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THE IMPOSITION of stringent emission standards for species
such as nitric oxide (NO), carbon monoxide (CO), and hydro-
carbons (HC) has required a greater understanding of the
mechanisms that govern their formation in a spark-ignition
(SI) (Otto) engine. Since rate-limited nonequilibrium reactions
govern the formation and oxidation of such species, exhaust
concentrations can only be calculated from precise measure-
ments of pressure and attendant heat release as a function of
crank angle. For example, digital calculation of time-resolved
species concentrations by Heywood, et al., (1)* and Spadiccini
and Chinitz (2) required knowledge of the pressure and tem-
perature histories in the combustion chamber.

*Numbers in parentheses designate References at end of
paper.

Norman C. Blizard and James C. Keck

Dept. of Mechanical Engineering, M. |. T.

To determine the pressure and temperature histories from
mathematical analysis, it is necessary to understand the mech-
anism of flame propagation. Specifically, in the turbulent
combustion regime encountered in the majority of SI engines
(3), a “burning law™ correlation based upon the governing
combustion equations would be of great utility in predicting
the rate of energy release and pressure and temperature varia-
tions that in turn govern the reaction kinetics.

A survey of the relevant literature (1-8) indicates that at the
present time no satisfactory burning law based upon funda-
mental principles exists, but empirical functionals of the form

x = x(6,04.04,0p)

have been used to correlate experimental measurements. Here,

ABSTRACT

A model for describing turbulent flame propagation in inter-
nal combustion engines is presented. The model is based upon
the assumption that eddies having a characteristic radius ¢, are

entrained by the flame front at a turbulent entrainment veloc-
ity Uy and subsequently burn in a characteristic time 7 = Qefug,

where ug is the laminar flame speed for the fuel-air mixture.

An approximate analytic method for determining the equilib-
rium state of the burned gases is also presented. To verify the
predictions of the model, experiments were carried out in a

single-cylinder research engine at speeds from 1000-3200 rpm,

spark advances from 30-110 deg btc and fuel-air equivalence
ratios from 0.7-1.5. Simultaneous measurements of the cyl-
inder pressure and the position of the flame front as a function
of crank angle were made, and good agreement with the pre-
dictions of the model was obtained for all operating condi-
tions. Correlations were developed that permit both the en-
trainment speed u, and the eddy radius £ to be calculated

from a knowledge of the engine geometry, fuel type, and op-
erating conditions. It is anticipated that the model will be use-
ful for design studies directed toward improving the efficiency
and pollution characteristics of internal combustion engines.



the dependent variable x is the mass fraction of gas burned, ¢
is the crank angle, 8, is the ignition angle, 6 4 is the induction

angle or ignition delay, and 6 is the apparent burning angle.

The shortcomings of these empirical correlations are that they
give little insight into the fundamental physics of the turbulent
combustion process and cannot be used with any degree of
confidence to extrapolate to conditions outside the bounds of
measurements. Since this is frequently desirable in engine de-
velopment programs, more reliable burning laws based upon
models that embody the essential physics of the combustion
process are clearly needed.

The purpose of this paper is to present an analysis in closed
form that models the flame propagation mechanism based
upon assumptions about the aerodynamics and chemistry in
the combustion chamber. Quantitative verification of the in-
ternal consistency of the model will be made by experimental
measurements.

The mathematical formulation of the model is given in the
next section. The apparatus used in the experimental investi-
gations is described, the experimental results are compared
with the theoretical predictions, and a summary of the present
work and some recommendations for future investigations are
given.

GENERAL CONSIDERATIONS

TURBULENT COMBUSTION MODEL - Flame speeds in
internal combustion engines have been observed to increase ap-
proximately linearly with engine speed (3). Increasing turbu-
lent intensity with inlet Mach number is considered the mech-
anism for this behavior (9). Clark (10) and Semenov (11) have
demonstrated that the jet nature of the intake process creates
eddies or small-scale turbulence that persists during the com-
bustion phase of the cycle.

If at ignition the assumption of a spatially homogeneous vol-
ume of persisting eddies is made, the combustion process can
be viewed as the propagation of a flame front with finite thick-
ness through the combustible mixture at a speed determined
by the rate at which eddies are entrained u,. In the proposed

model, it is assumed that the entrained eddies are immediately
ignited, due to diffusive transport of radicals such as H, OH,
and O between adjacent eddies, and then burned at the laminar
flame speed ug in a characteristic time

T = L /ug (1)

where £, is the characteristic eddy radius. From an aerody-

namic view, the eddies burn as discrete microvolumes inwardly
from the peripheral ignition sites. It is pointed out that this
elementary approach incorporates the effects of engine speed,
geometry, size, and spark advance in determining £,, whereas

stoichiometry, fuel type, residual fraction, inlet mixture den-
sity, and spark advance determine ug. These effects are signifi-

cant in engine design (12,13).

Following ignition, the expansion of the flame front pro-
ceeds at an accelerating rate due to the increase in the area of
the flame front Ay and the density of the unburned gas p,,

caused by the expansion of the burned gas. We assume, how-
ever, that the eddy entrainment speed u,, is a slowly varying

parameter on the time scale of the combustion process. Under
these conditions, the rate at which mass is entrained by the
flame front is

Mf = Py Afue (2

If we further assume that the distribution of burning times for
the entrained eddies is exponential, then the mass burned at a
time t after ignition will be

t r :
Mb = J(.J (] - e_(t B t)'IJT),()]_‘[Af-‘l..ledtil = Mf_ TMb (3)

where
t
M = J, puAfuedt' (4)
0
is the total entrained mass and
3 t "[J
M, = j (=T Apu dt/r ()

0

is the mass burning rate. In Eq. 3, the factor p, Afu.dt’ repre-
sents the mass entrained by the flame front in a time interval

dt’ at t" while the factor (1 - e (t- t’)’r"") is the mass fraction
burned at a time t - t’ after entrainment. It should be noted
that this exponential burning law has not been rigorously de-
rived, but is introduced as a convenient analytic form that in-
corporates the basic features of turbulent combustion.

