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Liquid biofuels such as biodiesel are playing an increasing role in renewable energy utilisation, but accu-
rate predictions of fuel properties at extreme conditions remain challenging. In this study, molecular
dynamics (MD) simulation with classical force field is performed to obtain the thermophysical properties
of biodiesel over extended ranges of temperatures and pressures. The predicted properties include the
critical temperature, critical density, critical pressure, surface tension, viscosity, thermal conductivity
and diffusion coefficient. The specific MD setup for fuel thermophysical property prediction is examined.
It is observed that the long-range dispersion interaction is essential to accurately predicting the surface
tension, and averaging over a sufficient number of independent replication simulations is required to
eliminate the statistical error when using the Green-Kubo method for viscosity calculation. The reliability
of MD approach is validated against experimental data at normal temperature and pressure. The equilib-
rium MD simulation has an advantage over nonequilibrium MD simulation when building databases of
fuel properties. Moreover, the properties of biodiesel are compared with conventional diesel to elucidate
the effects of fuel composition and molecular structure of the fuel surrogates on fuel thermophysical
properties. For biodiesel utilisation, higher values of critical temperature, surface tension and viscosity,
lower diffusivity together with the increased aggregation tendency in bath gas indicate the needs of fur-
ther optimisation of injection system to achieve the desired mixing in combustion applications.
� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).
1. Background

It is a consensus that liquid fuel vehicles will continue to be
used for many decades particularly in the long-haul road freight
transport and marine transport for international trading, even
when electric vehicles are expected to become dominant for pas-
senger cars in the global automotive market. In spite of the encour-
aging expectation in electrification of light-duty passenger
vehicles, liquid fuels still provide over 50% of transportation energy
[1–3], and there is little near future prospect for battery-powered
jetliners, heavy goods vehicles and marine vessels. Biodiesel and
bioethanol are currently two of the commercially available large-
scale sustainable biofuels that can be produced from a variety of
resources. Neat biodiesel or biodiesel/diesel blended fuels can be
employed in current diesel engine infrastructure without major
modifications to the engine, taking advantages of its low sulphur
and aromatic contents and the substantial decrease in CO emission.
With the ever-pressing needs of cleaner and more efficient fuel
utilisation, combustion engine systems tend to operate at increas-
ingly higher pressure. Injectors with common rail system pump
fuels at extremely high pressure, usually above 200 MPa, meaning
that fuel viscosity increases substantially over the atmospheric
value. Recent observation of the crystallisation and solidification
process of rapeseed oil methyl esters at high pressure above
230 MPa highlights the challenges in understanding the rheologi-
cal property of biodiesel in nozzles [4]. The next generation engine
combustors will operate at considerably higher pressure of around
100 bar, which is above the fuel critical point, i.e., at supercritical
conditions. The engine injection is thereby described as a transcrit-
ical process with subcritical liquid fuel under extremely high pres-
sure injected into supercritical ambient gases. The fuel jet can be
heated to a supercritical temperature before combustion takes
place. In such conditions, surface tension diminishes, and distinct
liquid and gas phases do not exist. It is known that high-
temperature and high-pressure (HTHP) supercritical fuels have
properties of lower density, viscosity and higher diffusivity which
are beneficial for achieving high quality fuel/air mixing.
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Prediction of fluid behaviour at HTHP supercritical conditions
still remains a fundamental challenge. It requires new theoretical
methods particularly considering the phase transition between
‘‘rigid-like”, ‘‘liquid-like” and ‘‘gas-like” due to the existence of
Frenkel line or Widom line [5]. Directly measuring physical proper-
ties for every encountered fluid at all conditions of interest is not
only expensive and time-consuming but also extremely difficult
and sometimes impossible. Due to the variety of feedstock sources
for biodiesel production, this renewable liquid fuel has varying
compositions. In comparison with conventional diesel fuels com-
prised of alkanes, aromatics and even sulfur, the contents of bio-
diesel are primarily fatty acid methyl esters (FAMEs) with
different chain lengths and unsaturation degrees [6,7]. It has been
reported widely that the oxygen atoms in FAME molecules lead to
substantial reduction in emissions of particulate matter, total
hydrocarbons and carbon monoxide, while the power loss is
imperceptible in unmodified conventional engines when biodiesel
is used [8]. Understanding the relations between biodiesel compo-
sition and its physicochemical properties is essential to fuel quality
evaluation, storage and development of cleaner and more efficient
engines.

Most data available in the literature encompasses the tempera-
ture dependence of biodiesel at atmospheric pressure. Fewer stud-
ies (actually only seven studies were mentioned in the latest
review of Abel et al. [9]) have dedicated to measuring and predict-
ing the properties of fuel mixtures in HTHP conditions. As a com-
puter simulation method for analysing the physical movements
of atoms and molecules, MD has also been successfully used to pre-
dict the thermophysical properties (density, enthalpy of vaporiza-
tion, heat capacity, surface tension, isothermal compressibility,
etc.) of organics like alkane, aromatics, methyl esters, alcohols,
water, ionic liquids, crude oil, etc. [10]. For example, after review-
ing the application of MD on calculating transport properties of
working fluids at supercritical conditions, Nie et al. [11] concluded
that MD can be considered as an effective tool. Using equilibrium
molecular dynamics (EMD), Yang et al. [12,13] predicted the vis-
cosity and thermal conductivity of liquid aviation fuels, which
include trimethylbenzene, n-decane, n-dodecane and their mix-
tures in sub/supercritical conditions. The results showed good
agreements with the NIST data. The advantage of EMD is its flexi-
bility at different conditions to calculate a variety of transport
properties such as self-diffusion coefficient, shear viscosity and
thermal conductivity etc., from the basic molecular properties such
as the molecular coordination, velocity, pressure tensor and kinetic
energy. Accurate prediction of the vapour-liquid equilibrium (VLE)
and vapour-liquid interfacial tension of hydrocarbons and their
mixtures was also achieved in the work of Morrow et al. [14]. Chae
et al. [15,16] quantified the effect of molecular structure of alkane
Table 1
Chemical compound names, chemical formulas, molecular structures, molecular weights a

Common
Name

Molecular
Formula

Molecular Stru

Methyl Palmitate MP (C16:0)
C17H34O2

Methyl Stearate MS (C18:0)
C19H38O2

cis-9-Methyl Oleate MO (C18:1)
C19H36O2

cis-9,12-Methyl Linoleic ML (C18:2)
C19H34O2

cis-9,12,15-Methyl Linolenate MLN (C18:3)
C19H32O2

2

isomers on mutual diffusion coefficient in N2. Recently, Oliveira
et al. [17] studied the molecular arrangement in diesel/biodiesel
blends and the impact of biodiesel as an additive on the stabiliza-
tion of diesel/ethanol blends. Molecular dynamics simulation has
also been used to study the complex phenomena of multicompo-
nent fuel droplet evaporation in sub- to supercritical conditions
[18,19]. It is expected that MD modelling becomes routinely used
to provide the fundamental knowledge and physical insight for
the practical use of liquid fuels, considering that force fields and
molecular simulation are more and more accurate and affordable.

