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ABSTRACT ARTICLE HISTORY
In this paper, investigations were performed on a dual-fueled constant-speed engine. Initially, the Received 22 January 2018
emissions and performance of a diesel engine were investigated, and after moving to the dual-fuel Accepted 1 May 2018

engine, experimental tests were carried out under different loads (10, 25, 50, 75, and 100% of the KEYWORDS

full load) and pilot to gaseous fuel (PGF) ratios (30, 40, and 50%). The results showed that under dif- computational fluid

ferent loads and PGF ratios, the emissions of nitrous oxides and particle materials in the dual mode dynamics; dual-fueled diesel
were lower than those for the diesel engine, and that the difference was significant. The emission of engine; engine performance;
carbon dioxide in the dual-fueled mode varied little compared to that of the diesel mode, although emissions; natural gas

it was lower than that for the diesel engine. In loads lower than 75% of the full load, the emission

of carbon monoxide in the diesel engine was lower than that for the dual-fueled engine. However,

in full load, this result was reversed and had significant difference. The dual mode had lower hydro-

carbon emission compared to that of the diesel mode in all PGF ratios and loads. A computational

fluid dynamics-based numerical simulation was performed by KIVA3V, and its results showed good

agreements with the experimental results under cylinder pressure.
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DF 50% Dual-fuel mode with pilot fuel to gaseous 7 .
y Ratio of specific heats
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Hng Heating energy rates of the NG ' & Y 8
LHVpilotfuel Lower heating values of the pilot fuel
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LHVnNG Lower heating values of the NG (M]/ m?3) ntroduction
Mps Mean piston speed (m/s) The supply of energy by using different low-cost
mg Mass flow rate of the pilot fuel (g/h) resources with lower carbon footprints is an on-going
MPpE Mass flow rate of pilot fuel (g/h) research interest. This has been further motivated by
MNG Natural gas mass flow rate in dual-fuel  the fact that fossil fuels as energy carriers are depleting
operating mode (g/h) and, more importantly, that their large-scale utilization

CONTACT Bahman Najafi @ najafib@uma.ac.ir

© 2018 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.


http://www.tandfonline.com
http://crossmark.crossref.org/dialog/?doi=10.1080/19942060.2018.1472670&domain=pdf
http://orcid.org/0000-0002-7744-7906
http://orcid.org/0000-0002-6605-498X
mailto:najafib@uma.ac.ir
http://creativecommons.org/licenses/by/4.0/

518 (&) E.AKBARIANETAL.

is a major cause of environmental pollution. The atmo-
spheric concentration of carbon dioxide CO, stands at
400 parts per million (ppm) and is anticipated to grow
by 2 ppm every year (Murty, 1975). The emissions from
diesel engines, especially particle materials (PM), pose
serious harm to both the environment and human health
(Arteconi, Brandoni, Evangelista, & Polonara, 2010).
Diesel fuel is derived from non-renewable petroleum oil
and will be completely consumed within a few decades.
With increasing concerns over pollution from the burn-
ing of fossil fuels and energy security, the development
and application of alternative fuels has become a cru-
cial subject at present (Mintz, Han, & Burnham, 2014).
Methane is a simple hydrocarbon with high hydrogen to
carbon ratio without any C-C bonding, thereby causing
clean combustion compared to other fossil fuels (Sahoo,
Sahoo, & Saha, 2009). Therefore, using methane with
diesel fuel in a dual combustion is a potential route to
reduce pollution in urban and industrial zones (Di Iorio,
Magno, Mancaruso, & Vaglieco, 2017). Natural gas (NG)
is a hydrocarbon gas mixture primarily consisting of
methane (Mittal, Donahue, Winnie, & Gillette, 2015).

Dual fueling with diesel-NG is one of the approaches
among the various strategies considered for achieving
cleaner combustion in the internal combustion engines
(Abagnale et al., 2014b). Diesel-NG dual-fueled opera-
tion is generally characterized by using diesel as a pilot
injection to start the combustion in a chamber with
NG/air mixture (Abagnale et al., 2014a). Dual-fueled
combustion is one of the easy and low-cost approaches
to replace with conventional diesel engines to reduce fuel
cost and exhaust emissions (Maghbouli, Saray, Shafee, &
Ghafouri, 2013).

