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Abstract The main emphasis of this study is to examine the effects of biodiesel
thermo-physical properties on the fuel spray development using CFD modelling.
A complete set of 12 thermo-physical properties is estimated for PME, SME and
CME. The methods employed for this as reported here are generic as the methods
are dependent on the chemical compositions and temperature. Sensitivity analysis
is performed by integrating the estimated fuel properties into CFD modelling.
Variations in spray development such as mass of fuel evaporated and liquid and
vapour axial penetration length of biodiesel fuels are found to be different from
fossil diesel due to the difference in thermo-physical properties. A total of five
biodiesel properties are identified to have profound impacts on fuel spray devel-
opment, which are liquid density, liquid viscosity, liquid surface tension, vapour
pressure and vapour diffusivity. Nevertheless, only liquid surface tension and
vapour pressure are the most sensitive fuel properties to the fuel spray
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development. The work has provided better representation of biodiesel properties,
which improve the in-cylinder CFD simulation of reacting spray jet for the fuel.

Keywords Biodiesel -+ CFD - Fuel spray - Thermo-physical properties

1 Introduction

Despite the widespread use of biodiesel in conventional diesel engine, there is a need
for more comprehensive research work to conclusively determine the benefits and
drawbacks of biodiesel [ 1, 2]. One such effort is the utilisation of computational fluid
dynamics (CFD) techniques to better understand and improve biodiesel fuel spray,
combustion and emission characteristics in compression ignition (CI) engines.

For accurate in-cylinder CFD simulations of biodiesel spray combustion pro-
cess, the most important element is the spray and vapour structures of fuel as these
structures dictate the fuel vaporisation rate and the subsequent ignition, combus-
tion and pollutant formation processes. Since fuel spray and vapour structures are
primarily governed by the fuel thermo-physical properties, it is imperative to
understand the effects of these properties of different biodiesel fuels in compari-
sons to fossil diesel. Nevertheless, there are limited studies on developing and
establishing the impacts of thermo-physical properties of biodiesel fuels [1-3].
Moreover, most of the fuel properties were developed based on the mixture
compositions of soybean [1-3] or based on approximated single component
molecule, for example methyl oleate (C19H30,) that represents rapeseed methyl
ester [4]. Thus, fuel spray modelling using the approximated generic biodiesel fuel
properties inherently result in a certain level of inaccuracy in the predictions.

In line with the discussion above, the reported work here is based on palm
methyl ester (PME), soybean methyl ester (SME) and coconut methyl ester (CME)
to represent biodiesel fuels with low, moderate and high degree of unsaturation,
respectively. The fuel properties of PME, SME and CME are first developed due to
limited comprehensive validated thermo-physical properties of biodiesel fuels
available. Then, a set of numerical experiments are performed to investigate the
sensitivity of individual fuel properties under constant volume combustion. Fuel
spray characteristics of biodiesel fuels and fossil diesel are the main interest of
comparisons for the sensitivity analysis of fuel properties.

2 Development of Biodiesel Thermo-Physical Properties

There is a total of 12 pertinent biodiesel thermo-physical properties excluding critical
properties. The evaluation of biodiesel properties is done using empirical methods
available in the literature. The selection of appropriate methods of evaluation is
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Table 1 Average FAME compositions of PME, SME and CME based on mole fraction

FAME Fuel types Critical property
PME SME CME  Temperature Pressure  Volume (ml/
(K) (bar) mole)
Laureate - - 0.53 695.330 14.210 789.500
(Ci3H2602)
Myristate 0.011 - 0.20 724.110 14.210 901.500
(Ci5H3002)
Palmitate 0.410 0.080 0.12 767.050 14.210 1013.500
(Ci7H3402)
Stearate (C;9H350,) 0.042 0.040  0.065 775.590 14.210 1125.500
Oleate (C;9H360,) 0.429 0.250  0.085 774.400 14.080 1105.500
Linoleate 0.108 0550 - 798.460 13.950 1085.500
(C1oH340,)
Linolenic - 0.080 - 801.680 13.830 1065.500
Critical temperature  773.455 789.209 721.202
X
Critical pressure 13.993  13.000 15.304
(bar)
Critical volume 1063.814 1084.644 884.839
(ml/mol)

assessed through the applicability of these methods over a wide range of temperature.
In order to reduce the complexity in the evaluation of fuel properties, the chemical
compositions of fatty acid methyl ester (FAME) components for each biodiesel in
this study, PME, SME and CME are maintained to five distinct components as listed
in Table 1. Fuel properties of fossil diesel, represented by tetradecane (C;4H3,) are
used as the basis of comparisons for the estimated biodiesel properties.

