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ABSTRACT

N-decane and 1,2,4-trimethylbenzene (1,2,4-TMB) are components of many hydrocarbon aviation fuels and
surrogate fuels. Obtaining and understanding their physical properties is crucial for their practical applications.
In this study, the viscosities and densities of pure 1,2,4-TMB and its binary mixture with n-decane are investi-
gated by equilibrium molecular dynamics (EMD) simulations with the COMPASS force field. The simulation
results are compared with the predictions of several theoretical models: the modified Peng-Robinson (MPR)
equation, Grunberg-Nissan (GN) model and UNIFAC-VISCO (UV) model for viscosity and the Peng-Robinson (PR)
equation and the Tait equation for density, using NIST SUPERTRAPP data as a reference. Results show that the
sixth-order mixing rules for MD simulations with the COMPASS force field provide a better prediction accuracy
than the Lorentz-Berthelot mixing rules. The MD simulation results are in good agreement with the NIST
SUPERTRAPP data, and the MD simulation model achieves better accuracy than the compared theoretical
models. The self-diffusion coefficients of the components in the mixture are calculated and a comprehensive
structural analysis is carried out to produce a better understanding of the effect of temperature on the viscosity
and density of the binary mixture at a molecular level.

1. Introduction

Jet fuel is a complex mixture of many different aliphatic and aro-
matic hydrocarbons [1]. Its composition mainly consists of linear al-
kanes, branched alkanes, naphthenes, and aromatics. To study the
properties of aviation fuels, surrogate fuels were widely used. Surrogate
components are selected based on the components of jet fuels, which
should represent the physical properties, chemical properties, or com-
bustion properties of jet fuels [2]. Linear alkanes and aromatics have
attracted wide attention due to their crucial roles as jet fuel constituents.
The alkane compound N-decane and the aromatic compound 1,2,4-tri-
methylbenzene (1,2,4-TMB) are both included in many jet fuels, e.g.,
RP-3 and Jet A-1 aviation kerosene, and surrogate fuels [3-6]. Obtaining
the thermophysical properties of fuel under sub/supercritical pressure is
a prerequisite for the design and optimization of regenerative cooling
systems and engine injection systems. While studying the combustion
and ignition process of a given fuel, the flow characteristics in the nozzle
should be taken as the foundation. Among many thermal properties,
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viscosity is not only an important transport property but a basic
parameter in the design and optimization of the jet engine [7]. There-
fore, determining the thermophysical properties of fuels and surrogate
fuels within a wide temperature and pressure range is necessary.

The experimental studies on the properties of aromatic hydrocarbons
and their mixtures are still limited. Deng et al. [8] measured the den-
sities and the residual molar volume of the 1,2,4-TMB and
2-methoxyethanol binary system at 298.15 K and 313.15 K at normal
atmospheric pressure. Duan et al. [9] studied the spray spontaneous
combustion characteristics of n-decane and several alkylbenzene blends
in a heated constant volume spray combustor. The cetane number of the
fuel mixture was measured in the temperature range of 808K-911 K, and
both the ignition delay time and the combustion duration (varying with
temperature) were measured. Duan et al. [10] measured the spray
spontaneous combustion characteristics of two surrogate blends of RP-3
jet fuel with different proportions of n-decane and 1,2,4-TMB.

In recent years, molecular dynamics (MD) simulations have been
widely used for studying the thermophysical properties of fuels [11-18]
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Table 1
Group definition and non-bond parameters of the Lennard-Jones (9-6) potential
for the COMPASS model [22].

Atom type g ( A) gj/Kcal/mol  Definition

Ch2 3.854 0.062 Secondary sp3 carbon in linear alkyl chains
Cus 3.854 0.062 Methyl group
C, 3.9150 0.0680 Aromatic carbon

Table 2

Bond stretching parameters of COMPASS force field.
Atom type 1 Atom type 2 bo ko ks ks
Cha Cyz or Cysz 1.53 299.67 —-501.77 679.81
Ca Cus 1.501 321.90 —521.82 572.16
Ca Ca 1.417 470.84 —627.62 1327.64
Cipo or Cys H 1.101 345.00 —691.89 844.60
Ca H 1.0982 372.83 —803.45 894.32

Table 3

Bend stretching parameters of COMPASS force field.
Atom type Atom type Atom type 6o ka ks ks
1 2 3
Cha Cuz Cyy or Cys 112.67 39.52 —7.44 —9.56
C, Ca Chs 120.05 44.71 —22.74 0.00
Ca Ca Ca 118.90 61.02 —34.99  0.00
Cyy or Cys Cyp or Cys H 110.77 41.45 —10.60 5.13
H Cpz or Cys H 107.66 39.64 —-12.92 —2.43
Ca Cus H 111.00 44.32 —-9.45 0.00
Ca Ca H 117.94 35.16 —12.47 0.00