Diesel-NG combustion provides a suitable condition
to reduce PM and nitrogen oxides (NOx) emissions com-
pared to diesel ignition engines (Barik & Murugan, 2014;
Mustafi, Raine, & Verhelst, 2013). CO, pollutant lev-
els can be reduced in the dual-fueled combustion mode
(Lounici et al., 2014), although carbon monoxide CO
and unburnt hydrocarbon (UHC) emissions increase in
the dual-fuel engine (Di Iorio, Magno, Mancaruso, &
Vaglieco, 2016). The use of exhaust gas recirculation
(EGR) (Lipardi, Versailles, Watson, Bourque, & Bergth-
orson, 2017; Papagiannakis, 2013; Singh Kalsi & Subra-
manian, 2016; Zhao, Wang, Li, Lei, & Liu, 2014), throttle
control (Ling, Longbao, Shenghua, & Hui, 2005), modi-
fied combustion chamber geometry (Lee & Park, 2017),
intake valve timing (Jung, Song, & Hur, 2017), advancing
the pilot fuel injection time (Wang et al., 2016; Yang, Xi,
Wei, Zeng, & Lai, 2015) and the use of biofuels (Jamuwa,
Sharma, & Soni, 2016; Najafi, 2011; Najafi, Piirouzpanah,
Ghobadian, Sadegpour, & Ranjbar, 2007; Najafi, Torkian,
Hejazi, & Zamzamian, 2011; Yoon & Lee, 2011) have been

suggested to overcome high emissions of CO and UHC
from dual-fuel engines. Such operations and their differ-
ent aspects have been employed to improve the engine
emissions and performance.

For instance, Yaliwal et al. (2016) studied the rela-
tion of engine performance and combustion chamber
geometry in a dual-fueled diesel engine fueled by Honge
methyl ester and producer gas. They used three types
of fuel injectors with 3, 4, and 5 holes as well as vary-
ing pressures from 210 up to 240 bar and two types of
combustion chamber to find proper matches of injec-
tors and combustion chamber for the highest engine
performance. Zhang and Song (2016) studied the com-
bustion process in order to utilize liquid natural gas
(LNG) on an electronically controlled common rail dual
(diesel-NG) engine. In their study, the brake specific fuel
consumption (BSFC) and the exhaust emissions under
varied co-combustion ratios and speeds of 1200 rpm and
2200 rpm were compared and analyzed. Mikulski and
Wierzbicki (2016) studied the relation of gas composition
and combustion characteristics of a four-cylinder, dual-
fuel (diesel-NG), turbocharged, direct injection engine.
Based on results, ignition delay (ID) of the initial diesel
dose has been significantly affected by the changes of the
gas composition.

Lounici, Boussadi, Loubar, and Tazerout (2014) stud-
ied the effect of enriched NG with various H, blends
on dual-fueled engine. Based on experimental results,
total hydrocarbons (THC), CO,, and CO emissions have
been reduced by using gaseous fuel, but NOx emission
increased slightly. Pan, Yao, Han, Wei, and Wang (2015)
studied the effect of intake air temperature (IAT) on the
emissions and performance of a dual (diesel/methanol)
fueled engine. Based on results, decreasing the IAT
prolonged ID and reduced the peak cylinder pres-
sure; while increasing the IAT reduced the emissions
of CO, THC, NO;, methanol and formaldehyde and
increased soot, NO, and NO emissions. In a different
study, Lata and Misra (2010) developed mathematical
models to estimate pressure, mean gas temperature, net
heat release rate (HRR), and brake thermal efficiency
in the case of using a dual (hydrogen/liquid petroleum
gas (LPQG)) fueled engine. The output of the proposed
model had a high correlation with the experimental
results.

Kumar and Raj (2013) studied the effects of fuel injec-
tion timing (FIT) and IAT on the emission and perfor-
mance of an air-cooled, single-cylinder, four-stroke, dual
(biodiesel/ethanol) fueled engine. Based on the results,
increasing the injection timing increases exhaust tem-
perature, in cylinder pressure, HRR, and NOy emission,
and decreases CO and HC emissions. (Ge, Kim, Yoon, &
Choi, 2015; Yoon, Kim, Kim, & Choi, 2014).
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Combustion in dual-fueled engines is more complex
because it has both diesel-cycle and Otto-cycle dual char-
acteristics. Increasing the co-combustion ratio decreases
the diffusive combustion of pilot diesel fuel. The emis-
sions generation mechanism of dual-fueled systems falls
between those of diesel diffusion combustion and NG
flame propagation combustion (Zhang & Song, 2016).

