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In the effort of improving the internal combustion engine performance, the exhaust residual gases and effective
release energy are sensitive factors, which effect on engine efficiency and emission formation. Herewith we
estimated and summarized the parameters which affect the internal exhaust residual gases recirculation, and
investigate the effect of internal exhaust residual gas on peak pressure rise, effective energy, and engine emis-
sions, which weren’t presented yet in the previous articles. It is knotty to investigate the residual gas ratio, the
effective energy under the various testing conditions from the experiments. Through the simulation and
experiment methods approach we eliminated certain above drawbacks. From results of the research, we thor-
oughly investigated the effects of engine speed, air—fuel ratio, valve overlap, combustion duration, intake port
diameter-bore ratio, and bore-stroke ratio on the internal exhaust residual gases recirculation. We also found that
the increase in the internal exhaust residual gas from 1% to 5% was due to the peak firing temperature decrease
from 2900 K to 1250 K, the peak pressure rise decrease from 8 to 5.5 bar/deg, the effective release energy
decrease from 0.85 to 0.53 kJ, the NOx emission reduction from 11.3 to 2.12 g/kwh and the engine brake torque
decrease from 20.3 to 9 Nm.

cylinder and used new techniques to measure exhaust residual gas, such
as Variable Valve Timing technologies [8,9], changing exhaust valve
closing timing [10], and an exhaust gas prediction method [11,12].
Because it is knotty to investigate the internal residual gas recirculation

1. Introduction

In spark ignition engines, the exhaust residual gases and effective
release energy are known as sensitive factors, which effect on engine
performance. Some internal exhaust residual gases are returned the
cylinder through the exhaust valve port. This residual gas will premix
with the intake fresh air—fuel mixture and affect combustion stability,
charge mass, flame speed, and emission of toxic products. The exhaust
gas recirculation (EGR) is an effective method to reduce the NOy emis-
sions [1-3], decrease the PM emission [4,5] of the compression ignition
engine. In the spark ignition engine, the exhaust gas recirculation was
applied to improve engine thermal efficiency and reduce NOy emission
[6,7].

From the historical trend of the factors which affect the mass of
exhaust residual gas in the cylinder, the effects of internal residual gas
recirculation on engine performance, and emission formation. Past re-
searchers attempting to control the amount of residual gas trapped in the
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and the effective release energy through doing experiments with various
testing conditions, the computational analysis method is useful and
effective solution to solve this problem.

Thompson Diérdinis Metzka Lanzanova et al. [13] built a one-
dimensional model in GT-Power to investigate the influence of valve
timing strategies on the exhaust residual gas factors of a Ricardo Hydra
camless spark ignition (SI) engine fueled with wet ethanol. The engine
was operated at a partial load condition and 1500 rpm of engine speed.
They discovered that an increased percentage of water in the wet
ethanol led to an increase in the residual gas fraction, which in turn led
to an increase in the maximum pressure in the cylinder.

Stanislaw Szwaja et al. [14] performed an experiment on a single-
cylinder Hydra engine with natural gas fuel using a variable valve
overlap to study the effect of exhaust residual gas on engine emission
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Nomenclature

BDC Bottom dead centre
TDC Top dead centre

BTDC Before top dead centre

ATDC After top dead centre

BSFC Brake specific fuel consumption, (g/KWh)
BMEP Brake mean effective pressure, (Bar)
IMEP Indicated mean effective pressure, (Bar)
FMEP Friction mean effective pressure, (Bar)
SMEP Scavenging mean effective pressure, (Bar)
HC Hydrocarbon

PM Particulate matter

THC Total hydrocarbon emissions

CA Crank angle, deg

ERG Exhaust gas recirculation

Sl-engine Spark ignition engine
CI-engine Combustion ignition engine

IPD/B Intake port diameter-Bore ratio, (-)

A/F Air per fuel ratio, (-)

Q Total fuel heat input, (W)

a Crank angle, (deg)

ap Start of combustion, (deg)

Aa, Combustion duration, (deg)

m Shape parameter, (-)

a Vibe parameter

Qr Heat lost to the wall, (W/m?)