In this study, MD simulation is employed to deal with the chal-
lenges of biodiesel thermophysical property prediction. This study
was oriented to addressing a number of specific issues in three
areas where there is currently a lack of understanding or reliable
predictive methods, including (1) critical property and surface ten-
sion prediction of fuel mixtures; (2) calculation of transport prop-
erties such as density, viscosity, thermal conductivity, and
diffusivity of the fuel mixtures in a wide range of conditions; and
(3) elucidating the effects of molecular structure on thermophysi-
cal properties. The paper is organised into a few sections. Section 2
presents the specific methodological approaches and MD setup.
Section 3 is devoted to present the EMD simulation results of bio-
diesel mixtures and the comparison with conventional diesel. The
subsequent section is set to evaluate the feasibility of using
nonequilibrium MD (NEMD) simulations in thermophysical prop-
erty prediction at extreme conditions. Finally, conclusions from
the study are drawn.

2. Models and methodology

2.1. Composition and molecular structures

For biodiesel, the dominant commercial feedstocks in USA, Eur-
ope, and southeast Asia are soybean, rapeseed and palm respec-
tively. Although considerable composition variability exists
across biodiesel fuels produced from different feedstocks, the
majority is dominated by five fatty acid species with varying
molecular chain lengths and unsaturation degrees, i.e., palmitic
(16:0), stearic (18:0), oleic (18:1), linoleic (18:2), and linolenic
(18:3). In this study, the rapeseed biodiesel is selected as the
research object with the molecular structure and composition
adopted from the work of Herbinet et al. [20]. The details are listed
in Table 1.

Different from biodiesel, commercial diesel contains hundreds
of different hydrocarbons, and the mixture is too complex to be
modelled accurately. The combination of several representative
fuel components in a surrogate model to emulate most important
properties of real commercial diesel is a common strategy. A
nd composition of biodiesel.

cutre Molecular Weight (g/mol) Composition (mol %)

270.46 4.3

298.51 1.3

296.50 59.9

294.48 21.1

292.47 13.2
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recently developed five-component diesel surrogate fuel by Qian
et al. [21] is employed in this study, in order to facilitate the defi-
nition of fuel mixture properties with high similarity to real fuels.
The composition and molecular structures are listed in Table 2.

2.2. Thermophysical property calculation and simulation details

2.2.1. Classical force field
The Transferable Potentials for Phase Equilibria - united atom

(TraPPE-UA) force field [22] is employed in this study to calculate
the physical properties of the liquid fuels. TraPPE force field is
developed for the simulation of phase equilibrium in which carbon
and bonded hydrogen atoms are treated as a ‘‘pseudo-atom” for
computational efficiency. It has been used widely to predict the
density, surface tension, viscosity, thermal conductivity and diffu-
sion of linear alkanes, cycloalkanes, aromatics and biofuels having
function groups of methyl esters [12,14,23,24].

The overall energy of the MD system can be described as:

E ¼ Ebond þ Eangle þ Edihedral þ Eimproper þ EvdW þ ECoul ð1Þ
where the first four terms on the right-hand side refer to

intramolecular contributions to the total energy, i.e., bond stretch-
ing, angle bending, dihedral and improper dihedral. The last two
terms describe the non-bonded interaction including van der
Waals (vdW) interactions and the Coulomb interactions:

Enb rij
� � ¼ 4eij

rij

rij

� �12

� rij

rij

� �6
 !

þ qiqj

4pe0rij
ð2Þ

where rij, rij, eij, qi, and qj are the separation distance between
integration sites i and j, the Lennard-Jones (LJ) diameter and well
depth, and the partial charges on interaction sites i and j, respec-
tively. e0 is the vacuum permittivity. Intramolecular 1–4 LJ and
Coulomb interactions are excluded. The parameters for the unlike
interactions are computed using Lorentz-Berthelot combining
rules expressed as:

rij ¼ 1
2
rii þ rjj
� �

; eij ¼
ffiffiffiffiffiffiffiffiffi
eiiejj

p ð3Þ
2.2.2. Basic MD setup
In this study, all the simulations are performed using the code

Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [25]. Three types of ensembles are considered for differ-
ent scenarios, i.e., NPT (constant number of atoms, pressure, and
temperature), NVT (constant number of atoms, volume, and tem-
perature) and NVE (microcanonical ensemble). The Nose-Hoover
thermostat and barostat are used to control the temperature and
pressure with the damping constants equal to 100 and 1000 times
of the time step respectively. The cut-off distance of the vdW inter-
actions and Coulomb interactions are set to be 1.4 nm. The
Table 2
Chemical compound names, chemical formulas, molecular structures, molecular weights a

Common
Name

Molecular Formula Molecular Strucut

n-Hexadecane n-HXD
C16H34

n-Octadecane n-OTD
C18H38

2,2,4,4,6,8,8-
Heptamethylnonan

HMN
C16H34

trans-Decalin DCA
C10H18

1-Methyl
Naphthalene

1-MNT
C11H10

3

particle–particle particle-mesh (PPPM) solver is used for the calcu-
lation of long-range electrostatic interactions in reciprocal space
with the desired relative force error of 1e-4. All simulations were
performed with initial energy minimisation before the equilibrium
and production runs. Periodic boundary conditions are used in all
directions of the computational domain. Time step in production
run is set at 1 fs. All simulations are performed five times sepa-
rately to avoid statistical error with initial velocities randomly
set following a Gaussian distribution. Visualization and data post
processing is performed in OVITO (The Open Visualization Tool)
[26].