Therefore, it is important to study the effect of fuel
combinations on the performance and emissions of a
dual-fueled engine. In general, the dual-fueled engine’s
performance is lower than the same diesel engine (Papa-
giannakis & Hountalas, 2003, 2004; Yoon & Lee, 2011),
but one of the purposes of this work was to achieve the
level of diesel engine performance in a dual-fueled mode.

The present work was set to experimentally and theo-
retically investigate the performance and emission char-
acteristics of a dual (NG/diesel (as pilot fuel)) fueled
engine at 10, 25, 50, 75, and 100% of full load. The pilot
FIT, and pilot to gaseous fuel (PGF) ratios were the two
main factors of study. In fact, the aim of this work was
to convert a conventional diesel engine to a dual-fueled
engine in order to decrease emissions while maintain-
ing engine performance (engine brake power). Compu-
tational fluid dynamics (CFD) was also carried out to
understand the combustion phenomena in the dual-fuel
mode.

Experimental setup and procedure
Engine and test facilities

The engine under investigation was a direct injec-
tion, four-cylinder diesel engine with a constant-speed
(1500 rpm) that is typically used in generators and water
pumps. The characteristics of the engine have been tab-
ulated in Table 1. The engine was equipped with an
electronically governed distributor injection pump and a
four-hole injector to reach an injection pressure of 270
bar. All the experimental tests were performed in the
MOTORSAZN R&D department test cell. The instru-
ment specifications used for the experimental tests are
shown in Table 2. The engine speed had been kept at
1500 rpm under all test conditions. After connecting

Table 1. Engine characteristics.

Characteristic Value

No. of cylinder 4, Inline

Cycle Four strokes
Aspiration Natural

Engine volume (lit) 4

Bore (mm) 100

Stroke (mm) 127

Compression ratio 16:1

Injection Direct

Rating 44 kW@1500 rpm

Table 2. Measurement instruments specifications.

Measurement Instrument Range Resolution

NOy AVL DICOM 4000 0-4000 ppm 1ppm

HC (Non-Dispersive 0-200,000 ppm 1 ppm
Infra-Red by vol.

o Technique) 0-10% by vol. ~ 0.001%Vol.

CO, 0-20% by vol. ~ 0.01% Vol.

A 0-10 0.001

PM AVL 415S 0-10 0.001

In-cylinder AVL GU 13G & AVL 0.001 bar @

pressure Micro IFEM Piezo 0.1°CA
Data acquisition LabVIEW-based &
system IndiCom

Air flow rate ABB Sensyflow P 0-400 m3/h +0.1m3/h

Diesel flow rate Rizpoya 0.001 kg/h

NG flow rate GAS SUZAN (AG 0.001 m3
75.10)

Temperatures Grant Eltek 1000 —50-1600°C 0.1°C
Series & K type
termocouple

Injection time AVL SL31D 2000 & 0.1°CA
AVL Dicom 4000

Engine torque SCHENK 0-700 kW 0.1N.m
Dynamometer

Engine speed SCHENK 0-10000 rpm 1rpm

Crank angle AVL 365C 0.1CA

Table 3. ECE-R96 standard for testing constant speed engine.

Mode Torque (%) Engine Speed Engine Speed
1 100 Rated Rated
2 75 Rated Rated
3 50 Rated Rated
4 25 Rated Rated
5 10 Rated Rated

the engine to a dynamometer (eddy current absorption
dynamometer, SCHENK W700), tests were performed
on the diesel engine with different loads including 10,
25, 50, 75, and 100% of the full load based on the ECE-
R96 standard for steady-state constant speed engines
(Table 3), and then the exhaust emissions were measured
(AVL DICOM 4000) under each test condition. Engine

Figure 1. Meshing combustion chamber.
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torque and fuel consumption were recorded by a data
acquisition system (LabVIEW-based & IndiCom) and a
dynamometer. The diesel FIT was measured by an AVL
365C crank angle encoder. A piezoelectric pressure trans-
ducer (IFEM Piezo) with quartz crystals was used to
measure the engine’s in-cylinder pressure.

Table 4. Kinetics reactions used in simu-
lations (Turns, 2000).