A Total surface area of cylinder head, piston and cylinder,
(m?)

Geoeff Heat transfer coefficient, (W/m? K)

T, Combustion gas temperature, (K)

Ty Wall temperature of cylinder (K)

dm Air mass flow rate (=)

Agr Effective flow area (-)

P, Upstream stagnation pressure, (Pa)

T; Upstream stagnation temperature, (K)

P, Downstream static pressure, (Pa)

K Ratio of specific heats (-)

Xsoc Residual gas at start of combustion (SOC)

p Local cylinder density (kg/m>)

x°P Local cylinder combustion product mass fraction at SOC
Vp Displacement volume, (m3)

T Demotes reaction rates of table 2 and 3 (mole/cm’s)
Cp Denotes post processing multiplier, (-)

Ck Denotes kinetic multiplier, (-)

Myc Mass of unburned charge in the crevices (kg)
P, Cylinder pressure (Pa)

Verevice  Total crevice volume (m?)

M Unburned molecular weight (kg/kmol)

R Gas constant (J/(kmol-K))

Tpiston Piston temperature (K)

Mgir Air mass flow [kg/s]

AFR Air-fuel ratio (-)

n Engine speed (rpm)

Tesr Engine effective torque, (Nm)

Keycte Simulation cycle parameter, (cycle)

characteristics. The tests were performed at engine speeds of 1250 rpm
and 2000 rpm. They found that the residual gas in the cylinder had the
most effect on the combustion stability and engine toxic emissions. An
increase of exhaust residual gas led to a decrease in NOyx and an increase
in both HC and CO. In this case a 28% increase of residual gas led to a
67% decrease in NOy, the main combustion phase was improved by
20%, and the flame rate increased by 28%.

Roberto Berlini Rodrigues da Costa et al. [15] presented a study on
the influence of EGR on engine combustion and engine emissions of a
natural gas-hydrous ethanol dual-fuel SI engine. In that experimental
setup a single-cylinder AVL 5495 SCRE engine was conducted. The
testing engine speed was 1800 rpm and the stoichiometric air-fuel
condition was maintained at 4 bars. A 1-D combustion model was
created in the GT Power software to predict the exhaust residual gas
fraction with an advanced intake valve opening strategy. Their results
showed that an increase in internal exhaust gas recirculation led to
increased ignition delay and combustion duration, and decreased NOy
emissions. The effect of internal exhaust recirculation was more sensi-
tive when the dual-fuel mode was applied.

Lei Zhou et al. [16] evaluated a single-cylinder, four-stroke Ricardo
E6 to study the influence of exhaust gas recirculation on the engine
combustion characteristics under low load conditions. The intake valve
timing and exhaust valve timing were used to adjust the exhaust residual
gas ratio. They found that under partial load conditions, when the
exhaust residual gas ratio was small, the heating effect was the main
influence on the burning rate, but when the exhaust residual gas ratio
was larger, the burning rate was reduced. Under idle conditions, the
combustion stability and fuel consumption were improved with a larger
residual gas ratio. Jun Yang et al. [17,18] presented a statistical dynamic
model with stochastic properties that was developed to control the
exhaust residual gas in gasoline engines. In further research, they used
that dynamic model to investigate the influence of the transient residual
gas fraction on engine power. They found that the exhaust residual gas

fraction has a sensible influence on misfiring, NOyx emission, the heat
release rate, and engine knocking.

Mingzhang et al. [19] studied the effect of internal exhaust gas
recirculation on the emission characteristics and ignition stability of a
gasoline compression ignition engine. In their research, the internal
exhaust gas ratio was increased from 10 to 90%, the engine operated at
low load condition. From the results, they found that the ignition sta-
bility could be improved and optimal ignition delay time was obtained
when internal exhaust gas rates from 30 to 60%. With an excess air ratio
was 1.0 or 1.5 and internal exhaust gas rate from 20 to 60% a high
engine torque could be presented. A suitable internal exhaust gas rate
helps to decrease HC, CO and NOy emission.

