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Effect of Engine Variables on the Turbulent
Flow of a Spark Ignition Engine

Sung Bin Han**, Yon Jong Chung** and Songyol Lee***
(Received september 8, 1994)

The turbulent flow in a spark ignition engine plays an important role in determining its
combustion characteristics and thermal efficiency. In order to analyse the combustion process,
the turbulent flow and its turbulence intensity must be studied. To study the turbulent flow as
varying various factors in a combustion chamber of a spark ignition engine, the L-head with or
without squish area are selected. The turbulent as varying flow on the piston speed, inlet flow

velocity, and squish velocity are measured by using hot wire anemometer. To examine the
characteristics of turbulent flow, the ensemble averaged mean velocity, turbulence intensity,

turbulence intensity decrease ratio, production rate of turbulence intensity, production coeffi-

cient of turbulence intensity are analysied.
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of Turbulence Intensity

1. Introduction

The combustion process in a spark ignition
engine forms by flame propagation and the flame
propagation forms by turbulent flow in combus-
tion chamber. The turbulent flow field in a spark
ignition engine plays an important role in deter-
mining its combustion characteristics and thermal
efficiency (Pope and Annand, 1986). To analyse
about the combustion process, it must be studied
the turbulent flow and its turbulent intensity
(Fraser and et al. 1986).

In an effort to shorten development times,
researchers (Borgnakke, 1981) have developed
analytical techniques to predict the performance
and emissions of spark ignition engines. These
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techniques (Tabaczynski, 1976, 1977) show prom-
1se for evaluating new design concepts and as
research tools for understanding more about
engine experiments. The importance of the turbu-
lence structure in an engine has been recognized
since the early experiments of Witze (1977), in
which the intake event was eliminated and the
rate of flame propagation decreased. However,
the lack of an adequate measuring instrument has
made measurements of turbulence quantities in an
engine difficult at best.

Later, Heywood (1987) studied the fluid motion
within the cylinder of internal combustion
engines. Hall and Braco (1987) studied velocities
and turbulence intensities measured in firing and
motored engines. And the turbulent flow in com-
bustion chamber is affected by the piston speed,
inlet flow velocity, squish velocity and others. As
a result, relatively few investigators have been
active in this field and turbulence characteristics
have been developed.

This paper investigates the features of turbulent
flow in a spark ignition engine and the analysis of
turbulent flow by various factors in the engine
combustion chamber.
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2. Experimental Apparatus
and Procedures

2.1 Experimental apparatus

To analyze the turbulent flow by using hot wire
anemometer, hot wire probe was inserted in the
combustion chamber and measure it with motor-
ing operation. It is difficult to measure the turbu-
lent flow because of the leakage of lubricant with
reciprocation of piston. It is made the non-
lubrication engine to solve this problem that the
leakage of lubricant (see Fig. 1).

The L-head combustion chamber with squish
area is used in order to study on the effects of
squish velocity. And the L-head combustion
chamber without squish area is used in order to
study on the effects of piston speed and inlet flow
velocity. The used hot wire probe is I type and the
direction of measurement is vertical toward piston
movement. The ensemble averaged velocity and
the turbulent intensity is measured and analysed
about experimental parameters. The measured
ensemble averaged velocity and the turbulent
intensity is analysed in the process of inlet, com-
pression, expansion and exhaust.

Figure | shows schematic diagram of modified
engine, hot wire probe removal device, and exper-
imental apparatus. Combustion chamber without
squish area and with squish area are used. The
removal device for hot wire probe can be
controlled accurate position for measurement.

The combustion chamber with squish area and
without squish area are shown in Fig. 2. The
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Fig. 1 Schematic diagram of modified engine

volume of the combustion chamber with squish
area is equal to the volume with squish area.
Combustion chamber without squish area is used
in order to study on the effects of piston speed
and inlet flow velocity. Combustion chamber
with squish area is used in order to study on the
effects of squish velocity.

Figure 3 shows the schematic diagram of air
flow measurement system. Figure 4 represents the
measured points at stated intervals through the

20

1] 10.9] |

O

(b)
Fig. 2 Combustion chamber with squish area (a)
and without squish area (b)
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Fig. 3 Schematic diagram of air flow measurement
system
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central line of combustion chamber.

2.2 Experimental procedures

2.2.1 Piston speed

The combustion process in a spark ignition
engine forms with turbulent flow in combustion
chamber. And the turbulent flow in combustion
chamber is affected by the piston speed, inlet flow
velocity, and squish velocity. The L-head combus-
tion chamber without squish area is used in order
to study on the effect of piston speed and to
eliminate the effect of squish velocity. And in
order to eliminate the effect of inlet flow velocity,
it is affected in closed inlet and exhaust valves.
The engine speed is operated from 1000 rpm to
2000 rpm by the variable motor. In this case, the
turbulent flow in the combustion chamber will be
affected by the piston speed.

