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ABSTRACT

swirl
new

In order to investigate the effect of

on combustion in a spark-ignition engine, a
experimental apparatus was developed. The test
engine has a 78 mm bore, an 85 mm stroke and a
pancake type combustion chamber. In this engine,
the combustion phenomena in various intensity of
swirl flow can be investigated. The swirl flow in
the cylinder was visualized by a smoke~wire
method, and a laser Doppler anemometer and a hot-
wire anemometer were adopted for the measurement
of the velocity. The turbulence intensity was
determined on the basis of the hot-wire data.
Stoichiometric propane - air mixture was ignited
at the center of combustion chamber. The effect of
swirl on combustion in cylinder was investigated
under various conditions of compression ratio and
engine speed. As a result, it was found that

the burn duration could be expressed as a function
of the turbulence intensity. The effects of engine
speed and the swirl ratio are not explicit and are

included dimplicitly in the term of turbulence
intensity.
INTRODUCTION

It is well known that the turbulent flow

field in a spark-ignition engine cylinder plays an
important role in determining the characteristics
of combustion, thermal efficiency and exhaust
emissions(l). For reducing the level of NOx
emissions, EGR (exhaust gas recirculation) is
effective, and the use of lean mixture improves
the thermal efficiency of the engine. The use of
lean mixture or EGR, however, causes the
cycle-to-cycle fluctuation of combustion and the
deterioration of driveability.

In spark-ignition engines, faster burning can
raise thermal efficiency and reduce NOx emissions
by extending the range of stable engine opera-
tion, allowing very dilute fuel/air wmixtures to
be used(2). It is an important theme that the
influence of turbulence and mean fluid motion on
combustion is made clear and that a model describ-

ing these interactions is developed(3).
The entrainment eddy burning model seems a
reasonable phenomenological wmodel(4-7) for

turbulent combustion in the spark-ignition engine.

For further development of this combustion model,
it 1is necessary to make clear the turbulence
characteristics and the interaction between

turbulence and combustion in the engine cylinder.

In this study, to reveal the effect of
turbulent swirl on combustion, a new experimental
engine was prepared. The mixture of propane and

air is ignited at the center of pancake type
combustion chamber. Thus, the flame propagates in
the flow field of various intensity of swirl
accompanied with no squish flow. Namely, the
combustion seems to progress in relatively simple
manner.

As the first step in a series of the turbu-
lent combustion research in the spark-ignition
engine, presented in this paper are the detail of
the experimental apparatus, the measurements in
the turbulent swirl and the effect of turbulence

intensity on burn rate and burn duration.
EXPERIMENTAL APPARATUS

reveal the effect of swirl on
spark-ignition engine, a new
was developed. Figure 1
shows a schematic diagram of experimental
apparatus, and Table 1 shows wain dimensions of
this test engine and experimental conditions.

The engine cylinder and the mixture tank are
connected with each other by a pipe. When the
engine 1is driven by an electric motor, the fuel
gas (propane) and air go back and forward between
the cylinder and the tank through the intake valve
which is normally opened, and fuel gas and air are
mixed homogeniously. After making preparation for
homogeneous mixture in this way, the intake valve
is closed at BDC, and then the mixture in the
cylinder is compressed and expanded repeatedly by
the piston motion.

During the intake stroke, the swirl flow is
produced in the cylinder. The combustion chamber
is pancake type, therefore no squish flow is
produced. The swirl velocity at TDC of compression
stroke decreases with the increase of the number
of compression stroke, N, after the valve close.
By igniting the mixture near end of compression in
various number of compression stroke after the
valve close, the combustion phenomena in various
intensity of swirl flow can be examined.

It is possible, in this test engine, that the
flow pattern in the cylinder is visualized. The
test engine has an elongated piston with a glass
crown. By providing a slot in the side of the
elongated piston, an inclined mirror inside the
piston could be fixed to the cylinder block. The

In order to
combustion in a
experimental apparatus
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Table 1. Main dimensions

of test engine

and experimental conditions

Cylinder diameter

Stroke

Length of connecting rod
Compression ratio
Combustion chamber

Fuel

Equivalence ratio,
Engine speed

78 mm

85 mm

153 mm

3.2, 4.0, 4.8
Pancake type

C3H8

1.0

600, 900, 1200 rpm
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Fig.2 Change of engine speed
after start




gastightness in the cylinder is kept by using a
rubber o-ring instead of ordinary piston rings.
The spark gap for ignition 1is located 1in the
center of combustion chamber in the midplane of
the clearance volume.