From purely thermodynamic considerations, Lavoie, Hey-
wood, and Keck (6) have also derived an alternative expression
for the burned mass.

_pV- Vit (v = DW + Q)+ (vp, ~ 1) Mey (T, - T

M, =
b (- Dlbgy ~ hep) + (g = 7)o T,
(6)
where
M=ini=Mf+pu(V—Vf] (7
is the total mass of gas in the combustion chamber,
v
W= j pdV' (8)
Yi
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is the work done by the gas, and

where:

Q = heat lost by gas

p = pressure

T = temperature

V = volume of combustion chamber
Vi = volume enclosed by flame front

h¢ = effective specific enthalpy of formation of gas

mixture at absolute zero
¢, = effective specific heat at constant volume
¥ = cpfcv = ratio ofsPeciﬁc heat
i, b,u = inlet conditions, burned, and unburned gases,

respectively
Using the perfect gas law
p = pRT 9

and the relation
_ Tu
plp; = (py/py) (10)

for isentropic compression of the unburned gas mixture, we
obtain from Egs. 3-7

X = fy(l - (- Oy A V) a an
x = [+ey” Ly - DI/ (VIV)Y 1- &7 1] (12)
and
Ve= V(y-1+x,+7xp)ly (13)
where
x = My/M (14)
y = (VIV)p/p) /Y (15)
b = (hg, -~ ey, T; (16)
€ = i1 mlln 1) (17)
¥ % (18)
1= ! fo t(y/Vﬂ‘lydt' (19)

Egs. 11-13 constitute a set of three coupled integro-differ-
ential equations containing the four unknowns x, y, Ay, and

2 To obtain a fourth equation to determinatively complete

the set, the shape of the flame front must be determined. In
general, this will be a very difficult problem involving consid-
eration of the aerodynamics of the expanding fireball within
the combustion chamber. However, for simple configurations
where there is some degree of symmetry, reasonable approxi-
mations can often be found from geometrical considerations
alone. Once the relation between Apand Vg has been estab-

lished, the full set of equations can be solved either by approx-
imate analytic or numerical techniques, depending upon the
value of the parameters U, T b:, v, and € and the character of

» Djs
the function V(t).

SPHERICAL FLAME IN CYLINDER - To illustrate the ap-
plication of the proposed technique and to obtain results
which may be used to test the underlying physical assumptions
of the combustion model, we shall consider a relatively simple
case of particular interest in connection with automotive en-
gines. The geometry is shown schematically in Fig. 1. The
combustion chamber is a right circular cylinder of radius R
and variable height.

Section at 2

Fig. 1 - Schematic diagram of spherical flame front in cylinder



1
h = h0+§ S (1 - cosb), (20)

where:
hg = clearance height
S = stroke
6 = crank angle relative to top center

As a first approximation, we shall assume that the flame
spreads as a spherical wave from the point of ignition. Al-
though aerodynamic effects due to swirl and nonuniform com-
pression of the unburned gas ahead of the flame front will tend
to modify this idealized behavior somewhat, it is anticipated
that the effects will be relatively small for the geometry under
consideration and will not introduce significant errors. It may
also be noted in this connection that experimental observations
for a wide range of conditions show an approximately spheri-
cal flame front.

Under these conditions, the area of the flame front and the
enclosed volume are given by

h
Af = Erf J adz

(21)
0
and
h
Vg = f (ar®+BR? - rRsin f) dz (22)
0
where
cosa = (2 + 1%~ RY)2rg (23)
cosp = (r2+R%- r?)/2r R (24)
2 = r%— 22 (25)

and r¢ is the radius of the flame front. Eqs. 21 and 22 may be

easily integrated numerically and dimensionless plots of

ag = Ag/2nR? (26)
and
vp = Ve/rR%h @7
as functions of
T = R (28)

are shown in Fig. 2 for several values of

T = h/R (29)

and a value of

I, = rs;'R =:..33%

A 30)

corresponding to that for the engine used in the experimental
investigations. It can be seen that for fixed h, ap and vp in-
crease respectively as ?% and "r'? until the flame front reaches

either the piston face or the point on the side wall nearest to
the spark. Thereafter, ar goes through a broad maximum and

then falls to zero at "ff="fm, where

o= [(1+F)2 +72) 12 (31)

is the dimensionless distance from the spark to the point in
the chamber farthest from the spark. At the same time, v¢

continues to rise more or less linearly with T until all the un-
burned gas has been entrained at "r"f= "r"m.
Egs. 21 and 22 provide the relation between Agand V¢ nec-

essary to complete the set of Egs. 11-13. Accordingly, a first-
order solution of these equations, which may be improved by
iteration if required, can now be obtained as follows. We first
observe that near peak pressure the cylinder volume

