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Study on the Combustion Characteristics of Light-Load RI-CNG
Engine
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1. M 2

RI (Radical Ignition) combustion method was
type CNG
(Compressed Natural Gas) injection engine which

applied into a sub-chamber
1s a modified DI diesel engine. The volume of the
sub—chamber is 172% of the main-chamber. The
sub—chamber has about 4 passage holes of about
1.8 mm in diameter. A spark-plug and a CNG
injector were installed in the sub—chamber. The
ignition occurs in the sub—chamber first and then
the combustion gas containing a number of active

radicals is forced out of sub—chamber through the

holes into the main—chamber to ignite the
unburned mixture. It is predicted that the RI
combustion method can improve combustion
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To investigate the combustion characteristics of
the RI-CNG engine, a series of experiments have
been carried out. In the previous report5~7>,
combustion characteristics of RI-CNG engine was
investigated under middle load. RI-CNG engine
showed higher combustion stability at certain
conditions. But relatively longer combustion
duration was observed under the middle load
condition and the NOx emission was a little
higher.

There are some problems when using the CNG
fuel which is used as the fuel for the RI-CNG
engine. Its energy density is lower compared with
liquid fuel such as gasoline and diesel, so longer
injection duration is needed. The longer injection
duration results in shorter mixing duration of the
direct-injected CNG and the air. If the CNG is
directly injected into the sub—chamber, the
direct-injected CNG in the sub-chamber prevents

the possibility entry of the fresh air from the
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main-chamber, which also affects the CNG-air
mixture formation in the sub-chamber. All of
these have a significant effect on the engine
combustion characteristics and performance.

The purpose of this paper i1s to study the
combustion characteristics of the RI-CNG engine
under a light load. The engine speed was set at
1000 rpm. Under a light load condition, less CNG
into the

sub—chamber. So the injection duration is shorter

fuel is needed to Dbe injected
compared with a middle load condition. In the
experiment, the injection duration was set at 9
ms and the injection timing was changed every
20 °CA from EVC (Exhaust Valve Close) to the
limit injection timing. The limit injection timing
means that the engine can operate steadily until
the limit injection timing. The effects of injection
timing and excess air ratio on the cylinder
pressure,  Prax,  Opmax,  COVimep,
distribution of Ppax and  Opmax,
duration were analyzed.

frequency

combustion

2. Experimental setup

2.1 Experimental apparatus

A DI
modified into an experimental RI engine. The

(Direct Injection) diesel engine was
specifications of the DI engine and the modified
RI engine are shown in table 1.

Fig. 1 shows the experimental apparatus which
consists of the RI engine, an ECU (Electric
Control Unit), data acquisition system, fuel supply
system and exhaust analysis system. Two
regulators were used between the high pressure
CNG tank and CNG injector to obtain steady
A CNG

spark-plug were installed in the sub—chamber.

injection pressure. injector and a
CNG 1is injected into the sub-chamber during the
1s  formed
Then the

pre-mixture in the sub-chamber is ignited by the

intake stroke and the pre-mixture

during the compression stroke.
spark—plug. All of engine speed, injection duration
and injection timing can be controlled by the

ECU.

Table 1 The experimental engine specification

Modified
engine

Base engine
(ND8ODI)

Type DI diesel engine RI CNG engine
(single cylinder)

Borexstroke(mm) 92x95 92x95

Displacement(cc) 632 632

Shape of piston Toroidal Flat

cavity

Compression ratio 19 10.56

Intake valve open BTDC 20° BTDC 20°

and close and ATDC 224° and ATDC 224°

Exhaust valve open ATDC 136° ATDC 136°

and close and ATDC 20° and ATDC 20°

1. ECU controller
3. A/D converter 4. Encoder
6. CNG tank 7. Regulator
9. Surge tank 10. Air filter 11. Air throttle
12. GDI injector 13. Sub-chamber 14. Test engine
15. Spark plug  16. Exhaust gas sampling

