
Research Article
Comparative Numerical Study of Four Biodiesel Surrogates for
Application on Diesel 0D Phenomenological Modeling

Claude Valery Ngayihi Abbe,1,2 Raidandi Danwe,1,3 and Robert Nzengwa1,2

1National Advanced School of Engineering, University of Yaounde, P.O. Box 337, Yaounde, Cameroon
2Faculty of Industrial Engineering, University of Douala, P.O. Box 2701, Douala, Cameroon
3Higher Institute of the Sahel, University of Maroua, P.O. Box 46, Maroua, Cameroon

Correspondence should be addressed to Claude Valery Ngayihi Abbe; ngayihiclaude@yahoo.fr

Received 19 November 2015; Revised 1 February 2016; Accepted 2 February 2016

Academic Editor: Yiguang Ju

Copyright © 2016 Claude Valery Ngayihi Abbe et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

To meet more stringent norms and standards concerning engine performances and emissions, engine manufacturers need to
develop new technologies enhancing the nonpolluting properties of the fuels. In that sense, the testing and development of
alternative fuels such as biodiesel are of great importance. Fuel testing is nowadays a matter of experimental and numerical work.
Researches on diesel engine’s fuel involve the use of surrogates, for which the combustionmechanisms are well known and relatively
similar to the investigated fuel. Biodiesel, due to its complex molecular configuration, is still the subject of numerous investigations
in that area. This study presents the comparison of four biodiesel surrogates, methyl-butanoate, ethyl-butyrate, methyl-decanoate,
and methyl-9-decenoate, in a 0D phenomenological combustion model. They were investigated for in-cylinder pressure, thermal
efficiency, andNO

𝑥
emissions. Experiments were performed on a six-cylinder turbochargedDI diesel engine fuelled bymethyl ester

(MEB) and ethyl ester (EEB) biodiesel from wasted frying oil. Results showed that, among the four surrogates, methyl butanoate
presented better results for all the studied parameters. In-cylinder pressure and thermal efficiency were predicted with good
accuracy by the four surrogates. NO

𝑥
emissionswere well predicted formethyl butanoate but for the other three gave approximation

errors over 50%.

1. Introduction

Extensive studies regarding biodiesel combustion as an alter-
native for conventional diesel fuel have been performed
recently [1, 2]. Experimental studies are more and more
accompanied by numerical studies to better understand the
physical phenomena involved in the combustion process in
diesel engines when fuelled by biodiesel [3–5]. Numerical
studies in diesel combustion are often performed using
surrogates forwhich combustion kineticmechanisms arewell
established and are comparable to those of investigated fuels
[6–9].

Biodiesel combustion is often found difficult to model,
due to the diversity of its sources and also the complexity
molecular structure of biodiesel components which consist
of saturated and unsaturated fatty acid [10]. This makes the
modeling procedure for such type of fuel complex. It is widely

accepted that numerical simulations provide a useful tool for
engine conception and optimization. It is therefore important
to identify suitable biodiesel surrogates that can be used for
simulation purpose.

Most of the numerical works in literature present the
use of methyl butanoate and methyl decanoate [11–14] as
surrogates for biodiesel fuel. These works are mostly about
1D and 3D CFD detailed combustion kinetic modeling. As it
was stated in previous researches CFDmodeling presents the
disadvantage of a high computer cost [15]. This is where 0D
phenomenologicalmodeling can be effective, because it is less
time-consuming.

Investigations on different biodiesel surrogates for 0D
modeling are somehow scarce. Galle et al. [16] performed a
numerical analysis of a simplified spray model for different
biodiesel surrogates.Their work showed that the choice of the
surrogates is of high importance, and the fuel properties are
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highly influencing the model performance. Stagni et al. [17]
proposed a reduced kinetic model for biodiesel fuel for appli-
cation on 0Dmodel.They showed that the mechanism, when
applied, permits a considerable time saving in computation.

Som et al. [18] performed four different chemical kinetic
models for 0D and 3D simulation; the kinetic models were
mainly based on mixture of two different set of surrogates:
(a) methyl decanoate, methyl 9 decenoate, and n-heptane
and (b) methyl butanoate and n-heptane. Only species mole
fraction simulations were performed using 0D modeling. All
the mechanisms performed very well against experimental
data but at the expense of computer cost.