V = 7R%h (32)

will be a slowly varying function of time. We further anticipate
that under most practical conditions the term 7xy in Eq. 13

will be negligible compared to y and that the turbulent entrain-
ment speed u, will be nearly constant. Eq. 19 may then be

integrated and combined with Eqgs. 11-13 to give

o-6
2 s —(6-6 -8"
*T (ue') f a1 -e 05 g )
0

wh

(967 D-ey? -1

- (34)
and
b-ey?” Dy- N+(1+e)y?-D-e@? -1
vf=( ey’ Wy - 1H( 6)(3/1 )-ely ) (35
y(b-ey?” ")
where
b = by(h/h) 7! (36)
B = wt+h (37)



(38)

is the edldy burning angle, #_ is the spark angle, and we have

used the definitions of Egs. 26, 27, and 32. We next observe
that the value of v given by Eq. 35 can be well approximated

by the expression

vi = -y Hia-yh (39)

where

yy = [0+ Dite+ DI (40)
is the value of y for x = 1, that is, for the fully burned mixture.
Finally, we assume that to first-order the radius of the flame

front as a function of § can be initially approximated by the
expression '

where @ , is an induction angle and 6, is an apparent burnin
d b p g

angle. Using Egs. 26-29 and 39 and noting that for slowly

varying h
~ [dv =
h{f h dy
e/ 2y2(1-ypH\dig
Eq. 33 can be integrated approximately to give
u 0, 8 =]
NOJo1 (w_;) b_d_(Z_T) -
91-(1 ¥ )
for6 - 0,<6, <0 and
u 0, ¢ny
() (_‘;{) L2 (44)
WA~y

for 6, <6 4<0-6. The value of 6, can now be determined
by requiring the values of x given by Eqgs. 44 and 34 to match
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Fig. 2 - Dimensionless plots of flame front area ag and fraction of cylin-
der volume enclosed by flame front vy as functions of radius of flame
front '1‘:'f for several values of cylinder height h. For engine employed in

experiments, radius of engine R = 1.25 in and dimensionless clearance

= /R

height 'ﬁh = (.60 as shown. Discontinuities in derivative dar)’ d?f occur

at radii where flame front strikes either piston face "r'f = hor cylinder

wall nearest spark "r“f =l=x = 0.67
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at the pointy =y . This gives vy =0 (48 HZO}
| where ¢ is the equivalence reaction and
b5 = == T (45)
u, ny; g = m/2n (49)
Similarly, the value of 6 4 can be determined by requiring Egs. The equations for conservation of atoms then give
43 and 34 to match in the limit y - 1 << 1. This gives (79/21)n (1 + p/2) = Vrz (50 N)
15 (@l [r+e PrTe
=269 (m w (1) = 205+t (00)
ne = ve+v 50C
in which we have used Eq. 1. ¢ 5776 ( )
Having thus obtained a first-order solution for?f as a func- -
nug = vgtvy (50 H)

tion of @, the remaining first-order solutions for ag, v¢, ¥, and x

can easily be found from Fig. 2 and Egs. 35 and 34, Although for N, O, C, and H, respectively. If we further assume that the

in principle, this solution can be improved by iteration, in overall water-gas reaction
cases where this was tried, the improvement was negligible, and
it is anticipated that the first-order solution will be satisfactory H20 +CO C02 " H2 (51)

for most practical applications.

SIMPLIFIED THERMODYNAMIC MODEL - To facilitate is in equilibrium, we obtain the additional relation
the calculation of the parameters b;, 7y, and e, we have devel-
_— I o . Ve v vy vy = K(T) (52)
oped a simplified equilibrium thermodynamic combustion STTT476
model. The model is valid in the temperature range 3000 <
T < 5000 R, and comparison of the results with those ob-
tained from the more accurate thermodynamic calculations of
Hottel, et al., (14) shows agreement within £5%.

We shall consider the oxidation of a general hydrocarbon _

C,H,, in a mixture of air and combustion products. We as- T(R) = 2700 3600 4500 5400

where K(T) is the equilibrium constant for the reaction. Val-
ues of K(T) based on data from the JANAF tables (15) are
given below

sume that the only thermodynamically important species are K(T) = 038 022 0.17 0.14

CnHm’ N2’ 02, H20, C02, CO, and l-12 and that the reaction

; It i
is described by the chemical equation can be seen that for the temperature range of interest K(T)

is somewhat less than unity and varies relatively slowly.
The five equations Egs. 50 and 52 contain the six unknowns

4 7 7 ) SR . )
1-n Z pX; + ﬂZ ”Exi __’Z vixi (47) V'2 - vy To obtain a sixth equation, we make the approxima-
i=1 i= = tion that for lean mixtures the concentration of H, is negligi-
. ble; that is,
where X; denotes a molecular species, »; and v; are the corres-
ponding stoichiometric coefficients for the unburned and vy = 0for<1 (53a)
burned gases, 1 is the mole fraction of burned gas recycled,
and the subscripts i = 1 - 7 index the species C_H_ - Hyin while for rich mixtures the concentration of O, is negligible;
the order given above. ' that is,
Assuming for simplicity that the intake air is dry, we obtain
for the fresh charge vy = 0forg>1 (53b)
= H
by =8 @8 HC) We may then solve to obtain for ¢ < 1 (lean mixtures)
vy = (79/21)n (1 +p/2) (48 N,) vy = 3.76 (1 + p/2) (54N,)
vy = n(l+p/2) (48 0,) v'3 = n(l+u/2)(1-¢) (54 0,)

and p;,r = nud (54 H,0)



Vs = ng (54 CO,)
vg =0 (54 CO)
vy =0 (54 H,)

and for ¢ > 1 (rich mixtures)
vy = 3.76n (1 +u/2) (55N,)
vy =0 (550,)
vy = npg - v%,- (55 H,0)
vs = ng - v (55 CO,)
vg = n(2+p) (¢~ 1)- (55 CO)
vy = n(B/2A) [+(1+4AZ/B)/2- 1] (55H,)

where

A4 meff:ﬁ))ﬁ@K;@ n o
K@ G- 1) s

(1-K)

Note that for K < 1, which is the case of interest, A has a
singularity at

¢* = 1+ (1 +uK)/(1+p)(1-K) (57)
where, from Eq. 55 H2,
vy (%) = nVB* (58)

For ¢ < ¢*, A >0 and the plus sign applies in Eq. 55 H,,

while for ¢ > ¢*, A <0 and the minus sign applies.