In summary, most previous studies did not present in detail the
sensitive parameters that distribute exhaust residual mass trapped in the
cylinder, such as intake and exhaust valve timing, engine speed, air-to-
fuel ratio, combustion duration, engine load, and intake and exhaust
pressure. That research only focused on adjusted intake and exhaust
valve timing to control the exhaust residual, and this was specifically
accomplished by modifying the engine’s original valve mechanics sys-
tem or manufacturing several camshafts. Those methods were limited
because of material consumption, higher cost and longer production
time and difficulties in maintaining the same testing environmental
conditions in the experiments. Further, because those experiments were
conducted in limited experimental conditions with changing valve
timings, the validation of the simulation model was also limited. This
may results in largely inaccurate of the simulation model in prediction of
the exhaust residual gas. All of these drawbacks are significant gaps in
the extant literature, and this gap will be filled up through the research
of this paper.

Through experimental and simulation approach method, the effects
of engine speed, air-fuel ratio, valve overlap, combustion duration,
intake port diameter-bore ratio, and bore-stroke ratio on the internal
exhaust residual gas recirculation and the effect of residual gas on the
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effective release energy, peak firing pressure rise, and engine emission
characteristics was investigated.

2. Methodology
2.1. Experiment setup

A small gasoline, spark ignition engine with 137 Cm? of a cylinder’s
displacement was carried out. The highest intake valve lift is 6.5 mm and
highest exhaust valve lift is 6.4 mm. The inlet port diameter is 22 mm,
and that of the exhaust valve port was 19 mm. The engine test speed was
5000 rpm and the ignition timing was 30 deg BTDC, and the air-fuel
ratio is 13.6. The environmental temperature was maintained in
29.5-30 °C. Air flow was used for coolant, the temperature of lubricant
oil was 80 °C, and the throttle was opened 90 degrees. The pressure of
fuel was 333-362 kPa. The experiments were conducted on the steady
state condition. The experimental equipment was calibrated before use.
The applicable engine specifications are shown in Table 1.

The schematic of the experimental system is shown in Fig. 1 and
Fig. 2 presents engine testing system. The system consisted of 22 parts: a
dynamo controller (1), an AVL dynamometer (2), a connecting shaft (3).
On the experimental engine (4) the flywheel (5), the encoder (E40S8-
1800-3-T-24) (6) and the temperature sensor (7) was located. The fuel
tank (8) supplies gasoline fuel to the injector (11) through the gasoline
pump (9) and the gasoline fuel filter (10). Air flow was cleaned by the air
cleaner box (15) and into the cylinder through throttle (16). An air
heater (17) was employed to maintain the air flow temperature. The
exhaust gas analyzer (Horiba MEXA-7100DEGR), cylinder pressure
transducer (Kistler 6056A) (19), ECU (20), data acquisition device (21),
and computer (22) received signals from the oxygen sensor (12), the
exhaust gas temperature sensor (13), the cylinder pressure sensor (14),
and the throttle angle and air mass from the sensor (18).

2.2. Simulation modeling

It is complicated to investigate the trapped residual gas ratio, the
effective release energy, and to estimate the parameters which affected
the internal exhaust residual gas recirculation under the various oper-
ating conditions. Simulation is effective and useful tools to solve the
problem, so we used the well-known AVL-Boost v. 2018 software which
is able to simulate the SI engines [20], CI engines [21,22], turbocharged
diesel engines [23,24], and alternative fuels engines [25]. We estimated
the residual gas, the peak firing pressure rise, the combustion duration,
and the effective release energy, all of which had significant effects on
the engine emissions and performance. Our simulation results also
showed the influence of internal residual gas on the effective energy.
The simulation model is presented in Fig. 3.