Theobjective of this study is to compare 4 differentmethyl
and ethyl ester surrogates in strictly 0D phenomenological
modeling for biodiesel combustion simulation purpose. The
surrogates will be compared according to computed maxi-
mum pressure, NO

𝑥
emission, and thermal efficiency.

2. Material and Methods

2.1. 0D Model Governing Equations. The model used in
this study was validated in a previous study [15]; we are
presenting here some fundamental relationships for a better
understanding of the computing methodology.

2.1.1. Spray Submodel. Injection and spray are modeled using
the theory described by Lyshevsky and Razleytsev [19–22].
The diesel jet is assumed to be constituted of two phases,
an initial and a base, which are separated by a transitory
characteristic length which is computed as follows:
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𝑞
𝑐
is the fuel mass flow rate in Kg/cycle; 𝜌

𝑓
is the fuel density

kg/m3; 𝑑
𝑐
is the injector nozzle diameter in mm; 𝜑inj is the

injection duration in crank angle degrees; 𝑖
𝑐
is the number of

injector holes.

2.1.2. Evaporation Submodel. The injected fuel is scattered
into fine droplets after the transition length; these droplet are
evaporating at a given rate which is proportional to their size
[20, 21]. The fuel spray is divided in two zones: In the first
zone, droplets are concentrated behind the front flame area.
In the second zone, droplets have reached the front flame and
the evaporation is turbulent.

The size of the pulverized droplets is evaluated for each
zone using the Sauter mean diameter, calculated by
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where 𝜌 = 𝜌
𝑎
/𝜌
𝑙
is the ratio of density between air and liquid

fuel.
Droplets are assumed to evaporate following the 𝑑

2 law
[23] for which the evaporation rate for a given droplet is
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where 𝑑
0
represents the droplet diameter after breakup (see

(4)) and 𝑑
𝑖
the diameter of the same droplet at time 𝑡.𝐾 is the

evaporation constant:
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where 𝑁
𝑢
is the Nusselt number for diffusion processes, 𝐷

𝑝

is the diffusion constant for fuel vapor, and 𝑝
𝑠
is the fuel

saturated vapor pressure.
Combustion duration, which is going to be used as an

entry data for heat release rate calculation, is calculated in
seconds by
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, (7)

where 𝑏
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2

32
is the relative evaporation constant and 𝜆

the excess air coefficient. 𝐴
𝑧
is a fitting weighing coefficient

where its value varies from 4 to 12 [21].

2.1.3. Ignition Delay and Heat Release Submodels. Ignition
delay is computed using the following correlation [24]:

ID = [0.36 + 0.22𝑈
𝑝
] exp[𝐸

𝑎
⋅ (

1

𝑅𝑇im𝜀𝑛𝑐−1
−

1

17190
)

+ (
21.2

𝑃im𝜀𝑛𝑐 − 12.4
)

0.63

] ,

(8)

where 𝐸
𝑎
is the fuel activation energy which is computed by

𝐸
𝑎

= 1310000/(CN + 25), CN is the fuel cetane number,
𝑈
𝑝
is the engine piston speed, 𝑇im and 𝑃im are, respectively,

the temperature and pressure at the intake manifold, 𝜀 is the
engine’s compression ratio, and 𝑛

𝑐
is the polytropic exponent

for compression.
The fuel burnt ratio at any crank angle 𝑥 = 𝑓(𝜑) is

computed using a double Wiebe function [25, 26] by
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, (9)

where 𝑥
𝑝
and 𝑥

𝑑
represent the fuel burnt ratio for premixed

and diffusion combustion phases and 𝛽 represents the frac-
tion of injected fuel during premixed phase.

For each combustion phase we can write
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where 𝑎
𝑖
and𝑚

𝑖
are Wiebe weighing coefficients; 𝜑comb is the

start of ignition corresponding angle; Δ𝜑 is the combustion
duration in degrees of rotation.

The heat release rate is computed by derivation of 𝑥 about
𝜑.

