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Early Flame Development and Burning Rates in
Spark Ignition Engines and Their Cyclic Variability

ABSTRACT

Experiments by Gatowski and Heywood have
been analyzed to obtain both qualitative and
guantitative information on early flame
development and burning rates in a square
piston premixed spark-ignition engine. Flame
growth was observed using high speed Schlieren
photography and simultaneous pressure records
were obtained using piezo-electriec trans-
ducers. To study the effects of in-cylinder
gas motion several combinations of shrouded
and unshrouded inlet wvalves, and flat and
stepped pistons were used. Spark position was
also varied.

The analysis supports the wrinkled laminar
flame model of turbulent flame structure in
spark—-ignition engines. It also suggests that
cycle-by-cyecle variations in the growth rate
and location of the flame kernel at very early
times are the major cause of cycle-by-cycle
pressure variations in spark-ignition engines.

THE DEVELOPMENT OF SIMPLE AND ACCURATE MODELS
of turbulent burning in spark-ignition engines
is important for the design and active control
of improved automotive engines and is a major
objective of current combustion research. To
provide the basic information and insight need
for such development, a detailed analysis of a
unigue set of experimental observation by
Gatowski and Heywood (1)*¥ of early flame
growth and pressure rise in a square cross-—
section engine has been made. The data
consist of high speed Schlieren motion
pietures made through the two glass walls of
the engine and simultaneous pressure vs. crank
angle records. A primary objective of the
experiments was to investigate the effects of
swirl and squish on flame development, and

*
Numbers in parentheses designate references
at end of paper.
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) Karlsruhe, West Germany
observations were made for chamber geometries
including both unshrouded and shrouded inlet
valves, and flat and stepped pistons. The
data are a valuable addition to the large body
of similar data obtained from engines without
significant swirl or squish (2).

The present analysis supports the thin
wrinkled multiply-connected laminar flame
model for turbulent combustion used by Keck
and co-workers (3,4) in their development of
the "eddy burning" model of combustion in
premixed spark-ignition engines and shows that
the model can be used in cases where swirl and
squish are present if the base flow is taken
into account. It also suggests that cycle-by-
cycle variations in the position and growth
rate of the flame kernel at very early times
are the major cause of cycle-by-cycle
fluctuations in the pressure curves for spark-
ignition engines.

It should be noted that the basic
assumptions of the "eddy burning" model are
similar to those of the "laminar flamelet"
model developed by Bray,Moss and Libby (5).
The mathematical formulation is quite
different however.

EXPERIMENTAL APPARATUS AND RESULTS

A schematic diagram of the square piston
engine used to obtain the data analyzed in
this work is shown in Fig. 1 and extensive
descriptions are given in Refs 6 and 7. The
important geometrical details of the engine
and the fixed operating parameters for the
experiments are summarized in Tables 1a and
1b.

The primary variable in the experiments
was the combustion chamber geometry and the
configurations used are shown in Fig. 2. Four
cases were investigated: Base: flat piston
with standard inlet valve and spark at
location 1; Shroud: flat piston with 180°
shrouded inlet valve and spark at location 1;
Squish 1: stepped piston with a standard inlet
valve and spark at location 1; Squish 2:

0148-7191/87/0223-0164$02.50
Copyright 1987 Society of Automotive Engineers, Inc.




2

standard head
5— assembly

=181l combustion chamber

square piston

window

(7]
)
c
ol @
Slie
clE
%) 6
g.U
ol 3
D/
B
c
@
ot
x
(']

standard piston

standard single
V//cvﬁnderenwne
e assembly

Fig. 1.

stepped piston with
spark at location 2.

Schematic of square piston engine,

standard inlet valve and
Spark timing was MBT in

all cases and the test conditions at spark are

given in Table 2.

o HTO =S @

u,
in
a,
in
AX
SQ

M
u
u
Ugy

The symbols used are:

= crank angle

= chamber volume

= gas pressure

= gas temperature

= gas density

= laminar flame speed for O

residual mass

= laminar flame speed for

15% residual mass

= mean inlet gas speed
= inlet Mach number

= axial gas velocity

= squish velocity

= swirl velocity

and additional subscripts used are

5
Ive

TDC

u
b

The laminar

condition at spark

= condition at inlet valve
close

= condition at top dead
center

= unburned gas

= burned gas

was calculated

flame speed

from the expression

s, = so(¢)(1

- 2.5f‘r_)(T/298)“pB

(2.1)

TABLE 1a

ENGINE GEOMETRY
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Bore (Square) (mm)

Stroke (mm)

Con. Rod Length (mm)
Compression Ratio
Displacement Volume (cm3)
Crevice Volume (cm3)
IV Diameter (mm)

IV Lift (mm)

EV Diameter (mm)

EV Lift (mm)

Piston Area/IV Area

Timing 8(°ATC)
VO =350
EVC =345
Ive -146
TDC 0
EVO 140
BDC 180

TABLE 1b

A /A

p

82.6
114.3
= 780
5.75
780
10
31.5
5.7
31.5
6.0
12.1

n o
i

=
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o
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< 3
n o

1]

=
=

C o s =
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=
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IV

V(8)(cmd)