Using Egs. 48, 54, and 55, the internal energy and number
of moles of gas for the burned and unburned mixtures per
mole of air can be determined. For the unburned mixture we
find

€y : ey T ey~ ey (@ D (1-n)(ey —e,) (59)

(60)

=
]

L+ 4y - 1- 1)+ @- D (- ),

f, = 0.42/n(u+2) (61)

is the number of moles of fuel per mole of air for a stoichio-
metrically correct fuel-air mixture,

®uc < fcel te, (62)

is the energy per mole of air for the correct unburned mixture

e, = 0.79e5+0.21 e (63)

is the energy per mole for air, and e, is the energy per mole for

the species i. For the burned mixture, we find for ¢ < 1

ey = epe T (0 1) (e~ ¢y) (64)

ny = 1+021p/(u+2)+0.21 (¢~ Du/(u+2) (65)

and for ¢ = 1

€p = € (@~ 1) (e e, +.21 Aep)- 420548, /n(u+2) (66)

ny = 1+ 0.21pf/(u+2)+042(p- D) (u+ 1) (u+2) (67)
where

ebc = 0.?962 +0.42 (}134 + es)!{u + 2) (68)

is the energy of the burned gas per mole of air for a correct
mixture,

Ael o 236 + 33 = 235 (69)
is the energy change in the reaction
2C0 + 0, — 2CO, (70)
per mole of O,, and
AEZ = E4+66_65'e7 (71)

is the energy change for the Eq. 51 per mole of CO,
Plots of e, . and e, . based upon data taken from Taylor and

Taylor (16) are shown in Fig. 3 for a correct octane-air mix-

ture at a density of 0.25 lb;‘ft3. These curves are valid within
a few percent for all common fuel hydrocarbons (except H,

and C,H,) containing only H and C. Over the temperature

and density range of interest for automotive engines, they may
be approximated within a few percent by the expressions

eyc ~ 34,200+ 6.0T (72)

and

epe ~~15,800+10.7T (73)

where e is in Btu/Ib mole air and Tisin R.




Values of €y &el ,and Aez based upon data taken from the

JANAF tables are given in Table 1.
For the unburned gas, a good approximation is

&gy 3200+ 5.5T (74)

and for the burned gas, good approximations are

we find for ¢ < 1 (lean mixtures)

he, - hg, = 50,000 (1 - n)p (79a)

Cyy = 6.0+0.5(3- 1) (79b)

Table 1 - Internal Energy of Air e, and Heats of Reaction Ae, and Ae,
for 2CO + 02—- 2C02 and H20 + CO— CO2 + H2 (13

eap ~ -6200 + 6.8T (75)
T, €y 'Ml’ Aez,
Ae] ~ 238.000 Btu,l"lb mole 02 (76) op Btu/lb mole Btu/lb mole 02 Btu/lb mole CO
Ae-, ~ 10,000 Btu/Ib mole CO iy 2 9
2 ’ 1080 2,800
1800 6,800
. ) . . 2700 12,200 241,800 12,900
Substituting Egs. 72-77 into Egs. 59-61 and 64-67 and using 300 18.300 239,500 11,200
the definition 4500 24,400 237,300 9,700
5400 30,600 235,200 8,400
G = (aeia'r)v (78)
50 I I /7 I |
Vi
V4
V4
B Cg Hig*olr I
p=.25 Ibs/1t>
40— ]
34,200+6.0 T
- 7
2 rd
7
o
€
~ 30+
=2
=
m
o
o
s) [
20—
| |
|00 I 2

(T /1000 °R

Fig. 3 - Solid curves show internal energies Cpe ande . of burned and
unburned gases in Btu/lb mole of air for stoichiometrically correct

octane/fair mixtures at density of 0.25 Ib/f 3 as given by Taylor and
Taylor (16). Dark lines show constant specific heat approximations

used in present analysis. For temperature and pressure ranges of inter-
est for automotive engines, curves are valid to few percent for all com-
mon fuels (except H2 and C2H2) containing only H and C



cyp = 10.7+3.9(8- 1) (79¢)
n, = 1.02+0.057+(0.02+0.05n)(¢- 1)  (79d)
ny = 1.07+0.07(p- 1) (79)

and for | < ¢ < 1.8 (rich mixtures to flammability limit)

he, - he, = 50,000 (1 - n) (80a)
Cyy = 6.0+0.5(- 1) (80b)
cyp = 10.7+3.9(3- 1) (80c)
n, = 1.02+0.057+(0.02+0.26n) - 1)  (80d)
ny = 1.07+0.28(4- 1) (80e)

where we have set =1 andn =8 and neglected"the small term
vfy,ﬂez in Eq. 66 and the small difference between the heat

capacities of unburned gas and cold (recycled) burned gas.
Finally, combining Eqs. 79 and 80 with Eqs. 16-18, we find
for an inlet temperature T; = 650 R for ¢ <1,

b, = 12.8 (1 - m)¢/[1 +0.08 (¢~ 1)] (81a)