2.1.4. Thermodynamic Combustion Modeling. The governing
chemical reaction used in the study is given by
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The mass fraction of each species is calculated based on
equilibrium assumption [27]. The following equations were
exploited to determine the thermodynamic state of each
surrogate of chemical formula C
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𝑐
𝑝

𝑅
= 𝑎
1
+ 𝑎
2
𝑇 + 𝑎
3
𝑇
2

+ 𝑎
4
𝑇
3

+ 𝑎
5

1

𝑇2
;

ℎ

𝑅𝑇
= 𝑎
1
+

𝑎
2

2
𝑇 +

𝑎
3

4
𝑇
2

+
𝑎
4

4
𝑇
3

+
𝑎
5

5

1

𝑇2
+ 𝑎
6

1

𝑇
;

𝑠

𝑅
= 𝑎
1
ln𝑇 + 𝑎

2
𝑇 +

𝑎
3

2
𝑇
2

+
𝑎
4

3
𝑇
3

+
𝑎
5

4

1

𝑇2
+ 𝑎
7
.

(12)

Thefitting coefficients 𝑎
1
to 𝑎
7
are the first sevenChemkin

NASA coefficients of specific species in the therm.dat
Chemkin file. The reduced thermodynamic data are incor-
porated into the code and are in compliance with the
temperature range that our study is covering.

The thermodynamic tables used for air properties about
temperature are taken from the Chemkin data base for
temperature range of 300 to 5000K [28].

The thermodynamic state of the burning mixture is
calculated at each time step as a function of each species mass
fraction issued from combustion products.

The molar enthalpy of the mixture is then calculated by
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its molar entropy is calculated by
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the heat capacity of the mixture is given by
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Specific volume and internal energy of the mixture are
computed by

𝑢 = ℎ − 𝑅𝑇,
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𝑃
,

(16)

where 𝑅 is the universal gas constant and ℎ
𝑓
, 𝑠
𝑓
, 𝑐
𝑝𝑓

are,
respectively, the enthalpy, entropy, and specific of the fuel
(surrogate) involved in reaction (11).

The above determined parameters with equilibrium
hypothesis permit the determination of in-cylinder burn-
ing mixture pressure and temperature. The following three
equations give relationships for the internal energy, specific
volume, entropy, enthalpy, and specific heat with temperature
and pressure as functions of the crank angle [24, 25]:
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with (𝜕ℎ/𝜕𝑇)
𝑃
= 𝑐
𝑃
.

Considering the in-cylinder burning gases made of two
zones (unburned and burned), variations of in-cylinder
pressure and temperature about the crank angle for unburned
and burned gases are given by the following relations:
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where ℎ
𝑐𝑏

and ℎ
𝑐𝑢

are heat transfer coefficients to the wall,
respectively, for burned and unburned zones [29]. 𝑥 is the
fraction of burned fuel. 𝑚 is the fuel mass, V is the specific
volume,𝜔 is the engine speed in rad/s, and𝐶blowby is the blow
by coefficient.

Nonlinear equations (17)–(22) are simultaneously solved
using Runge-Kutta method (Dormand-Prince).

2.1.5. Nitric Oxides Emission Submodels. NO
𝑥
emissions are

computed using the extended Zeldovich [30, 31] where NO
𝑥

formation rate is computed as
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[𝑋] is the concentration of a given species 𝑋 and [𝑋]
𝑒
the

concentration of the same species at equilibrium. 𝐾
𝑓,𝑖

and
𝐾
𝑟,2
, respectively, represent the forward and reverse rate of

each reaction involved in the NO
𝑥
formation mechanism.

2.2. Biodiesel Surrogates. The surrogates used in this study
are, respectively, methyl butanoate, ethyl butyrate, methyl
decanoate, and methyl 9 decenoate. These four surrogates
were chosen firstly because of the high amount of work on
their combustion kinetics and study as biodiesel surrogates
[33–36] and secondly for the wildly availability of their
validated reduced mechanisms data. The thermodynamic
data for each surrogate were taken, respectively, from the
work of Liu et al. [37] formethyl butanoate, Herbinet et al. for
methyl decanoate [38], Luo et al. [39] for methyl 9 decenoate,
and the work of Goos et al. [40] for methyl butyrate.

Table 1: Engine specification [32].