FIXED OPERATING PARAMETERS

Wall Temperature
Speed

Angular Speed
Mean Piston Speed

Fuel: Propane

Air Flow Rate

Fuel Flow Rate

F/A Equivalence Hatio
Residual Mass Fraction
IVC Pressure

IVC Density

IVC Temperature

TH
N

Prve ~
Prye ~

TIVC

using the values for propane

30(0.87) = 0.28 m/s
a = 2.22

] =0.21

171
180
892
164
871
gly

= 67 C = 340 K
= 1400 RPM

= B8.40 CA°/ms
= 5,32 m/a

= U6.3 kd/g

= 4.24 g/s

.237 g/s
.87

15 £ 01
W49 atm
LU49 g/lu
= 355 K

1
o o o o
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obtained from Ref 8. The mean inlet speed was
calculated from the equation

Ujp = HOE+ie) /(mprycDrybyy) - (252)

The axial and squish velocities were calcu-
lated from simple displacement models and the
swirl velocity was calculated using a swirl
number of unity obtained from experiments in a
plexiglass model.

Cylinder pressures were measured using an
RTV coated Kistler pressure transducer and
recorded at 1° crank angle intervals using a
12 bit A/D convertor. Prior to spark the
pressure curves showed no observable cycle—by-
cycle variations and were reproducible within
the accuracy of the A/D converter. High speed
Schlieren photographs of the flame front were
obtained using a Hycam camera run at framing
rates n_ between 2000 and 2300 frames per
second.

The pressure and photographic record were
synchronized to the nearest half frame by
observing the piston motion on the photo-
graphs, The resulting uncertainty of plus or
minus one quarter frame produces a "top hat"
error distribution of half-width 1.0° in crank
angle or 120 pus in time. As will be discussed
later, this was a major source of error in the
determination of the flame thickness.

Typical photographs and pressure records
are shown in Fig. 3. The crank angles at
which the photographs were taken are indicated
by the letters. Also shown is the burned mass
fraction obtained from the pressure record
using the thermodynamic model described in Ref
9. Note that although photographs (a) and (b)
clearly show substantial burned volume
fractions, the corresponding burned mass
fractions were too small to be measured. This
demonstrates the superiority of photographic

TABLE 2

TEST CONDITICNS AT SPARK

Case: Base Sguish 1 Squish 2 Shroud
8_(°ATC) =45 -45 =35 =25
v_(en?) 237 297 206 206
VIVC’”S 3.00 3.00 3.62 4.33
USXUTDC 1.87 1.81 1.50 1.26
pv{gfi) 1.47 1.47 1.77 2.12
Py {atm) 2.09 2.09 2.67 3.38
”5 {€) 505 505 536 567
(pu/pb}s 4.3 h.3 4.2 4.1
31“{3) {m/s) 0.76 0.76 0.82 0.89
8;5(9.13) (m/s) 0.48 0.48 0.51 0.56
Ying (m/s) 60 60 60 120
Mag o 0.15 0.15 0185 0.30
uAKs (m/s) 1.8 1.8 0.9 1.6
Ysas (m/s) & 5.3 7.6 =
u,

aus (m/s) - = _ - 7.5

SQUARE PISTON CHAMBER GEOMETRY
Rear Window\
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Fig. 2. Schematic of combustion chamber
geometries and spark locations wused in
experiments. Cases studied were: 1) Base:
flat piston, no shroud, spark at 1; 2)
Shroud: flat piston, 180 shroud shown by
dashed line, spark at 1; 3) Squish: stepped
piston, no shroud, spark at 1; 4) Squish:
stepped piston, no shroud, spark at 2.

records over pressure measurements for
investigating ignition and early flame
development.

ANALYSIS OF RESULTS

For each of the four chamber geometries
studied, five consecutive cycles were analyzed
using the methods of Ref U4 to obtain flame
front radii, flame center positions and burned
gas radii as functions of time.

GEOMETRICAL PARAMETERS - To obtain the
flame front radius and the flame center
position, the Schlieren photographs were
enlarged, traced by hand and converted to
digital form wusing a tablet digitizer. A




circle having the same area, A_, and center-
of-area as the Schlieren shadow was then fit
to the points. The end result was a set of
"shadow radii,"

- 1/2
re E (Af/ﬂ} s (3.1)
and center coordinates, Xc and yc, in the
plane of the photographs. Dué to the

difficulty of determining the center-of-area
after flame contact with a wall, x _ and y

were only calculated prior to contact. Aftef
contact x and y were held fixed. The

position of the flSme center in the z-direc-
tion perpendicular to the plane of the photo-
graphs was, of course, not observable,

It should be emphasized that Eq. 3.1
constitutes the definition of the shadow
radius, r_., and no assumptions regarding the
degree of wrinkling ar 3-dimensional
properties of the flame front have yet been
made.