All the parts of the research engine were defined in the simulation
model. The engine steady state operation condition is activated through
element E1. The simulation output data could be observed on the
element monitor MNT1. The SB;, SB, depicts the boundaries of the pipe
system, and the element CL; is as an air cleaner. The throttle angle is
controlled through element TH;. The restriction Rj, Ro, and Rg are used

Table 1
Engine specifications.

Parameter Unit Value

Engine model - Four stroke, Spark ignition

Number of cylinder - 2(V-Twin)
Compression ratio - 11.8:1
Bore mm 57

Stroke mm 53.8
Connecting rod mm 107.9
Intake valve - 2

Exhaust valve - 2

Cooling system - Air cooled
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to control the pressure losses on the pipe system (1-21). The air flow of
the system is distributed or collected by the junctions J1-6, and the flow
temperature, flow pressure, and mass flow is determined through
element MP;_,. Gasoline fuel is injected into the cylinders (C;.3) via the
two injectors Ij.o.

Combustion model:

The heat release characteristics of the engine model as follows the
Vibe function:

dx a

ax _ a 1)y —avim+D) 1
da Aa(er )y".e M
dng;y:afao

0 Aa,

The mass fraction burned y is calculated:
x= /@da =1—¢ @l 2
da

The heat transfer of the combustion chamber is following Woschni’s
model:

Or = Aqeoey-(Te = T) 3)

where:
The flow rate of the air mass through the exhaust and intake ports
were estimated via Egs. (4) and (5):

dm 2
= AaPiy € 4

| K PP Pya
=\ 7@ -@"] ®)
The residual gas was calculated from Eq. (6):
14
XP.dV
e = 0 ©
Jy. p-dv

The NOy formation is determined from the reactions [26,27] in
Table 2:

The concentration of N3O and NO rate is calculated from Egs. (7) and
(8):

Cryo = 1.1802.1076.709%5 &7 ¢, /P, @
I Iy
=2.C,.Cx.[1 =22 . 8
No p- K[ ]1+1.R11+R2 ()
_Cvour 1 o
CNWW'CP7 1 rn+ ”3y 2 rs + rg

The CO formation is determined from the reactions [26,28] in
Table 3:
The CO production is determined by the Eq. (9):

rco = CConsf'(rl +r2)(1 76) )
0= CN(),act
CNO.equ

The mass of unburned HC was calculated by Eq. (10) [26,29]:

PC~VL‘r('v[ce M
_ 10
" TR T (1o

The essential input and output data of simulation model is shown in
table 4:

3. Results and discussions

The engine parameters affected in internal exhaust residual gases
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Fig. 1. Schematic of experimental engine system.

Fig. 2. The experimental engine system.

recirculation and the influence of internal exhaust residual gas on the
effective energy and emission formation of a spark ignition at normal
engine operation 5000 rpm will be completely discussed in below.

3.1. Model validation

The experiments were conducted to supply basic engine performance
data which were used to validate the simulation model. Figs. 4-9 shows
the comparison between the experimental and simulation output data.
The black line describes the experiment results while the red lines
describe the simulated results. Since the ignition timing was input data
of simulation model so a similar ignition timing value of two cases is
presented in Fig. 4.

From the simulated model, the air mass flow was adjusted via the
engine flow coefficient (exhaust ports and intake pipes). Fig. 5 shows the
maximum difference of air mass flow is 3.1% at 6000 rpm. The air mass
is an average of the experimental values and is thus acceptable. When
the air—fuel ratio was constant, the fuel was supplied into the cylinder
was depended on the air mass flow; this mass of injected fuel influences

the combustion temperature and combustion pressure rise. Figs. 6 and 7
show the validated peak firing temperature and peak pressure rise. The
same trends can be observed in the experimental and simulation data
values. The maximum differences in the peak firing temperature and
peak pressure rise were 5.34% and 4.5%, respectively.