2.2.2 Inlet flow velocity

The L-head combustion chamber without
squish area is used in order to study on the effect
of inlet flow velocity. The engine is operated from
1000 rpm to 2000 rpm by the variable motor in
condition of full throttle valve. In this case, the
turbulent flow in the combustion chamber is
affected by the piston speed and inlet flow veloc-

ity. To analyze the turbulent flow by the effect of

inlet flow velocity, it must be subtracted the
effects of piston speed from turbulent flow.

2.2.3 Squish velocity

The L-head combustion chamber with squish
area is used in order to study on the effect of
squish velocity. The volume of the L-head com-
bustion chamber with squish area is equal to the
volume of the L-head combustion chamber with-
out squish area. The turbulent flow characteristics
in L-head combustion chamber with squish area
can be analyzed by effects of piston speed, inlet
flow velocity, and squish velocity.

3. The Turbulence Analysis
on Turbulent Flow Field in Engine

3.1 Ensemble averaged mean velocity and
turbulence intensity

The flow pattern in the engine combustion
chamber is unsteady flow and changes into the
instantaneous flow velocity with crank angle.
With variation of flow per cycle, the analysis
method might as well ensemble averaged tech-
nique as time averaged technique. Because the
ensemble averaged mean velocity and turbulence
intensity are large variation per cycle, it is treated
instantaneous flow velocity with measured datum
of 20 cycles.

The ensemble averaged mean velocity U(4) in
the cylinder at any crank angle is expressed as;

U(O) = ZU (G +inm) (1)

where n is the number of strokes in an engine
cycle, and N the number of cycle and U’(4) the
instantaneous velocity.

And the turbulence intensity u’(#) can be
determined by

w(6)= /%3 [UA0+inm)—UAe)]

Figure 5 shows the ensemble averaged mean
velocity and the turbulence intensity as a function
of crank angle without valve operation. This
figure indicates piston speed 2.33 m/s and 4.67 m/
s respectively, and the measured position is the
point D of Fig. 4. The turbulence intensity in the



Effect of Engine Variables on the Turbulent Flow of a Spark Ignition Engine 495

Expansion Coapression Expangion | Compression

184

184

) Piston speed
14 4 4.67 w/a |

124
2.33 0/
10 A

Ensemble averaged mean velocity, m/s

Expansion | Compression |_ Expansion | Compression

Pigton speed
L 4.67 a/s

e

2.330/s

L%

Turbulence intensity, m/s

Crank angle, deg
Fig. 5 Ensemble averaged mean velocity and turbu-
lence intensity as a function of crank angle
without valve operation

expansion process is similar to the ensemble
averaged mean velocity. The turbulence intensity
in the expansion process may be produced in
proportion to the ensemble averaged mean veloc-
ity. The turbulence intensity in the compression
process is not similar to the ensemble averaged
mean velocity. According to compression of air in
combustion chamber, the temperature and pres-
sure of air increase and the density of air
increases, and the turbulence intensity decreases
according to the increase of kinematic viscosity.

Figure 6 shows the ensemble averaged mean
velocity and the turbulence intensity as a function
of crank angle without valve operation. The
piston speed is 3.73 m/s, and the measured posi-
tion is point D of Fig. 4. The effect of inlet flow
velocity is maximum in around the middle point
of the intake process and decreases gradually after
that. The ensemble average mean velocity with
inlet flow is large considerably than with only
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Fig. 6 Ensemble averaged mean velocity and turbu-
lence intensity as a function of crank angle
with valve operation and without valve oper-
ation

piston speed. But in the expansion stroke, the
effect of inlet flow velocity decreases largely. The
turbulence intensity in the intake process is simi-
lar to the ensemble averaged mean velocity gener-
ally. But in near TDC of the compression stroke,
the turbulence intensity does not largely indicate
the effect of inlet flow velocity.

3.2 Effect of piston speed

To estimate the turbulent flow for the effect of
piston speed, we selected the end (TDC) of com-
pression stroke, and the measured positions are 6
points at stated intervals as shown in Fig.4.

Figure 7 shows the ensemble average mean
velocity with piston speed. The turbulent intensity
with piston speed is shown in Fig. 8. And Fig-
ure 9 represents maximum ensemble averaged
mean velocity in the compression stroke and
ensemble averaged mean velocity near TDC of
the compression stroke as a function of mean
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Fig. 7 Ensemble averaged mean velocity at the end
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Fig. 8 Turbulence intensity at the end of compres-
sion stroke as a function of mean piston
speed without valve operation

piston speed without valve operation.