2DF2 + 370, — 24C0; + 26H,0
0; +2N; — 2N 4 2NO
20; + Ny — 20 + 2NO
N2 +20H — 2H 4 2NO
20, + CHy — CO; 4 2H,0
0+C0;, - 0,4+ CO
0, +N— 0+ NO
OH+ CO — H+ CO,
N +0 — N+ NO

0 0 +H—OH+O0

= OV OoONOUIA WN =

Table 5. Equilibrium  reactions
used in simulations (Turns, 2000).

H, = 2H

0, =20

N, = 2N

0, + Hy = 20H
0+ 2H,0 = 40H
0,+2C0 = 2C0O;

U WN =

Engine performance simulation

Numerical investigations were performed by adopting
KIVA 3V code to estimate in-cylinder pressure and tem-
perature under different conditions of loads and pilot
injection timing and quantities. First, the combustion
chamber was modeled in Solid Works® software (Das-
sault system Co. Ver 2015) using piston geometry and the
engine manufacturer’s data. Then the combustion cham-
ber meshing was developed by ANSYS-ICEM® (Ansys
software Co. Ver R16). Figure 1 shows the combus-
tion chamber after meshing. To prove the mesh’s inde-
pendency of the calculations, mesh generating was per-
formed by 12964, 16619, and 22175 elements. Reducing
the mesh size after achieving a reasonable convergence
in results is worthless, and it only leads to increase in the
time for calculations. The simulation results showed that
16619 and 22175 elements had little difference in cylinder
pressure simulations, and then calculations were carried
out with 16619 elements to save time.

The ICEM outputs and other engine data were
imported to the KIVA 3V code. The KIVA 3V code
was modified by some settings and extra subroutines
to estimate cylinder pressure, temperature and ID. The
methane content in NG composition was higher than 96

Throttle
Diesel Control Control () NG Flow meter
Unit -
A= Q=
pesssses ] 3 . — - _
: NG Control
: Unit

e

Diesel Fuel
Pump

Intake manifold

Diesel Flow
meter

ssssssssssssssssssans
-]
= ) Y-
TR
sl e

Diesel Fuel
Tank NG
4
Diesel :
Engine :
H .

lessssssnsnnnnsnnnnns sassnnns sesssssssssnnes sesssssssssssssssssssssssReRRRERRREnS

Figure 2. The dual-fueled engine schematic.
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Vol. % and, for the purpose of simulation, was assumed
to be 100 Vol. %. In this work, 13 species (N2, O3, H,0,
CO,, Hy, H, OH, O, N, CO, NO, diesel fuel, and CH4
(gaseous fuel)), 10 kinetic reactions and six equilibrium
equations were employed in the KIVA code as shown in
Tables 4 and 5. A k — ¢ turbulent model was used for the
CFD simulations with the KIVA code. Equations (1), (2)
and (3) present, respectively, the continuity equation for
a species and fluid momentum and energy equations in
terms of specific internal energy (Rosen, 1989):

d
L4V (o) = V. [pDV (%“)] + A% + 8m

(1)
3(pu) _ 1 2
5 + V.(ppuu) = = Vp —AgV (spk)
+V.o+F +pg ()
a(pD) v _
5tV (puh =—pV u+ (1= Ago/Vu

—V - J+Appe+Q+Q (3)

Table 6. Fuels characteristics (Iranian Research Institute of
Petroleum Industry).

Characteristic NG Diesel Fuel
Auto ignition (°C) 650 316
Octane number 130 -
Cetane number - 55
Calorific value (MJ/kg) 48.6 421
Carbon content (%) 75 87
Stoichiometric ratio 17.2 14.69

| cylinder |
| Pressure

Engine Speed
~ 2 Sensor
/I \ 3
“Betector e : ;
Detector . System

Figure 3. Dual-fueled engine testing in test cell.

The equations for D and source term due to py,, p°, Q°
and Q° are illustrated in reference (Rosen, 1989).

Engine cylinder pressure and temperature simulations
were performed in the diesel mode primarily, and then
gaseous fuel (CH4) was added to the reactions for sim-
ulation of the dual-fuel mode. The apparent net HRR,
denoted by (dQ,/dt), was calculated using Equation (4)
(Pedrozo, May, Dalla Nora, Cairns, & Zhao, 2016):

dQ, Y av 14

dp
= ——p— — V=
dt y—1dt y—1 dt

(4)

The engine valve timings, diesel fuel injection profile and
its pressure and other necessary data were obtained from
the manufacturer’s documents.