Engine 6 liters, Ford cargo
Type Direct injection, turbocharged
Number of cylinders 6
Bore × stroke (mm) 104.0–114.9
Compression ratio 16.4 : 1
Maximum power (kW) 136 at 2400 rpm
Maximum brake torque (Nm) 650 at 1400 rpm
Injection pump In-line type
Injection opening pressure 197 bar

Table 2: Fuel properties [32].

Property Methyl ester biodiesel Ethyl ester biodiesel
Density (15∘C) 884.3 kg/m3 883.4 kg/m3

Viscosity (40∘C) 4.5mm2/s 4.9mm2/s
Lower heating value 37.33 kJ/kg 37.550 kJ/kg
Cetane number 54.9 53.5

Table 3: Values of start of injection angle [32].

Fuel Start of injection (BTDC, ∘CA)
1100 rpm 1400 rpm 1700 rpm

Methyl ester biodiesel 14 13 12
Ethyl ester biodiesel 14 13.25 12.25

2.3. Engine Specification and Characteristic of the Biodiesel.
The experimental analysis against which our study is about
was performed by Sanli et al. [32]. Combustion and emis-
sion characteristics of a six-cylinder turbocharged DI diesel
engine were investigated for methyl ester biodiesel and ethyl
ester biodiesel from wasted frying oil. The characteristics of
the engine are given in Table 1 and that of biodiesel fuels is
given in Table 2.

The numerical study was performed for three different
engine speeds for each surrogate: 1100 rpm, 1400 rpm, and
1700 rpm. The injection timing for each biodiesel was in
accordance with the measured start of injection angle during
experimental setup; the values are given in Table 3. The
measured crank angle at which the fuel line reached the
injector needle opening pressure was taken as the injection
timing angle or start of injection (SOI).

The biodiesel surrogates were numerically investigated
for three parameters:

(i) Maximum pressure.
(ii) NO

𝑥
emission.

(iii) Thermal efficiency.

3. Results and Discussions

3.1. Evaluation of Thermodynamic Properties of Biodiesel Sur-
rogates. A first evaluation was performed for each surrogate
according to (12). Equations (13) to (15) permit the compu-
tation of the mixture enthalpy, specific heat, and entropy as
a function of the surrogate used. These values are used for
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Table 4: Comparative experimental and simulated results for methyl ester biodiesel and each surrogate at 1100 rpm.

RPM MEB
1100 𝑃max (Mpa) Error NO

𝑥
(ppm) Error Thermal eff Error

Experimental 9.68 1400 39.00%
(1) Methyl butanoate 9.79 1.15% 1408 0.57% 38.06% 02.41%
(2) Ethyl butyrate 9.10 5.97% 101.2 92.77% 33.07% 15.21%
(3) Methyl decanoate 9.58 0.98% 532 62.00% 34.87% 10.59%
(4) Methyl 9 decenoate 9.14 5.51% 142.2 89.84% 33.43% 14.28%

Table 5: Comparative experimental and simulated results for methyl ester biodiesel and each surrogate at 1400 rpm.

RPM MEB
1400 𝑃max (Mpa) Error NO

𝑥
(ppm) Error Thermal eff Error

Experimental 9.89 1550 42%
(1) Methyl butanoate 9.79 0.96% 1511 2.52% 41.82% 0.43%
(2) Ethyl butyrate 9.09 8.06% 108 93.03% 36.22% 13.76%
(3) Methyl decanoate 9.57 3.22% 578 62.71% 38.43% 8.50%
(4) Methyl 9 decenoate 9.13 7.61% 152.2 90.18% 36.63% 12.79%

Table 6: Comparative experimental and simulated results for methyl ester biodiesel and each surrogate at 1700 rpm.

RPM MEB
1700 𝑃max (Mpa) Error NO

𝑥
(ppm) Error Thermal eff Error

Experimental 9.75 1525 43%
(1) Methyl butanoate 9.91 1.69% 1782 16.85% 43.66% 1.53%
(2) Ethyl butyrate 9.20 5.57% 128.3 91.59% 37.75% 12.21%
(3) Methyl decanoate 9.70 0.49% 686.6 54.98% 40.16% 6.60%
(4) Methyl 9 decenoate 9.25 5.09% 180 88.20% 38.18% 11.21%

the computation of the in-cylinder pressure and temperature;
(21) and (22) show that in-cylinder temperature for each zone
is linearly proportional to the mixture enthalpy and inversely
proportional to the mixture specific heat. The variation of
the mixture’s entropy (19) is a nonlinear function of the
temperature variation as well as the variation of in-cylinder
pressure. Thus, the variation of surrogate’s properties values
such as enthalpy, entropy, and specific heat as a function of
temperature could be a good indicator of its suitability for our
0D modeling.