17. Exhaust gas analyzer 18. Cylinder pressure sensor
19. A sensor 20. Amplifier 21. A indicator

Fig. 1 Schematic diagram of experimental system

2. Data acquisition PC

5. Dynamometer
8. CNG flow meter

Fig. 2 shows the relative location of the
sub—chamber, the CNG injector and spark plug in
cylinder head. The sub-chamber with a spark
plug was set at the original injector place of the
DI engine. The CNG injector was installed in the
upper part of the sub-chamber. For this study,
the CNG 1is injected into the sub-chamber
directly. The direct injected CNG has the function
of scavenging residual gas of the last cycle and
The
sub—chamber has 4 passage holes of 1.8 mm in

supplying fuel for the new cycle.
diameter. The volume of the sub—chamber is 2.45

CC.
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Fig. 2 Injector, sub-chamber and spark plug
distribution in the RI-CNG engine

2.2 Experimental methods

The injection duration was set at 9 ms. Air
excessive ratio was set at A= 1.0, A= 1.2 and A=
1.4, respectively. The table 2 shows the specific
experimental conditions.

Table 2 Experimental conditions

Item Condition
Fuel CNG
Cooling water 75
temperature (°C)

Spark timing MBT
Excess air ratio (\) 1.0, 1.2, 14
Engine speed (rpm) 1000

Injection timing ATDC 20°-limit injection timing

3. Experimental results and
discussion

3.1 Effects of injection timing on cylinder pressure
In the case of the RI-CNG engine, the curves
of cylinder pressure versus crank angle are given
in Fig. 3. Fach pressure curve is the average
value calculated from the data measured for 50
cycles. When A is 1.0, Fig. 3 shows the changes
of cylinder pressure with different injection
timings. To meet the MBT (Maximum Brake
Torque), the ignition timing was set at BTDC
(Before Top Dead Center) 45 °CA (Crank Angle)
for the injection timing from ATDC (After Top
Dead Center) 20 to 100 °CA and the ignition
timing was set at BTDC 38 °CA for the injection
timing from ATDC 120 to 200 °CA. Different
ignition timings lead to different combustion
characteristics. When the ignition timing is set at
BTDC 45 °CA, the Pnax 1s relatively higher and

the maximum pressure occurs a little farther
away from the TDC. When the ignition timing is
set at BTDC 38 °CA, the Pmax is relatively lower
and the maximum pressure occurs close to the
TDC(Top Dead Center). The
occurs when the injection timing is set at ATDC
140 °CA. When injection timing is set at ATDC
200 °CA, the misfire happens.

smallest epmax

. s air ratio: A=
| —— ATDC 180 "CA ngine speed:1000rpi

—— ATDC 200 °C; Ignition timing:
1r BTDC45°CA
L (Injection timing from ATDC 20°= CA)
—;////‘ BTDC 38 °CA

0 | . (Injection tjming from ATDC 100 -20q °CA)
-20 0 20 40 60 80 100
TDC

5
Injection timing:

I ATDC 20 °CA
T 4 |———ATC40°CA
o —— ATDC 60 °CA
= —— ATDC 80°CA
)
o 3 ATDC 100 °CA
<4
2 | ——ATDC 120 °CA
3 —— ATDC 140 °CA
a 2fF ATDC 160 °CA
o
[}
©
£
>
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Crank Angle( Deg.)
Fig. 3 Measured cylinder pressure versus injection
timing as A= 1.0
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Fig. 4 Maximum cylinder Pu. and Opmax versus

injection timing as A= 1.0

When A is 1.2, with the same
duration, more air should be inducted into the
cylinder, so the open rate of throttle valve should
be increased. Fig. 5 shows the effects of injection

injection

timing on the cylinder pressure. To meet the
MBT, the ignition timing was set at BTDC 32
°CA for the injection timing from ATDC 20 to
100 °CA and the ignition timing is set at BTDC
28 °CA for the injection timing from ATDC 120
to 210 °CA. Shown in Fig. 6, it 1s found that the
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Pmax values are almost the same for the injection
timing between ATDC 20 and 180 °CA, but their
Opmax Values are different, just when the injection
timing is set from ATDC 120 to 180 °CA, the
maximum pressure occurs close to TDC. From
the experiment result, it shows that even at lean
burn conditions. The engine can still obtain
relatively high combustion velocity by adjusting
injection timing. But with much delayed injection