Operations of the experimental apparatus are
controlled by a computer. Top dead center (TDC),
bottom dead ceter (BDC) and valve-close signals
are produced with photo-sensors, and a pulse train
of crank angle is produced by an electromagnetic
rotary encoder (360 pulses/rev.). 8

When the valve-close signal is added to the OO
SCR-circuit in accordance with the computer
command, the electric discharge occurs through the 0.45 660 960 1260
solenid coil. Then, the stopper piece is removed n ., rpm
and the valve closes by the force of spring. The
time interval between the valve-close signal and (a)
the actual valve close is 5.04 msec. Consequently,

X . A 060 n =600
for making the valve to close at the BDC, it is o o 900
necessary that the valve-close signal is added to
the SCR-circuit at 5.04 msec. before the BDC.

The change of engine speed after the start
was investigated. As shown in Fig.2, the engine
speed in steady state are attained in shorter time
than three sec. In this test engine, the mixture
of propane and air is prepared by going and
returning between the cylinder and the tank. The
homogenization of mixture was attained at about
fifty revolutions of the engine.

The amount of the mixture 1in the cylinder
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measurements of temperature and pressure in the E/(giﬁ
cylinder and the mixture tank. The results was

shown in Fig.3. In the range of experimental (b)
conditions, the mass of the cylinder charge varies
with compression ratio, e, and hardly depends on
the engine speed, n.

Fig.3 Amount of mixture in cylinder after
valve close
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SWIRL FLOW IN CYLINDER

Flow Visualization in Cylinder Smoke-Wire

Method
By applying a

by

smoke-wire method(8), the air
swirl in the cylinder was visualized for the
case of non-combustion. The resistance wire
(nickel) coated with oil (glycerin) was set up in
the cylinder. The oil was vaporized by heating the
wire electrically in the predetermined crank
angle, and then the o0il vapor was cooled by
ambient air and the white oil mist (smoke) was
formed.
Two
diameter
midplane
direction

nickel wires each being 0.2 mm in
were intertwisted and set wup in the
of the clearance volume and in the
of the cylinder diameter. This cylinder
part was made transparent, and the smoke was
illuminated from the flank and taken photograph
from below the piston using a reflex mirror and a
high speed camera. An electric current for heat-
ing the smoke-wire was supplied from the dis-
charge condenser which the capacity was 2500 pF
and the charging voltage was 75 V.

Figure 4 shows an example of visualization of
air swirl by the smoke-wire method (SW). It is the
air swirl during the third compression stroke
after the valve close (N3) at the engine speed, n,
of 600 rpm and the compression ratio, e, of 4.8.
Figure 4(b) shows the overlapped tracing of the
smoke front. The angular velocity of characteris-
tic points of the smoke front to the cylinder axis
was measured, and the swirl velocity in the tan-
gential direction was determined. The tangential
velocity distribution along the cylinder radius is
shown in Fig.5, where U and r denote the mean
velocity in crank angle interval between 110 and
55 degrees BTDC and the distance from the cylinder
axis, respectively. It is recognized from these
results that the swirl flow in the cylinder during
compression stroke was similar to a solid body
rotation in velocity distribution. The figure also
shows the results of measurements made by a laser
Doppler anemometer (LDA) and a hot-wire amemometer

(HWA) . These results . measured by three kinds of
methods, SW, HWA and LDA, almost agreed with each
other.

It is one of the problems of the smoke-wire
method that the smoke disappears when the air
temperature becomes high. Consequently, the air
swirl near TDC could not be visualized.