ID time is an important factor in internal combustion
engines. A subroutine code was added to the KIVA code
to estimate the ID time in the dual-fueled mode by using
Equation (5) (Prakash, Shaik, & Ramesh, 1999):

7,CA) = C(Og)*(0.36 + 0.22Mps)exp

1 1
E _
[ A (RTm(rc)"—1 17190)

21.2 0.63
+<Pm(rc)" — 12.4) } ®

Activation energy E4 is given by Equation (6):

618840

= — 6
CN + 25 ©)

A

Data acquisition system
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where Oy is defined as follows:

Oy = (O dualfuel )
(Of )diesel

Procedures

The engine can operate in normal diesel- and dual-
fueled modes. After finishing the experimental tests in
the diesel mode, the engine was converted to the dual-
mode (diesel-NG) by a gas mixer, NG control unit, throt-
tle control device, and a suitable hose and connections.

100% Full Load
14

DF 40%

DF 30% Diesel

DF 50%
12

10

% VOL

20 17 14 20 17 14 20 17 14 20 17 14
Advance (°CA)

50% Full Load
14

DF 30% DF 40% DF 50% Diesel

12

10

% VOL

20 17 14 20 17 14 20 17 14 20 17 14
Advance (°CA)

10% Full Load
14

DF 30% DF 40% DF 50% Diesel

12

10

% VOL

. mmiEEEeeEEEN

20 17 14 20 17 14 20 17 14 20 17 14
Advance (°CA)

Figure 4. CO, emission based on injection timings.

Natural gas was mixed with air by a mixer, and then the
homogeneous NG-air mixture was passed into the com-
bustion chamber by way of the engine intake manifold.
The homogeneous charge was ignited by a pilot diesel
injection. There are many ignition points from where
combustion starts, and then the flame propagates spon-
taneously and by pilot fuel flame interaction. NG flow
was measured by a gas flow meter (Gas Suzan AG 75.10).
The air-gas mixture was passed into the intake manifold
and was restricted by a throttle control unit. Figure 2
illustrates a schematic diagram of the dual-fuel engine
configuration.

75% Full Load
14

DF 30% DF 40% DF 50% Diesel

12

10

% VOL

20 17 14 20 17 14 20 17 14 20 17 14
Advance (°CA)

25% Full Load
14

DF 30% DF 40% DF 50% Diesel

12

10

% VOL

z ._“ ..Il

0

20 17 14 20 17 14 20 17 14 20 17 14
Advance (°CA)



ENGINEERING APPLICATIONS OF COMPUTATIONAL FLUID MECHANICS 523

The dual mode pilot fuel (diesel fuel) to NG ratios were
30, 40 and 50%, and the pilot injection timings were 14,
17, 20 degrees of the crank angle (CA) before top dead
center (TDC). The PGF ratio was obtained by Equation
(8) (Tarabet et al., 2014):

ﬂlg
Z(%) =100 x ——=— (8)
Mg + MpE
The quantity of pilot fuel (diesel) injection was adjusted
by a fuel control level on the fuel injection pump to
30, 40, and 50% of diesel mode, and then the engine
power was raised up to the diesel mode by flowing the

100% Full Load

2500

DF 40% Diesel

2000

1500
b
a
a

1000

500

[}

20 17 14 20 17 14 20 17 14 2 17 14
Advance (°CA)
2500 50% Full Load
DF 30% DF 40% DF 50% Diesel

2000

1500
=
o
a

1000

500 l
0

20 17 14 20 17 14 20 17 14 20 17 14

Advance (°CA)
2500 10% Full Load
DF 30% DF 40% DF 50% Diesel
2000
1500
3
a
a
1000
500
0 — ] [ — [—— l-_j
20 17 14 20 17 14 20 17 14 2 17 14
Advance (°CA)

NG-air mixture into the intake manifold. The primary
application for the original engine type is water pump-
ing or electricity generating, meaning that steady and
reliable working of the engine is required. Ratios lower
than 30% for PGF (especially at low loads) caused dan-
gerous vibrations of the engine. Therefore, the inves-
tigations were continued with 30, 40 and 50% ratios.
The diesel fuel and NG characteristics are presented in
Table 6.