2.2.3. Density, viscosity and thermal conductivity
Density can be directly obtained by averaging results over the

last 1 ns trajectories after sufficiently equilibrated NPT runs. In
general, viscosity and thermal conductivity can be calculated using
the Green-Kubo (GK) method in EMD simulation. For viscosity (g),
it can be expressed as the time integration of the auto correlation
function (ACF, also indicated as C(t)) of the pressure tensor:

g ¼ V
3kBT

Z 1

0

ðh
X

ab
Pabð0Þ � PabðtÞiÞdt ð4Þ

where a and b represent any pair of distinct Cartesian coordi-
nates x, y, and z, Pab are off-diagonal components of the pressure
tensor, V and T are system volume and temperature, kB is Boltz-
mann constant equals to 1.380649 � 10�23 J�K�1, and h���i is used
to represent an average over the ensemble.

The thermal conductivity (j) using GK method is expressed as
the time integration of the ACF of the heat flux:

j ¼ V

kBT
2

Z1
0

qx 0ð Þ:qx tð Þh idt ¼ V

3kBT
2

Z1
0

q 0ð Þ � q tð Þh idt ð5Þ

where q is the heat flux computed from the per-atom kinetic
energy, potential energy and stress tensor using the following
equation:

q ¼ 1
V

XN
i¼1

kei þ peið Þv i �
XN
i¼1

Siv i

 !
ð6Þ

where kei and pei correspond to the kinetic and potential energy
of atom i, N is the total number of atoms in the system, vi is the
atom velocity vector, and Si is the per-atom stress tensor.

The modelling system is constructed with 2000 biodiesel (or
diesel) molecules randomly distributed in a box as shown in
Fig. 1. The edge length of the box is set at a relatively large value
of 20 nm to avoid atom overlapping. Energy minimization simula-
tion is firstly performed to relax the system. Equilibrium run of
2 ns with NPT ensemble is followed to compress/expand the sys-
tem to the target temperature and pressure. Another 1 ns
nd composition of diesel.

re Molecular Weight (g/mol) Composition (mol %)

226.44
21.6

254.49 15.5

226.44 26.0

138.25 16.2

142.20 20.7



Fig. 1. Equilibration of the isotropic system in NPT ensemble, which can be
followed by NVT and NVE ensemble for production run. The computational boxes
are in perspective view.
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simulation run is performed with NVT ensemble for further equi-
librium before the production run in NVE ensemble.

2.2.4. Critical properties and surface tension
For the prediction of critical properties and surface tension

based on the VLE modelling, fuel molecules are distributed ran-
domly in a rectangular box of 8 � 8 � 32 nm in the x, y and z direc-
tions as shown in Fig. 2 (a). After energy minimisation, an
annealing simulation is performed at 1 bar with an anisotropic
NPT ensemble in the z direction. The box is compressed in the z
direction in cooling condition of 250 K for 0.5 ns and then,
expanded by a linear increase of temperature up to 300 K in
1.5 ns. After that, the system is maintained for 2 ns at 300 K for fur-
ther equilibrium. The liquid film generated is shown in Fig. 2 (b).
Before the VLE simulation in NVT ensemble, the z edge of the box
is scaled up by a factor of 3 based on the average length of the z
edge during the last 1 ns trajectory in the NPT simulation. The liq-
uid film is then placed in the centre of the elongated box as shown
in Fig. 2 (c). The liquid film is heated with a rate of 0.1 K/ps from
300 K to the target temperature and then, it is maintained at the
temperature for the production run for 10 ns. This methodology
has been validated in previous work using hydrocarbon fuels [14].

To obtain the critical properties, the densities of liquid and
vapour phases, i.e. qL and qV in VLE, are obtained by fitting the den-
sity profile to the equation expressed as:

qðzÞ ¼ 1
2
qL þ qVð Þ � 1

2
qL � qVð Þtanh 2 z� z0ð Þ

d

� �
ð7Þ
Fig. 2. (a) Snapshot of the initial biodiesel computational box; (b) after 4 ns
annealing-equilibrium simulation in anisotropic NPT ensemble; (c) elongated box in
z direction for production run. The computational boxes are in orthographic view.

4

where z0 and d are the fitting parameters related to the position
where the density is half between qL and qV, d is the width of the
liquid–vapour interface.

Critical temperature (Tc) and critical density (qc) are extrapo-
lated using the density scaling law and the law of rectilinear diam-
eters. The critical pressure (Pc) is estimated using qL in the Rackett
equation described by Messerly et al. [27]. The equations are
expressed as:

qL � qV ¼ A Tc � Tð Þb ð8Þ
1
2
qL þ qVð Þ ¼ qc þ B Tc � Tð Þ ð9Þ
Pc ¼ RgTcqc

M
qc

qL

� � 1� T
Tcð Þv

ð10Þ

where A and B are fitting parameters, b is the critical exponent
with a universal value of 0.325 [14,23], Rg is the gas constant, M is
the molecular weight, and v is an empirical constant equal to 2/7
[14].

A method to compute the surface tension in MD simulations
was developed by Kirkwood and Buff [28]. It computes the surface
tension as an integral of the difference between the normal and
tangential pressures:

c ¼ 1
2

Z1
�1

P? zð Þ � Pk zð Þ� �
dz ð11Þ

where P\(z) is the pressure component normal to the surface
and Pk (z) is the pressure component parallel to the surface. In
the case of an interface between two fluid phases, the integral in
Equation (11) can be replaced with an ensemble average of the dif-
ference between the normal and tangential pressures, using the
equation expressed as:

c ¼ 1
2
Lz hPzzi � 1

2
hPyyi þ hPxxi
� �� �

ð12Þ

where Lz is the length of the box in z axis, Paa is the diagonal
component of the pressure tensor.
2.2.5. Mixing in bath gas
To study the gas phase transport properties, the mass diffusivity

of fuels in dilute bath gases is calculated. According to previous
studies of Chae et al. [15,16], there is no difference of mutual diffu-
sion coefficient of alkanes in bath gas of N2 with different concen-
trations of 1%, 5% and 10%. In this study, 1000 fuel molecules are
put randomly in the cubic box with fuel mole concentration of
1%. EMD simulation of 12 ns is performed for each case which
includes 1 ns NVT simulation to control the temperature, followed
by 11 ns NVE simulation. The diffusion coefficient of fuel molecules
is calculated over the last 10 ns simulation. In EMD simulation, the
diffusion coefficient can be determined by the slope of the mean-
squared displacement (MSD) of fuel molecules based on the Ein-
stein equation:

Di ¼ lim
t!1

1
6Nit

XNi

j¼1

rj tð Þ � rj 0ð Þ� �2* +
ð13Þ

where D is the diffusion coefficient, Ni is the number of mole-
cules of fuel i, and rj is the position of the jth molecule of fuel i.
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3. EMD simulation results and discussions

3.1. Density

The predicted densities of biodiesel and diesel are shown in
Fig. 3. After comparison with other force fields, it was observed
that the TraPPE can reproduce the density of alkanes with high
accuracy (only 1% different from experiments) [29]. Density of
practical fuel mixtures depends on the composition and condi-
tions. At 0.1 MPa and 298 K, density of biodiesel is in the range
of 0.870–0.895 g/ml, higher than conventional diesel, which is in
the range of 0.810–0.860 g/ml [1]. In the MD simulation, densities
of rapeseed biodiesel and diesel are 0.878 g/ml and 0.825 g/ml
respectively, which fall in the range of experimental results. For
fuels at isothermal conditions, density is fitted according to the Tait
correlation [30] expressed as:

q� q0

q
¼ Alog

Bþ P
Bþ P0

� �
ð14Þ

where q0 is the density at P0 which is 10 MPa here, A and B are
parameters which can be obtained by fitting the scattered density
data points.

To avoid the possible solidification induced by high pressure
[6,29], the densities of biodiesel are predicted up to 200 MPa at
300 K. In Fig. 3 (a), the predicted densities fit well with the Tait
equation at isothermal conditions, and density of biodiesel is
5.39% and 5.43% higher than that of diesel at 300 K and 400 K
respectively. The graph shows small variations in density for both
biodiesel and diesel as the pressure increases. In Fig. 3 (b), the rel-
ative difference in density between biodiesel and diesel at isobaric
condition of 5 MPa increases sharply from 6.69% at 400 K to 86.55%
at 900 K, and then decreases gradually to 42.17% at 1500 K. How-
ever, at 15 MPa, the relative difference increases gradually from
6.13% at 400 K to 25.68% at 1500 K. Unlike the discontinuity of den-
sities in liquid to gas phase transition at normal pressure, the iso-
baric densities at 5 MPa and 15 MPa vary gradually and change
almost linearly at 15 MPa.

3.2. Viscosity

The calculation of biodiesel viscosity using the EMD-GKmethod
at 0.1 MPa and 300 K is shown in Fig. 4. It has been confirmed that
the viscosity is independent of different thermostats in ensembles
of NVT and NVE, and the finite size effect of simulation system is
negligible [31]. However, the simulation duration would affect
the convergence of the viscosity. From the normalised ACF of the
pressure tensor with sampling frequency of 1 time step shown in
Fig. 4 (a), the correlation function C(t) decays rapidly to zero at
the initial short stage of 0.01 ps, and then fluctuates around zero
Fig. 3. Pressure and temperature dependence of densities of biodiesel (B) and diesel (D),
data points, and pressure starts from 10 MPa in isothermal conditions.

5

until a large fluctuation appears at the late stage of 8–10 ps. The
corresponding viscosity is shown in Fig. 4 (b), where viscosities
of the three different off-diagonal pressure tensors show a strong
correlation until 0.4 ps as highlighted in the zoomed-in region.
After reaching the plateau at around 2–4 ps, a gradual deviation
between the viscosities in the late stage is observed. Although
averaging the viscosities over three different pressure tensors can
facilitate the convergence to some extent, the viscosity value
hardly converges to a constant. The fluctuation of the integral
makes it difficult to identify the plateau of viscosity from a single
trajectory.

To calculate the viscosity with more accuracy (than identifying
the plateau region manually), Zhang et al. [32] developed the time
decomposed method (TDM) by fitting the averaged GK viscosity in
a double stretched exponential function given by:

gðtÞ ¼ Aas1 1� e�t=s1
� �þ Að1� aÞs2 1� e�t=s2

� � ð15Þ
where A, a and s1 and s2 are fitting parameters.
The averaged results, fitted value and standard deviation of 20

independent trajectories are shown in Fig. 4 (c). The convergence
is greatly improved after averaging over 20 independent trajecto-
ries, and the standard deviation increases with the time evolution.
The final viscosity of the fitted value is 1.59 mPa�s. In general, the
kinematic viscosity (l) of biodiesel at 40 �C is of interest in stan-
dard specifications. Compared with the given reference range of
1.9–6.0 mm2/s for 12 different biodiesel [33], the corresponding
predicted kinematic viscosity is 1.57 mm2/s using EMD simulation.
The TraPPE force field is likely to underestimate the viscosity to
some extent, mainly because the molecular model is united atoms
rather than all atoms [34].

The pressure and temperature dependence of the viscosities of
biodiesel and diesel from GK-TDM method is shown in Fig. 5.
The pressure and temperature dependence of GK viscosity is fitted
according to the equation developed by Kashiwagi et al. [35] and
Das et al. [36]:

ln
gðPÞ
g0

¼ Aln
Bþ P
Bþ P0

� �
ð16Þ

g Tð Þ ¼ exp
A

T � B

� �
� C ð17Þ

where g0 is the shear viscosity at pressure P0 = 10 MPa, A, B and
C are fitting parameters.

Both isothermal and isobaric viscosities of biodiesel and diesel
display a good fit to the curves described by Equations (16) &
(17). At normal conditions, the viscosity of most biodiesel fuels is
significantly higher than that of conventional diesel by a factor of
2 [33]. This also applies to high pressure conditions. At isothermal
conditions of 300 K, the viscosity of biodiesel is higher than that of
where lines in (a) are fittings while lines in (b) are connection between the scattered



Fig. 4. (a) Normalised correlation function C(t) of the pressure tensor Pxy at 0.1 MPa and 300 K; (b) viscosities of the three off-diagonal pressure tensors from a single
trajectory and the averaged result; (c) the black line is the averaged running integral over 20 independent trajectories, while the red line is the fitted curve according to
Equation (15), error bars represent the standard deviation between the trajectories.