Mean Velocity and Turbulence Intensity of Swirl

Flow in Cylinder

The flow velocity of swirl in cylinder after
valve close was measured by using a constant
temperature type hot-wire anemometer (HWA) and a

laser  Doppler anemometer (LDA). The velocity

measurements were made on a line in the midplane
of clearance volume, as shown in Fig.6.

A HWA has good characteristics in
frequency response and is effective for the
measurement of turbulence. However, it is also
sensitive to temperature and pressure of the air
stream. Therefore, there is a serious problem in
hot-wire anemometry in an engine cylinder, where
temperature and pressure of gas change rapidly in
wide range. In particular, the exact determination
of the gas temperature near TDC is very difficult.

the

the

In order to eliminate the uncertainty of hot-wire
anemometry of the wvelocity near TDC, in this
study, the values of mean velocity measured with

the HWA were confirmed by the LDA.

e S W

Fig.5 Comparison of the mean velocities
with three kinds of measuring
methods ( SW, LDA, BWA )
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Fig.6 Location of measuring point of
velocity ( midplane of the
clearance volume )

The sensing element of a HWA used in this
study was made of platinum-iridium alloy, and its
diameter and length were 15 uym and 2 mm, respec-
tively. The temperature of wire was
kept constant at 800 K. It was recognized by using
a spark tuft method(9) that the swirl flow near
TDC was almost horizontal. Therefore, the sensing
element of a HWA was set in the parallel direction
to the cylinder axis. For the changes of gas
temperature and pressure and the conductive heat
loss to the wire supports, the output of a HWA was
compensated(10) as described in Appendix A,

Figure 7 shows the optical arrangement of the
LDA system. The LDA operated in the fringe mode of
forward scattering type and incorporated with a
frequency shifter of Bragg cell type. The light
source was helium-neon laser of 15 mW, and the
wave length was 632.8 nm. The total angle of
intersection of laser beams was 0.2023 radians
(11.59 degrees). The length of intersection region
was about 1.14 mm and the diameter was about
0.12 mm. JIS test dust No.ll(fine red clay) was
used as particles for scattering the light. The
Doppler signals were processed with a frequency
tracking system.
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Figure 8 shows an example of the tangential
velocity of swirl flow, U, measured with the LDA.
The  measurement was made for the case with
compression ratio €=4.8, engine speed n= 600 rpm
and the location of measuring point r=30 mm. It is
recognized that the swirl velocity near TIDC de-
creases with the number of compression stroke
after the valve close, N.

In this study, the mean velocity, E} and the
intensity of turbulence, u', near TDC were defined
in accordance with the stationary time-average
method which treated the flow in a given short
time interval from TDC - At/2 to TDC + At/2 as a
steady flow(ll). Namely,

instantaneous velocity in the k-th rum of

experiment:

U,
mean velocity in the k-th run of experiment:

1 At/2

U, = -—= U, dt

k At —Ae/2 k >
fluctuating component of velocity in the k-th
run of experiment:

ue = U~ Uy ,

mean velocity:

1 Z
Z?lk ,
turbulence intensity:

Z
u' = g uy
k=1 .

(Z is the number of run of experiments; Z=10-20

in the measurement of turbulence intensity.)
The data sampling frequency was 20 kHz in this
study. By employing the finite time interval, At,
the fluctuating component of velocity (turbulence)
having lower frequency than about 1/(2At) is
cutoff(1l2). The cutoff frequency was about 116 Hz
in this study, because At was chosen as 4.3 msec.
The choice of 116 Hz in the cutoff frequency
was based on the report that the turbulence
having lower frequency than about 100-150 Hz
hardly affects combustion(13).
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By using the HWA and the LDA, the measure-
ments of mean velocity near TDC were made in many
kinds of experimental conditions, and both results
were compared with each other as shown in Fig.9.
The measured values with the HWA almost coincided
with LDA data. Consequently, it was confirmed that
the HWA output was compensated with good accuracy.