Fig. 8 compares the simulation brake torque and experiment brake
torque. The engine archives the maximum brake torque of 21.8 Nm at
7000 rpm, the maximum difference of 2.47% was notified at 8000 rpm.
Fig. 9 compares the engine NOx emission. Because NOy emission is an
important indicator of toxic engine emission characteristics, it was
selected as an important factor in validating the simulation emission
characteristics. With increased engine speed, the NOx emission
increased until a maximum value was achieved, after which the emis-
sion decreased. We observed that the engine NOy emission was fairly
well correlated with different engine speeds; the maximum difference
was 6.58%.

After the validation, a steady simulation model provides an accurate
method to predict the engine performance and emission formation. The
influence of engine parameters on internal exhaust gas recirculation and
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Fig. 3. Simulation model.

Table 2
NOy formative reactions.
Stoichiometry Rate ko [cms, mol, a[-] Ta [K]
ki = koi. T2 s]
e( TAi/T)
Ny +0=NO+N r, =k; ., Cna. Co 4.93E13 0.0472 38048.01
O+ N=NO+0O 1y = ks Cop. Cn 1.48E08 1.5 2859.01
N+ OH=NO+H r3 = k3 . Con- Cn 4.22E13 0.0 0.0
N3O + O =NO + r4 = kg . Cn20- Co 4.58E13 0.0 12130.6
NO
O, ; Ny =N50 + O rs = ks . Coa. Cn2 2.25E10 0.825 50569.7
OH + N, =N,0+H re = ko, Con. Cn2 9.14E07 1.148 36190.66
Table 3
CO formative reactions.
Stoichiometry Rate

CO+OH=CO;+H
CO +02=C0O2 +0

1 = 6,76 . 10%°, 171102 ¢ o ¢
Iy = 2,51 . 1012, e(-24055/D ¢ oo

the effect of exhaust residual fraction on engine performance and
emission could be estimated via this simulation model.

3.2. Estimation of parameters affected in internal exhaust residual gases
recirculation

We here thoroughly discuss and summarize the parameters affected
in internal exhaust residual gases recirculation of an engine, which has
not been presented elsewhere in the literature. Fig. 10 presents the re-
sidual gas ratio versus engine speed. The engine speed has a sensitive
effect on the residual gas ratio; in our study, when the engine speed
increased from 3000 to 10,000 rpm, the residual gas ratio decreased
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Table 4
The essential input and output data of the simulation model.
Input data Unit Output data Unit
Intake pipes length and mm Engine brake torque Nm
diameter
Exhaust pipes length and mm Engine power kw
diameter
Throttle diameter mm IMEP, BMEP, FMEP bar
Throttle angle deg ISFC, BSFC g/
kWh
Bore, Stroke, connecting rod mm Peak temperature K
length
Intake and exhaust valve lift mm Peak pressure rise Bar/
versus crankshaft angle deg
Intake and exhaust port mm Peak pressure bar
diameter
Engine friction bar Internal and external -

residual gas

Volumetric efficiency -
Heat losses (piston, cylinder — kJ
head, cylinder liner)

Compression ratio -
Air-fuel ratio -

Air flow coefficient on the - Effective release energy kJ
pipes, ports
Ignition timing deg Exhaust gas temperature K
Piston, cylinder head and liner ~ mm? Exhaust gas pressure bar
surface area
Ambient temperature and deg C NOy emission g/
pressure and bar kWh
Air cleaner volume liter HC emission g/
kWh
Fuel type - CO emission g/
kwh
45 T T T T T T T T
—~ 40+ E
O
[a]
= ] J
m
' 35 -
o))
3]
e ] {
(o))
£ 30 E
£
c ] J
S : P
E 254 —a— Experiment- Ignition timing -
2 —e— Simulation- Ignition timing
20 T T T T T T T T
2000 4000 6000 8000 10000

Engine Speed (rpm)

Fig. 4. Ignition timing validation.

from 4.52% to 1.23%. This can be explained by the fact that the increase
of engine speed led to increases in the velocity and inertia of the exhaust
and intake gas flows. In the exhaust stroke, the increased velocity and
inertia of the exhaust gas flow expelled more exhaust gas from inside the
cylinder to the outside. During the intake stroke, the increased velocity
and inertia of the intake airflow introduced fresher air-fuel mixture to
sweep burned gas out from the combustion chamber.