Fig. 5. Pressure and temperature dependence of viscosity of biodiesel and diesel, where lines are fitted curves according to Equation (16) and Equation (17).
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diesel by a factor around 1.28–1.80, and these values increase up to
1.36–2.29 at 400 K. Biodiesel viscosities at 300 K are 2.67–3.73
times higher than those at 400 K, while diesel viscosities at
300 K are 3.19–4.19 times higher than those at 400 K. Although
absolute differences between biodiesel and diesel diminished
rapidly at isobaric conditions, the relative difference at 15 MPa is
still between 20.43% and 52.81% for temperatures above 900 K.
The difference between biodiesel and diesel on viscosity is attribu-
ted to the fuel composition and molecular structures. This has been
demonstrated in the mixing rules of some empirical equations
used to calculate the kinematic viscosity of biodiesel from neat
FAMEs at normal conditions as reviewed by Abel et al. [9]:

lnl ¼
Xn
i¼1

xi lnli ð18Þ
6

li ¼ �12:503þ 2:496 lnMi � 0:178Nd;i ð19Þ
where n is the number of surrogate molecules, xi is mole frac-

tion of component i, M is molar mass and Nd is the number of dou-
ble bonds. The kinematic viscosity of biodiesel predicted using the
mixing rule is 1.43 mm2/s at 313 K, which is very close to the EMD
result.

From Equation (19), viscosity of neat FAMEs increases with
chain length, and higher unsaturation leads to lower viscosity. It
is generally considered that trans-configuration will lead to higher
viscosity than cis-configuration, while the location of double bond
has the least effect [33]. As shown in Table 1 and Table 2, the
majority of the compounds of FAMEs in biodiesel have longer chain
length than the n-alkanes in diesel. The viscosity of FAMEs is
higher than that of the corresponding n-alkane and the branched
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alkane. As known from the experimental results, viscosity of
methyl myristate (C15H30O2) is 1.91 mPa�s at 333.15 K [37] which
is higher than viscosity of HXD (1.84 mPa�s) and HMN (1.89 mPa�s)
at 323.15 K [38,39].
3.3. Thermal conductivity

The results of thermal conductivity of biodiesel at 0.1 MPa and
400 K using the EMD-GK method are shown in Fig. 6. The nor-
malised ACF of heat flux shows comparable decaying trend with
that of the pressure tensor. It drops to zero at 11 fs and then fluc-
tuates around zero with much smaller standard deviation com-
pared to the ACF of the pressure tensor as shown in the
highlighted region of Fig. 6 (a). Compared with the convergence
of viscosity, the thermal conductivities from three different heat
fluxes are closer to each other in the time of 2–6 ps in Fig. 6 (b).
The smaller fluctuation in the middle stage allows to identity the
plateau value effectively. The averaged value of thermal conductiv-
ity over 20 independent trajectories increases to the peak value at
78 fs, and then, it decays gradually to almost a constant value as
shown in the highlighted region of Fig. 6 (c). The standard devia-
tion stays stable after 50 ps, thus the final value of thermal conduc-
tivity is determined by the mean value in the time of 20–80 ps. The
predicted thermal conductivity values of biodiesel and diesel are
0.18 W/mK and 0.26 W/mK, respectively. It should be noted that
experimental thermal conductivity of multicomponent fuel mix-
tures is very scarcely reported, and reliable predictive models are
highly needed [40].

The effects of pressure and temperature on thermal conductiv-
ity are shown in Fig. 7. Reliable fitting equations to describe the
isothermal and isobaric thermal conductivities of fuel mixtures
are lacking. At isothermal conditions with pressure range 10–
300 MPa, the thermal conductivity of the fuel shows low depen-
Fig. 6. (a) Normalised C(t) of heat flux Jxx of biodiesel at 0.1 MPa and 400 K; (b) convergen
a single trajectory; (c) averaged results of 20 independent replicated trajectories.
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dence on pressure. The difference between biodiesel and diesel at
isothermal condition mainly exists at pressure below 200 MPa,
where biodiesel has lower thermal conductivity than diesel. At iso-
baric conditions with temperature range 500–1200 K, thermal con-
ductivity correlates linearly with the temperature. Diesel has
higher thermal conductivity than biodiesel by 30.48% � 59.63%
at 5 MPa and 41.68% � 50% at 15 MPa. At supercritical dense gas
phase above 800 K, the fuel thermal conductivity is clearly higher
at 15 MPa than at 5 MPa.
3.4. Critical property and surface tension

The snapshots of the biodiesel VLE simulation are shown in
Fig. 8. The results of the MD-VLE simulation of biodiesel, i.e., the
density profile along the z direction, the vapour-liquid coexistence
curves and the critical points are shown in Fig. 9.

As shown in Fig. 9 (a)-(b), the density of liquid core decreases
with temperature, contrary to what happens to the density in gas
phase. As the temperature approaches the critical temperature,
the interface thickness increases, and vapour-liquid interface
diminishes. For instance, the interface thickness of biodiesel
increases from 1.33 nm at 450 K to 3.81 nm at 650 K, and the inter-
face thickness of diesel increases from 1.02 nm at 400 K to 5.24 nm
at 600 K. After mapping the densities of fuels when the liquid and
gas phases reach equilibrium, the vapour-liquid coexistence curves
are shown in Fig. 9 (c).

Critical properties of the multicomponent fuel mixtures depend
on molecular structure and composition. The critical points of bio-
diesel and diesel surrogate fuels are listed in Table 3. The predicted
critical properties of biodiesel and diesel with different MD setups
are summarised in Table 4. For FAMEs, Tc increases with the chain
length, while Pc decreases with the chain length. Effect of unsatu-
ration on critical properties is not as prominent as chain length.
ce of thermal conductivity from three different heat fluxes and the averaged value in



Fig. 7. Pressure and temperature dependence of thermal conductivity of biodiesel and diesel.

Fig. 8. Final snapshots after 10 ns VLE simulation of biodiesel; from top to bottom:
450 K, 500 K, 550 K, 600 K and 650 K respectively.
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The critical temperatures and pressures of biodiesel and diesel
mixtures can also be calculated based on the critical properties
of the corresponding surrogate fuels listed in Table 3, together with
the mixing rules developed by Li et al. [41]. Table 4 shows the com-
parison between the results from the mixing rules and the MD
results.

