ua~rb = Urer/Se. 

5. Summary and Conclusions 

Recent experimental investigations of turbulent 
flame structure and speed in spark-ignition engines 
have been analyzed. Optical observations made us- 
ing schlieren and laser scattering techniques strongly 
suggest that the initial phase of combustion in such 
engines involves a relatively smooth spherical lam- 
inar flame. As the flame grows the flame front be- 
comes increasingly distorted by the turbulent flow 
field through which it is propagating and develops 
a highly wrinkled and probably multiply connected 
structure. During this process the mean expansion 
speed increases rapidly from a value of order 1 m/  
s characteristic of a spherical laminar flame in the 
charge to a quasi-steady value of order 10 m/s 
characteristic of the turbulence intensity in the un- 
burned gas. The thickness of the wrinkled zone is 
proportional to the ratio UT/S e of the turbulence 
intensity to the laminar burning speed and the lat- 
eral scale of the wrinkles is inversely proportional 
to this same ratio. For normal hydrocarbons such 
as propane and isooctane, the thickness of the 
wrinkled zone is of order 10 mm and the lateral 
scale of the wrinkles is of order 1 mm. There is 
no evidence of thick turbulent flames with a mon- 
otonic density gradient under any of the conditions 
studied to date. 

Simultaneous pressure measurements and high 
speed motion pictures of the visible flame show 
that, for normal hydrocarbons, more than 20% of 
the gas entrained in the flame is unburned during 
the rapid quasi-steady burning phase of combus- 
tion. They also suggest that the final phase of com- 
bustion can be approximated by an exponentially 
decreasing burning rate with a time constant of 
order 1 ms. 

Detailed analysis of this data has led to the de- 
velopment of two closely related sets of empirical 
burning equations 4.1 and 4.4. The first set sug- 
gests an eddy entrainment and laminar burn-out 

model and the second, a laminar flame stretching 
and wrinkling model. Each Set of burning equa- 
tions contains four parameters: the laminar burning 
speed of the charge st, a characteristic speed UT, 
a characteristic length CT and a vector r c giving the 
position of the apparent flame center. Measure- 
ments of st under engine-like conditions can be 
made in constant volume combustion bombs and 
values for a number of common fuels are already 
available. Values for UT and eT can be obtained 
from engine experiments and preliminary correla- 
tions for relating these parameters to engine ge- 
ometry and operating variables are given in Figs 
14 and 15. The data suggest that UT increases and 
CT decreases during compression of the unburned 
gas. The nominal value of rc is determined by the 
spark plug position but convection of the flame 
kernel at early times can produce significant dis- 
placement. 

For a given engine cycle, the parameters in 
either set of burning equations can be adjusted to 
fit the observed pressure curves within the accu- 
racy of the measurements. Cycle-to-cycle fluctua- 
tions in pressure can be caused by variations in any 
of the parameters st, uT, eT and re. Variations in 
st are due primarily to incomplete mixing of the 
fresh charge with burned residual gas in the cyl- 
inder but can also be caused by variations in the 
stoichiometry of the fresh charge. Variations in UT 
and eT are presumably associated with the statis- 
tical character of turbulence. Variations in r~ are 
caused by random convection of the flame kernel 
in the flow field near the spark plug. In this con- 
nection it may be noted that a correlation of § 
with pressure has been observed in the laser-dop- 
pler measurements of Cole and Swords. taSl 

Although, in the opinion of the author, the ex- 
perimental data presented provides convincing evi- 
dence for the wrinkled structure of turbulent flames 
in spark-ignition engines and the empirical burning 
equations proposed provide a relatively simple and 
accurate method for predicting the burning rate in 
such engines, the range of engine geometries and 
operating variables investigated to date is relatively 
small and needs to be considerably extended. Sys- 
tematic investigations over a wider range of engine 
speeds, spark angles, valve lifts and compression 
ratios are needed to check the tentative correlations 
for UT and ~r given by Eqs 4.10 and 4.11. The 
origin of the dispersions in all four parameters st, 
UT, CT and rc needs to be more closely examined 
and correlations for relating the magnitude of their 
dispersions to engine geometry and operating vari- 
ables developed. The applicability of the burning 
equations to engines with significant swirl and squish 
needs to be studied. Finally, the physical basis of 
the empirical burning equations and their relation 
to more fundamental theories of turbulent com- 
bustion need to be investigated. 
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Nomenclature 

A area 
A c area of "best fit" circle 
Aiv maximum open area of inlet valve 
b bore 
CR compression ratio 
Div inlet valve diameter 
fr residual burned gas fraction 
h clearance height 
s characteristic length 
L c arc length of "best fit" circle 
L w maximum inlet valve lift 
m mass 
N engine speed (revolutions/time) 
p pressure 
r radius 
r c radius of center of "best fit" circle 
s entrainment speed 
S stroke 
t time 
T temperature 
u expansion speed 
u T characteristic speed 
V volume 
to angular speed 
x mass fraction 
y volume fraction 
% volumetric efficiency 
0 crank angle 
"q parametric area 
Ix parametric mass 
p density 
rb characteristic burning time 
r r  characteristic flow time 
• azimuth of center of "best fit" circle 

Subscripts 

b burned gas 
f observed flame 
F far wall 
i inlet condition 
m motored 
r laminar 
p piston 
s spark condition 
u unburned gas 
v combustion chamber 
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COMMENTS 

Prof. N. Chigier, Carnegie-Mellon University, 
Pittsburgh, PA. Do you believe that the flame 
front photographs can be used to determine di- 
mensions of large scale structures in the flow? Also 
can you suggest a physical relationship between a 
series of photographs of the flame front and local 
measurements of turbulence intensity of laser ane- 
mometer? 