Fig. 11 presents the residual gas ratio versus the air—fuel ratio (A/F
ratio). The A/F ratio has an effective effect on the residual gas ratio; the
exhaust residual gas ratio reduced from 3.18% to 2.58% when the A/F
ratio increased from 12.5 to 15. This can be explained by the fact that the
increase in the A/F ratio introduced fresh air mass into the cylinder
while the fuel mass was kept constant. The increase in fresh air mass in
the cylinder not only swept the exhaust residual gas out of the cylinder,
but also helped to reduce the molecularly multiform exhaust gases.

There are three positive valve overlap configurations (Fig. 12):
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Fig. 7. Peak firing pressure rise validation. Fig. 10. Exhaust residual gas ratio versus engine speed.
intake valve early opening (IVEO); exhaust valve late closing (EVLC),
and combined IVEO&EVLC.

Here, the effect of each valve timing configuration on the residual
gas ratio is presented. As shown in Fig. 13, when the valve overlap

increased, all three configurations showed an uptrend in the residual gas
ratio. In a combustion engine the intake valve timing is known to affect
the inlet air flow into the cylinder; conversely, the exhaust valve timing



N.X. Khoa et al.

T T T T T T T T
3.2 4
] \ —a— Residual gas ratio\
S
~ 3.0 4
i)
E
(2] 1 4
©
(o]
S 28 ]
9
[%2]
]
14 1 J
Engine speed = 5000 rpm
264 Compression ratio = 11.8:1 i
T T T T T T T T T
12.5 13.0 13.5 14.0 14.5 15.0
AJF ratio (-)

Fig. 11. Exhaust residual gas ratio versus A/F ratio.

strongly affects the exhaust gas flow. A higher fresh air—fuel mixture will
be charged and more burned gas will be discharged from combustion
chamber with a suitable valve overlap. But an early valve overlap causes
the exhaust gas is expelled into the inlet port, and a late valve overlap
may result in the reverse flow, which would return the exhaust gas back
into the combustion chamber. This explains why the IVEO&EVLC
configuration of valve overlap has a greater effect on the residual gas
ratio than the other configurations.

In our previous publication [30] we discussed the effect of com-
bustion duration on engine operation and emission formation of a V-
twin engine at 6000 rpm, 7000 rpm, and 8000 rpm. In this paper, to
avoid duplicating the data were taken at 5000 rpm (Fig. 14). Longer
combustion duration leads to increase the residual gas ratio because the
burning process may extend until the pistons are at bottom dead center
(BDC) or even in the exhaust stroke. This process increases the reverse
flow which would return the exhaust residual gas into the cylinder. This
explains why the exhaust residual gas ratio increased from 0.9% to
1.53% when combustion duration rose from 30 to 100 deg CA.

Fig. 15 shows the effect of intake port diameter-bore ratio (IPD/B
ratio) on the residual gas. Here the IPD/B ratio rose from 0.3 to 0.5; the
intake valve port diameter at 22 mm is the reference value. With each
change of the intake valve port diameter value, the bore diameter was
kept constant at 57 mm. When the IPD/B ratio increased from 0.3 to 0.5,
the residual gas ratio decreased from 2.96% to 2.7% the increased IPD/B
ratio at high engine speed led to decreased airflow restriction of the inlet
port. The subsequent effect of the intake stroke was to increase the
amount of fresh air fill into the cylinder, which swept the exhaust re-
sidual gas to outside. This is why the residual gas ratio decreased as the
IPD/B ratio increased.