Figure 1 presents the variation of enthalpy against temper-
ature for each surrogate.The curve shapes are similar and the
residual values are higher for methyl butanoate and methyl
9 decenoate, with maximum difference of 36.59 kJ/kmol.
Concerning entropy and specific heat (Figures 2 and 3),
we also notice a similar curve shape with higher residual
values between methyl butanoate and methyl decanoate,
maximum values which are, respectively, of 112 kJ/kmolK
and 50.1 kJ/kmolK for entropy and specific heat. The resid-
uals presented in the plots are the differences between
each computed parameter for each surrogate for a given
temperature. The plot presents the higher residual values.
These results show that some notable differences shall be
expected in terms of thermodynamic computed values of
combusting species during the simulation for each surro-
gate, which is the subject of the discussion in the next
sections.
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Figure 1: Variation of enthalpy against temperature for biodiesel
surrogates.

3.2. Biodiesel Surrogates Numerical Investigation. Maximum
pressure, thermal, and efficiency and NO

𝑥
emission were

computed for methyl ester biodiesel and ethyl ester biodiesel
fromwaste fried oil.The four mentioned biodiesel surrogates
thermodynamic data were used in the simulation at 1100,
1400, and 1700 rpm. Results of simulations and subsequent
error evaluations are displayed in Tables 4, 5, 6, 7, 8, and 9,
respectively, at 1100, 1400, and 1700 rpm. Errors are evaluated
as relative errors between measured and computed values.
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Table 7: Comparative experimental and simulated results for ethyl ester biodiesel and each surrogate at 1100 rpm.

RPM EEB
1100 𝑃max (Mpa) Error NO

𝑥
(ppm) Error Thermal eff Error

Experimental 9.86 1410 41%
(1) Methyl butanoate 9.86 0.06% 1420 0.71% 38.04% 7.22%
(2) Ethyl butyrate 9.16 7.02% 102.3 92.74% 33.07% 19.34%
(3) Methyl decanoate 9.65 2.09% 537 61.91% 34.85% 15.00%
(4) Methyl 9 decenoate 9.21 6.56% 143.9 89.79% 33.42% 18.49%

Table 8: Comparative experimental and simulated results for ethyl ester biodiesel and each surrogate at 1400 rpm.

RPM EEB
1400 𝑃max (Mpa) Error NO

𝑥
(ppm) Error Thermal eff Error

Experimental 9.78 1510 42.50%
(1) Methyl butanoate 9.77 0.04% 1507 0.20% 41.81% 1.62%
(2) Ethyl butyrate 9.35 4.40% 131.6 91.28% 35.32% 16.89%
(3) Methyl decanoate 9.84 0.63% 692.3 54.15% 37.42% 11.95%
(4) Methyl 9 decenoate 9.39 3.90% 184.9 87.75% 35.70% 16.00%

Table 9: Comparative experimental and simulated results for ethyl ester biodiesel and each surrogate at 1700 rpm.

RPM EEB
1700 𝑃max (Mpa) Error NO

𝑥
(ppm) Error Thermal eff Error

Experimental 9.7 1500 43.50%
(1) Methyl butanoate 9.96 2.73% 1659 10.60% 44.29% 1.82%
(2) Ethyl butyrate 9.47 2.34% 158 89.47% 36.93% 15.10%
(3) Methyl decanoate 9.98 2.89% 831 44.60% 39.24% 9.79%
(4) Methyl 9 decenoate 9.52 1.86% 221.9 85.21% 37.35% 14.14%
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Figure 2: Variation of entropy against temperature for biodiesel
surrogates.