To understand maximum ensemble averaged
mean velocity with piston speed near the end of
compression stroke, we defined the decrease ratio
of ensemble averaged mean velocity as Eq. (3);

8:(U(9)max_U(6)mm)/U(G)max (3)

U(#)max : maximum ensemble averaged
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Fig. 9 Maximum ensemble averaged mean velocity

in compression stroke and ensemble averaged

mean velocity at the end of compression

stroke as a function of mean piston speed

without valve operation
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Fig. 10 Maximum turbulence intensity in compres-
sion stroke and turbulence intensity at the
end of compression stroke as a function of
mean piston speed without valve operation

mean velocity

U(g)min : minimum ensemble averaged
mean velocity near the end of
compression stroke

According to that piston speed is from 2.33 m/s to
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4.67 m/s, the decrease ratio of ensemble averaged
mean velocity is approximately 0.78 as shown in
Fig. I1. This indicates that ensemble averaged
mean velocity with piston speed decreases 78 %
and remains approximately 22 % near the end of
the compression stroke.

Figure 10 represents the maximum turbulent
intensity in the compression stroke and tur-
bulence intensity near the end of the compression
stroke as a function of mean piston speed without
valve operation.

The maximum turbulence intensity with piston
speed decreases near the end of the compression
stroke, and the remaining minimum turbulence
intensity is defined the decrease ratio of turbu-
lence intensity as Eq. (4);

5u/:(u,max*ulmin)/u’max (4)

Wphay © Maximum turbulence intensity

W a0 minimum turbulence intensity at the
end of compression stroke
According to that piston speed is from 2.33 m/
s to 4.67m/s, the decrease ratio of turbulence
intensity is approximately 0.82 as shown in Fig.
I[. It means that maximum turbulence intensity
with piston speed decreases 78 % and remains
approximately 18 % near the the end of the com-
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Fig. 11 Ensemble averaged mean velocity decrease
ratio and turbulence intensity decrease ratio
as a function of mean piston speed without
valve operation

pression stroke.

To understand of turbulence
intensity with piston speed near the end of the
compression stroke, we defined the production

increasement

coefficient of turbulence intensity as Eq. (5);
ap=du’y/dV, 5

du’, : variation of turbulence intensity
with piston speed
dV, : variation of piston speed

The production coefficient of turbulence intensity
with piston speed near the end of the compression
stroke is 0.17, ¢, that evaluated from Eq. (5). It
means that turbulence intensity with piston speed
is 0.17, gradient of turbulence intensity near the
end of the compression stroke.(see the Fig. 12)

And we defined the production rate of turbu-
lence intensity with piston speed near the end of
the compression stroke as Eq. (6).

Bp= ﬂp/éltotal (6)

ap  production rate of turbulence inten-
sity with piston speed

awtar - production rate of total turbulence
intensity

The production rate of turbulence intensity with
piston speed is 0.31, 3, that calculated from Eq.
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Fig. 12 Maximum ensemble averaged mean velocity
in inlet stroke and ensemble averaged mean
velocity at the end of compression stroke as a
function of inlet flow velocity with valve
operation
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(6). It means that turbulence intensity with piston
speed in total turbulence intensity is 31 %.

3.3 Effect of inlet flow velocity

In order to study on the effect of inlet flow
velocity, we measured the turbulent flow in the
L-head combustion chamber without squish, with
valve operation. Figure 13 represents the maxi-
mum turbulence intensity in inlet stroke and
turbulence intensity at the end of compression
stroke as a function of inlet flow velocity with
valve operation. By the decrease ratio of ensemble
averaged mean velocity as Eq. (3), it is approxi-
mately 0.93 with inlet flow velocity from 22 m/s
to 45 m/s.

Figure 14 shows the ensemble averaged mean
velocity at the end of compression stroke as a
function of mean piston speed with valve opera-
tion and without valve operation. By the decrease
ratio of turbulence intensity as Eq. (4), it is 0.90
with inlet flow velocity from 22 m/s to 45m/s.
The ensemble averaged mean velocity and tur-
bulence intensity are affected by not only inlet
flow velocity but aiso piston speed. Therefore to
estimate the ensemble averaged mean velocity and
turbulence intensity by effect of net inlet flow
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Fig. 13 Maximum turbulence intensity in inlet stroke
and turbulence intensity at the end of
compression stroke as a function of inlet flow
velocity with valve operation

velocity, it must be subtracted ensemble averaged
mean velocity and turbulence intensity by effect of
piston speed from ensemble averaged mean veloc-
ity and turbulence intensity in L-head combustion
chamber without squish area, with valve opera-

tion.
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of compression stroke as a function of mean
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sion stroke as a function of mean piston
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The turbulence intensity at the end of compres-
sion stroke as a function of mean piston speed
with valve operation and without valve operation
is shown in Fig. 15. And we defined g the
production coefficient of turbulence intensity of
inlet flow velocity as Eq. (7), and ¢, is 0.03 at the
end of compression stroke.