In the estimation of biodiesel thermo-physical properties, the critical properties,
critical pressure, critical volume and critical temperature of each FAME compo-
nent are first evaluated using Lydersen’s method [5] as listed in Table 2. Then,
Lee-Kesler mixing rule [5] is imposed according to respective biodiesel chemical
compositions to obtain the critical properties of PME, SME and CME. These
critical properties are vital as any biodiesel properties beyond these properties will
cease to be valid. The estimated critical properties of FAME components in this
study are validated against those in literature [3]. Approximately 20 % of error is
obtained for critical pressure, whereas less than 0.6 % of error is found for the
estimated critical temperature and critical volume. Besides that, Lydersen’s
method [5] is proven accurate with reasonable error margin of only 10 % [6].
Therefore, the estimated critical properties for other biodiesel fuels are reasonably
accurate as the critical properties are evaluated based on the respective chemical
compositions of FAME components.

Figures la-1 displays the estimated thermo-physical properties of PME, SME
and CME, as well as the fossil diesel properties. The liquid densities of PME, SME
and CME are predicted using Rackett equation modified by Spencer and Danner
[5]. Less than 10 % of deviation is obtained when the estimated liquid densities of
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Table 2 Methods of evaluation for the thermo-physical properties of biodiesel fuels

Thermo-physical property Method of analysis References
Critical properties Joback modification of Lydersen’s method [5]
Liquid density Rackett equation [51
Liquid surface tension Correlation proposed by Allen et al. [7]
Liquid viscosity Orrick and Erbar method, [5]
Letsou and Stiel method [5]
Liquid heat capacity van Bommel correlation [8]
Liquid thermal conductivity Method of Robbins and Kingrea [5]
Vapour pressure Antoine equation [9]
Latent heat of vaporisation Pitzer acentric correlation [5]
Vapour viscosity Correlation by Chung et al. [10]
Vapour thermal conductivity Correlation by Chung et al. [11]
Vapour diffusivity Method of Wilke and Lee [12]
Vapour heat capacity Method of Rihani and Doraiswamy [5]
Second virial coefficient Method of Tsonopolous [5]
Mixing rules Lee-Kesler equation, [5]
Simple mixing rule, [5]
Nissan and Grunberg method [5]

SME across the interested temperature range are compared to the estimated
properties of SME by Yuan et al. [3]. Since the trends and range of estimated
liquid densities of PME and CME are similar to SME, the estimated liquid den-
sities of PME and CME are proven accurate. Based on Fig. 1a, the liquid densities
of PME, SME and CME are 20 % higher than diesel at lower temperatures and
linearly decrease with increasing temperatures. Thus, the vaporisation rates of
biodiesel fuels are lower than fossil diesel. Liquid surface tensions of PME, SME
and CME are predicted using equation proposed by Allen et al. [7]. Liquid surface
tensions of PME, SME, CME and fossil diesel are presented in Fig. 1b. The
validation of liquid surface tensions is done by comparing the estimated liquid
surface tension of SME against predicted value by Allen et al. [7] at 40 °C. The
estimated surface tension value at 40 °C for SME in this study is 30.2 mN/m, is
approximately 7 % higher than measured value of 28.2 mN/m by Allen et al. [7].
Comparatively, the liquid surface tensions of the biodiesel fuels are 14 % higher
than diesel. Thus, the fuel spray break-up and vaporisation rates of biodiesel fuels
are expected to be lower than fossil diesel.

Low temperature liquid viscosities of FAME components of PME, SME and
CME are computed using Orrick and Erbar method [5] up to reduced temperature
(ratio of temperature to critical temperature) of 0.7. Grunberg and Nissan method
[5], a mixing rule specifically for liquid viscosity is then used to compute the liquid
viscosities of PME, SME and CME. For liquid viscosity at reduced temperature
higher than 0.7, Letsou and Stiel method [5] is utilised. The estimated values of
SME seen in Fig. 1c are validated against those measured by Tat and van Gerpen
[5] with the largest relative error of 18 % at 0 °C and the least error of 7 % at
100 °C as seen in Table 3. The error is observed to be reduced with increasing
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Fig. 1 Thermo-physical and transport properties of PME, SME and CME as compared to C4H3
for a liquid density, b liquid surface tension, ¢ liquid viscosity, d liquid heat capacity, e liquid
thermal conductivity, f vapour pressure, g latent heat of vaporisation, h vapour viscosity, i vapour
thermal conductivity, j vapour diffusivity, k vapour heat capacity, and 1 second virial coefficient

Table 3 Comparisons between predicted and measured liquid viscosities of SME

Temperature Predicted liquid viscosity Measured liquid viscosity® Relative error
(°O) (mPa s) (mPa s) (%)
0 9.89 12.07 18.09
20 6.00 6.4 6.33
40 3.87 3.89 0.40
60 2.64 2.63 0.34
80 1.88 1.92 222
100 1.39 1.49 7.03

# Values obtained from Tat and Van Gerpen [14]

temperatures. Therefore, the estimated liquid viscosity values for SME seen in
Fig. 1c are relatively accurate as do the estimated liquid viscosity values of PME
and CME as the correlations used are dependent on temperature and chemical
compositions. It is expected that the break-up processes of fuel droplets will be
affected by liquid viscosities since the estimated liquid viscosities of biodiesel
fuels are higher than fossil diesel especially at lower temperatures.