Two typical flame shadow tracings and
corresponding best fit cireles for crank
angles of 7 and 10 degrees after spark in the
same cycle are shown in Fig. 4. Also shown
are the burned mass fractions estimated from
the relation

using the approximation

V. = % mr (3.3)
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Fig. 3. Example of synchronized Schlieren
photographs and pressure record for the Ba?e
case, Framing rate was ~ 2000 s

’
synchronization was accurate to + 100 pus.
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8=7¢°
mb/m=‘0002
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8=|0°
mb/m=.0004
1
|
Fig. 4. Tracings showing convection and

distortion of early flame kernel "shadow."
Dashed cirele has same area and center as
"shadow."

which is wvalid for simply-connected roughly-
spherical flame fronts. Under conditions
where the flame front is highly distorted as
in the 10° case in Fig. 4, the error involved
in using Eq. 3.3 to calculate burned gas
volume V is of the same magnitude as the
uncertainty in the effective radius of the
flame kernel in the z-direction perpendicular
to the plane of the shadow. Assuming the
distortion in the x-z or y-z planes is similar
to that observable in the x-y plane, the esti-
mated error in x_ for the 10° case in Fig. U
is + 30%. To he extent that the distortion
in successive frames is statistically inde-
pendent, it can be reduced by smoothing over
several frames and this was done. Clearly,
however, it would be very valuable to have
orthogonal shadows of the flame fronts and a
technique for obtaining these 1is currently
being implemented.

It can be seen in Fig. 4 that even at very
early times the flame front is quite wrinkled
and there is a substantial displacement of the
flame center from the spark gap. Clearly the
burned mass fractions shown are far too small
to be obtained from pressure measurements.

FLAME CENTER MOTION - Plots of the flame
center trajectories for all cycles investi-
gated are shown in Fig. 5. The points show

L
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Fig. 5. Trajectories for center of shadow
area. Points correspond to frames. Numbers
at end of trajectories refer to cycles. See
text for further discussion.

the flame center position for each frame for
which it could be measured. The letters at
the beginning of the trajectories index the
frame after spark for which the center
position could first be determined i.e. a =
first frame, b = second, etc.. The numbers at
the end of the trajectories refer to
individual cycles. The last point, called the
"contact" flame center corresponds to the
frame just prior to contact of the flame front
with a wall. The horizontal bar terminated by
dots shows the distance traveled between
frames for a speed of 5 m/s. Table 3 gives
the mean values and standard deviations of the
contact flame centers.

The character of the trajectories strongly
suggests both convection of the flame center
by the base flow and '"random walk" in the
turbulent flow. This is particularly evident
in the Squish 2 case where the flame center is
convected toward the center of the combustion
chamber by the strong squish velocity. A
similar convection in the z-direction due to
the swirl velocity would also be expected for
the Shroud case but this was not observable.
There is some indication in the Base case of
convection toward the head due to the axial
flow and all cases show a slight tendency of
the flame center to move away from the side
wall. As will be seen later, this early
displacement of the flame center from the
spark gap is a major cause of cycle-by-cycle

Table 3

FLAME CENTER DISPLACEMENTS

Mean displacements (mm) of the contact flame centers from the
spark location and standard deviation of points abcut the mean

Case % £ 85X y- + &y

es L] [+ c
Base . 0.8 x20 =2.5 % 2.1
Snroud 2.8 = 2.0 0.5 + 2.4
Squish 1 2.8 £1.7 0.2 + 0.9
Squish 2 4.9 £1.7 7.8 £1.8

Note: Poasitive values indicate displacements in a directlon away

from the walls.

fluctuations 1in the mass burning rates
observed later in the cycles.

SHADOW RADIUS - Typical plots of r_. and
., as functions of time are shown for the
Base case 1in Figs 6a and 6e. The initial

value of rr was determined from the relation

(3.4)

where w is the angular speed of the engine
and the subscript 1 refers to the first frame
after spark for which r_ could be measured.
This value of r is subject to an error of
+1° in 8 due " to the synchronization error
prev1ous§y discussed. Since 8,-8_ 1is on the
average ~7°, the resulting error in r is
about +15%. By comparison the error in
due to the estimated error of +5% in the

determination of re from Eq 3.1 is
negligible.
Subsequent values of P_ were determined
i f
from the relation
Bpl8y) = (e yuy ™ Tppey) Bg /2 B:B)

where ﬁc is the framing rate of the camera
and the subscripts denote frame number. In
this case the error in r_, is due entirely to
the error in determinlng the relatively
small difference (r. . - ). Representa-
i+

tive errors are shown on tﬁe plots.

BURNED GAS MASS AND RADIUS - For (p -
p ) <p_, the burned mass fraction can be
most accurately determined from the relation
(€D

x, = (/o) ' T = 17 s0, = 1) (3.6)
where p_ 1is the polytropic extrapolation of
the pressure curve observed prior to spark
and Y 1is the polytropic exponent. For
(p - p.)>p., the mass fraction burned was
obtained from the thermodynamic analysis

given in Ref 9.
The burned gas volume was obtained from

the relation

v, =m/p = x m/p (3.7)
and correspending burned gas radius r_ was
obtained numerically using definition

v(r'b; EC » e) =V (3.8)

b
where r is the radius of the spherical
surface centered at r  containing all and

only burned gas and "the crank angle 8
determines the piston position.