Natural gas content in intake air was increased
until the dual-fuel engine brake power rose to the
diesel mode, and then the gaseous fuel consumption

2500 75% Full Load
DF 30% DF 40% DF 50% Diesel
2000
1500
s
o
-9
1000
500
20 17 14 20 17 14 20 17 14 20 17 14
Advance (°CA)
0/
2500 25% Full Load
DF 30% DF 40% DF 50% Diesel
2000
1500
b3
o
a
1000
500
0 I.-_-_-.l-_-._.-_-_-ll_.l

20 17 14 20 17 14 20 17 14 20 17 14
Advance (°CA)

Figure 5. NOy emission for different pilot injection timings and quantities.
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and the engine emissions were recorded by a gas
flow meter and an engine pollutant detector (AVL
DCOM 4000), respectively. Figure 3 presents the engine
test cell.

The engine emissions, its performance and fuel (pilot
and gaseous) consumptions were recorded under differ-
ent loads, pilot injection timings and quantities.

Results and discussions

Figure 4 shows that for the majority of the loads and
PGF ratios and different pilot FIT, the emission of
CO; in dual mode is lower than that of the diesel

100% Full Load
1400

DF 30% DF 40% DF 50% Diesel

1200

1000

800
s
a
Q.

600

400

200

[ | I = —
20 17 14 20 17 14 20 17 14 20 17 14
Advance (°CA)
50% Full Load
1400
DF 30% DF 40% DF 50% Diesel

1200

1000

800
b3
a
a

600

400

200

0 —
20 17 14 20 17 14 20 17 14 20 17 14
Advance (°CA)
10% Full Load
1400
DF 40% DF 50% Diesel

1200

1000

800
s
o
o

600

400

200

0 [re——

20 17 14 20 17 14 20 17 14 20 17 14
Advance (°CA)

mode. CO, is a complete combustion product. As
shown in Figure 4 with increasing load, the amount of
CO, is also increased. Decreasing PFG ratio (increas-
ing the gaseous fuel portion) reduces CO, emission.
This indicates that reducing the pilot fuel portion
reduces the flame propagation and leads to incomplete
combustion. Increasing the gaseous fuel portion and
also increasing the FIT decrease the CO,. The forma-
tion of CO, correlates with other emissions such as
UHC and CO and the amount of CO, affected their
quantities.

NOy emission in dual mode is lower than that of
the diesel mode for all engine loads, pilot fuel portions

75% Full Load
1400

DF 30% DF 40% DF 50% Diesel

1200

1000

800

=
a
o

600

400

200

5 || [
20 17 14 20 17 14 20 17 14 2 17 14
Advance (°CA)
25% Full Load
1400
DF 30% DF 40% DF 50% Diesel

1200

1000

800
=
o
o

600

400

200

0 ..
20 17 14 20 17 14 20 17 14 20 17 14
Advance (°CA)

Figure 6. UHC emission for different pilot injection timings and quantities.
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and injection timings (Figure 5). Also, decreasing the
portion of pilot fuel decreases the NOy emission. Increas-
ing the pilot injection timing increases NOx emission
for all loads and pilot injection quantities. It might be
expected that pilot injection quantity has little effect on
NOy emission, but increasing it increases NOy forma-
tion. We note that NOy formation depends on the local
temperature inside the combustion chamber. In the dual
mode, the flame is accompanied by pilot fuel propa-
gation, therefore decreasing diesel fuel (pilot fuel) in
the dual mode decreases the local temperature in the
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Figure 7. Lambda for different pilot injection timings and quantities.

combustion chamber, and so is expected to decrease the
amount of NOy in the dual mode.

UHC pollutant is the sum of unburned hydrocarbons
indicator and its existence is a sign of poor combustion.
In diesel mode, the UHC content is reduced to the low-
est level because of the presence of extra air inside the
combustion chamber. In dual mode, and especially at
part loads, the temperature of the combustion chamber is
lower than that of the full loads, thus a high emission of
UHC is expected under these conditions. Moreover, the
in-cylinder wall temperature may be lower than the NG
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ignition temperature, and thereby cause high emission of
UHC.