It should be noted that the vacuum space shown in Fig. 8 on
both sides of the liquid films during the VLE simulation makes
the system inhomogeneous. Under this circumstance, ignoring
long-range dispersion force of the LJ potential can result in inaccu-
rate prediction of the critical properties and significant underesti-
mation (which can be as high as 50%) of the surface tension [44].
Similar to the Coulomb force, one can adopt the PPPM solver to
compensate the truncation of dispersion forces in reciprocal-
space i.e., dispersion-PPPM. The predicted results after considering
the long-range LJ interaction are listed in Table 4.

From the results in Table 4, it can be seen that biodiesel has
higher critical temperature and lower critical pressure in all meth-
ods. For critical temperature, although overestimated slightly, MD
with dispersion-PPPM can reproduce critical temperature better
than the truncated LJ interaction. The critical pressures of biodiesel
and diesel from the MD-VLE are about 1.7–2.2 times higher than
the results from the mixing rules. Compared with the accurate
reproduction of the critical properties of pure hydrocarbons [14],
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the MD-VLE method with TraPPE-UA force field can quantitatively
predict the critical temperature of fuel mixtures, but only qualita-
tively for the critical pressure. Further investigation on the capabil-
ity of MD-VLE method on predicting critical pressure of practical
fuel mixtures is needed.

Time evolution of biodiesel surface tension during the VLE sim-
ulation is demonstrated in Fig. 10 (a). The final surface tension is
the time averaged value over the 10 ns simulation. The predicted
surface tensions of biodiesel and diesel at different temperatures
are shown in Fig. 10 (b), which are fitted linearly with tempera-
tures. The surface tension of FAMEs increases with the chain length
and the degree of unsaturation as that reflected in the empirical
equation developed by Phankosol et al. [2] in order to estimate sur-
face tension of biodiesel mixtures at temperatures between 30 and
80 �C according to the FAME composition, i.e., c ¼
60:211� 0:4307NC � 0:1125T þ 0:00207NCT þ 3:676Nd�
0:00893NdT , where NC and Nd are average numbers of carbon
atoms and double bonds of biodiesel mixtures.

The surface tension obtained from the MD-VLE simulation with
LJ cut off at distance of 1.4 nm can be 16.01%-61.77% lower than
the results taking consideration of the long-range dispersion. Sur-
face tension of biodiesel estimated from the dispersion-PPPM
approximates the results obtained from the empirical equation
by Phankosol et al. [2]. The surface tension of biodiesel is signifi-
cantly higher than conventional diesel and hence poor atomization
might occur when the fuel is injected into the combustion cham-
ber. The disappearance of the surface tension above critical tem-
peratures indicates the shifting from the conventional two-phase
droplet evaporation to diffusion dominated mixing process in
supercritical conditions.
3.5. Fuel mixing with N2

The typical condition to study supercritical combustion is 6 MPa
and 900 K which is above the critical points of biodiesel, diesel and
N2 (Tc = 126.19 K, Pc = 3.40 MPa). There is a lack of investigation on
the diffusion coefficient of practical fuel molecules in N2 in super-
critical conditions. In this study, when simulating the mixing pro-
cess, fuel aggregation is observed for biodiesel in N2 at the lower
temperature of 400 K as shown in the snapshots in Fig. 11. The
cluster recognition is performed using OVITO [26], and the inter-
molecular cut-off distance to discriminate the clusters is set to
be 4 Å [45]. The time evolution of biodiesel and diesel aggregation
regarding the aggregation cluster numbers (Nc) and the size of the
largest aggregation cluster (Sc) at temperatures of 400 K and 500 K
is shown in Fig. 12. At temperature above 600 K, no aggregation
phenomenon occurs for biodiesel or diesel at 5 MPa and 15 MPa.
To study the mobility of fuel molecules in bath gas, diffusion coef-



Fig. 9. (a)-(b) Density profiles of biodiesel and diesel respectively, shown as a function of the distance from the centre of liquid film, where lines are fitted curves according to
Equation (7), and the shaded area in (a) indicates the vapour-liquid interface at 450 K; (c) vapour-liquid coexistence curves of biodiesel and diesel, where lines are fitted
curves, the fitting parameters A and B in Equations (8)-(9) for biodiesel are 0.0895 and 0.0004, for diesel are 0.1197 and 0.0004 respectively.

Table 3
The critical properties of biodiesel surrogate fuels, taken from the work Evangelista et al. [42], and the values of diesel surrogate fuels taken from the work of Lin et al. [43].

Surrogate fuels MP MS MO ML MLN n-HXD n-OTD HMN DCA 1-MNT

Tc (K) 769 790 792 793 794 723 747 693 687 772
Pc (MPa) 1.38 1.26 1.28 1.31 1.33 1.40 1.29 1.57 3.20 3.60

Table 4
Comparison between the MD-VLE method and empirical equation on the prediction of critical properties of biodiesel and diesel.

Tc (K) Pc (MPa)

Results from mixing rules MD Results from mixing rules MD

Biodiesel 792 782* 1.32 2.50*
800# 2.93#

Diesel 722 672* 2.15 3.90*
739# 3.76#

*: LJ cut off at distance of 1.4 nm, #: dispersion-PPPM accounts for long-range LJ interaction.
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ficients of each fuel surrogate in N2 are calculated at 600 K and
above, as shown in Fig. 13 for some of the representative fuel
surrogates.

To quantitatively describe the aggregation process of different
systems, the reduced values are used in Fig. 12, i.e., Nc is defined
as the ratio of the number of clusters over the overall number of
fuel molecules, and Sc is the ratio between the number of fuel
atoms in the largest cluster over the overall number of fuel atoms.
Fuels with higher boiling temperature tend to possess lower
volatility. Boiling temperature values of different fuel surrogate
molecules vary in a way that: FAME > n-alkanes > branched alkane,
and fuel molecules with longer chain or higher molecular weight
always have higher boiling temperature [6]. As listed in Table 1
9

and Table 2, biodiesel mainly consists of FAMEs with chain length
of C18 accounting for 95.7%, while the molecule having the longest
chain in diesel is n-alkane of C18 which only accounts for 15.5%. The
boiling temperature of some practical biodiesel ranges from 573 K
to 623 K, while boiling temperature of diesel can be as low as 453 K
[46,47]. It can be seen in Fig. 11 that, in general, biodiesel is more
likely to aggregate and generate clusters than diesel.

