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ABSTRACT

This paper presents a simulation study on engine performance characteristics of a high
compression ratio biogas engine for high efficiency and low emission. A small diesel-type
engine with a power of 14 horse power (HP) was modelled for simulating analysis with help
of AVL Boost (a thermodynamic analyzing tool). Biogas includes CH4 and CO, mainly. The
ratio of CH;-CO, was changed from 50%-50% (in volume) to 80%-20% with a step of 5%-
5%. Original engine compression ratio is 18:1. Engine operating conditions were set up at:
full-load, spark timing of 7 degrees before top dead center (bTDC), and lambda A=1. In
obtained results, in comparison of diesel operation, maximum engine output power was
reduced but engine exhaust emission (CO, NOy) was improved for operation with biogas that
is significantly result in term of ecological protection. For example, in comparison of diesel
operation, biogas operation could conduct a reduction of about 7.7% and 63% for ratio of
80%-20% and 50%-50%, respectively.

Keywords: High compression ratio Sl engines; ratio of CH4-CO,; power; exhaust emission.
TOM TAT

Bai bdo nay trinh bay mot nghién ciru mé phong danh gia ddac tinh dong co mot 01 Xxi-
lanh ti s6 nén cao sir dung nhién liéu khi sinh hoc nham dat hiéu sudt cao va 6 nhiém thdp.
Mot dong co diesel 01 xi-lanh voi ti s6 nén 18:1 dwoc mé hinh héa va mé phong dua trén
phdn mém phan tich nhiét déng AVL Boost. Khi sinh hoc bao gém 2 thanh phan chinh la CH,
va CO,. Ti I¢ CH4-CO;, duoc thay doi vé mat thé tich tir 80%-20% dén ti lé 50%-50% voi
bude thay déi 5%-5%. Piéu kién mé phéng bao gom: toc do thay déi (tie 1200 v/ph dén 2400
Viph) trueong hop toan tdi toan tdi, danh liva tai 7 ° triede diém chét trén va lamnda = 1.0. Két
qua mé phong cho thay, khi so sanh voi cong sudt cwe dai dong co nguyén thity ding diesel,
khi vdn hanh véi khi sinh hoc, cong sudt cwc dai c6 giam nhwng véi nhién liéu méi nay, san

phdm chay cé sw giam cdc khi doc hai, gdp phan bdo vé méi trwong. Cu thé, cong sudt toi da
gidm khodang 7.71% va 63% twong wng voi trueong hop sir dung ti Ié 80%-20% va 50%-50%.

Tir khéa: dong co danh lira cudng birc ti s6 nén cao; ti 1é CH3-COy; cong sudt; khi thdi.

1. INTRODUCTION environment issue and protect human health.

Biogas is the product of anaerobic
digestion of waste, whether occurring
spontaneously in landfills or under controlled
conditions in digesters [1]. With the drastic
increase in the need of renewable energy
sources, it has recently gained great
importance. Using biogas can improve the

It is also a great way to re-use waste-human,
agricultural, industrial [2-10].

Effect of fuel properties: Biogas is used
as individual fuel or combined with other
fuels as dual type operation in engines. An
investigation on utilization of biogas and
Karanja oil biodiesel has conducted in India
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[4]. Experiments were performed on a single
cylinder DI diesel engine by using biogas as
a primary fuel, Karanja oil biodiesel (KOBD)
and diesel oil as secondary fuels in dual fuel
operation. Engine performance parameters
such as: brake power (BP), brake thermal
efficiency (BTE) and exhaust gas
temperature gradually increases with increase
in engine load for all test conditions using
both pilot fuels diesel and KOBD. CO,, CO
and NOy emissions increase with increase in
engine load for both single and dual fuel
mode operation using both pilot fuels.
Researches on the effect of concentration of
methane in biogas when using spark ignition
engine always interesting by Porpatham [5,
13]. His report showed that HC and CO;
could be reduced and the performance was
improved. According to Semin [6],
compressed natural gas (CNG) has long been
used in stationary engines. For spark ignition
engines there are two options: a bio-fuel
conversion and use a dedicated to CNG
engine. For compression ignition engines
converted to run on natural gas, there are two
main options discussed: there are dual-fuel
engines and normal ignition can be initiated.
The CNG engine research and development
fueled using CNG are highlighted to keep the
output power, torque and emissions of
natural gas engines comparable to their
gasoline or diesel counterparts. Biogas
composed of various gases such as CH,4 (50 —
70%), CO, (30 — 50%), N2 (<1%) and H,S
(10 — 2000 ppm) [2]. So investigating on
Performance evaluation of a constant speed
IC engine on CNG, methane enriched biogas
and raw biogas are always attractive [7]. A
diesel engine was converted into spark
ignition mode, compression ratio 12.65:1 and
ignition advance of TDC was evaluated at
30°, 35° and 40°. The maximum brake power
produced by the engine was found at ignition
advance of 35°TDC for all the tested fuels. In
comparison to diesel as original fuel, the
power deteriorations of the engine was
observed to be 31.8%, 35.6% and 46.3% on
compressed natural gas, methane enriched
biogas and raw biogas.

