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ABSTRACT

This research involved carrying out
experiments on an IDI diesel engine fitted with a
large swirl chamber. Tests were limited to the
conditions on starting and the direction of fuel
injection was the test wvariable; considering
injection towards the center of the swirl chamber,
injection in the direction of the gas flow and
injection in the opposite direction to the gas
flow. The phenomena of spray and flame in the
swirl chamber were taken using direct and
schlierien high speed photography. The two-colour
method was used to find data regarding the flame
progress through the passageway. Data were
subsequently used to attridbute the rate of heat
release to the main and swirl chambers using the
distribution method.

INTRODUCTION

Generally the analysis of combustion,
including particle emission, in diesel engines
requires a grasp of state of the combustion, i.e.,
gas flows in cylinder, spray development, mixing
between evapolated gas of fuel and surrounding air
etc., as well as of rate of heat release,. To
data, numerous modellings for rate of heat release
have been made for DI engines(l), to the almost
complete exclusion of IDI engines. One author(2)
suggests a methed for cases soluble by pure
thermodynamic analysis, whereby, in cases where a
negligible pressure difference can be assumed to
exist between the main and swirl chambers, the
total rate of heat release for both chambers 1is
mathematically distributed to the respective
chambers. This calculation requires data
regarding the flame development passing through
the passageway.

This research was carried out on an IDI air-
cooled, 2-cycle diesel engine which, to permit
internal visualization, was fitted with a swirl
chamber with an exceptionally larze volume ratio

compared to the main chamber. The purpose was to
collect certain data regarding +the combustion
process. The observations, measurements and

calculations listed Dbelow were carried out,
concentrating on the conditions of the engine at
starting with the direction of fuel injection
being varied to investigate the effects on gas
flows inside the cylinder.

1) Observations of flame development using
direct and schlieren high speed photogrphy.

2) Measurement of flame and spray occupancy
rates using projected areas of the same
photographs of the combustion chamber.

3) Confirmation of the flame presence ratic in
the passageway, measurement of flame temperature
and flame tip velocity wusing the two-colour
method.

L) Caleculation of rate of heat release for the
main and swirl chambers with the distridbution
method, using the cylinder pressure measured in
the swirl chamber.

EXPERIMZNTAL APPARATUS AND PROCEDURS

The dimentions of the 2-cycle, single-
cylinder, IDI air-cooled diesel engine used in
this research are listed in Table 1. The engine

(bore 85mm, effective stroke 61.1mm), has been
fitted with a far langer than normal swirl chamber
with a volume ratio of 84.1% compared with the
main chamber. This permits visualization of the
spray and flame in the swirl chamber and the
taking of accurate measurements due to  the
relatively expanded volume. Furthermore, this
engine has the capability of simulating combustion
in the cavity of DI engines, which have bscome
increasingly compact in recent years.

This research concentrated on the no-load,

constant speed running on starting at 19.75'l
constant conditions with an excess air ratio of
8.1.

Table 1 Dimensions of used IDI diesel engine

Revolutional speed s 19.7
Cylinder bore mm 85
Stroke volume 10%m? 5617
Start of compression CA(ABDC) | 85
Effective stroke mm 61.1
Effective

compression ratio 13.6
Swirl chamber .

volume ratio 7 84.1

Passageway area ratio % 1.0




Figure 1 outlines the swirl chamber
visualization method and the two colour method for
temperature measurement of the flame the
passageway. The swirl chamber (SC) has a diameter

of 30mm and a thickness of 20mm and the passzgeway
(PW) a diameter of 10 mm and a length of L3mm.
Both sides of the swirl chember are provided with
¢6LOmm, 19mm thick observation windows(W) fitted
with strengthened glass for direct high speed
photography and aluminium silicate glass for
schlieren photography. The light sources were =&
500W cine lamp for direct high speed photography
and a 100W ultra high voltage mercury vapour lamp
for schlieren photography with twin concave
mirrors used in the normal manner. Kodex 7224
film was used in all cases and maximum filming
speed was 8000 frames per second.