In general, the best operation conditions are reached
at part load while the most critical conditions are at low
loads. The diesel engine does not have a throttle to restrict
NG-air flow rate (or air only in diesel mode), and there-
fore at low load, the mixture becomes too lean, and so
the ignition limits are not reached. This operating condi-
tion leads to high UHC emissions and low efficiency. At
full load, there is at least one ignition start point for each
diesel injector hole, meaning that the combustion speed
can become too high so as to induce knocking, even with
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Figure 8. PM emission based on injection timings.

a high methane octane number of about 130 (Abagnale
et al., 2014b). So, in the dual mode, especially at part
loads, the UHC content rises significantly. Figure 6 shows
the UHC emission under different loads, pilot injection
timings and quantities.

According to Figure 6, the emission of UHC in
dual mode is more than the diesel mode for all the
test conditions, especially for part loads. Increasing
the pilot injection timing gives enough time to mix
the pilot fuel with the gaseous fuel and ignite it to
achieve high performance combustion. For part loads
increasing the pilot fuel increases the temperature of
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the combustion chamber, and the UHC content is
expected to be reduced. In the dual mode, advanc-
ing the pilot injection timing decreases the UHC
emission, but decreasing the pilot injection quantity
increases it.

Variation of lambda (air-fuel ratio) calculated by
Equation (9) (Ryu, 2013):

mair

Aotal = - " 9)
T (AFRNG)stoie- Tt + (AFRPE)stoic- Ty

Figure 7 shows the results of the variation in lambda.
For part loads and lower pilot injection quantities, the
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Figure 9. CO emission based on injection timings.

lambda increases. Increasing the pilot injection timing
decreases the lambda especially under part loads, but
diesel-gaseous fuel ratios have a negligible effect on
lambda value at full load.

According to Figure 8 which shows the trend of the
PM emission, the dual mode has lower PM emission than
the diesel mode. As shown in Figure 8, at up to 80% of
full load, the PM emission is similar in both diesel and
dual modes under all test conditions because of the pres-
ence of enough air in the combustion chamber (lambda
value in Figure 7) and good combustion. Under full load,
the lambda value is about 1 and smoke limit in the diesel
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engine is about 1.4, so the PM emission rises in the
diesel mode. In the dual mode, the pilot injection quan-
tity decreases (up to 30%) and methane molecules replace
the diesel fuel molecules and cause lower PM emission
in comparison to the diesel mode. Increasing gaseous
fuel and decreasing diesel fuel decreases the PM quan-
tity, and increasing the pilot FIT decreases PM emission,
especially under full load.

For up to 75% of the full load in the dual mode, CO
emission is more than that for diesel mode, but at full
load, the CO emission of diesel mode is more than that
for the dual mode (Figure 9). Increasing the injection
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Figure 10. BSEC based on injection timings.

timing increases the CO emission in the diesel mode but
decreases it in the dual mode. Up to 75% of the full load,
the CO emission of dual mode is more than that for the
diesel mode. At fullload, the good combustion of gaseous
(Figure 6) UHC pollutant increases the amount of CO
emission. Under full load, decreasing the pilot injection
quantity decreases CO emission, and increasing the pilot
injection timing decreases CO emission under the most
test conditions.

Brake specific energy consumption (BSEC) is calcu-
lated by Equation (10) (Hassan, Mohd Nor, Zainal, &
Miskam, 2011):
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Hpilotfuel + HNG
Power
mPilotfuel X LHVPilotfueI + mNG X LI_IVNG

BSEC =

Power
(10)

In the dual-fueled engine, BSEC is a good parameter to
compare two different fuels. Results of BSEC are shown
in Figure 10. The results show that the BSFC difference
between the diesel and the dual modes is negligible and
is close to each other for full loads. For part loads, how-
ever, BSEC of dual mode is higher than that for diesel
mode. The reason can be related to UHC since the UHC
emission for part loads increases and fuel energy is not
completely released (Figure 6).

Figure 11 shows the in-cylinder pressures for differ-
ent pilot injection timings and PGF ratios at full load.
The P — 0 diagrams are means of 50 cycles pressure in
the cylinder. P — 6 diagrams show that increasing the
diesel FIT increases the in-cylinder pressure in both the
diesel and the dual modes. The engine speed and loads
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were regulated to be constant for all of the test condi-
tions. Therefore, increasing the injection timing of pilot
fuel increases the in-cylinder pressure, and fuel con-
sumption is expected to be reduced. Fuel consumption
was reduced by increasing the pilot FIT as observed
in the experimental tests. Decreasing the pilot injection
advances the timing, increases combustion delay, and
accordingly raises the cylinder pressure. The behavior
of the P — 0 diagrams in the dual mode was similar to
that of the diesel mode in terms of pilot injection tim-
ing variations (14, 17, 20 degrees before TDC). In the
dual mode, the combustion delay time was greater than
that of the diesel mode. The P — 6 diagrams in the dual
mode, especially for part loads, show unusual combus-
tion, which is caused by high levels of UHC, CO, and CO,
emissions.