Author's Reply. To answer your first question I 
would have to know how you propose to separate 
large and small scale structures along a flame front. 
Photographs such as those in Figs 3-5 tend to show 
a more or less continuous distribution of scales. 
One could of course expand the structure in terms 
of cylindrical harmonics and this might be a useful 
thing to do. In fact the fitting of a circle to the 
flame front is just the first step in such an expan- 
sion. 

In answer to your second question I believe that 
the characteristic speed u r deduced from the quasi- 
steady propagation speed of the flame front will 

turn out to be proportional to the turbulence in- 
tensity measured by a laser anemometer. Moreover 
preliminary comparisons which have been made 
suggest a correlation coefficient close to unity. 

Prof. R. W. Bilger, University of Sydney, Aus- 
tralia. I was very pleased to see that you think so 
much of Bay Smith's work at Sandia, as I have fol- 
lowed it closely and have been very excited by it. 
One conclusion that he draws from his measure- 
ments is that the flame is instantaneously thicker 
than that for a laminar flame, particularly at higher 
engine speeds. This is after allowing for the effects 
of flame front angle. Why do you reject these find- 
ings? Would the bases for your empirical correla- 
tions be invalidated if in fact the flame is thickened 
by the small scale turbulence (as in Dam Kohler's 
second mechanism) and presumably the local flame 
front speed increased? 
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Author's Reply. The conclusion that the thick- 
ness of the reaction front separating unburned and 
burned gases increase with engine speed depends 
critically on the form of the distribution function 
used to correct the data for the effect of tilted 
fronts. In making this correction Smith assumed a 
Gaussian distribution with respect to the tilt angle. 
I do not believe this is a good assumption. It seems 
to me that a much bet ter  assumption would be a 
Gaussian distribution with respect to the solid an- 
gle available for the unit  vectors normal to the 
front. In this case the most probable tilt angle is 
not zero as Smith assumed but a finite angle whose 
magnitude increases as the engine speed and hence 
the degree of wrinkling of the front increases. This 
could lead to a large increase in the apparent thick- 
ness of the observed fronts. Whether  an additional 
contribution due to an increase in the intrinsic 
thickness of front would be required to explain the 
observations is unclear, however. 

The only place where the thickness of the reac- 
tion front enters the present  analysis is in the ther- 
modynamic model used to calculate the burned  gas 
mass fraction from the observed pressure. Here it 
is explicitly assumed that the volume of the reac- 
tion zone is small compared to the  combust ion 
chamber volume. For this to be seriously in error, 
fronts many times thicker than those calculated by 
Smith would be required. In any case only the 
value of the characteristic length er would be af- 
fected and the structure of the empirical burning 
equations would not be changed. 

Dr. Omer L. Gulder, Division of Mechanical 
Council of Canada. I have a question" related to a 

simple detail in your correlation, since I under- 
stand your flame velocity is a function of a char- 
acteristic speed ur and laminar burning velocity. 
Since the effect of the tr r seems to be much larger 
than that of laminar burning velocity and tr r is a 
function of hydrodynamic properties and velocity, 
I wonder how your correlation can handle the ef- 
fect of mixture strength on flame need. Is it nec- 
essary to add a term to your correlation in order 
to account for different equivalence ratios or does 
the correlation handle it by its present form? 

Author's Reply. The characteristic speed ur is 
primarily important for determining the quasi-steady 
speed of the fully developed wrinkled flame. At 
early times before significant wrinkling of the front 
has occurred, the flame propagates at expansion 
speed of a laminar flame which is, of course, a 
function of equivalence ratio. The burning equa- 
tions were constructed to reproduce this behavior 
and no additional dependence on equivalence ratio 
beyond that contained in the laminar burning speed 
is required to fit the available data. In this con- 
nection it may be noted that unless the equiva- 
lences ratio is very close to an ignition limit, the 
fuel type and the residual burned gas fraction have 
a larger effect on the laminar burning speed than 
the equivalence ratio. The effect of fuel type is 
most dramatically illnstrated in Fig. 17 where burn- 
ing rates in hydrogen/air  and  propane/air  mixtures 
are compared. The effect of residual burned  gas 
fraction can be seen in Fig. 8 where burning rates 
for the first and subsequent cycles are compared. 
In each case it is the induction delay which is most 
strongly affected by the  change in the laminar 
burning speed. The quasi-steady burning rates are 
relatively insensitive to the laminar burning speed. 