Data on the development of the flame the
passageway was obtained through ¢Tmm, 2mm thick
saphire glass windows(SW) at ¢b.Smm holes &t three
points a),b),and c¢), 3Bmm, 25mm and 8mm from the
main chamber respectively. That is, measurements
were taken at three locationsj;the exit of the
swirl chamber,

in

the intermediate point between the
main and swirl chambers and at the entrance of the
main chamber. The continuous spectrum from the
soot particles passed through the measurement
holes, aperture A and helf-mirror HM and was
separated into 0.520um and 0.698um wavelengths by
the interference filters Fl and F2. Signals from
the photo-multiplier detectors PM1 and PM¥2 then
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underwvent stastistical processing to determine
flame opresence rate and calculate the flame
temperature and flame <tip velocity at the
meazsurement point. Flarme presence rate at each
point was derived flom indications as to the

The flame tip velocity
toock the flame +to
velocity means
ating mechanism

presence or lack of
was calculated from
reach each measuremen
the average and indic

of fleme transfer fro hamber to the
main chamber.

The experimental veriebles in this reserch
were chosen to oObserve the effects of fuel
distridvution in the swirl chamber. As shown in
Figure 2, they were fuel injection towards the
center of the swirl chamber (DC), injection in the
direction of ges Zlow (DG), and injection in the
opposite direction to gas flow (0G). In these

cases, the velocities of gas flow in swirl chamber
were determined from schlieren photographic images
and were found to be approximately 20 m/s near

T.D.C..

Nozzle opening pressure was maintained at
7.8k ¥Pa by means of a throttled nozzle (DNLSD2L).
Test fuel was normel commercial JIS 2 diesel oil.
Cylinder pressure necessary to determine rate of

heat release was measured using a
sensor attached the swirl chambéer side face under
the assumption that the pressure loss between the
main and swirl chambers was negligible. 100 300
cycle samples were taken Tor flame data in the
passageway and pressure data in the swirl chamber.

piezo pressure

Rate of Heat Release

To get & view of combustion phenomena in the
combustion chamber, it is advantageous to use rate
of heat release. This as well as the

-
corresponding temperature changes, were determined
from the pressure changes

in the swirl chamber for
each experimentzl variable, calculating for the
mein and swirl chambers using the distribution
method developed by one of our authors(2) which is
to apply for cases where the pressure
difference between the main and swirl chamber is
small.

Calculation of rate of heat release in both
chembers is carried out according to the following
distribution procedure:

1) Considering the main and swirl chambers to be
a single chamber, calculate the total rate of heat
release with the swirl chamber pressure.

2) TFrom the total heat release , establish the
gas composition and characteristics of the gasses
in each chamber corresponding to each crank angle.

Boundary, Pw
RN
both chambers MC
] !
S 7
N A |/ 7DC

Fig. 3 Division of combustion chamber



3) Distribute the total rate of heat release to
the two chambers, under the following assumptions.

(i) Up to the commencement of fuel injection,
the two chambers are considered as one and the
rate of heat release of the two chambers are

considered to be equal to the total rate of heat
release.

(ii) Combustion commences in the swirl
and is tansferred to the main chamber.

(iii) The Dboundary of the swirl
chambers is decided,
Figure 3.

(iv) Up to the commencement of heat release in
the main chamber, all heat release is considered
to occur only in the swirl chamber. After
completion of heat release in the swirl chamber,
all heat release is considered to occur only in
the main chamber.

(v) t times
in both chambers

chamber

main
in

and

as shown

when combustion is taking place
simultaneously, heat release is
progressing in both chambers. Tnis 1s divided
between the two chambers in oproportion to the
crank position to determine the respective rate of
heat release.

The periods before the commencement of heat
release in the main chamber and after completion
of heat release in the swirl chamber are important
for the distribution of the total rate of heat
release between the two chambers. Subseguently,
in this research, combustion in the main chamber
was defined to have started when the flame
presence rate at the measuring points shown in
Figure 2 was 50% or more and combustion in £
swirl chamber was defined to have Dbeen complet

es
£

o

h

e
when the flame presence ratio was 50% or less.
Consequently, calculations were carried out or
each measurement point. After the rate of heat
release has been determined <for each chamber,
respective temperature developments were
calculated using the Runge-Kuta method. Specific
heat of gasses in the combustion chamber were
determined using the Edson s(3) temperature fifth
order equation for each composition of gas.