¥ = 1+0.34 [1+0.057- (0.06- 0.05n)(¢- 1)]  (81b)

e=1-170[1+0.057+(0.23+0.06m)(#- 1)]  (8lc)
and for ¢ > 1

b, = 12.8(1 - n)/[1+0.08 (¢~ 1)] (82a)

y = 1+0.34 [1+0.057- (0.06 - 0.26n) (- 1)]  (82b)

€= 1-1.70 [1+0.05n+(0.04+ 0.26n) (¢- 1)]  (82c)

Thus, the above described Eqgs. 81-82 are provided to facil-
itate the calculation of the parameters bi, 7v, and € for use in

quantitative solutions of Eqs. 11-13 et. seq.
EXPERIMENTAL APPARATUS

DESCRIPTION OF ENGINE - A major consideration in im-
plementing the experimental program to test the combustion
model described in the preceding section was the requirement
for a quiescent (nonswirl) cylindrical combustion chamber
with'nearly central ignition. The engine chosen was the small-
est of M.L.T.’s geometrically similar engine (GSE) with the
desirable feature of an easily serviceable head. The relevant
specifications for this engine and the range of operating con-
ditions investigated are summarized in Table 2.

The experimental installation was typical for a research en-
gine. Torque was absorbed by an eddy current dynamometer
as a measure of horsepower for redundant mep calculations.
Fuel flow was obtained from a series rotometer that was cali-
brated by parallel burettes, and airflow was determined by the
pressure drop across an ASME sharp-edged orifice. Homo-
geneity of the fuel-air mixture was ensured by injecting the
fuel into a large steam-heated vaporizing tank. Cooling water
was maintained at 180°F. Ignition timing was controlled by
breaker points (dwell =~ 60 deg) driven by the camshaft, and
ignition was provided by a contemporary primary-secondary
coil charged with a 120 V chopped d-c source. Crank angle
was obtained from an optically chopped light emitting diode
(LED) and photodiode jig, with appropriate signal shaping to
generate 10 deg markers with a pedestal at tdc. A Beckiman
flame ionization detector was used to measure the HC concen-
tration in the exhaust and a Beckman Model 15A nondisper-
sive Infrared Analyzer was used to measure the CO and CO:2

concentrations. The equivalence ratio ¢ was determined both
from the measured fuel and airflow rates and the measured
carbon concentration in the exhaust. Dynamic pressure was
measured by a Kistler 603A piezoelectric transducer calibrated
by comparison with balanced pressure indicator (17) cards.

IONIZATION PROBES - The position of the flame front as
a function of crank angle was measured using ionization
probes. These have been used since 1934 with great success
for detecting flame proximity (18-24). Calcote (25-27) has
shown that the orders of magnitude increase in carbon ions
during combustion of HC fuels gives rise to a similar increase in
conductivity of the reacting gas. By this mechanism, both the
arrival and degree of reaction relaxation at a given station can
be measured as functions of time, using the gas as a variable
resistance in a detection circuit.

Many abortive attempts at designing microminiature probes
of sufficient durability were made before the present design
was adopted. The configuration is part of an overall head de-
sign compatible with the GSE and is illustrated in Fig. 4.
Probes consist of two subassemblies: a removable inner core

Table 2 - Summary of Engine Parameters and Operating Conditions

Engine speed, rpm N 1000, 2100, 3200
Spark advance, deg btc —BS 30-110
Equivalence ratio ¢ 0.8-1.6

Fuel isooctane, CBHI 8
Inlet temperature, °F T, 190

Water temperature, °F 180

0il temperature, °F T 140

Bore, in b 2.5

Stroke, in S 3.0

Clearance height, in hg 0.75

Inlet port diameter, in D 0.98

Valve lift, in L 0.19
Compression ratio T2 5.0

Intake manifold WOT




and the water jacket well, which is electron beam welded to
the aluminum head. The materials for head and well have the
same coefficient of thermal expansion to obviate thermal strain
failure at the weld, which had been a prior problem. Ends of
the well are tapped for different reasons: the top is tapped to
accept a coaxial connector while the bottom (combustion
chamber) resists deposit fouling. The inner core consists of
three components: a commercially obtainable miniature co-
axial connector (Microdot Lepracon feed-through), center wire
of 0.032 in diameter nickel welded to the connector, and a
commercially available ceramic protection tube (Omega Eng.
Co.) to insulate the center wire from the well. An O-ring seals
the inner core assembly when installed. Inevitable fouling of
the probes was not a problem because when loss of signal was
observed, new probe cores were easily substituted without dis-
turbing the head. Spatial resolution is estimated at twice the
center wire height, or about 0.12 in. Unfortunately, this sen-
sitivity is at least an order of magnitude larger than the esti-
mated eddy size. so that direct observation from signal fluctua-
tions was not possible. Attempts at using smaller center wires
to improve the resolution were unsuccessful.