Effect of compression ratio: To
increase performance, the biogas has to use
in higher compression ratio engine, up to
18:1 or 19:1. In a research of Montoya [8], a
diesel engine (compression ratio 15.5:1) was
converted to spark ignition mode to use three
fuels: Simulated biogas, biogas enriched with
25% and 50% methane by volume. The
optimum condition of experiment for the
engine without knocking was using biogas
enriched with 50% methane, with 12 degrees
of spark timing advance and equivalence
ratio of 0.95. In a research by Bora [9],
experiments have been conducted at various
compression ratios (18:1, 17.5:1, 17:1, and
16:1) under dual fuel mode (biogas-diesel).
At full load conditions, the BTE of the dual
fuel mode are found to be 20.04%, 18.25%,
17.07% and 16.42% at compression ratios of
18:1, 17.5:1, 17:1 and 16:1. There is a
reduction in carbon monoxide as well as
hydrocarbon emission by 26.22% and
41.97% when compression ratio was
increased from 16:1 to 18:1. In all the test
cases, carbon monoxide and hydro-carbon
emissions under dual fuel mode are found to
be more than the diesel mode due to the
reduction of volumetric efficiency of the
former. In another research with a high CR
engine (19.5:1) to evaluate the impact of the
carbon dioxide concentration in biogas on the
operating characteristics and exhaust gas
emissions of a diesel engine running on a
mixture of biogas and mineral diesel fuel
[10]. The tests were carried out in two stages.
In the first stage, the impact of different
biogas compositions and the exhaust gas
recirculation system (EGR) on the engine
parameters was determined. The NOy
concentration  decrease  was  directly
proportional to the concentration of methane
in the common fuel mixture. In the second
stage, the gas with the highest methane
content was used to determine the impact of
the start of injection timing on the engine
operating parameters. As the methane
content in the common fuel mixture
increased, the start of injection timing had to
be progressively advanced to increase the
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thermal efficiency and to lower the fuel
consumption, the CO and HC concentrations
and the smokiness of the exhaust; however,
advancing the start of injection timing
increased NOy pollution.

The main objective of this work is to
predict the engine performance
characteristics (powver, combustion,
emission) with change of engine speed and
ratio of CH4-CO;, at full load conditions. The
obtained results could help to analyze the
biogas fueled spark ignition engine with a
proper compression ratio for high efficiency
and low emission.

2. THEORETICAL STUDY
2.1 Simulation setup

A single cylinder make direct injection
four stroke cycle diesel engine (Kubota RT-
140) was used to model under AVL Boost
ver.2013. The specification of engine shown in
Table 1. The engine model is shown in Fig. 1.

5B1 sB2

Figure 1. Simulated engine model
Table 1. Specification of engine

Parameter Value
Displacement (cm®) 709
Number of cylinders 1
Compression ratio 18:1
Power (kW/rpm) 10.3/2400
Torque (N.m/rpm) 49/1600
Bore (mm) 97

Stroke (mm) 96

Engine simulation was modelled and
shown in Fig.l. Original engine was
converted using a throttle valve to control the
air and an injector to control simulated biogas.
The model simulation kept the general
specifications of the origin diesel engine. The
simulation was conducted from 1200 rpm to
2400 rpm at 100% throttle valve opening to
evaluated performance, combustion and
emission characteristics. The base combustion
model is Vibe 2-Zone with start of
combustion at 8°bTDC and combustion
duration of 70°[8]. The specifications about
simulated biogas fuel are shown in Table.