Typical plots of r,_ and ﬁb as functions
of time are shown in Figs 6b and 6d for the
base case. The values of r*, were obtained

from the relations g
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)y n_ /2 (3.9)

7 Pp8y) = (Py 4497 Tp,14q) o

BASE CASE

(a) rg 3

6 — Given r and Ec the spherical burning

area A =A(rb.gc,e)can be determined from the

| geometry of  a  sphere within the combustion

5 2 ] chamber. Representative plots of A(r, r ,8)

L as a function of r for 8 = 0 and var?ous

2 flame center positions are shown in Fig. 7

| for the two pistons used. It can be seen

2 that A(r,r ,8) is a strong function of both

3 ! the radius r and the center coordinates x, y

and z., Note especially in Fig. Tb the strong

2 influence of displacement of the flame center

in z—-direction perpendicular to the

3 2 | photographs. Also note that the derivative

3 2 3 dA/dr is discontinuous at points where the

. spherical front touches a wall.

The burning speed can be determined from

god 12 the definition

w
I
|

o]

RADIUS (cm)
- r
| |
| |
S )

(b) rp s s, = i /p A (3.10)

5 | In this connection it should be noted that
! since 1 = dm_/dt was determined from
3 —1 smoothed curves™ of vs. time, discontin-
uities in ds, /dr, occur at points where
where dA/dr is discontinuous. Such discon-
o 1 I l | l ] 0 tinuities are an artifact associated with the
o} | 2 3 4 5 6 7 :

TIME (m/s) method of data analysis and do not reflect

the actual behavior of s_. In most cases the

Fig. 6. Typical plots of radii and expansion effect is small and produces only slight
speeds for burned gases and shadows as a irregularities in plots of s, vs. r,. An
function of time for BRase case. Horizontal exception is contact with the side walEs when
error bar shows cycle-by-cycle error due to the effect is quite large due to the rapid
uncertainty in synchronization of decrease in flame area.

photographic and pressure records. CORRELATION OoF PHOTOGRAPHIC AND
PRESSURE DATA - Plots of the shadow radius r
obtained from the Schlieren photographs as a
function of the burned gas radius r, obtained
from the pressure measurements are shown in
Fig. 8 for all cases studied. The numbers
refer to cycles and the four cases have been
3 separated by displacing the origins on the
20+ — ordinate. It can be seen that r,. approaches
r. for values of r less than ~1 cm. For
larger values of r_ the value of r_ increases
relative to r indicating substantial
entrainment of unBurned gas behind the shadow

> front. This behavior has been observed in
s prior experiments (4). There is some indi-
20 cation that the values of (r, - rb) approach
2 a steady state but the evidence Is weak due
to the large scatter of the points. A large
sk |2FH s 5 15 part of the cycle-by-cycle scatter may be
2 s 5 2 attributed to the  synchronization error
3 between photographic and pressure records.
The magnitude of this error may be estimated
op—— 3 — 10 from the relation

(d)ry ry = Bo/un (3.11)

25~ . =
(c)rg

o
I
—a N

W

SPEED (m/s)
o
I
|

w
L)

5 5 and is shown by the representative horizontal
error bars. In addition frame-by-frame
scatter would be expected due to the
0 | | | | | | 0 uncertainty in the effective radius of the

3 4 5 s 7 flame front perpendicular to the plane of the
TIME (m/s) Schlieren photographs. Close inspection of
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Fig. 7. Typical plots of the spherical
burning area as a function of radius showing
the effect of center location for both flat
and squish pistons.

the data in Fig. 8 suggests that the frame-
by-frame scatter is somewhat less than the
cycle~by-cycle scatter,

The data in Fig. 8 indicate that for
small r_ , the shadow expansion speed ©
approacﬁes the burned gas expansion speed r, .
It follows that the burning speed at early
times can be calculated from values of P

. ; f
using the approximate relation

sy~ (o W/m) = (p V/m) P, = (3.12)

b R
given in Ref 4, Calculated curves of the
factor w/p V are shown in Fig. 9 as a
function of 'r_ for a typical value of p /p =
4 and a flame centered at the spark location.
The experimental values of s_. are plotted in
Fig. 10 as a function of r Also shown is
an approximate burned mass fraction scale
calculated from the curves in Fig. 9 assuming
r. =r . Only data for r_ < 20 mm are shown
becauseé for larger radii tﬁe values of F_ are
subject to large uncertainties due to sgrong
wall interactions. It can be seen that s
increases linearly with radius in the range
shown and extrapolates to a value quite close
to the expected laminar flame speed s . To
show this more clearly, least squares fIts of

2+

Shadow Radius, r (cm)

! I L
0 1 2 3 4 5 &

Burned Gas Radius rb{crn)

Fig. 8. Correlation of the "shadow" radius
r. and the burned gas radius rb. Numbers
refer to cycles.

03
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w® 02
~ =]
an »
i3 0
).o S.n
< €
E —o.

. ] I i L L A
0 | 2 3 4
Burned Gas Radius, rb(cm}

Fig. 9. Calculated curves of the density
ratio, m/p V, and mass fraction burned, /m,
as a function of burned gas radius for a
typical flame front.
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all the data for each case were made to the
function

Sp = Sg *ovgr (3.13)
The straight lines represent these fits.