The basic equation are as follows:
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where
A = Mechanical equivalent of heat
G = Weight of gas
I = Enthalpy
i = Enthalpy per unit weight of gas
= Length of connecting rod
p = Pressure
Q = Heat release
R = Gas constant
r = Radius of crank arm
T = Temperature
U = Internal energy
V = Cylinder volume
Vlc = Clearance volume

<3
~

h = Stroke volume

6 = Crank angle

Subscript 1 shows the state of main chamber
and 2 does the state of swirl chamber.
The fuel used in this calculation
decane, because the compositions
cylinder must be decided. The
release d9/d in both chambers is calculated by
equations (1) (9). And ‘then the temperaturs

developments are copmuted by eguations (10).

is n-tri-
of gas in
rate of heat



EXPERIMENTAL RESULTS AND DISCUSSION

Combustion Phenomena

Figure L4 shows examples
schlieren high speed photographs of cases
fuel injection towards the center of the swirl
chamber (DC), fuel injection in the direction of
gas flow (DG) and fuel injection in the opvosite
direction to the gas flow (0G). In these cases,
the cylinder pressure is 2.6 MPa immediately
before heat release and the nozzle cpening
pressure is 7.84 MPa. The direct and schlieren
high speed photographs are not elways
synchronised.

The spray dispersion
influence on the subseguent
spreading of the flame in the combustion chamber
have an effet on the rate of heat release. And
then the spray and flame occupancy rates, S __ and

and
with

of direct

pattern an
combustion the

=

oR’ are defined as the ratio of spray and

arezs on the film to the two-dimentionzl projected
area of the swirl chamber respectively.

Figure 5 shows S and F obtained from

& OR OR g
schlieren photograph for gas flows 1in cases of
fuel injection towards the center of the swirl

chamber DC, fuel injection in the direction of gas

flow DG and fuel injection i1in the opposite
direction to the gas flow OG. In each of these

the cylinder pressure at the start of heat
The cases 1in

cases,
release was approximately 3.6 MPa.
this figure have higher cylinder pressures than
those shown in Figure 4 and fewer samplings were
taken. However, the data in Figure 5 give the
good guantitative informations from these above-
mentioned qualitative combustion photographs.
In case DC in Figuer 4(a), it can be

from the schlieren photograph that the spray
impinges on the wall surface in the

chamber, although the tip is blown with the gas
flowing from the passageway at the %begining of
injection. It can be seen that the first flame
appears at the envelope of the spray where groups
of droplets are drifted accumulated by the gas
flow and at the bottom of the swirl chamber. The
former state of flame appearance is identicel to
that described by, for instance, Ogasawara(k) for
the case of rapid compression machine. The flame
developed to approximately fill entire

seen
tip
swirl

the

chemver, and the matching of gas flows and spray
was the best amongst the three cases. It can Dbe
seen from Figure 5 that S develops rapidly and

OR

that F., also develops well.

“OR

Furthermore, FOR returned fasted to zero amongst

the three cases.

In the case DG in Figure 4(b), the spray is
carried undispersed by the gas flow into the
center of the swirl chamber and a large gquantity

of it adheres to the chamber wall.And SOR is the

smallest amongst the three cases. The first flame
appears in the vicinity of the bottom wall of the
chamber, and the ignition time is most delayed.
The combustion proceeds along the wall and enters
the passageway but the flame was not at the
longest time after the injection start in these
three cases and spread in the center part of the
chamber. The total flame occupancy rate FOR in

the smallest amongst the three
Therefore, this case could be

the DG case was
cases considered.
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(c) injection in the opposite direction of
gas flow (0G)

Fig. 4 Combustion phenomena in the swirl chamber



over-swirl case. The
as can be seen in

considered to be an
development of SOR is sluggish,

5,

Furtheremore,

ind

Figure and consequntly F development 1is

small.

OR

the period required for FOR

to return to zero is comparitively long compared
to case DC.

In the case OG in Figure L(c), at the early
stage of injection when the spray penetration
becomes strong in comparison to the gas flow from
the passageway, the development pattern of the
spray is approximetely the same as that in case

DC, as can be seen from the SO? trends in Figure

5. When the gas flow towards the nozzle outlet is
stronger, the spray is draw back, as can be seen
from the step in the § development curve in

OR

Figure 5. Combustion commences in the wupper
region of the swirl chamber. At the very earliest
stage of combustion, ,the flame exists in this
region defined by the mixed gasses but it
subsequently spreads throughout the entire chamber
due to the effect of the gas flow. Although this
case has the slower flame development than that in
the case DC, it can be seen from Figure 5 that the
FOR development pattern is approximately the

same
as that in case DC.
influence of the peak in

And then, due to the

the latter stage of SOR’

there 1s an apparent tendency <for the largest
proportion of flame developmet to occur during the
down stroke of the piston, an adverse
effect on the thermal from a
thermodynamic viewpoint.
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Characteristics of the Flame
Passing Through the Passageway
Figure 6 shows the flame presence ratio (F