Figure 10 shows the mean velocity near TDC
determined with HWA for the case with ¢=4.0 and
n=1200 rpm. The pattern of velocity distribution
in this figure was very similar to the results
obtained wunder other conditions of compression
ratio and engine speed. From such a velocity
distribution curve of swirl, the anguler momentum
to the cylinder axis was calculated, and the
anguler speed of an equivalent solid body rotation

Table 2 Swirl ratio, SR, mean velocity, ﬁ,
and turbulence intensity, u’
n
€ (rpm) N1 N2 N3 N4 NS
3.2 600 SR 2,21 1.52 1.17 0.91 0.78

U (vs) 3.56 2,79 2.05 1.72 1.31
u’'(m/s) 0,323 0,130 0.082 0,066 0.054

3.2 900 SR 2,28 1,59 1,22 1,03 0.89
Utm/s) 5.58 4,14 3,13 2,85 2,33
u'(m/s) 0.493 0,237 0,199 0.154 0,150

3,2 1200 SR 2,15 1,56 1,28 1,07 0.91
Um/s) 7,06 546 4,10 3,70 3,05
u’(m/s) 0.731 0,284 0,225 0,214 0.173

4,0 600 SR 2,26 1.47 1.09 0.88 0.68
U (ws) 3.76 2.42 1.89 1.53 1.31
u’(m/s) 0.343 0,145 0,129 0,083 0.083

4.0 1200 SR 2.41 1.61 1.24 1.05 0.85
U (m/s) 8.89 6.19 4,60 3.96 3.27
u'(m/s) 0.795 0,401 0,367 0.302 0,274

4,8 600 SR 2,70 1.92 1,27 0,95 0.77
U (m/s) 4,45 3.22 2,16 1.61 1.32
u‘(m/s) 0.422 0,175 0,130 0.089 0.079

4,8 1200 SR 2,23 1.48 1,10 0.85 0.68
U (m/s) 7.56 5.02 3.71 2.89 2,34
u’(m/s) 0.730 0.403 0,238 0,203 0.174
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Fig.ll Reduction of swirl ratio (¢ = 3.2 )

was obtained. In this way, swirl ratio, SR, was
defined as a ratio of the speed of equivalent
solid body rotation to the engine speed.

The measured values of swirl ratio, SR, mean
velocity, U, and turbulence intensity, u', near
IDC are summarized in Table 2. Figure 11 shows the
reduction in swirl ratio during the repeat of
compression and expansion.

The wvalue of multiplied SR by n, n-SR, is
representative speed of swirl flow in cylinder.
Then, the values of mean velocity determined at
r=30 mm, U, were compared with n-SR. As a result,
it was recognized that a good linear correlarion
between U and n*SR as shown in Fig.12. Consequent-
ly, U at 30 mm of r could be treated as a repre~
sentative velocity in swirl flow. Therefore, the
mean velocity, U, and the turbulence intensity,
u', were used as representative characteristics of
the turbulent swirl in cylinder. _

Figure 13 shows the correlations between U
and u'. Near TDC of first compression stroke after
valve close, N1, the relative intensity of
turbulence, u'/U, is about 0.095 (9.5%), and near
TDC of 2nd-5th stroke(N2-N5), u'/U is about 0.04~
0.06 (4-6%Z). Although this result was obtained
from the data for the case of €=3.2, the
similar results were obtained in other conditions
of compression ratio.
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THE EFFECT OF SWIRL ON COMBUSTION

propane-air mixture (equiva-
was ignited by a spark for
compression ratio, €, engine
SR. Pressure measure-
strain gauge type
were analyzed

Stoichiometric
lence ratio, ¢=1.0)
the several cases of
speed, n, and swirl ratio,
ments were made by using a
transducer. The pressure diagrams
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4

Fig.l4 Comparison of pressure-volume diagrams
for three different swirl ratios
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Fig.l5 Comparison of mass fraction burned for
three different swirl ratios
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Fig.16 Comparison of burn rate for three

different swirl ratios

thermodynamically and burn rate, burn duration,
etc. were obtained. The effects of swirl and
turbulence intensity on mass fraction burned, burn
rate and burn duration were investigated.