Five stations in the combustion chamber were selected for
probe sites as a compromise between spatial resolution and
physical limitations. Fig. 5 shows a photograph of the engine
head. Fig. 6 shows the relation of the probe sites to the spark
plug well and intake and exhaust valves schematically. Three
probes (C-E) are symmetrically located at the periphery of the

Fig. 5 - Cylinder head showing locations of ionization probes, spark
plug, and valves

MICRODOT LEPRA-CON 142-0002-0002

COAXIAL FEED THROUGH

5-44 x 3/16 DEEP PARKER LOCK-0-SEAL BOO-00t-5

ROLLED THREADS

NN |
& )
= '1 AA
NICKEL WRE # 20-032 0D _ '
OMEGA INSULATOR ORMIZ2IIG _ 508

SAUEREISEN CEMENT # 78

TUBING (ALUM) 3/16 -8 # _

(NAT'L: 6061-T6) )
ELECTRON-BEAM WELDED
AND GROUND FLUSH

PROBE EXTENDS ~ \
060 INTOC CHAMBER 5-40 = 1/8 THREADS FOR
FOULING RESISTANCE

SECTION AA
20X FULL SCALE

Fig. 4 - Schematic diagrams showing con-
struction of ionization probes, in
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combustion chamber, and two (A and B) are at approximately
half the chamber radius. The spark plug site S is noncentral by
about 30%.

Conductivity changes of the reacting gases in proximity with
a biased probe were measurable as perturbations in the d-c
voltage of the circuit illustrated in Fig. 7. A d-c bias (22-1/2V

battery) is applied to the probe across an a-c shunt capacitance.

The voltage signal was measured at nodes Vs for the multi-

plexed arrangement shown. Using the specified line capaci-
tance of the coaxial cable to the probes (UG 186/A having 29
pF/ft), we estimate the circuit time constant as 10 us with a
series resistance of 20 k2. Miniature coaxial terminations and
connectors (Microdot) were used throughout and continuously
monitored with pulsed test signals to ensure circuit integrity.
OSCILLOSCOPE DISPLAY - A Textronic Model 565 oscil-
loscope triggered by the spark was used to record the ioniza-

Cylinder Raodius R=125 in.

Spark Radius rg= 42 in.

Probe Radii
A B Cc D E
60 40 (18 L8 LI8 in.

Spaork 1o Probe Distances
A B [ D E
53 82 96 LI 160 in.
Fig. 6 - Schematic of cylinder head showing location of ionization
probes A—E and spark plug S

tion probe signals, cylinder pressure, and crank angle. A typi-
cal display traced from a Polaroid photograph is reproduced in
Fig. 8 for an engine speed N = 2100 rpm, spark advance -0 =

60 deg and equivalence ratio ¢ = 1.2. The four upper curves
show the ionization probe signals; the two lower curves show
the cylinder pressure and the 10 deg timing markers. It can be
seen that the rise time of the ionization signals is about 0.2 ms,
which agrees well with the resolution time of the probes based
upon an estimated spacial resolution of 0.120 in and a flame
speed of 0.5 in/ms at 2100 rpm. Following the initial rise, the
signals fluctuate in a random manner, giving an indication of
turbulent flame structure, and finally decay to zero in a time
of a few milliseconds, which is long compared to the estimated

time of 107/ s for attachment of the electron to H50 (28).

This implies that the duration of the ionization signals is con-
trolled by the thickness of the turbulent reaction zone. Al-
though it had originally been anticipated that the ionization
signals might give a direct measurement of the characteristic
eddy size ¢, and burning time 7, the relatively low spacial reso-

lution of the probes combined with mathematical difficulties
in determining the mean flow field behind the flame front
made such measurements too uncertain to be quantitatively
useful. The probe signals were therefore used primarily to de-
termine the flame speed and only secondarily as an internal
consistency check on the values of £, and 7 determi ned by the

method described in the following section.
RESULTS AND CORRELATIONS

RESULTS - The experimental and theoretical results are
compared in Figs. 9-13. The points show the experimental
data and the estimated standard deviations; the curves are a
“best fit” of the model to the data obtained using the correla-
tions derived in the following section.

A log-log plot of the pressure as a function of cylinder vol-
ume is shown for a “motored” engine in Fig. 9 for N= 2100
rpm and ¢ = 1.0. The specific heat ratio for the unburned gas
obtained from the slope of the line through the points is vy =
1.35, in excellent agreement with the theoretical value given
by Egs. 81b and 82b, and the corresponding inlet pressure is
p; = 11.2 psia. Combining these values with the cylinder vol-

ume V; = 18.4 in3, we find p,V,” = 571 psia.

SCOPE Y
| Meqﬁ% %479! 1“.-,
G; 100 pf ;
Ri 20K ' U
A i ;
+22%] ‘ AC SHUNT & 1 ::3009! 7 COMBUSTION  Fig. 7 - Schematic diagram of ionization probe circuit.
= Vi 10uf T 20K 2 U Rise time of circuits determined by 20K load resistors
O— and 400 pf cable capacities was approximately 10 us.
l o i =300 pf % This is negligible compared to estimated time of 200
L[ . - us required for flame front to traverse active region of
- MINIBOX SHIELO/ i 13-6) 500 IMPEDANCE

probes



Fig. 10 shows the mass fraction of burned gas x and the cor-
responding dimensionless flame radius Ty a function of crank

angle & for N = 2100 rpm, ¢ = 1.0, and ﬁ‘s =-30,-60, and

-110 deg. Also shown by the dashed curves are the radius
?f=ﬁ at which the flame front strikes the piston face and the

locus vg= 1 at which the unburned gas is fully entrained. Fin-

ally, the arrows on the ordinate Ty give the distances 1 - T, and

1 +'Fs from the spark plug to the near and far cylinder walls.
Note that for b >> €, Eq. 34 gives to a good approximation

x~(y?- 1)/(y] - 1), where y = pV7 and y | is given by Eq.
40. It can be seen that following ignition, x rises very slowly

at first approximately as (0 ~ 95)6. Ff‘ on the other hand, rises

relatively rapidly approximately as (8 - 88)2. The theoretical
curves reproduce this behavior quite well. Later, as?f ap-
proaches its maximum value given by the curve vy = 1, the

theoretical values of x approach unity while the experimental
values go through a maximum and then decrease slowly. This
is attributed to the effect of heat losses that were not included
in the present model. The rate of the heat loss implied by the
experimental data is approximately 0.2%/deg, which is rea-
sonable near-peak pressure. It should be pointed out that in
the theory as presented, it has been tacitly assumed that the
value of the burning time 7 tends to zero as x approaches unity
due to the rapid increase in the laminar flame speed with the
temperature of the adiabatically compressed unburned gas. 1f
this were not the case, there would be a substantial increase in

12

y7 following complete entrainment of the unburned gas and
this is not observed.