timing, an unsteady combustion or misfire will

happen.
4.0
| - Injection timing
3.5 ATDC 20 °CA
= I —— ATDC 40 °CA
< 3.0 === ATDC 60°CA
S 25 [ ——ATDC 80 °CA
S <[ ——ATDC 100°CA
2 20L ——ATDC120°CA
[} ° o,
b | —— ATDC 140 °CA
- 15} ATDC 160 °CA [ .
3 L —— ATDC 180 °CA // iming: \
< 1.0 | ——aTpc 200°cA /) $bc 32°cA : \\
(6] 05 [ ——ATDC 210 &~/ (Injection timing from ATDC 20120 °CA)
T } BTDC 28 °CA i
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Fig. 5 Measured cylinder pressure versus injection
timing as A= 1.2
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Fig. 6 Maximum cylinder Ppax and Opmax versus

injection timing as A= 1.2

As N is 14, it is shown that the maximum

cylinder pressure 1s much affected by the
injection timing, and the maximum cylinder
pressure decreases rapidly when the injection

timing is set at ATDC 220 °CA which means the
misfire occurs. Generally, the engine can reach its

highest efficiency when maximum pressure occurs
at ATDC 10715 °CA, so a small Opmax is good for
engine efficiency. Fig. 7 shows the effects of
injection timing on Pmaxx and Opmax. When the
injection timing is ATDC 120 °CA, the engine
has the highest maximum cylinder pressure Pmax
which leads to a rapid combustion and the Opmax
is the smallest which means the maximum
pressure occurs close to TDC and the engine has
relatively high efficiency.

3.5 | Injection timing:
| ATDC 20 °CA
3.0 - ——ATDC 40 °CA
| —— ATDC 60 °CA
2.5 F——ATDC 80°CA
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[ —— ATDC 140 °CA
1.5 |- ATDC 160 °CA
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1.0 - atpc 200 °CA_
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o
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Ignition timing: BTDC 22 °CA
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Fig. 7 Measured cylinder pressure versus injection

timing as A= 1.4
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Fig. 8 Maximum cylinder Ppax and Opmax versus

injection timing as A= 1.4

3.2 Effects of injection timing on IMEP

Fig. 9 shows the effects of injection timing on
IMEP (Indicated Mean Effective Pressure) with
different excess air ratios. When A is 14, the
value of IMEP fluctuates slightly versus injection
timing until the misfire occurs. For A is 1.2, the
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peak IMEP value occurs when the injection
timing 1s set at ATDC 100 °CA and ATDC 120
°CA. Shown in the Fig. 6, the corresponding ©
pmax 18 ATDC 30 °CA and ATDC 28 °CA. As A is
1.0, the value of IMEP decreases with the delay
of injection timing. The IMEP value decreases
with the increase of excess air ratio.

0.50
[ —o—2=14
045 ; : A0
[ —o— =12 Engine speed: 1000 rpm
0.40 [ A= r=10 lgnmon ‘ﬂmmg MBT
0.35 C A—A\A—A
5030} KA_A_A—K
= 025} 0—0—p—p—0—

= L D\D~D~D\D

& 0‘20_' o—o—o——o—o—o—o—o—o—o 0

= 015[ ~ .~
o1o0L [ [ [ Q
0.05f

0.00 [ 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200 220 240

Injection timing, ATDC( Deg.)

Fig. 9 The effects of injection timing on IMEP

with different excess air ratios

3.3 Effects of injection timing on engine operation
stability

Fig. 10 shows the combustion stability of the
engine under given experiment conditions. The
COV (Coefficient of Variation) of IMEP indicates
engine operation stability. This RI engine shows
high operation stability with different A values,
especially at lean burn condition when A i1s 14, it
still can operate steadily. So the RI combustion
method can improve engine operation stability.

50

—O—)r=14
[ o-1-12
—A—r=1.0
. 30 |- Engine speed: 1000 rpm-
& Ignition timing: MBT
20|

I rm S g

1 1
0 20 40 60 80 100120 140 160 180 200 220 240
Injection timing, ATDC( Deg.)