Temperature and pressure affect the cluster growth rate and the
cluster size distribution during condensation. The lower ambient
temperature and higher pressure can promote the aggregation,
but the effects are different when it comes to different fuels [48].
The aggregation of diesel is not prominent or even not existent
at 15 MPa and 400 K after long simulation time until a slow



Fig. 10. (a) Time evolution of the surface tension of biodiesel during the VLE
simulation; (b) surface tension of biodiesel and diesel as a function of temperature,
where hollow symbols are results of LJ cut off at distance of 1.4 nm, solid symbols
are results considering long-range LJ interaction, the solid and dashed lines are
fitted lines, and blue stars indicate the biodiesel surface tension estimated using the
empirical equation by Phankosol et al. [2].
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increase of the largest cluster occurs after 8.50 ns. There is a signif-
icant difference in the clustering regularity of biodiesel at 400 K
and 500 K under 15 MPa. For biodiesel at 400 K, the initial conden-
sation rate is higher, and the formation of the critical nuclei and the
merge of nuclei occur earlier. Therefore, the curve of Sc shows a
multiple step growth and the number of clusters in the box
decreases quickly. While at 500 K, biodiesel cluster size increases
gradually by surface growth until the merge occurs at a later time
of 11.54 ns, and the number of clusters decreases slowly.

Fig. 13 shows the diffusion coefficient results calculated from
the slope of the mean-squared displacement, as that given in Equa-
tion (13). The MSD of the centre of mass of FAME molecules in N2

shows evident fluctuations as shown in Fig. 13 (a), which is differ-
ent with the perfectly smooth lines for MSD of pure alkanes in the
bulk liquid state [6]. The diffusion coefficient is the linear fitting of
the MSD, and the region for the linear fitting should be carefully
selected to avoid the anomalous diffusion in the initial stage. Tak-
ing the example of MP at 5 MPa and 900 K shown in Fig. 13 (b),
where the two-point slope of MSD is used to obtain the diffusion
coefficient, it can be found that too short time intervals would
result in the difficulty of convergence and noise in the diffusion
coefficient. The diffusion coefficient keeps increasing until it
reaches the plateau at 2–4 ns. The time evolution of the diffusion
coefficient has much better convergence than 1 fs when fitting
the MSD with time interval of 1 ps or longer. In this study, the dif-
fusion coefficient is the linear fitting of MSD between 5 and 10 ns
in all conditions. The effect of temperature and pressure on diffu-
sion coefficient of MP is shown in Fig. 13 (c). The fitted constant
n of 5 MPa and 15 MPa is equal to 1.93 and 1.55 respectively,
and the diffusion coefficients at 5 MPa are about 2.59–3.61 times
higher than those at 15 MPa.
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Among different fuel surrogates, branched alkanes and
cycloalkanes have higher slope of MSD than FAMEs and long-
chain alkanes as shown in Fig. 13 (a). The comparison of diffu-
sion coefficients for different conditions between typical fuel
surrogates with MP is shown in Fig. 13 (d), where it can be
observed that the diffusivity has a direct correlation with the
molecular configuration. To be specific, diffusion coefficients of
DCA, 1-MNT and HMN are 1.98, 1.94 and 1.39 times larger than
those of MP in the current conditions, while HXD is only 1.13
times larger than MP. If classified by molecular shape, DCA
and 1-MNT are disc-like, while HMN is sphere like, and n-
alkanes and FAMEs are stick-like [49]. As for comparison
between other FAMEs with MP, the values range from 0.93 of
MS to 1.00 of MO, which means the unsaturation has a negligi-
ble effect compared to molecular shape.
4. Feasibility of NEMD simulations on building large-scale
database

The results presented in the previous section are based on equi-
librium molecular dynamics simulations. By using EMD simula-
tion, various thermophysical properties of fuel mixtures can be
obtained by running the system into desired temperature and
pressure conditions in NPT ensemble. After validating the method-
ology and the simulation setups in normal conditions, the MD sim-
ulation systems and the parameters can be extended to other
conditions. It was demonstrated that the EMD-GK method used
in this study would have universality and it is independent of
the simulation conditions. This indicates that it is feasible to use
EMD to build large-scale databases of fuel properties, considering
that high performance computing resources are becoming more
available and affordable. This study demonstrated that EMD is a
reliable methodology to predict the properties of practical fuel
mixtures over a wide range of conditions including extreme
conditions.

Besides the EMD method, nonequilibrium MD simulation pro-
vides another option to calculate thermophysical properties.
Although NEMD offers a way to simulate systems which do not
adhere to the conventional equilibrium model and it may provide
a better physical description of the systems for certain conditions,
the universality of the setup parameters remains an open question.
In this study, the feasibility of NEMD in building large-scale data-
bases of fuel properties was also explored. Here, the NEMDmethod
on thermal conductivity prediction is used as an example to inves-
tigate the feasibility of this method to obtain transport properties.
To calculate the thermal conductivity j in the NEMD simulation
according to Fourier’s law, i.e.,q ¼ �jrT one can impose tempera-
ture gradient in a simulation box and then measure the resulting
heat flux. Alternatively, the reverse NEMD approach by Müller-
Plathe [50] can be used, in which the heat flux is created in a sys-
tem by exchanging the kinetic energy between atoms located in
different regions of a simulation box as shown in Fig. 14 (a). The
first slab is set to be the cold layer, while the central 11th slab is
set to be the hot layer. By exchanging the velocity of the hottest
atom in the cold slab with that of the coldest atom in the hot slab,
an artificial energy transfer from the cold slab to the hot slab is
imposed. After reaching steady state, the heat flux from the hot
side to the cold side is balanced by the total kinetic energy trans-
ferred by the swaps. The thermal conductivity is the ratio of the
heat flux to the slope of the temperature profile, which can be
obtained as:

j ¼
P

transke
2LxLyDt

dT
dz

� ��1

ð20Þ



Fig. 11. Time evolution of the snapshots to indicates the effect of tempeerature and pressure on fuel aggregation, from left to right: 1 ns, 5 ns, 8 ns and 10 ns; N2 molecualrs
are hided.
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where the heat flux is equal to the transferred total energy
divided by the time and cross-sectional area of the simulation
box, and the temperature gradient is determined by the tempera-
ture T of each bin, which is given by:

T ¼ 1
3NbkB

h
XNb

i¼1

mim2i i ð21Þ

where Nb is the number of atoms in each slab.
A case of biodiesel at 313.15 K and 0.1 MPa conditions with dif-

ferent swap rates is considered, and the results are shown in Fig. 14
(b)-(c). The temperature gradient and amount of the heat flux are
determined by the swap rate (inverse value of the time interval
11
between exchanging). All swap rates from 2.5 ps�1 to 20 ps�1 pro-
duce temperature profiles with good linearity, and the magnitude
of the temperature gradient increases with the increase of the
swap rate. The temperature difference between the hot and cold
slabs converges after 300 ps, which means the system reaches its
steady state and the generated temperature gradient is stable.
However, the concomitant density gradient as a function of the
position along the heat flux direction would result in inhomogene-
ity of the system. Also, the temperature in the cold slab can be as
low as 181.46 K at swap rate of 20 ps�1, which is below the melting
point of FAMEs and can result in anisotropy of conduction. Both the
density inhomogeneity and the possible phase transition represent
potential risks to the prediction, leading to deviation or even inval-



Fig. 12. (a) Time evolution of the reduced number of clusters for different systems; (b) time evolution of the size of the largest cluster in different systems.

Fig. 13. (a) Representative mean-squared displacement (MSD) of fuel surrogate molecules in N2 at 5 MPa and 900 K; (b) convergence of the diffusion coefficient of MP; (c)
temperature and pressure dependence of the diffusion coefficients of MP, where lines are fitted curves according to D = ATn [15,16]; (d) comparison of diffusion coefficient
between MP and different fuel surrogates, where solid lines are linear fittings, and dashed black line is for reference with the slope of 1.
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idating the results. For liquid fuels, determining the proper swap
rate is a challenge, because of the conflicts between the better pre-
diction accuracy benefited from the higher temperature gradient
and the consequent deviation resulted from the higher density
gradient.

The effects of swap rate on temperature and density gradi-
ents of biodiesel at extreme conditions are shown in Fig. 15.
At HP compressed liquid condition with swap rates of 2.5, 5
and 10 ps�1 in Fig. 15 (a) and (b), the results show good linear-
ity and negligible density inhomogeneity. The temperature of
biodiesel at the cold slab with the swap rate of 2.5, 5 and
10 ps�1 are 284.61 K, 266.73 K and 243.72 K respectively. Con-
sidering the increased tendency of solidification of biodiesel at
12
HP nozzle conditions of 200 MPa [4], the swap rate should be
set lower than 2.5 to avoid the possible phase transition.
Although there is no phase transition for biodiesel at dense
gas state of supercritical condition in Fig. 15 (c) and (d), the
effects of swap rate on density gradient is evident. For example,
the density at the cold slab is 3.35 times higher than that at
the hot slab when the swap rate is 1 ps�1, while the density
gradient is insignificant at swap rate of 0.25 ps�1. Therefore,
the proper swap rates can vary dramatically with the condi-
tions, and the setup parameters in normal conditions cannot
be used at extreme conditions. This indicates that NEMD is
not favourable for efficiently building the large-scale fuel prop-
erty databases over the wide range of conditions.



Fig. 14. (a) A schematic representation of the exchange of the kinetic energy between the atoms in the hot (red) slab and the cold (blue) slab of a simulation box in the NEMD
simulation, where the simulation box is divided into 20 bins in the z direction; (b) temperature and density profiles along the z direction in the NEMD simulation with
different swap rates, where lines are linear fittings; (c) convergence of the temperature difference between the hot and cold sides with different swap rates.

Fig. 15. Temperature and density profile of biodiesel with different swap rates at extreme conditions, (a) - (b): 300 K, 200 MPa, (c) - (d): 5 MPa, 1200 K.
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5. Conclusion

In this study, molecular dynamics simulations are employed to
investigate the thermophysical properties of biodiesel over a wide
13
range of conditions with temperatures ranging from 300 K to
1500 K, and pressures ranging from 0.1 MPa to 300 MPa. The
methodology and simulation setups are examined in detail for accu-
rate prediction of fuel properties. The properties of biodiesel are
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compared with conventional diesel to guide the development and
utilisation of biofuels. The main conclusions are summarised as
follows.

Equilibrium molecular dynamics can obtain comparable results
with experimental or empirical relations at normal conditions, and
MD simulations should be carefully set up at extreme conditions.
A sufficiently large number of independent trajectories is needed
for viscosity and thermal conductivity calculations due to the con-
tinuous increase of deviation of the running integration in the
Green-Kubo method. The long-range dispersion force should be
taken into consideration when calculating the critical properties
and surface tension using vapour-liquid equilibrium simulation.
For calculatingdiffusioncoefficients, the time region in the late stage
should be used for linear fitting of themean square displacement to
avoid the possible anomalous diffusion. The capability of nonequi-
librium MD simulations on property prediction is also investigated
at normal and extreme conditions. The setup parameter in non-
equilibrium molecular simulation varies with the conditions.
Equilibriummolecular dynamics is therefore the better choicewhen
building large-scale databases of fuel properties over awide range of
conditions.

Compared with conventional fossil diesel, biodiesel has higher
density and viscosity at both isothermal and isobaric conditions,
while the thermal conductivity varies with the conditions. Biodie-
sel also has higher critical temperature, higher surface tension and
lower critical pressure. The increased aggregation tendency of bio-
diesel in bath gas is observed at temperatures of 400 K and 500 K.
These results indicate that thermophysical properties of biodiesel
are not as favourable as diesel in fuel injection, atomisation, spray
formation and droplet evaporation.

The fuel composition and molecular structures determine the
different thermophysical properties of biodiesel. The chain length
of the majority biodiesel surrogates is longer than that of n-
alkanes in diesel surrogate fuels. The branched alkanes, cycloalka-
nes and aromatics contribute to the favourable thermophysical
properties of conventional diesel such as lower viscosity, lower
surface tension and higher mobility in bath gas. In fuel utilisation
applications, blending biodiesel with diesel can be a feasible way
to obtain optimum physicochemical properties.
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