The liquid heat capacities of PME, SME and CME are estimated using corre-
lation by van Bommel et al. [8] and simple mixing rules [5]. The trends of
estimated liquid heat capacities of PME, SME and CME are compared to fossil
diesel. Here, similar trend is found where the estimated liquid heat capacities of
biodiesel fuels displayed in Fig. 1d are 25 % lower than fossil diesel at higher
temperatures. This implies that fuel droplets of biodiesel fuels are heated up faster
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than fossil diesel and consequently the vaporisation rate of fuel droplets is
enhanced. The liquid thermal conductivities of individual FAME components are
predicted using the method of Robbins and Kingrea [5]. After that, Li’s equation
[5] is employed to determine the liquid thermal conductivities of PME, SME and
CME. Based on Fig. le, the estimated biodiesel liquid thermal conductivities are
compared to fossil diesel as a result of the limited validation data. Liquid thermal
conductivity is required to compute heat transfer across the fuel droplets, where a
transient temperature distribution is assumed [9].

Vapour pressure is one of the key thermo-physical properties as it affects the
vaporisation process of fuel spray. Vapour pressure of each FAME component is
evaluated using Antoine equation [9] and then simple mixing rule [5] is applied to
obtain the vapour pressure of PME, SME and CME. Based on Fig. 1f, the esti-
mated vapour pressures for PME, SME and CME remained low from 280 up to
580 K. But the vapour pressures of biodiesel fuels increase to maximum value at
their respective critical temperature right after 580 K. The validation of estimated
vapour pressures is done by comparing the trends of estimated vapour pressures of
PME, SME and CME seen in Fig. 1f against the predicted and measured vapour
pressure values of SME [3]. Satisfactory agreement of less than 10 % is found.
Latent heat of vaporisation at normal boiling point is estimated using Pitzer
acentric factor correlation [5]. Compared to fossil diesel, the latent heat of
vaporisations of the biodiesel fuels are 13 % lower along the temperature range as
seen in Fig. 1g. Thus, the fuel droplets of biodiesel fuels will be heated up quickly
during the vaporisation process.

Vapour viscosities and vapour thermal conductivities are calculated by
employing the Chapman-Enskog kinetic theory [5] as proposed by Chung et al.
[10, 11]. Both vapour viscosities and thermal conductivities of PME, SME and
CME are fairly accurate when vapour viscosity and thermal conductivity of fossil
diesel are taken as the baseline case for validation. Vapour viscosities of the PME,
SME and CME are comparatively lower than fossil diesel as seen in Fig. 1h. From
Fig. 1i, vapour thermal conductivities of biodiesel fuels are also lower than fossil
diesel. Hence, it is important to investigate the rate of break-ups of vapour fuel
droplets and the heat transfers across the combustion chamber as these two phe-
nomena are affected by vapour viscosity and thermal conductivity.

Vapour diffusivity defines the speed of movements of fuel vapours in the
combustion chamber. The estimated vapour diffusivities of PME, SME and CME
are presented in Fig. 1j and are evaluated using Wilke and Lee method [12]. Good
agreement is obtained when the trends of estimated vapour diffusivities of PME,
SME, CME and fossil diesel are compared. Meanwhile, values of vapour heat
capacity are predicted using the method of Rihani and Doraiswamy [5] as pre-
sented in Fig. 1k. The transient heat transfer of surrounding gas to the fuel droplet
surface depends on the vapour heat capacity of fuel. Vapour heat capacity is also
required to predict the vapour viscosities and vapour thermal conductivities of the
PME, SME and CME. On the other hand, second virial coefficient is a coefficient
used in gas equation expansion. The second virial coefficients of FAME
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Fig. 2 Computational mesh
of constant volume
combustion chamber

components are computed using the method of Tsonopoulos [5]. The Lee-Kesler
mixing rule [5] is then applied to determine the second virial coefficient of PME,
SME and CME, as presented in Fig. 11.