The extracted information of combustion chamber
geometry from the ICEM software was imported to the
KIVA 3V then the in-cylinder pressure and tempera-
ture and the HRR at various degrees of crankshaft were
identified. Figure 12 shows the simulation results for
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Figure 11. Cylinder pressure in full load and different advance timings, diesel mode (a), dual mode with 50% diesel (b), dual mode with

40% diesel (c), and dual mode with 30% diesel (d).
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Figure 12. Experimental and simulation results of cylinder pressure in: (a) diesel mode, (b) dual mode with 50% diesel, (c) dual mode

with 40% diesel, and (d) dual mode with 30% diesel.

in-cylinder pressure. The results of simulation had a good
agreement with the experimental results.

HRR and cylinder temperature were simulated with
KIVA-3V code and the results are shown in Figure 13.
The increase in the cylinder temperature in the diesel
mode was faster than in the dual mode, although the
cumulative cylinder temperature in the diesel mode was
lower than that for the dual mode. This means that the
diesel fuel combustion rate is higher than that of gaseous
fuel (methane), and thus while using the dual fuel mode,
there is a need to increase the pilot fuel advance timing
to increase the cylinder pressure in TDC. Since the ID
in the dual mode is more than that of the diesel mode,
the HRR in the diesel mode is faster than that of the dual
mode. As shown in Figure 13, the increasing tempera-
ture rate in the diesel mode is higher than that of the
dual mode so it is expected that the NOy emission in
diesel engine will be more than that of the dual mode, as
confirmed by the experimental results for NOyx emission
(Figure 5).

The simulation results at TDC are shown in Figures 14
and 15. Due to the lower ID time in the diesel mode as
compared to the dual mode, the cylinder pressure and
temperature in the diesel mode at TDC is higher than
those for the dual mode.

As shown in Figure 15, combustion in the diesel mode
starts earlier than in the dual mode and continues there-
after. These phenomena can be explained by the natural
gas characteristic of a higher auto-ignition temperature
compared to diesel fuel.

Conclusions

In this study, a constant speed diesel engine was modi-
fied to function as a dual-fueled diesel engine. NG was
used as the base fuel and diesel fuel was considered as
the pilot fuel. The experimental tests were carried out
for performance and emissions under different loads (10,
25, 50, 75, and 100% of the full load) and PGF ratios
(30, 40 and 50%). Based on the results, at a constant
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Figure 13. Simulation results for HRR and cumulative temperature in: (a) diesel mode, (b) dual mode with 50% diesel, (c) dual mode

with 40% diesel, and (d) dual mode with 30% diesel.
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Figure 14. Simulation results for cylinder pressure at TDC for 20 degree advance timing in: (a) diesel mode, (b) dual mode with 50%
diesel, (c) dual mode with 40% diesel, and (d) dual mode with 30% diesel.

speed of the engine with variable loads, the dual-fueled
mode had lower CO,, NOy, and PM emissions under
all load conditions and PGF ratios when compared to
diesel mode. At full load, the dual-fueled engine had
relatively lower CO emission and higher HC emission.
Also, under full load, the specific energy consumption of

the dual-fueled engine was similar to that for the diesel
engine.

For reducing emissions as well as better fuel econ-
omy, it is suggested to use an engine in the dual mode
at 30 and 50% of the pilot fuel ratio in full and half loads,
respectively.
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(a) b)

(c) (d)

Figure 15. Simulation results for cylinder temperature at TDC for 20 degree advance timing in: (a) diesel mode, (b) dual mode with 50%
diesel, (c) dual mode with 40% diesel, and (d) dual mode with 30% diesel.

Modifying the KIVA code could enable the estimation
of simulations of cylinder pressure and emissions per-
fectly in the dual mode, and they demonstrated a good
agreement with the experimental results.
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