3.2.1. Methyl Ester Biodiesel Numerical Investigation

Maximum in-Cylinder Pressure. Maximum pressure is fairly
well predicted for each surrogate. However methyl butanoate
shows a better prediction rate of an average of 1.27% accuracy
across the different rpm.Theother surrogates present an aver-
age accuracy of 6.53%, 1.56%, and 6.07% for ethyl butyrate,
methyl decanoate, and methyl 9 decenoate, respectively. In
Figure 4 it can be seen that experimental and simulated
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Figure 3: Variation of specific against temperature for biodiesel
surrogates.

pressure traces closely match for each biodiesel surrogates
compared toMEB experimental data. Better pressure simula-
tions are achieved bymethyl butanoate andmethyl decanoate
compared to the other two.

Thermal Efficiency. Thermal efficiency provides a good
insight of fuel heat input to mechanical energy output during
combustion cycle, especially when evaluating alternative fuel
[41, 42]. The simulation results show that methyl butanoate
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Figure 4: Experimental and simulated pressure trace at 1700 RPM for MEB for each surrogate.

gives the better approximationwith an average error of 1.46%.
Ethyl butyrate, methyl decanoate, and methyl 9 decenoate
present average errors below 15%, which are acceptable for
engine simulation. Methyl decanoate presents an approxi-
mation of average 8.56%, followed by methyl 9 decenoate at
12.76% and ethyl butyrate at 13.76%.

𝑁𝑂
𝑥
Emissions. NO

𝑥
emissions are simulated using the

extended Zeldovich mechanism [30, 43]; the simulation
results present a good agreement with experimental results
frommethyl butanoate with an average of 6.65% error across
the three regimes.Methyl decanoate,methyl 9 decenoate, and
ethyl butyrate however poorly predict NO

𝑥
emissions with

respective average errors of 59.9%, 92.46%, and 89.49%.

3.2.2. Ethyl Ester Biodiesel Numerical Investigation

Maximum in-Cylinder Pressure. Maximum pressure was cal-
culated through simulation in the 0D phenomenological
model, as well as in the case of methyl ester biodiesel.

Maximum pressure is also fairly well predicted for each
surrogate. Methyl butanoate shows a better prediction rate
of an average of 0.94% accuracy across the different rpm,
which is slightly better than during the methyl ester biodiesel
simulation. Simulations present an average accuracy of
4.59%, 1.87%, and 4.10% for ethyl butyrate, methyl decanoate,
and methyl 9 decenoate, respectively. Figure 5 shows that
experimental and simulated pressure traces closely match for
each biodiesel surrogate compared to EEB experimental data.
Better pressure simulations are achieved bymethyl butanoate
and methyl decanoate compared to the other two, just as in
the case of MEB.

Thermal Efficiency. The simulation results present a better
approximation for methyl butanoate with an average error
of 3.55%. Ethyl butyrate, methyl decanoate, and methyl 9
decenoate present average errors close and over 15%, which
is below acceptable for engine simulation. Methyl decanoate
presents an approximation of average 12.25%, followed by
methyl 9 decenoate at 16.21% and ethyl butyrate at 17.11%.
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Figure 5: Experimental and simulated pressure trace at 1700 RPM for EEB for each surrogate.

𝑁𝑂
𝑥
Emissions. As it was the case for MEB, the simulation

results present a good agreement with experimental results
frommethyl butanoate with an average of 3.84% error across
the three regimes, which is an improvement compared to
MEB simulation. Methyl decanoate, methyl 9 decenoate, and
ethyl butyrate, just as it was the case for MEB, poorly predict
NO
𝑥
emissions with respective average errors of 53.56%,

87.59%, and 91.17%.

3.3. Discussion. The approximations results are similar,
whether we are investigating methyl ester biodiesel or ethyl
ester biodiesel. For each case, pressure trace and thermal
efficiency are fairly well predicted. Ethyl butyrate and methyl
9 decenoate present the worst results in terms of simulation
precision.

The overall trend observed from the various simulation
results is that methyl butanoate gives better predictions of
engine parameters compared to other surrogates; this is in
accordance with its high rate of usage as a surrogate for
biodiesel in 3D and 1D simulation studies [4, 5, 44]. However,

this result is somehow contradictory with comments from
Brakora et al. [45] and Hakka et al. [33] that say that
methyl butanoate is not a particular good surrogate for
biodiesel. While this was explained by the fact that methyl
butanoate possesses a short alkylic chain and therefore cannot
adequately capture ignition delay and species history, it
should be noted that most of these findings were done
under 3D or experimental investigations. Our 0D model
only uses Chemkin Nasa coefficients to compute in-cylinder
thermodynamic parameters; the ignition delay is computed
as a function of the investigated biodiesel cetane number.The
reaction kinetic in our model is therefore independent of the
surrogate thermodynamic data.