Table 2. Characteristics of simulated biogas

CH,-CO, (%) LHV (kJ/kg) AJF stoi.
80-20 29678.90 10.2
75 -25 26143.42 9
70—-30 23004.65 7.87
6535 20205.70 6.9
60 — 40 17694.23 6.09
55-45 15428.11 5.3
50 - 50 13373.05 4.6

2.2 Combustion model

For the current study Vibe two zone
models was selected for the combustion
analysis. This model divides the combustion
chamber into unburned and burned gas
regions [12]. However, the assumption that
burned and unburned charges have the same
temperature is dropped. Instead, the first law
of thermodynamics is applied to the burned
charge and unburned charge, respectively.
The state of first law of thermdynamic for
this case is shown as follow:

dmbub L dVb dQF B dQWb
da C da da da
g dm 1)
M . T'BBb
U da BB,b dog
dmuuu - qu _ZdQWu " de
da C da da U do )
o IMgp y
BB,U do
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where, dn,: is the change of the internal
energy in the cylinder,

P. d_V: piston work,
da

OI&: fuel heat input,
da
Ol&: wall heat loses,
da
u%' is the enthalpy flow from the
(04

unburned to the burned zone due to the
conversion of a fresh charge to combustion
products. Heat flux between the two zones is
neglected.

dm
hBB BB

. is the enthalpy due to blow by,

a

u and b in the subscript are unburned and
burned gas.

In addition the sum of the volume
changes must be equal to the cylinder volume
change and the sum of the zone volumes
must be equal to the cylinder volume.

v, , 4V, _dv 3)
da da da
V,+V, =V (4)

Engine performance review

Engine power (kW) is estimated via
AVL Boost as follows:

e 2771‘ 77v d pa m

a

()

Where, nr, mv (%): fuel conversion
efficiency and volumetric efficiency; N:
engine speed (rpm); LHV: lower heating
value (ki/kg); pa (kg/m®): density of air;
m, /m,: air-fuel ratio measured by engine

test bed; brake torque (N.m).

Brake specific fuel consumption (g,
o/kwh) of engine are calculated as:
M, =

27N

(6)

ge - N (7)

2.3 Emission model
CO Formation Model

CO formation following two reactions
given in Table 3.

Table 3. CO formation reactions [13]

Stoichiometry Rate

T
R; | CO+OH=CO,+H r1=6,76.1010.e(1102’0j

CcooH

—24055, O]
CnC

r, = 2,51.1012.e( T

R, | CO+0,=CO,+0O
“co’o,

The final rate of CO
production/destruction in [mole/cm?s] is
calculated as follow:

r

C
Co :Cconst'<r1”2)-(1—a) [a:co.act] ®)

Ceo.equ

NO, Formation model

The following 6 reactions of the NOy
formation model (based on the well-known
Zeldovich mechanism) shown in Table 4:

Table 4. NO, formation reactions [13]

Stoichiometry Rate k, [em’ molg] |al-] | T,[Kl
T4

k =k, T"-¢ !
RL{N2Z+0=NO+N h= ,I,-I *Cyy "Gy 4.93E13 0.0472 | 38048.01
R2 . 024N =NO+0O r=k “Cyy Ly 1.48E08 15 2850.01
R3|N+0H=NOD+H r=k “Cop *Cy 4.22E13 0.0 0.0
R4 ' N20 + 0=NO+ NO = k-l “Cyon Cy 4.58E13 0.0 12130.6
Ri| 02+ N2=N20+0 | =}, “Cpy *Cya 2.25E10 0.825 | B0569.7
R6 | OH+NZ=N20+H = k,-c i Cxs 9.14E07 L148 | 36190.66

p. 4 NI
All reaction rates r; have units

(mole/cm?®s), the concentration c; are molar
concentrations under equilibrium conditions
with units (mole/cm?s). The concentration of
N0 is calculated according to:

S
Cyo =1.1802-107°.T***.et T J.c - [p,

(9)
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The final rate of NO
production/destruction in [mole/cm’s] s
calculated as:

B 2
rNO - CPostProcMuIt ’ CKineticMult 2.0 (1_ a )

r N r, (10)
1+a-AK, 1+AK,
with:
C
o = NO,act 1 AKZ _ I’1
CNO,equ CKineticMuIt ; I'z + r3 ;
AK, = ——
r5 + I’6
HC Formation model
The so-called mechanisms of HC

development are in total very complex, and a
quantitative calculation of HC emission in
the Sl engine is thus not yet feasible. For the
estimation of the oxidation speed of the
amount of HC originating in the cylinder, the

following  global  relation is  often
recommended.

; E

HC BT

[dt ]:—cRA[HC][OZJe RT (11)

With: E=156 (J/mol), A=6,7.10?* (m*/mol),
Cr IS correction factor.