The same procedure was used to fit the
data on a c¢ycle-by-cycle basis and the re-
sulting values of the parameters s_ and v
are plotted in Fig. 11 as a functidn cycla
number for each case. The error bars rep-
resent standard deviations in the fitted
parameters due to the scatter of the points.
Also shown by the horizontal solid lines are
the mean values s_ and Vg for each case. The
horizontal dashe lines show the laminar
flame speeds calculated from Eq. 2.1 for O
and 15% residual mass fractions.

It can be seen that the initial burning
speeds scatter about the expected values of
the laminar burning speed. A possible reason
for this could be incomplete mixing of the
fresh charge with the residual charge. No
variation in equivalence ratio is expected
since a mixing tank was employed. There is
some indication particularly in the Squish 2
case that the residual fraction at the spark
may depend on chamber geometry and spark
location. There is 1little evidence of
abnormally high initial speeds due to energy
input from the spark. Unfortunately this
energy was not monitored but it is estimated
to be on the order of millijoules which 1is
roughly equivalent to the chemical energy in
one cubic millimeter of mixture.

There is also considerable scatter in
the initial slopes. This could be associ-
ated with variations in the turbulent
intensity at the spark. This would explain
the significantly higher values of Vs
observed for the Shroud case. Further
discussion of the early flame development is
given in the following section,

EDDY BURNING MODEL

The analysis in this section is based on
the eddy burning model developed by Keck and
co-workers.  The original form of these
equations proposed by Blizard and Keck (3)
was

= u/Tb (4.1)

o= p AUy — u/Tb (4.2)
where

n o= pu(Vf— Vb) (4.3)

is the unburned mass entrained behind the
flame front,

W= ﬂT/3£ (u.4)

870164

is a characteristic eddy burning time, is
a characteristic turbulent entrainment speed
and 4. is a characteristic eddy size. This
model was based on the assumption now well
supported by experiments (2) that turbulent
flames in spark ignition engines can be
modeled as thin wrinkled multiply connected
laminar flames.

Later in a purely phenomenoclogical
analysis by Beretta, Rashidi and Keck (4) of
experiments in a glass piston engine by
Rashidi (10) it was found that a befter fit
with the data at early times was obtained by
replacing Eq. (4.1) with the modified form

ty = puAfst + u/tb (4.5)

Mass Fraction Burned, my /m
0001 001 .005 .02
T 1

o |

Burning Speed, s;=(pV/m)r; (mm/ms)

3
| _—
3.8
L~ /1524/2" 2 Squish 2
0] F—ﬂ? —
| -3
| e
0 | i |
0 0.5 1.0 1B 2.0

Radius, r;(cm)

Fig. 10. Plot of burning speed s_ determined
from optical data as a function og the radius
r.. Also shown on the top scale is the
approximate mass fraction burned mb/m.
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Although the additional term puA s was
deduced empirically, it implies an initial
spherical laminar burning phase for the
charge. The existence of such a term is
completely consistent with the wrinkled
laminar flame model and should have been
included in the original model on physical
grounds.

In the present analysis which includes
data at even earlier times than those
available in any previous study, a further
modification of the equations was required so
that they now take the form

o= p A S, u/'[b (4.6)
-t/
bo=pAu(l -e ) — Wy (4.7
where
iy £1/s1 (4.8)

may be interpreted as the burning time of the
first eddy burned, & is the size of the
first eddy burned, s is the laminar flame
speed at the spark an u and 1, are given by
Egqs 4.3 ang/Tu.u. The introduction of the
term (1 - e ') was required to explain the
initial flame growth at times less than 1 _.
It implies that significant wrinkling of tRe
flame front occurs only after the flame has
burned from the site of the spark to the edge
of the eddy in which the spark occurred.

Typical curves showing the effect of
this term on the calculated burning speeds
are shown in Figs 12a and 12b for flat and
squish pistons and several values of the
ratio & /4 .. It can be seen that the initial
dependence of s, on r, is quite sensitive to
the value of 9 and that the approximately
linear dependence of s on r_ shown in Fig,
10 is best represented by a value of % /4. =
1. It can also be seen that cycle-by-cycle
variations in the size of the first eddy
burned produce variations 1in qualitative
agreement with those observable in Fig. 10.
In this connection, it should be noted that
the effective size of the first eddy burned
is expected to depend both on the size of the
eddy relative to the 1length of the spark and
the location within the eddy where the spark
ocecurs.

A second relatively minor modification
of the equations is the replacement of A_. by

A . This was required to account for
features of the burning curves associated
with wall interactions. Both these
modifications are Jjustified on physical
grounds.

Of the five parameters contained in the
model, three , L. and & are related to the
characteristies of the Lurbulent flow field

and two sIL and s1 to the chemistry of com-

bustion. Although in principle U and {
could be obtained from direct measurements or
fundamental turbulence models, no such mea-
surements or models are currently available.
These parameters are therefore regarded as
unknowns to be obtained by fitting data on
burning rates in engines and correlated with
engine geometry and operating conditions.
Apriori values of s based on measurements
(8) can be calculateé from Eq.(2.1) if the
pressure, temperature, equivalence ratio and
residual mass fraction of the burning gas are
known. However, because of the possibility
of incomplete mixing, the residual mass
fraction 1is somewhat unecertain in the
vicinity of the spark and therefore s, is
regarded as an additional unknown to be
determined along with . and L,. In the
present analysis s, was equated to Ehe values
of s shown in Fig. 11.