Fig. 10 The effects of injection timing on COVinep

with different excess air ratios

3.4 Frequency distribution of Pmax and Opmax

Fig. 11 shows the frequency distribution of
Pmax and ©6pmax, for 50 cycles of the RI engine
with different A values. The injection timing was
fixed at ATDC 20 °CA. Shown in Fig. 11, with
the decrease of A value, the distribution of Opmax
becomes wider and the distribution of Opmax
becomes farther away from the TDC. When the A
is 1.4, the distribution of Opmax 1s from ATDC 28
°CA to 35 °CA. When the N is 12, the
distribution of Opmax 1s from ATDC 33 °CA to 43
°CA. When the A is 1.0, the distribution of Opmax
is from ATDC 46 °CA to 54 °CA. The
distribution of Prax also becomes wider and the
value of Pmax increase with the decrease of A.
When the A is 1.4, the distribution of Ppax is from
28 MPa to 3.3 MPa. When the A is 1.2, the
distribution of Opmax 1s from 3 MPa to 3.8 MPa.
When A is 1.0, the distribution of Opmax 1s from
36 MPa to 44 MPa. By
distribution of Pmnax and Opmax of different excess

comparing the

air ratios with the fixed injection timing, the
cycle-by-cycle variation of 1.4 excess air ratio is
small which means the engine operation is much
steadier than that of other A conditions.

When the injection timing is changed to ATDC
120 °CA, the frequency distribution of Pm. and ©
pmax for D0 cycles of the RI engine is shown in
Fig. 12. When the A is 1.4, the distribution of ©
pmax 18 from ATDC 28 °CA to 36 °CA and the
distribution of Prax is from 3 MPa to 3.5 MPa.
When the A is 1.2, the distribution of Opmax i
from ATDC 33 °CA to 37 °CA and the
distribution of Pmax is from 3.4 MPa to 4 MPa.
When the A is 1.0, the distribution of Opmax 1S
from ATDC 39 °CA to 48 °CA and the
distribution of Pmax is from 3.4 MPa to 4.2 MPa.

It is found that for both fixed injection timings,
decrease in A value makes the distribution of ©
pmax to become wider and the Opmax to become
farther away from the TDC. It also makes the
distribution of Ppax to become wider and the
value of Pmax to increase.
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Fig. 11 Distribution of Pmax and Opmax, for 50
cycles of the RI engine under different A values
with fixed ATDC 20 °CA injection timing
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Fig. 12 Distribution of Ppax and Opmax, for 50
cycles of the RI engine under different A values
with fixed ATDC 140 °CA injection timing

3.5 Combustion duration

Fig. 13
histories. The combustion duration is consisted of
the
burning angle. Shown

illustrates the detailed combustion
flame development angle and the rapid
in Fig. 13, the flame
development angle is relatively long for this light
load combustion. It is about 30 °CA, 40 °CA and
60 °CA for 14, 12 and 1.0 excess air ratio,
respectively.

For each A, the
changes with the increase of injection timing. As

flame development angle

A is 1.4, the fluctuation of the flame development
angle is small; as A is 1.2, when the injection
timing is set from ATDC 120 °CA to 180 °CA,
the flame development angle is shorter. For A=1.0,
the flame development angle is shorter when the
injection timing is set from ATDC 120 °CA to
200 °CA and the difference of the flame
development angle For all
combustions with different excess air ratios and

1S more obvious.

injection timings, they have almost the same

rapid burning angle.
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Fig. 13 Combustion duration versus injection timing
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4. Conclusions

The RI method was applied in a modified DI
diesel engine to achieve rapid bulk combustion,
and the CNG fuel was directly injected into the
sub-chamber to scavenge the residual gas that
from the previous cycle. The effects of injection
timing and excess air ratio on engine
characteristics and performance were investigated
light The following

summarizes the results:

under a load condition.

The maximum cylinder pressure 1s much
affected by the injection timing. The maximum
cylinder pressure decreases rapidly when the
injection timing is set at ATDC 200 °CA which
means the misfire occurs. It is found that for
both fixed injection timings, decrease in A value
makes the distribution of Opmax to become wider
and the Opmax to become farther away from the
TDC. It also makes the distribution of Ppax to
become wider and the value of Pmax to increase.
This RI engine shows high operation stability
with different A values, especially at lean burn
condition. When A is 14, the value of IMEP
fluctuates slightly with injection timing until the
misfire occurs; by comparing the distribution of
Prax and Opmax of different excess air ratios with
the fixed
variation of 1.4 air excessive ratio is small; as A

injection timing, the cycle-by-cycle
is 1.4, the fluctuation of flame development angle
is small. So RI combustion method can improve
engine operation stability at lean burn combustion

condition.
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