Fig. 11 shows the observed maximum values of y7¥ as a func-
tion of the equivalence ratio ¢ for N= 2100 rpm and 0 =

-50 deg. The curve labeled yT is the theoretical value of y7

for the fully burned mixture calculated from Eqgs. 40, 81, and
82. Because of the heat losses discussed in connection with

Crank Angle, ®ATC
o 30 60 90 120 180
100 I ! bl

60 —

40

Pressure, psio

|
i
|
|
|
I
|
|
i
I
i
I
|
I
I
|
I
I
i
I

- ]
Volume , in

Fig. 9 - Log-log plot of pressure as tunction ot volume for motored en-
gine (no ignition) at 2100 rpm and ¢ = 1. Slope of line gives value of
4 = 1.35 for unburned mixture

I | | T I i

N=2100 rpm
8= -60°
| $: 1.2

c(.98")
= F sty

E(1.60")
= ’\r

pu.n"

AN

l | | | | I

Fig. 8 - Tracing of ty pical oscillo-
gram showing 10 deg crank angle
6 markers, cylinder pressure p,

o] 2 q 6

Time, msec.

and four of five ionization probe
signals. Numbers in parentheses
give spark to probe distances
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Fig. 10, the values of y;{l are about 5% less than the predicted

values of y'{‘ which is quite acceptable.

Fig. 12 shows the crank angles @ - 0 and 6 - 6  required

for the flame front to travel from the spark plug to probe A
and from probe A to probe E as a function of the equivalence
ratio ¢ for N = 2100 rpm and 8¢ = -50 deg. These angles are

also shown in Fig. 13 as a function of the spark advance -0

for ¢ =1 and N = 1000, 2100, and 3200 rpm. [t can be seen
in Fig. 12 that 6 4 - 0, and 0 - 6 4 have minima in the neigh-

borhood of ¢ = 1. In Fig. 13, it can be seen that § , - 0, and

O - 0 5 are increasing functions of engine speed and spark

advance. This behavior is predicted by the theoretical curves
calculated from Eq. 41. Note that 6 4 - 6, is determined pri-

marily by the induction angle 04, while 0 - 8 5 is determined
primarily by the apparent burning angle 6.
CORRELATIONS FOR u, AND ¢, - To determine the fun-
damental parameters u, and £, from the experimental data, a
knowledge of the laminar flame speed ug is required. Simple

theoretical considerations (29, 30) suggest this should have the
functional form

o

B N= 2100 rpm

. $=10

o.6—

04—

02—

Moss Froction Burned, X = (y'-n/{y’;—- 1)
T

©°%550 Q g
- © ﬁ 79 oo

7,- n /R
T

o
®
[

Flome Front Radius,
°
s
I

0.
-120 -60

Cronk Angle, 8, deg ATC

Fig. 10 - Mass fraction of burned gas x and dimensionless flame radius

'Ff as functions of crank angle 8 for equivalence ratio ¢ = 1, engine

speed N = 2100 rpm, and spark advances - o, = 30, 60, and 110 deg.

Solid curves are best fit of theory to experimental points. Dashed curve

labeled T,

£ = h shows locus at which all unburned gas has been en-

trained by flame front. Also shown by arrows on ordinate of part b
are dimensionless distances 1 — ?s and 1 + ?s from spark plug to

near and far cylinder walls. Note that to a good approximation, x =
(7 - DIy} - 1) wherey” =pV7/p, V]
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& E
,0_0 exp A ( : -]—) (83)

ug = u
g 0<p

Tho Ty

14

« = exponent determined by order of combustion

reaction
ug = flame speed for reference condition Ty/Tyq =
Pyleg = 1
For isenthalpic combustion, the burned gas temperature is
given by

Fig. 11 - Maximum value of y' = pVT;’in? as function of equiva-
lence ratio ¢ for N = 2100 rpm and 0= -50 deg. Curve gives

theoretical value y}f for fully burned gas in absence of heat or mass

loss

7 Fig 12-Crankangles8, ~ 6. andfp — 6, required for flame

front to propagate from spark plug to probe A and from probe A to

where:
E, = apparent activation energy
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probe E as function of equivalence ratio ¢ for N = 2100 rpm and

6, = -50. Curves are best fit with theory



15
find forp =1
where Cpb and Cpu Are the effective specific heats for the e
burned and unburned gases at constant pressure. Using Egs. T = 50000 (1-n) ¢+ [8.0+05(6- DIT, -
b 128+4.0(- 1)

79 and 80 and the relation

O 1T 1 T 1T v T T 1

o
@
© 30
P
@
I
w
f= -]
20-___—-——L-"1 o B
rpm ¢
e ol 1000 1O

50—
—_—0— 2100 1O

| .- 3200 10 A /

6,— 8, deg

Fig. 13 - Crank angles 6 , — 6, andfp - 0, required for flame

front to propagate from spark plug to probe A and from probe A i |
to probe E as function of spark advance -6 _ for¢g = land N = |0|0 30 50 70 90 1o

1000, 2100, and 3200 rpm. Curves are best fit with theory Spark Advance ,— 8., deg
Spork Advance, — 8., deg

180 10 80
[ I T 1

Bd(IOOOfN}, deg

] |
] 2 3 4
/hg

Fig. 14 - Calculated ratio of induction angle to engine speed ﬂd,J’N as |
T 1
function of compression ratio at ignition hi.f’ hg for¢ = 1. Apparent

burning angle Oy is 26 ¢ 2 deg for entire range of conditions investigated Compression Ratio at Spark, h;



and forp < 1

50000 (1 - n) + [8.0+0.5 (6~ DI T,
Ty = 128+45(¢- 1)

(87

where Tb isin R.