DETERMINATION OF {_, - Combining Eqgs 4.3,
4,4 and 4.6 and using tge definitions for the

burning speed 8, = m/p A and laminar burning
area Ag = ﬁb/Dusl’ we ngain the equation

]
£ 1.0- 5,(0)
;mo.s—{ NN i i < S 11
MR 1
8 o6kl i W
& TR o bdee
£ 6.d \‘S{(O.ISI___} “““ F “I‘ﬂ"
@ =
[=}
= 0.2

o]
5, 0.2}
E
3 L1
s f
2
: el 77| 1
EO.]— }{i -J'Iil

11 15

12345 12345 | 2345 12345
Shroud Base Squish | Squish 2

Fig. 11. Parameters obtained by a least
squares fit of the equation s, = s_ + v re to
the data in Fig. 10. Alsd shBwn afe the
laminar burning speeds s (0) and s (0.15) for
0 and 15% residual mass %raction.
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horizontal lines. The error bars were calcu-—

RN pauiisvssaiaies i~ B lated using Eq. (3.11)  and show the

T T 1 T T T uncertainty due to synchronization of the
05‘{°}Fm2ﬁ?°" photographic and pressure records. Within
:°= m the errors involved, &, = 1.0 + 0.2 mm for

0.5 S - all cases. Since the ratio in the clearance
ti= heights for the squish and flat pistons was

S04 - roughly 2, this supports evidence from
l; previous studies (2) that clearance height
7 o3 has relatively little effect on ..
f’ 4 | Comparing the shroud case with the remaining

| Fiston i cases we also conclude in agreement with

Near Wall prior work (2) that inlet gas speed has
little effect on L. This 1is puzzling

0.1 _
. theoretically but convenient practically.
| P TR S N S A R DETERMINATION OF AND &, - To deter-
o ' 2 3 mine u, and %, a trial and error fitting
Burned Gos Radius, f,(em) procedure was used. In accord with previous
findings (2) and the predictions of rapid
Mass Fraction Burned, m,/m distortion theory (11), and &, were
! 000! 001 005 02 05 0. 0.2 assumed to have the functional forms
| T T T 1 T T T
| 06l (b} Squish Piston /o
i %o = 15 mm - .
yc=rs LlT uTs (pu/pus) (#.12)
05 L 4
7, = 0
g i and
i T
> 04 i
. =
| ‘? ) I T
7 03 1.4 |- SHROUD E
2 Piston
- 02 . — —_— - ——_—— e e —_— e ——— —
‘ E 10F .|- I i 3 -
Head ond Near Wall E _0'90 £ _
0.1 4 ¥ J_ _____________ B i i
! — os} < ]
Q 1 | | L LY Il | ] 1 L 1 | 1
o ! 2 3 o 1.4} BASE .
Burned Gas Radius, rb( cm) ~
s § e R S [ g
(%] T i | l
— |1 0okt1o0 3 3 -
Fig. 12. Calculated curves showing the ] J______I ______ S i 4
effect of the ratio 21/nI on the speed ratio TD B a 5 g
(s -sf‘)/u for typical flame fronts and flat .~ 0.6 ~
ana squisg pistons. o s
N
2 - = y. - t
5!..[. (\Jf. Vb)/(Az Ab) (4.9) < ol
e G
65 i
Introducing the approximation =3 N
L 0.6 SQUISH |
Vo =V # A (re = ry) (4.10) @ gl . ; 7]
W | e e e e e e ————————
valid for(r, - r_ ) << Fpo W obtain the more 2 B & 5 .
convenient fe1atlon E | O0f1o0|—2-2 - _ g
© L 3 23 .
Ly = (rg = r )/ (s /s, = 1) (4.11) I R e s e e e
0.6[SQUISH 2 | i , E
which relates &, directly to the flame thick— 1.0 20 3.0
ness. The valueg of‘ L. calculated f‘r'c')m Eqg. Burned Gas Radius, r (cm)
4.11 are plotted in Fig. 13 as a function of b
P
Because of the extreme sensitivity of Fig. 13 Plots of the characteristic length
the small difference (r, - r_ ) to errors in L. = (r_-r )/(s /s —-1) as a function of r_.
b T { b b : ti
r. and r, only data for which m /m > 0.01 and Only points for Which m/m > 1% and wall
wall ingeractions were negligible are in- interactions were negligib?e are shown. The
cluded in Fig. 13. Over the narrow range solid lines are mean values; the dashed lines
covered there is no significant dependence of show the error due to the 100 ps uncertainty
%.. on r_ and the points for each case were in synchronization of optical and pressure
averageg to obtain the values shown by the records.
I
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b =t (o /p 3" (4.13)

T Ts "us "u

Using the measured values of r (t) and the
previously determined values o? the para-
meters s,, Sy and ET , Eq. (4.7) was
integrate& numerically §or various trial
values of uT3 and %1 to obtain u(t) which was

then substituted into Eq. (4.6) to obtain
values of m/p = sbA for comparison with
experimental dafa. ?he results of this
procedure are shown in Fig. 14 and values of
the best fit parameters are summarized in
Table 4.