a=du’/dV, (7N
dw’, : variation of turbulence intensity with

inlet flow velocity
dV,: variation of inlet flow velocity

And the production rate of turbulence intensity
near the end of the compression stroke, g is
defined as Eq. (8).

BI:ai/atotal (8)

@ production rate of turbulence inten-
sity with inlet flow velocity
wrar © total turbulence intensity

The production rate of turbulence intensity with
inlet flow velocity is 0.46, 3, that obtained from
Eq. (8). It means that turbulence intensity with
inlet flow velocity in total turbulence intensity is
46 %.

3.4 Effect of squish velocity
Figure 16 shows the turbulence intensity as a

24
2
o E
£
2 | L-head with squish
2 16 4 t-head
o
€ without squish
g e
8
3 A
=
3
2 .
‘o \
v
0
o w n w m

Crank angle, deg
Fig. 16 Turbulence intensity as a function of crank
angle in L-head with squish and L-head
without squish

function of crank angle in L-head combustion
chamber with squish and L-head combustion
chamber without squish. Here, the turbulence
intensity is affected by squish area at the end of
compression stroke.

In Fig. 17, the ensemble averaged mean velocity
at the end of compression stroke as a function of
mean piston speed in L-head combustion cham-
ber with or L-head without squish are shown.
And, the increasement of ensemble mean velocity
by squish effect must be subtracted the ensemble
mean velocity in L-head combustion chamber
without squish area from the ensemble mean
velocity in L-head combustion chamber with
squish area. Therefore, the ensemble mean veloc-
ity by squish effect is 1.3 m/s to 2.5 m/s according
to piston speed 2.33 m/s to 4.67 m/s.

The turbulence intensity at the end of compres-
ston stroke as a function of mean piston speed in
L-head with squish or without squish are shown
in Fig. 18. The turbulence intensity by squish
effect must be subtracted the turbulence intensity
in L-head combustion chamber without squish
area from the turbulence intensity in L-head
combustion chamber with squish area. Here, the
turbulence intensity is 0.28 m/s to 0.56m/s
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Fig. 17 Ensemble averaged mean velocity at the end
of compression stroke as a function of mean
piston speed in L-head with squish and
L-head without squish
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Fig. 18 Turbulence intensity at the end of compres-
sion stroke as a function of mean piston
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according to piston speed 2.33 m/s to 4.67 m/s.
The production coefficient g, by squish effect

is 0.12 that obtained from Eq. (9), and we knew

that the squish area affects to improve the turbu-

lence intensity in combustion chamber.
as=duy/dV, 9
duy : variation of turbulence intensity
with squish area

dV,: variation of piston speed

It means that the gradient of turbulence intensity
on turbulence intensity with squish velocity is 0.
17 at the end of compression stroke.

And the production rate of turbulence intensity
with squish velocity is defined by Eq. (10) at the
end of compression stroke.

Bs: as/atotal ( 10)

as : production coefficient of turbulence
intensity with squish velocity
e . total turbulence intensity

The production rate of turbulence intensity with
squish velocity is 0.23, 3, that obtained from Eq.
(10). It means that turbulence intensity with
squish velocity in total turbulence intensity is
23 %.

4. Conclusions

As a result, following conclusions obtained
through this study. .

(1) The turbulence intensity increases linearly
with piston speed. The decrease ratio of ensemble
averaged mean velocity with piston speed is 0.78
and the decrease ratio of turbulence intensity is 0.
82. In addition to the decrease ratio of ensemble
averaged mean velocity with inlet flow velocity is
0.93 and the decrease ratio of turbulence intensity
is 0.90.

(2) From this engine combustion chamber, the
production coefficient of turbulence intensity to
study on the analysis of turbulent flow by various
factors is 0.17 with piston speed, 0.03 with inlet
flow velocity, and 0.12 with squish velocity
respectively.

(3) The production rate of turbulence intensity
to study on effects of turbulence intensity in the
engine combustion chamber is 31 % with piston
speed, 46 % with inlet flow velocity, and 23 % with
squish velocity respectively.
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