The three other surrogates present overall good approxi-
mation for thermal efficiency andmaximumpressure.Methyl
decanoate presents better simulation approximation errors
than ethyl butyrate and methyl 9 decenoate; that trend is
interesting since one would have expected a closer approx-
imation value for ethyl butyrate since its enthalpy, heat
capacity, and entropy curves are closer to the ones for methyl
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butanoate. However, it has been noticed in the literature that
methyl decanoate has been extensively used as a surrogate
for biodiesel combustion simulation as compared to ethyl
butyrate and methyl 9 decanoate [13, 46, 47].

Another trend observed is the poorly predicted NO
𝑥

emission simulation for methyl decanoate, ethyl butyrate,
and methyl 9 decenoate. For these three surrogates, NO

𝑥

emissions are underpredicted compared to experimental
results. An earlier study, performed on Kiva-2 showed that
surrogates with lesser content of oxygen tend to predict lower
NO
𝑥
emission concentration [48]. In our case, each surrogate

presents 2 atoms of oxygen in its formula; methyl butanoate
presents a chemical formula of C

5
H
10
O
2
, ethyl butyrate of

C
6
H
12
O
2
, methyl decanoate of C

11
H
22
O
2
, and methyl 9

decenoate C
11
H
20
O
2
. The stoichiometric air/fuel ratio which

is calculated by 𝐿 = ((8/3)𝑎+8⋅𝑏−𝑐)/0.232 for each surrogate
of formula C

𝑎
H
𝑏
O
𝑐
N
𝑑
will be, respectively, 8.788, 9.4928,

11.37, and 11.24. According to experimental parameters, the
same mass of injected fuel was considered for each surrogate
in the simulation. The model takes into account the molar
fraction of each species contained in the surrogate. The
composition of the burningmixturewill therefore be depend-
able of the surrogate composition. The model will therefore
predict a richer mixture during combustion for methyl
butanoate, while others will be leaner. That could influence
the calculation of oxygen content in the burning mixture
and therefore will impact the computation of NO

𝑥
emission

through the extended Zeldovichmechanism. Another area of
investigation could be the extension of the thermodynamic
data for each surrogate by integration ofmore chain reactions
into the reduced chemical mechanical mechanism. That
could lead to an increase of computation time.

4. Conclusion

Four biodiesel surrogates were investigated for their perfor-
mance in 0D phenomenological combustion modeling. The
surrogated thermodynamic data were those of butanoate,
ethyl butyrate, methyl decanoate, and methyl 9 decenoate.
Simulations were compared against experimental data gath-
ered from the combustion of ethyl ester and methyl ester
biodiesel from waste cooking oil in a 6-cylinder DI diesel
engine at engine speed varying to 1100, 1400, and 1700 rpm.
Each biodiesel surrogate was investigated for in-cylinder
pressure, maximum pressure, thermal efficiency, and NO

𝑥

emissions. After the analysis of the simulation, the following
conclusions could be derived:

(i) Enthalpy, entropy, and heat capacity of the surrogates
follow similar curve shapes; the highest differences
were identified for methyl butanoate and methyl
decanoate concerning entropy and heat capacity and
betweenmethyl butanoate andmethyl 9 decenoate for
enthalpy.

(ii) Each surrogate fairly well predicted maximum pres-
sure and thermal efficiency for each engine regime
and each biodiesel.

(iii) Methyl butanoate showed the best accuracy for all
three simulated parameters, 1.27% and 0.94% for

maximum pressure, 1.46% and 3.55% for thermal
efficiency, and 6.65% and 3.84% for NO

𝑥
emissions

for MEB and EEB, respectively, followed by methyl
decanoate, methyl 9 decenoate, and ethyl butyrate.

(iv) Out of the four surrogates, only methyl butanoate,
could well predict NO

𝑥
emissions at 6.65% and

3.84% for MEB and EEB, respectively; the other three
surrogates presented heavy average errors higher than
50%.
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