One of the surprising and interesting
features of this comparison, is the rela-
tively small cyecle-by-cycle fluctuations in
the burning rates for the Squish 2 case in
Fig. 14d. By way of contrast the cycle-by-
cycle fluctuations for the Shroud case in
Fig. 14b are relatively large, particularly
for values of r greater than 2 ecm. Exam—
ination of the positions of the contact
centers, also shown on the figures, indicates
that these fluctuations are caused primarily
by cycle-by-cycle variations in the positions
of the contact flame centers with respect to
the walls. 1In the 3Squish 2 case the contact
flame-centers are all relatively far from the
walls so that the variations in the burning
area A caused by wall interactions are
minimal over the range of r_ covered by the
data. In addition, the dispersion of the
flame centers is relatively small. In the
Shroud case the stable flame centers are much
closer to the walls and the dispersion is
considerably larger. Moreover substantial
displacements (not observable) of several
centimeters in the z-direction are expected
due to the high swirl velocity at the spark.
As can be seen in Fig. Tb, this causes sub-
stantial variations in the burning area which
are directly reflected in the burning rate.
The magnitude of the effect is illustrated by
the dashed curve in Fig. 14b which was calcu-
lated for z, = 3 em and fits the data for
cycle 4 reasonably well. The other cycles
may be fit with intermediate values of z .
It should be noted in this connection that in
a circular cylinder, changes in flame area
due to swirl-produced flame center motion
would be absent, since a swirling flow
produces no radial displacement toward or
away from the cylinder walls.

The same effects are also apparent in
the Base and Squish 1 cases shown in Figs 14a
and 14c. 1In the Base case the dispersion of
cycles 1, 2, 3 and 5 is relatively small.
Cycle 4 is eclearly different but it can be
fit by an assumed value of z_ = 1.5 em. This
is larger than the observed % and y_ dis-
persions, but is not unreasogable. The
Squish 1 data show intermediate dispersions
which correlate quite well with the observed
positions of the contact flame centers.

THBLE 4

Summary of Model Parameters

aj) Eddy Burning Paramerers

Case E + ) + &1
g %1 b Urs tre Y2 8y
/s ais mis n mm
0.48 0.58 2 0.18 8 1.4 2 0.3
1 Q.48 0.36 2 13 7 1.4 1.4 £ 0.3
z a.51 0.80 + 0.16 T 1.4 L
0.56 0.59 + 0.19 14 1.4 1.4 2 0.3
(b} Characteristic Times at Spark (ms}
2
i a “
T T T
Casa = - ot it . i
“ T R Te 2 v Ty k=
i i s
o
Base 0.186 2.9 0.13% 130 83
Squisn 1 0.20 2.9 0.13 100 43
Squish 2 0.20 2.7 0.12 120 43
Ehroud 0.10 2.5 .19 100 43
te) Dimensionless Ratios
e ) - 1 1 =
case Ta.o8 .ol Mr.oBh L T4 b Y
4 ot 5! T’i' 1Y 1_:__ br 51 z]. T vl
Base 25 8 630 0.8 2.3
Squish 1 2§ 18 500 0T 2.3
Squish 2 28 15 500 0.6 2.3
Shroud 27 25 1000 .0 1
v o= kinematic viscosity = 0.2 em® /s, o = thermial diffusivity «3.3 cmi/s

The most important conclusion which can
be drawn from the comparisons in Fig. 1l is
that variations in the position of the con-
tact flame centers caused by "random walk" of
the small flame kernel 1in the turbulent flow
field prior to any measurable rise in pres-
sure were the major cause of cycle-by-cycle
fluctuations in the burning rate observed
later in the cycles. In this connection it
should be noted that although convection in
the mean flow can alter the mean burning rate
it does not produce cycle-by-cycle variations
since the mean flow is the same for each
cycle. Within the experimental errors, no
significant cycle-by-cycle variations in
either or . were observed during the main
combustion stage indicating that random
fluctuations in these quantities were
effectively averaged out over the large flame
area occurring during this stage.

As can be seen in Fig. 10, and to a
lesser extent in Fig. 14, significant cycle-
by-cycle fluctuations in the early burning
rate were also cobserved. As previously
discussed, the most probable cause of these
fluctuations is cycle-by-cycle variations in
the initial burning speed s, and the size &
of the first eddy burned. The values ané
standard deviations of these parameters
obtained from the cycle-by-cycle fit of the
data are shown in Table Y4a. Fluctuations in
%, are to be expected due to the statis-—
tical nature of turbulence. Fluctuation in
5, can be caused either by fluctuations in
the equivalence ratio or the residual mass
fraction. Since a mixing tank was used in
the present experiments no fluctuations in
the equivalence ratio are expected and the
fluctuations in s must be attributed to
incomplete 1n-cylin&er mixing of the fresh
charge with the residuals.
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Fig. 14. Plot of volume burning rates m_/p
A u
= s A as a function of r_ for the various
geo&egries studied. Also  shown are the
positions of the "contact" flame-centers for
i each cycle. The representative curves were
: calculated from the eddy burning equations
using the parameters in Table 4 and the flame
center positions indicated.
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DISCUSSION AND CONCLUSIONS