PR
at each measurement point (a), (b), (c) in the
prassageway and flame temperature (TF,3 ) a2t the
point (a) and Figure 7 the flame tip velocity
(VTT) passing through the passageway as defined
above. (a)-(v), (b)-(c) and (a)-(c) in the Figure
T refer to the respective intervals between the
exit of the swirl chamber (a), the passazsway
intermediate point (b) and entrance to the main
chamber (c). VFT refers to the average velocity

between these points.
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As shown in Figure 6, at measuring point (a),

the FPR increases fastest to most rapidly reach
complete 100 or near 100% in the fuel injection
towards the center of the swirl chamber case (DC),
followed by fuel injection in the opposite
direction to the gas flow (0G) and fuel injection
in the direction of gas flow (DG). The order of

risings of these curves at the measuring point (a)

corresponds to that of risings of curves for the
flame occupancy rate FDR in Figure 5. The lasted
rising of FPR in case DG is brought about by the

over-swirl in the swirl chamber observed in Figure
L(v) and the latest appearance of the first flame
in three cases. In each of the cases, after the
interval where these values are maintaied, the
flame dissapears most rapidly in the case DC. In
cases DG and 0G, the flame was still present after
the crank had passed 20° from T.D.C.. And in case

DG, the interval is the longest. The flame
temperature TFP at the measuring point (a) in case
——{(Q) [—--—{(a) (@)
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Tpp in case DG hazs the

middle one and T.p in case OG gets the lowest

DC has the highest value,

one

charzac
was

amongst three cases. Case DC is

ristic
that the earlier stage of curve TFP X

te

lew  and
increased as the crank angle progressed. This is
due to the smooth development Dbetween comrletion
of combustion in he swirl chamber and the flame
entering the passageway, as can be seen from the
combustion photograph examples given above and
flame occupancy rates in Figure 5. Therefore, the
gas flow has the appropriateness to the spreading
and burning of the spray. In the case

DG, the
trend of curve of TFP is caused by the exniry of

fuel adhered to the wall of swirl chamber iInto the
passageway at latter stage of combustion. in the
0G case, it can be seen from the same pholiographs
and Figure 5 that after the flame %begins and
develops in the upper part of the swirl chamber,
it spreads throughout the entire chamber, and
then, the main combustion proceeds in the chamber.
This is thought to account for the low Tpp in this

case.

Approximately the same tendencies as &above
were observed at measuring point (b) and (c).
However, as the measuring points become closer to
the entrance to main chamber, Fpg development

vecomes slower and does not reach the 100% level.
This is particularly noticeable from measurements
at the enterance to the main chamber in the 0G
case. This can be considered from the combustion
phenomena in the swirl chamber in the same way as
above, that is, the flame enters the main chamber

after almost all fuel 1is burned in the swirl
chamber at a crank position well after T.D.C..

At all measurment points, the flame <tip
velocity (Vpp) was shown to be highest in the case
of fuel injection towards the center of the swirl
chamber (DC), followed by fuel injection in the
direction of gas flow (DG) and fuel injection in
the opposite direction to the gas flow (0G). This

can also be explained in the same manner from the
combustion phenomena. The low Vpp in case 0G is

mainly due to the progression of flame from the
swirl to the main chamber by means of the delayed
and sluggish passage of varified combustion in the
swirl chamber to the passageway at advanced crank
angles noticeable from Figure 5. Low Vgpp in  all

to
the
of
in

cases between points (b)-(c) is probably due
the resistance and cooling effect of
passageway. It is noteworthy that the value

Vpp of about 60 m/s determined between (a)-(b)

cases DC and DG is approximately equal to both the
value determined by Lyn (5) through flame velocity
measurements in a compact, high speed DI diesel
engine and to that determined by one of our
authors through diesl flame growth speed
measurements in constant volume combustion
chamber(6).