In Fig.l4, examples of pressure-volume dia-
gram are shown. Pressure measurements were made
02— e~ 600 | s00 {1200
0 3.2 [} o L)
E? L0 a a ]
© 48 A
-
E O1— @
s ‘=
T - %
2 L B
= ity
0.05— Y
)
— e
| I SO B N O
20 50 100
6 (x'max) , deg
Fig.1l7 Relation between (dx/dé)max

and 8(x'max)

50—
1200 rp €32
o ne= rom
v 40
T, 300
n 30+
a 6 00
3
b3 20 —
10
0 | | | |
0.5 1.0 1.5 2.0 2.5
SR
Fig.18 Relation between 8(05-95) and SR
(e=3.2)
" 10~ £=32
I n=8600 rpm
. 8
Lf':’s NE 300
8 1200
-~ 4 —
2_
| | | | |
0 2 4 6 8 10
U  mls

7

Fig.19 Relation between t(05-95) and U

(e=3.2)



under the conditions that compression ratio, €, is
3.2, engine speed, n, is 600 rpm, ignition timing,
85 is 20 BTDC, and that values of swirl ratio near
TDC of first, second and third compression stroke
(N1,N2,N3) were 2.21, 1.52 and 1.17, respectively.
As shown in Figs.1l5 and 16, mass fraction
burned, x, and burn rate, dx/df, were determined
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from the pressure diagram (Appendix B). They were
obtained by a similar method of Lavoie,et al.(14),

and the heat loss was estimated by using a heat
transfer coefficient presented by Eichelberg(1l5).
From the results shown in Figs. 14-16, it
can be clearly wunderstood that the swirl flow
has an important effect on the engine combustion.

According to the increase of swirl ratio, the burn
duration decreased and the maximun value of burn
rate increased. The maximum value of burn rate,
(dx/d8)max, and the crank angle from the spark
initiation to the time when (dx/d8)max occurred,
8(x'max), were investigated for all the cases of
experiments. As shown in Fig.17, a good
correlation between (dx/d6)max and 6(x'max) was
obtained independent of the engine speed, the
compression ratio and the swirl ratio.

The total period from spark initiation (x=0)
to completion of the combustion (x=1) were divided
to three .stages; namely, the initial, main and
final stage of combustion were defined as 0-5%,
5-95% and 95-100% burn duration, respectively.

The effect of swirl on the duration of main
of the combustion was investigated. The

are shown in Figs.18-21. In these
figures, 5-95% burn duration is denoted with
6(05-95) in crank angle degrees and t(05-95) in
milliseconds. As shown in Figs.18 and 19,
5~95% burn duration was diminished as swirl ratio,

stage
results
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SR, and mean velocity, U, increased. Here, U
denotes the mean velocity determined at r= 30 mm.
The correlations between 6(05-95) snd SR and be-
tween t(05-95) and U were affected by the engine
speed. On the other hand, as shown in Fig.20, a
good correlation between t(05-95) and u' was
obtained independent of the engine speed and the
swirl ratio. Here, u' denotes the intensity of
turbulence determined at r=30 mm. Moreover, it has
a similar relation for wvarious compression ratio
(e=3.2, 4.0, 4.8), as shown in Fig.21.

Next, the effect of turbulence intensity on
the 0-100% burn duration, t(00-100), the 0-5%
burn duration, t(00-05), and 0-1% burn duration,
t(00-01) ,are shown in Figs.22-24. The durations in
initial and main stages of combustion much depend
on turbulence intensity. Effects of engine speed
and swirl ratio are not explicit and are included
implicitly in the term of turbulence intensity.

The experimental results in burn durations
are  summarized and illustrated in Fig.25. The
burn duration in milliseconds is expressed as a
function of u'. The 0-1%, 0-5%, 0-95%, 5-95%,
0-100% burn duration and the ratios of burn
durations are expressed by following empirical
equations.