A correlation based on previous experi-
ments for predicting the parameters { and
U, from engine geometry and operating
conditions is given in Ref 2. For the Base,
Sguish 1 and Squish 2 cases, all of which had
the same valve 1ift and inlet speed, the
values of & 5 and Upg obtained from the
correlations are 2.0 mm "and 8 m/s. For the
Shroud case which had the same valve 1ift but
twice the intake speed the values are 2.0 mm
and 16 m/s. Considering the errors involved
these values are 1in satisfactory agreement
with those in Table U4a. In this connection
it should be emphasized again that the
largest source of error in the present
measurements was the 120 us uncertainty in
the synchronization of the photographic and
pressure records. There was also the
possibility of an error in the spark timing
since this was not directly monitored. In
future experiments of this type it is
recommended that both these quantities be
carefully measured with a precision better
than + 20 us. The errors associated with
assumption of roughly spherical symmetry are
expected to be somewhat smaller than those
associated with synchronization. As pre-
viously discussed, these errors could be
reduced by obtaining orthogonal views of the
developing flame fronts.

The data in Table 4a can also be used to
estimate a number of characteristic times and
ratios which may be wuseful for obtaining
better physical insight 1into the meaning of
the present results and the nature of turbu-
lent combustion in premixed spark—-ignition
engines. These are listed in Tables 4b and
le. The parameters in Table Ub are: the

eddy lifetime, = = /u.; the eddy burning
time, T ETISR; the characteristic chemical
time, T, = a’s. ?; the characteristic
diffusion” time based on eddy size, T, =
%.2/v; and, the engine cycle time, t.. In
the above definitions o and v are the tEermal
diffusivity and kinematic viscosity. It is

not possible to calculate the Kolmogorov time
scale because the flow 1is unsteady and the
dissipation rate is unknown. However, if it
has any meaning in this context, it is
estimated to be less than 1 ps.

It can Dbe seen in Table Uc that the
ratio /&, is ~25, Thus the assumption of a
thin wrin&led laminar flame seems well
justified in this case. Also the ratio u./s
is greater than 15 in all cases so that the
steady—-state turbulent burning-speed is high
compared to the laminar flame-speed and the
degree of wrinkling and flame stretching is
very large. The Reynolds number L./v is
of order 10® indicating that viscous dissi-
pation is relatively small. The ratio 1 /1
is, however, of order one indicating ghag
shear may play a role in modifying the
laminar flame speed. Finally the ratio 1./71
is -2 suggesting that laminar diffusion

during the intake and compression stroke may
be important in determining the character-
istic eddy size .. In this connection it
should be noted that enlarged Schlieren
photographs of the flame fronts show no
evidence of wrinkling on a scale less than %
suggesting that smaller scale structure
probably does not exist.

The above observations support the
conclusion that turbulent flames in premixed
spark-ignition ’ engines are thin wrinkled
multiply-connected flames propagating locally
at or close to the laminar flame speed. What
determines the characteristic eddy size is
not clear at this time. Neither is the
importance of shear in modifying the local
laminar flame speed. More work is needed on
these problems.

The following additional conclusions may
also be drawn from the analysis:

1) Comparisons of "flame shadow" radii
measured optically and burned gas radii
determined from pressure measurements
strongly support a wrinkled laminar flame
‘model of turbulent burning in spark-ignition
engines.

2) At early times the expansion speed
of the flame kernel increases approximately
linearly with burned gas radius and extrap-
olation to zero radius gives initial speeds
which scatter about the estimated laminar
flame speed.

3) The most important parameters con-
trolling the 1initial flame growth are the
laminar flame speed at the spark plug s, and
the size of the first eddy burned %, . %here
was no evidence of a signifiecant inérease in
the initial flame speed due to energy input
from the spark although this could be
important for higher energy sparks.

4) The most important parameters
controlling the fast burning stage of
combustion are the spherical burning arez A
and the characteristic turbulent entrainmen?
speed uT.

5)° The transition from the initial to
the fast-burning stage 1is controlled by the
characteristic eddy size ..

6) There is 1little evidence of signi-
ficant cycle-by-cycle variation in or U,
due presumably to averaging of " these
parameters over the flame front.

7) During early burning, substantial
displacement of the flame center from the
spark plug occurs due to convection by the
mean flow and "random walk™ in the turbulent
flow.

8) The spherical burning area is a
strong function of the position of the flame
center at the time tne flame first contacts a
wall.

9) The major cause of cycle-by-cycle
variations in the burning rate during the
fast burning stage of combustion is the
variation in the spherical burning area
produced by variations in the position of the
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wall contact flame center.

10) The major causes of cycle-by-cycle
variations early 1in the flame development
process are variations in the laminar flame
speed at the spark s, and fluctuations in the
size %, of the first eddy burned.

111 The eddy burning model developed by
Keck and co-workers can be used to obtain
quantitative values of the parameters 4> k1,
iT and u,.,.

12) "For the engine operating condition
employed, the values of U found were the
same for all four chamber geOmetries studied.

13) Within experimental error, u. was
proportional to mean gas speed througg the
inlet valve.

14) The values and ., obtained in the
present work are in :Easonabie agreement with
previously published correlations obtained
from data on engines without significant
swirl or squish.
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