a

Rate of Heat Release
The rate of heat release and  temperaure
developments obtained using the previously
described distribution method on the swirl chambe;
pressure in the wupper part of Figure 8 are
represented together in the same Figure. Figure
8(a) represents the case with fuel injection
towards the center of the swirl chamber (DC), 8(b)
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in the direction of gas IT16W
case of injection in the
gas flow (0G). The heavy
sclid lines represent the temperature and rate of
heat release from the swirl chamber pressure
development, i.e. the total rate of heat release.
The heavy dashed lines represent the rate of heat
release and temperature distributions in the swirl
chamber, when the commencement of main chamber
combustion and completion of swirl chamber
combustion occur at the exit from the swirl
chember, that is, at the measuring point (a).
Fine dashed lines represent all developments in
the main chamber. Heavy two-dot chain lines
represents swirl chamber developments at the time
of the start of combustion in the former chamber
and the end of combustion in the latter one
decided by the information of flame at the
intermediate position between the main and swirl
chambers, i.e.,mezsuring point (b), and fine two-
dot chain lines represent main chamber
developments at the time at this position. Heavy
broken lines represent swirl chamer developments
at the time at the main chamber entrance, 1i.e.,
measuring point (e), and fine ©broken 1lines
represent main chamber developments at the time at
this position.

large variations in the curves of rate of heat

The case of injection
(DG) and 8(c) the
opposite direction to

release are observed in these TFigures for each
direction of fuel injection at the different
measurement positions where commencement of main

chember combustion and completion of swirl chamber
combustion are investigated. This is due to the
extremely long passageway (43mm) in comparison to
that in standard diesel engines. It is predicted
that these variations indicated by our
calculations would not occur in standard engines
with short passageways. For example, in the case
0G the rate of heat release in +the main chamber
has the almost zero value when the information of
flame obtained at the measuring point (c). In
consequence, the time measured at point (a) is the
best Information as for the decision of the start
and end of combustion in the swirl and main
combustion chamber applying our calculation method
for & standard IDI diesel engine.

The periods of heat release are increasingly
delayed from the case of fuel injection towards
the center of the swirl chamber (DC), the case of
injection in the opposite direction of gas flow
(0G) to the case of injection in the direction to
gas flow (DG) and show remarkable conformity with

the flame occupancy rate development periods,
shown in Figure 5. The rate of increase in the
rate of heat release similarly show remarkable
conformity with that of flame occupancy rates
shown in Figure 5.

In the 0G case, as was described when

discussing the flame occupancy rates, the gas flow
from the passageway draws the spray Dback to the
nozzle exit. The initial flame develops in this
area of spray but subsegquently, combustion spreads
throughout the entire combustion chamber with the
gas flow. This leads to high spread of flame and
initial high rate of increase in the rate of heat
release, although the first flame appearance was
delayed slower than in the case DC. Furthermore,
in contrast to the maximum development time in the
case of maxmum rate of heat release, this case
has the minimum development time. As described
above, in the initial stages of combustion, the
development of the flame occupancy rates and rate



of heat release correspond very closely but differ
widely in the latter stages of  combustion.
Particularly in the OG case, despite increasing
flame occuancy rate values,the rate of heat
release shows a decreasing trend. The flame
presence in this case continues for the longest
period of the thee fuel injection cases, into the
stage when the piston is on it downward stroke
and the' volume 1is expanding rapidly. In this
period, the flame is confined to the swirl chamber
and does not contribute to heat release.

The rate of heat release in the main chamber
is decresing corresponding to the direction of
injection, that is, in case DG in that DC and in
that 0G, as observed on the films in Figure L.
And these rates are smaller than those in the
swirl chambers. This is thought to be because the
experiment was conducted running only  under
starting conditions with a high excess air ratio
of approximately 8.1. And 21s0, as was outlined
under combustion phenomena, the amount of flame
entering the passageway was greatest in the case
of injection in the direction to gas <flow (DG),
resulting in the largest heat release in the mai
chamber, as can be seen from Figure 8(b). Th
temperature in the swirl chamber 1s higher than
that when both chambers considered one
chamber. This temperature i also higher than
that in the main chamber. This is the reason why
the main combustion is procesding in the swirl
chamber and a small deal of fuel is dburning in the
main chamber.
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CONCLUSION

The following results were derived from the . R .
experiments condufted for this research : The euthors would like to offer them sincere
1 i nl a . N N N s - . PR
1) The directions of injection have the great hanks to Prof. Hideo Miki, Dr. Xozo Ishida, Mr.
e t Mr.Seito, Mr. Ichiyanagi and Mr. Tageito

1

mho ok

influence on the spray and flame developments in au{f,. i P R s
the swirl chamber.  And these developments bring viiég:;ilr invelusble  assistance  wita  tals
about the tendencies in the flame presence rate, I

the flame temperature and the flame tip velocity e
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