3. RESULTS AND DISCUSSION

The variation of brake power with
engine speed is shown in Fig. 2 at full
throttle opening. When simulating the
operation of engine with simulated biogas
from 80%-20% to 50%-50% at full load, the
brake power output decreases significantly.
When using fuel 80%-20% the brake power
get 9.5 KW at 2400 rpm and 8.86 kW when
using fuel 50%-50%. The maximum power
when using diesel is 10.3 kW at 2400 rpm.
So the power decreases 7.7% and 13.9%
when using simulated biogas 80%-20% and
50%-50% due to the decrease of the lower
heating value in mixture biogas. 2400 rpm is
the top speed of this engine when using
diesel fuel. But in this simulation, this engine
using simulated biogas and converted to Sl
engine, the speed of the engine in simulation

fixed at 2400 rpm. In fact, may be the speed
increases more than 2400 rpm and the power
output may be increase higher.

11} =

——50%-50%
- & ~55%-45%
- ke G0%-40%
— - 65%-35%
= 4= 70%-30%
- 75%-25%
e 806 20%

Brake Power (kW)
e |
I

) 5 I . 1 s 1 = ) " ) . I *
1200 1400 1600 1800 2000 2200 2400

Engine Speed (rpm)

Figure 2. Brake power with engine speed

Torgue (N.m)

— B 5(00- 500 = = T0%-30%
= & -5500-45% — 4= 75%-25%
vl GGG e BO%- 205
= P - (5%-35%

Ll v 1 N 1 N 1 N I N 1 N L
1200 1400 1600 1800 2000 2200 2400

Engine Speed (rpm)
Figure 3. Brake torque with engine speed

Brake torque of the engine when using
simulated biogas also presented in figure 3.
The maximum of Torque got at 1600 rpm
with every simulated fuel, the highest torque
when using 80%-20% is 39.7 N.m and 50%-
50% is 36.6 N.m. Maximum torque of the
engine when using diesel is 48.9 N.m. The
decrease of torque for comparing between
diesel and biogas 50%-50% is 25%.

Brake Specific Fuel Consumption
(BSFC) of the engine when using diesel and
simulated biogas are shown in Fig.4. Because
CH, decrease and CO; in-crease in simulated
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biogas fuel (80% to 50% CH,4, 20% to 50%
CO,), so when CO; increase the BSFC also
directly proportional increase. The BSFC
when using simulated biogas always higher
than using diesel. Maximum BSFC is 904
(9/kW.h) when using fuel 50%-50% because
the lower heating value is lowest
13.37(MJ/kg) so the engine need more fuel to
operate.

Operation at a ratio of 80%-20% has
given the highest TE that is 31.61%. It is
because of the lowest BSFC and the higher
heating value 29.688(MJ/kg) (Fig.5). The
Mass Fraction Burned Rate (MFBR) at
1800rpm is shown in figure 6. The MFBR of
fuel 50%-50% is the best. In general, the fuel
with the lowest level of methane begins
combustion earlier. As CH, increase from
50% to 80% MFBR get worse.

Fig. 7 shows the Pressure and
Temperature inside the engine cylinder as
function of the crankshaft angle, 100%
throttle. The highest peak pressure when
using diesel is 67.5 bar at 1800 rpm. And the
peak pressure in cylinder when using
simulated biogas focussed around 60 bars.
The figure shows that peak pressure
increases significantly with increase in
methane and the highest peak pressure occurs
for 80% -20%. For pure biogas, the low
heating value leading to a lower peak
pressure.

Increase of CH, increases oxygen and
decreases CO;, in the mixture, the combustion
process becomes better state that promote the
flame speed faster. That is a reason why the
temperature  increases.  The  highest
temperature got at using fuel 80-20%. Fig. 7
also indicated the profiles of the HRR, which
take in account the total heat release and the
heat lost to the walls for the simulated biogas
fuels. The faster and larger net heat release
occurs because the mixture is more reactive
with a larger heating value and flame speed,
leading to higher temperature and pressure
profiles. In case of the CH,4 increase from
50% to 80% the Heat release pattern is
steeper and close to TDC.
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Figure 4. Brake specific fuel consumption
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Figure 7. Cylinder pressure, temperature
and heat release rate at 1800 rpm

Fig. 8 shows HC, NOyx and CO
emissions. HC concentration in the exhaust
rises with an increase in the CO; level in the
fuel. The highest NOy emission at 80/20%
simulated biogas. A decrease in the CO;
fraction leads to increased methane and
oxygen concentrations, and thus faster
combustion and higher temperatures. It is
also the reason why CO level emission
increase.

4. CONCLUSION

Engine performance characteristics were
studied to predict the change of power,

cylinder pressure and temperature, exhaust
emission with change of engine speed and

ratio of CH4-CO, by simulation.
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Figure 8. Typical exhaust emission

The obtained results could help to
analyse the trend of biogas fuelled high CR
engine with high efficiency and low
emission. Power was reduced with decrease
of CH,, but exhaust emissions (such as CO,
NO,) were improved.
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