Fig. 16 presents the effect of bore-stroke ratios on the residual gas.
The band of bore-stroke ratio was from 0.8 to 1.1 and the reference value
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is 1.06. The length of connecting rod was modified to maintain constant
compression ratio. In the band of bore-stroke, the residual gas ratio
fluctuated within 5%. The smallest of residual gas ratio was 2.8% at a
0.8 bore-stroke ratio, and the biggest residual gas ratio was 2.85% at a
0.88 bore-stroke ratio. This could be explained by that a bigger bore-
stroke ratio promoting raised air—fuel mass and longer combustion
duration. The increased air-fuel mass was due to the decreased residual
gas ratio, but the increased combustion duration was due to the higher
exhaust residual gas ratio.
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—A—EVLC
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9
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»n 44 E
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Fig. 13. Exhaust residual gas ratio versus valve overlap.
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Fig. 14. Exhaust residual gas ratio versus combustion duration.
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Fig. 12. Positive valve overlap configurations.
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3.3. The effect of residual gas on peak pressure rise, effective release
energy and engine emission characteristics

The exhaust residual gas ratio has a sensitive effect on peak tem-
perature and peak pressure rise. As shown in Figs. 17 and 18, the peak
temperature and peak firing pressure rise decreased when the exhaust
residual gas increased. This is because the increase in exhaust residual
gas in the cylinder was due to a diluted and less homogeneous air-fuel
mixture and an increased area that lacked fuel or oxygen. As a result,
when the exhaust residual gas rose from 1% to 5%, the peak firing
temperature decreased from 2900 K to 1250 K and the peak pressure rise
decreased from 8 to 5.5 bar/deg.

In the power stroke, the chemical energy of fuel trapped in the cyl-
inder is released into heat energy. A certain amount heat energy is lost
from heat transfer and other amount energy is not released (but instead
goes into the combustion products), and the remaining heat energy is the
effective release energy. The heat transfer loss and combustion duration
have a sensitive effect on the effective release energy. Fig. 19 shows a
decline in effective release energy as the exhaust residual gas increased.
This could have been because the combustion reaction does not occur
instantaneously in a typical SI engine so the heat isn’t instantaneously
released at the top dead center (TDC) [24]. To improve the engine
thermal efficiency, a short burn time leads to the faster release of the
heat energy. When this is the case, the increased heat energy released in
an actual cycle and a typical Otto cycle would be similar. Conversely, the
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increase of residual gas in the cylinder due to a longer burn time, lower
peak firing pressure rise, and lower peak firing temperature leads to a
lower effective release energy. In this study, the effective release energy
decreased from 0.85 KJ to 0.53 KJ when the residual gas ratio increased
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from 1% to 5%.

Figs. 20 and 21 show the influence of exhaust residual gas on IMEP
and BMEP. The BMEP and IMEP were decreased when the residual gas
ratio increased because the latter had the similar influence on BMEP,
IMEP, and the effective release energy. Figs. 19, 20, and 21 present same
trends of effective release energy, IMEP and BMEP. Equation (11) shows
the relationship between BMEP and IMEP, explaining why the engine
achieved BMEP and IMEP at the same value of the residual gas ratio:

BMEP = IMEP — FMEP — SMEP a1

When the residual gas ratio was 1%, the maximum BMEP was 9.48
bar and maximum IMEP was 11.6 bar. At the residual gas ratio of 5%,
the minimum values of BMEP and IMEP were 4.3 bar and 6.5 bar,
respectively.

Fig. 22 shows the influence of exhaust residual gas on BSFC, trending
downward when the residual gas ratio increased from 1% to 5%. In
testing conditions with constant engine speed and a constant air-fuel
ratio, the BMEP had the greatest effects on the BSFC. The relationship
between BMEP and BSFC is described in Eq. (12):

MyiyNe.2.16.10°
BSFC = {FRBMEP Vyn 12)

The contrary trends of BMEP and BSFC are depicted in Figs. 21 and
22, respectively. The engine achieved its minimum BSFC (350 g/kWh)
when the BMEP was at the maximum value, and the maximum BSFC was
720 g/kWh when the BMEP was at the minimum value.