£(00-01) = 1.60 / Yu' ,
£(00-05) = 2.30 / /u' .
£(00-95) = 4.79 / Yu' ,
£(05-95) = 2.49 / Yu© .
£(00-100) = 5.26 / /u' ,

£(05-95)/t(00-100) % 0.47
£(00-05)/£(05-95) % 0.92

The reciprocal of the burn duration expresses
the mean value of burn rate in the duration. From
the results mentioned above, the mean burning rate
can be expressed by the turbulence intensity, u',
defined 1in this study, and can be expressed as a
function of u'. The engine speed and the swirl
ratio are not included explicitly in the function.
The ratio of two wvalues of burn duration is
constant. Moreover, as shown in Fig.26, there is a
good correlation between maximum burn rate,
(dx/dt)max, and turbulence intensity, u'.
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Fig.26 Relation between (dx/dt)max and u'

CONCLUSIONS

By wusing a specially designed spark-ignition
engine with a pancake type combustion chamber,
the effect of turbulent swirl on the combustion of
stoichiometric propane-air mixture was
investigated in various conditions of engine speed
and compression ratio.

Swirl flow and its turbulence in cylinder
were examined for the case with non-combustion by
using three kinds of methods, i.e. smoke-wire

method, hot-wire anemometry and laser Doppler
anemometry. These results coincided with each
other, and the certainty in velocity measurements

was comfirmed.

The burn duration and the maximum burn rate
were expressed as a function of the turbulence
intensity, u', near TDC. The engine speed, n, and
the swirl ratio, SR, were not included explicitly
in this function. Here, the intensity of turbu-
lence, u', does not include the fluctuating compo-
nent having lower frequency than about 116 Hz.
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APPEDIX A

By using the calibration constants of HWA ob-
tained under the atmospheric condition, the equa-
tion of the velocity, U, is expressed as follows:

Q A T -T T T
/o= {(1?- L) 82 m go £ “go,-0.17
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w g m g fo 'g
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The nomenclatures are as follows.
B' = calibration constant,
di, = diameter of the wire,
h = heat-transfer coefficient from the wire to
the gas,
I = electric current through the wire,

I*o= calibration constant,

1y = length of the wire,

Qg = conductive heat loss to the wire supports,
Iy = electric resistance of the wire,

Tf = mean film temperature defined as (Tm+Tg)/2,
Tg = temperature of the gas,

Ty = temperature of the wire support,

Tn = mean temperature of the wire,

a,, = temperature coefficient of resistance
of the wire,
Ag = thermal conductivity of the gas,

Aw = thermal conductivity of the wire,
ug = dynamic viscosity of the gas,
pg = density of the gas.

Subscript o indicates the value at atmospheric
condition. When a hot-wire is calibrated under an
atmospheric condition, the following relation is
obtained.
2

12-1,2-3'7A
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where 1*02 is an extrapolated value of 102 at
U=0, and B' is a constant.

APPENDIX B

From the state equation for burned gas and
unburned gas, and the conservation equation of
energy and mass of gas in the cylinder, the mass
fraction of burned gas, x, is expressed by the
following equation.

PV-PiVi-J-Mcvu(Kb—KU)(Tgu—Tgui)+(Kb-—l)(We +L6)

x =
M {(Kb—zu)cvuTgu +(Kb—l)Hu}

the nomenclatures are as follows.

Cy = mean specific heat in constant volume,

Hy = heat of combustion of the mixture of unit

mass,

Lg = heat loss during crank angle § after spark
initiation,

= mass of cylinder charge,

pressure in cylinder,

gas temperature,

volume of the cylinder,

work of gas during crank angle § after

spark initiation,

Kk = ratio of specific heats.
Subscripts i, u and b indicate the
timing, the unburned gas and
respectively.
the equation,

[}

"

ignition
the burned gas,
The temperature Tgu was obtained by

T =T

P >(Ku‘l)/KU
gu gi

1 i

where Tgi was calculated from the gas temperature
at BDC, Tgppc, on the basis of polytropic compres-
sion. Then, Tggpc was determined with a fine
resistance wire thermometer. Its sensing element

was made of tungsten wire having a diameter of
5 ym and a length of 1 mm.

By using a coefficient of heat transfer
presented by Eichelberg, the heat loss, Le, was
obtained from the following equation.

t
- 1/2_1/3
Ly = EtK(PTg) Cn T F (Tp- T, ) dt
i

’

where = mean piston speed,
= surface area of the combustion chamber

wall ,

K = experimental constant,
R = gas constant,

Tg= PV/MR,

Tw= wall temperature,

t = time,