3 Numerical and Experimental Operating Conditions

In-cylinder constant volume combustion is simulated using OpenFOAM to examine
the sensitivity of individual biodiesel properties to the fuel spray development. The
constant volume combustion chamber utilised displayed in Fig. 2 with a total volume
of 2 L is built based on Chalmer’s high-pressure, high-temperature spray rig [13].
The operating conditions for the constant volume combustion are listed in Table 4,
where a vertically aligned and single-hole injector operating at 313.15 K tempera-
ture and 1200 bar pressure is used [13]. In order to examine the effects of individual
properties on the fuel spray characteristics, the properties of PME are set as base
properties. Then, each individual fuel property is varied to that of fossil diesel. The
main results of interest here are the development of fuel spray, liquid and vapour axial
penetration length, mass of fuel evaporated and Sauter Mean Diameter (SMD). Due
to limited experimental data available for SME and CME, the sensitivity analysis in
this study is only conducted for PME.

4 Sensitivity Analysis of Biodiesel Thermo-Physical
Properties Under Constant Volume Combustion

Only 5 out of the 12 thermo-physical properties of PME have been identified as
significant properties since profound changes on the biodiesel spray analysis are
found as shown in Fig. 3. The five significant properties include liquid density,
liquid surface tension, liquid viscosity, vapour pressure, and vapour diffusivity.
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Table 4 Numerical and experimental operating conditions for the constant volume combustion
chamber

Chalmer’s high-pressure, high-temperature constant volume combustion chamber [15]

Volume 2 Litre
Pressure 50 bar
Temperature 830 K
Nozzle diameter 0.14 mm
Injection duration 3.5 ms
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Fig. 3 Constant volume sensitivity analysis of reacting spray jets by examining the effects of
individual fuel properties on a vapour axial penetration length, b evaporated mass, ¢ sauter mean
diameter, and d liquid axial penetration length

Among the identified five significant properties, vapour pressure has the largest
impact based on the changes on fuel spray structures as seen in Figs. 3a—d. The
reason for this is due to the notable difference in biodiesel properties as illustrated
in Fig. 1f, where vapour pressure of PME is lower than fossil diesel. Hence, the
vaporisation rate of fuel droplets is higher. In Fig. 3b, vapour pressure has the
largest influence to the vaporisation rate amongst other fuel properties. Besides
that, the liquid axial penetration for vapour pressure is also one the lowest, which
implies that the vaporisation rate of the fuel droplet is the fastest.

Apart from vapour pressure, liquid surface tension is also observed to have
noticeable effects on the spray structure. Larger liquid surface tension value of PME
than fossil diesel is found as displayed in Fig. 1b proves that the break-ups and
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atomisation rates of fuel droplets into smaller particles are slower. Thus, the liquid
axial penetration length of liquid surface tension is comparatively longer than other
fuel properties due to larger fuel droplets formed with high momentum to penetrate
across the combustion chamber as seen in Fig. 3d. Liquid viscosity, liquid density
and vapour diffusivity have marginal effects on the spray structure such as the mass
of fuel evaporated and SMD as compared to vapour pressure and liquid surface
tension. This is presented in Fig. 3b and c. Based on Fig. 3a—d, liquid heat capacity,
liquid thermal conductivity, latent heat of vaporisation, vapour viscosity, vapour
thermal conductivity, vapour heat capacity and second virial coefficient are deemed
to be less important since only marginal effects are observed.

In short, biodiesel thermo-physical properties are shown to affect the fuel spray
development. In particular, liquid density, liquid viscosity, liquid surface tension,
vapour pressure and vapour diffusivity are distinguished as determined as the most
influential fuel properties based on the observation of fuel spray development and
structures. It is imperative to accurately determine all the required fuel properties
for different biodiesel fuels for in-cylinder CFD simulation in order to accurately
describe the fuel spray characteristics.

5 Conclusion

A set of thermo-physical properties for biodiesel using generic methods is
developed here, where the methods employed is suitable for biodiesel produced
from various feedstocks. From the sensitivity analysis, liquid density, liquid sur-
face tension, liquid viscosity, vapour pressure and vapour diffusivity exert the most
significant influences on biodiesel fuel spray development. Larger fuel droplet and
longer fuel spray axial penetration are found as a result of the higher values in
liquid density, liquid viscosity and lower vapour pressure for biodiesel. Subse-
quently, poorer vaporisation rate of the biodiesel fuel spray results, which affect
the air-fuel mixture preparation process. The key conclusion drawn from this study
is that the thermo-physical properties of biodiesel play an important role in
defining the fuel spray development, which subsequently gives rise to its distinct
combustion and emission behaviours from fossil diesel combustion. For accurate
in-cylinder CFD simulation for biodiesel spray combustion, the thermo-physical
properties of biodiesel must be determined appropriately.
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