Eq. (13) shows that a decrease of BMEP led to a reduction engine
effective torque.

BMEP.V,,
kcvcl(‘.”

eff = (13)

Fig. 23 presents the influence of the residual gas ratio on the engine
torque. With an increasing residual gas ratio, the BMEP and engine
brake torque showed the same downward trends. At a residual gas ratio
of 1%, the engine’s maximum brake torque was 20.3 Nm.

Fig. 24 shows the NOx emission versus residual gas ratio. The NOy
emissions tend to decrease with an increasing residual gas ratio for two
reasons. First, an increased residual ratio is associated with a decreased
peak firing temperature. And second, an increase in the residual gas is
caused by a diluted air-fuel mixture and a lower level of oxygen
concentrate. The decreased oxygen concentrate leads to decreased NOy
emissions in the combustion stroke. In our study, these two factors
explain why the NOy tended to decrease with an increasing residual gas
ratio. The minimum NOy emission was 2.12 g/kWh at a 5% residual gas
ratio.
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Fig. 20. IMEP versus residual gas ratio.
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Figs. 25 and 26 show the CO and HC emissions versus residual gas
ratio. An increased residual gas ratio leads to a diluted air-fuel mixture
and increased areas lacking oxygen. In this study, the dilution of the
air—fuel mixture and the lack of oxygen increased the unburned HC and



N.X. Khoa et al.
12 ; . ; . ; . ; . ;
9 .
= i
=
< 6- -
2]
3
o) i
P4
34 Engine speed = 5000 rpm 4
Compression ratio = 11.8:1
AF =13.6 _
0 T T T T T T T T T
1 2 3 4 5

Residual gas ratio (%)

Fig. 24. NOy emission versus residual gas ratio.

CO emissions from 3.65 to 18.2 g/kwh and from 139 to 450 g/kwh,
respectively.

4. Conclusions

In this study, using an experimental and simulation approach, we
eliminated certain drawbacks of earlier experimental optimization
methods. We thoroughly investigated the parameters which have sen-
sitive effects on internal exhaust residual gas recirculation, as well as the
influence of exhaust residual gas on the effective release energy and
engine emission characteristics of an SI V-twin engine. We here report
on our new, accurate method to determine the residual gas, effective
release energy, and engine emission characteristics.

We found:

(1) The residual gas ratio decreased from 4.52% to 1.23% when the
engine speed increased from 3000 to 10,000 rpm. The A/F ratio
and valve overlap had sensitive effects on the residual gas ratio,
which decreased from 3.18% to 2.58% when the A/F ratio
increased from 12.5 to 15. Also, an optimal valve overlap allowed
a fresh air-fuel mixture into the cylinder and carried more
exhaust gas out of the combustion chamber. The IVEO&EVLC
case of valve overlap had a greater effect on the residual gas ratio
than that at the IVEO case and the EVLC case.

(2) When the IPD/B ratio increased from 0.3 to 0.5, the residual gas
ratio decreased from 2.96% to 2.7%. But when the bore-stroke
ratio increased from 0.8 to 1.1, the residual gas ratio was fluc-
tuated within 5%. The minimum residual gas ratio was 2.8% at a
0.8 bore-stroke ratio, and the maximum residual gas ratio was
2.85% at a 0.88 bore-stroke ratio.

(3) When the residual gas ratio increased from 1% to 5%, the peak
firing temperature decreased from 2900 to 1250 K and the peak
pressure rise decreased from 8 to 5.5 bar/deg. The effective
release energy decreased from 0.85 KJ to 0.53 KJ. The IMEP
decreased from 11.6 to 6.5 bar, the BMEP decreased from 9.48 to
4.3 bar, and the engine brake torque decreased from 20.3 to 9
Nm. The NOy emission declined from 11.3 to 2.12 g/kwh and the
HC and CO emissions increased from 3.65 to 18.2 g/kwh and
from 139 to 450 g/kwh, respectively.
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