The parameters in Eq. 83 may be determined from data on
laminar flame speeds summarized by NASA (31). For stoi-
chiometric mixtures of isooctane and air at an initial tempera-
ture TuO = 560 R and density p;’po = | atm, we find ug= 860

in/min, Ty =4260 R and a = 0.4. Unfortunately, no suffi-

ciently accurate data could be found from which a determina-
tion of E 4 could be made. We have therefore chosen E, to fit

the data in Fig. 12B, which gives the dependence of the angle
5 - 0 on the equivalence ratio. The value so obtained is

E, = 100,000 Btu/lb mole, which is very reasonable.

Given the laminar flame speed, the data in Figs. 12 and 13
can be used in conjunction with Eqgs. 41, 45, and 46 to de-
termine u, and £,. Assuming u, is correlated with the inlet

gas speed
u; = €, (2DL/b%) NS (88)
and £, with the valve lift L, we obtain
u, = 022y, (89)
and
¢ = 0.17 (hy/hL (90)

where the values of b, S, D, and L are given in Table 2 and the

8, (¢, N8/ g (I,N, B

1.0

Equivalence Rotio, ¢
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volumetric efficiency € as a function of engine speed is

N(rpm) 1000 2100 3200

e, 0385

5 0.80 0.70

The factor hy/h; in Eq. 90 is the reciprocal of the compres-

sion ratio at ignition and was deduced from the correlation. It
may be tentatively interpreted as the reduction in the charac-
teristic eddy size due to compression. Although the data indi-
cate that h /h. enters as the first power, the precise exponent
depends upon the density dependence of the laminar flame
speed, which is rather uncertain at the present time.

The curves in Figs. 10-13 were calculated using the correla-
tions Eqs. 89 and 90 and the corresponding values of the in-
duction angle 8 4 and apparent burning angle 6}, are given in

Figs. 14 and 15. Not¢ that 0y varied by less than %2 deg from

a mean value of 26 deg over the entire range of parameters
studied, while § 4 varies significantly with all parameters. Al-

though there is considerable scatter in data, due primarily to
cycle-to-cycle fluctuation, the overall fit is remarkably good

and it is estimated that the correlations are accurate to about
£10%.

SUMMARY AND RECOMMENDATIONS

SUMMARY - A physical model for describing turbulent
flame propagation in internal combustion engines has been de-
veloped and tested by experiment. The model is based on
mixing length theory and contains two parameters: a turbu-
lent entrainment speed u, and a characteristic eddy radius £,.

Tests of the model have been carried out in a single-cylinder
research engine with a bore of 2.5 in for speeds from 1000-

Fig. 15 - Calculated ratio of induction angle 6 d (e, N, 85) to
induction angle Od (1, N, 65} for ¢ = 1 as function of equiv-

alence ratio ¢ for spark advances -8, = 30and 110 deg
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3200 rpm, spark advances from 30-110 deg btc and fuel-air
equivalence ratios from 0.7-1.5. The experiments included
simultaneous observations of the flame front position and cyl-
inder pressure as functions of the crank angle. The model
agrees well with the observations over the entire range of con-
ditions investigated. Correlation formulas given by Eqgs. 89
and 90 were developed for determining both u, and £,. Using

these correlations and the equations developed above, the cyl-
inder pressure, flame radius, and mass fraction of burned gas
can be determined as a function of the crank angle from a
knowledge of the fundamental engine parameters, fuel type,
and operating conditions.

In addition to the burning model, an approximate analytic
method for calculating the equilibrium thermodynamic prop-
erties of burned gas mixtures over the temperature and pres-
sure ranges of interest for internal combustion engines has also
been developed.

RECOMMENDATIONS - Although fairly convincing evi-
dence for the validity of the proposed burning model has been
obtained over a wide range of conditions for three of the most
important engine parameters (engine speed, spark advance,
and equivalence ratio), it would be desirable to check the pre-
dictions of the model with regard to numerous other param-
eters such as fuel type, recycled exhaust fraction, compression
ratio, inlet temperature, and engine geometry. In particular,

a detailed investigation of the effect of valve lift is needed to
verify the assumed correlation (Eq. 89) of u, with inlet gas

speed. Measurements of laminar flame speeds for practical
fuels at densities above atmospheric and an investigation of the
effect of compression on the turbulence scale are also needed
to check further Eq. 90 of €, with valve lift. Finally, it would

be of interest to expand the analysis to include consideration
of irregularly shaped chambers, charge stratification, and swirl-
ing flows. Such investigations would not only provide a more
definitive test of the model, but would also greatly increase its
range of practical applications as well. Even in its present
form, however, it is anticipated that the model should be use-
ful for design studies aimed at improving the efficiency and
pollution characteristics of internal combustion engines.
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