and other liquid organic mixtures [19]. Dianne et al. [11] used the
molecular dynamics method to simulate the viscosities, densities and
sound velocities of binary mixtures containing 1,2,4-TMB with 2,2,4,
6-pentamethylheptane in the temperature range of 253.15K-333.15 K
under the pressure of 0.1 MPa. The results showed that the trend of
variation of viscosity could not be predicted well by the OPLS-AA force
field. Rabet et al. [12] studied the thermophysical characteristics of two
biofuels 2,5-dimethylfuran (DMF) and 5-hydroxymethylfurfural
(5-HMF) using MD simulations with the OPLS-AA, GAFF, and
CHARMMZ27 force fields. The pure substances’ liquid densities and
vapor-liquid equilibria characteristics were computed and compared to
the experimental data. Results showed that the GAFF model yields the
best simulation accuracy for 2-methylfuran and DMF, while OPLS-AA is
optimal for furfural. As reviewed in literatures [20,21], many studies
have been conducted to investigate the thermodynamic and transport
properties for n-alkanes; In general, transport property simulations for
n-alkanes are sensitive to the force field employed. Hamani et al. [13]
compared the TraPPE-UA force field model and the MCCG force field
model in investigation of the thermophysical properties of binary mix-
tures of n-hexane and n-dodecane at temperatures ranging from 293.15
to 353.15 K and pressure up to 100 MPa. The results obtained by the
TraPPE-UA force field yield an absolute average deviation (AAD) of
1.5% for the density and 35% for the viscosity. While the MCCG force
field, it leads to slightly better results with an AAD of, 1.2% for the
density, and 24% for the viscosity. Yang et al. [14] simulated the ther-
mal conductivity of n-decane by the use of MD simulations, finding that
the united-atom (UA) force field models show much better prediction
accuracy than the all-atom force field models. Dysthe et al. [15]
compared the viscosity of n-butane, n-decane, n-hexadecane, and
2-methylbutane under seven UA force fields. The results showed that the
UA have large deviations in the prediction of viscosity, with the average
absolute deviation as high as 80%. Furthermore, the longer the organic
chain length, the greater the simulation deviation becomes. Yang et al.
[16] compared the prediction of n-decane by five force fields using
equilibrium molecular dynamics (EMD) simulations. They found that
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the COMPASS force field combined with the Lorentz-Berthelot mixing
rules exhibited the best accuracy for predicting the viscosity of n-decane
with an average absolute deviation of 13.88% among the investigated
UA and all-atom force fields. Payal et al. [18] used EMD method to
calculate the shear viscosity of n-decane and n-hexadecane with force
field models of the TraPPE-UA and the TTK-AA under ambient and high
temperature-high pressure conditions. Their results showed that the
shear viscosity derived from the UA force field is roughly 20% less than
the experimental value, whereas the shear viscosity produced from the
AA force field is around 10% higher.

In this study, the viscosities and densities of pure 1,2,4-TMB and its
binary mixture with n-decane are investigated using molecular dy-
namics (MD) simulations with the COMPASS force field, and then
compared with those by theoretical models. The self-diffusion co-
efficients of the components in the mixture are calculated and a
comprehensive structural analysis is then carried out to produce a better
understanding of the effect of temperature on the viscosity and density
of the binary mixture of n-decane and 1,2,4-TMB with n-decane at a
molecular level.

2. Methodology
2.1. Force field and potential

In MD simulations of this study, the COMPASS force field is adopted
to simulate the viscosity and density of 1,2,4-TMB and its binary mixture
with n-decane. The functional form of COMPASS force field is as follows
[22]:

Ewa =Ey +Eg+E, +E, +E y+
Epo+ Epy +Eoy+ Eggp + Ectec + ELs

= lkalb = b,)’ + ks (b — b,)’ +ka(b — b,) "]+

> k(0= 0,) + ks (0= 0,)° + ka(0 — 0,)*]+

Z[kl (1 — cos@) + ko (1 — cos2¢) + k3 (1 — cos3¢p)]+
@

D kot + Y k(b —b,)(b = b,) + > k(b —b,)(0 — 0,)+ o
x b bo

Z(b — b,)[kicosg + kycos2¢ + kzcos3¢p]+

by

Z(Q — 6,)[kicosp + kycos2¢ + k3cos3¢]+

0.9

> k(0 —6,) (0 — 0,)cosp+

0.0,

4qig; 0ij ’ (”u‘)ﬁ}
where Ey, Ey, E, and E, are contributions of bond (b) stretching, angle (6)
bending, torsion angle (¢), and out-of-plane angle (y), E j , E 9, Eb.» Eo o
and Ey,, are cross-coupling terms between internal coordinates, Egjec
and Ep; are non-bond interaction terms representing energy of the
electrostatic Coulomb and van der Waals (VDW) term. b,, 6, and ¢ are
equilibrium bond length, bond angle and torsion angle. k, k;, k2 and k3
are force field-specific coefficients. In formula of E... and Erj, g; is
quantity of electric charge of an atom, r; is the distance between two
atoms, &; and o are the Lennard-Jones (LJ) potential interaction pa-
rameters, representing the energy parameter and the scale parameter,
respectively. For the COMPASS model, the group definition and the non-
bond parameters of the Lennard-Jones (9-6) potential are listed in
Table 1.The COMPASS force field parameters for alkanes and aromatic
hydrocarbons in this paper are taken from the Refs [22], as shown in
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Table 4
Dihedral torsion parameters of COMPASS force field.
Atom Atom Atom Atom ky ko k3
type 1 type 2 type 3 type 4
Chaz Cha Cha Cyp Or 0.0000 0.0514 —0.1430
Cus
Cus Ca C, Ca 0.0000 4.4072 0.0000
Ca Ca Ca Ca 8.3667 1.2000 0.0000
C, Ca Cus H —0.2802 —0.0678 —0.0122
Cpy or Cz Cyo or H 0.0000 0.0316 —0.1681
Chs Chs
H Chz Cyyp o1 H —0.1432 0.0000 0.0617
Cus
Ca Ca C, H 0.0000 3.9661 0.0000
Cus Ca Ca Cuz 0.0000 4.5000 0.0000
Cus Ca C, H 0.0000 1.5590 0.0000
H Ca Ca H 0.0000 2.3500 0.0000
Tables 2-4.
2.2. Density

In this study, the density are calculated by the Eq. (4).

_ > NM
T VN,

(2)

where N is the atomic number; M is the molar mass; V is the volume of
the simulation system; N, is the Avogadro constant.

2.3. Viscosity

In this work, Green-Kubo formula [23] is used to calculate the shear
viscosity, the expressions are as follows:

Vo
"= %), <Pﬂ/1(l)'Prz/i(0)>dt .

where V,Kp represent the volume of the system and the Boltzmann
constant respectively, P_{,,/;(t) is the pressure tensor of time t, (P‘(),,;(t)-

m(O)) denotes the pressure-pressure tensor autocorrelation function
(NACF), the pressure tensor formula is as follows:

P =SV 53 7 (7 %) “

ij,i#]

where & is total energy including potential energy and kinetic energy,

. 2
which can be expressed as & = im;¥; + 1 ¢(Ty), (1) denotes the
i

potential energy between atom i and atom j. ¥;, Tyrepresent the speed of
the atom i and the distance between atoms situated at different positions
respectively.

2.4. Molecular simulation details

All MD simulations are conducted using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) package [24]. The
simulations are carried out in a three-dimensional cube box with peri-
odic boundary conditions applied in the x-, y-, and z-directions. The
initial size of the box is set to 50 A x 50 A x 50 A. The simulation time
step is set to 0.4fs. The velocity Verlet algorithm is used to integrate the
Newton’s equations. The long-range electrostatic interactions are
computed with the particle-particle-particle-mesh (PPPM) method [25]
with a cutoff distance of 14 A and an accuracy of 10~* in force. For LJ
interactions, a cutoff distance of 14 A is used. The adopted cut-off dis-
tance is sufficiently large (> 3.50, 0= 3.854 A of Cy2) and consistent
with the literature [26], offering a good balance of both the accuracy
and efficiency of simulations. A long-range tail correction is applied for
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van der Waals interactions larger than the cut-off radius. The simula-
tions initially run in the NPT ensemble with Nose-Hoover thermostat to
control the pressure and temperature and to equilibrate the system at a
given pressure and temperature for 1 ns. Then, there is a switch to the
NVT ensemble with Nose-Hoover thermostat, used to equilibrate and
relax the system at a given temperature for 1 ns. Another 1 ns is used to
calculate the viscosity.

The strategies of the EMD simulations are adopted same as those in
our previous studies [27]. We perform six independent simulations on
pure fluid and mixtures by changing initial velocity to overcome the
uncertainties for different independent runs of EMD simulations. The
initial velocities are randomly assigned and obey a Gaussian distribu-
tion. In each independent run, a different seed number is used to
generate unique initial velocity distributions under the same conditions.
An average viscosity and density at the given temperature and pressure
are evaluated by averaging over the values for the six independent runs,
and the error estimate is obtained by the standard error of the values for
each independent run.

The total number of molecules contained in all simulation systems is
400. For a system containing pure 1,2,4-TMB, the total number of
molecules of 1,2,4-TMB is 400, corresponding to a total number of 8400
atoms. For the mixture containing 1,2,4-TMB and n-decane, 300 n-
decane molecules and 100 1,2,4-TMB molecules are used; this corre-
sponds to the surrogate model (75 mol% n-decane and 25 mol% 1, 2, 4-
TMB) proposed by Liu et al. [3] for the RP-3 aviation kerosene. A pre-
vious study [16] by the authors has shown that the size of the system has
a negligible effect on viscosity when the number of molecules exceeds
100, therefore, the number of molecules adopted in the present study is
adequately high.

2.5. Theoretical calculation

2.5.1. Theoretical calculation of viscosity of the binary mixture

A theoretical model: the modified Peng-Robinson (MPR) equation of
state [28,29], and two semi-theoretical models: Grunberg-Nissan (GN)
model [30] and UNIFAC-VISCO (UV) model [31], are used for calcu-
lating the viscosity of binary mixture (n-decane and 1,2,4-TMB). These
three models have been widely used for the viscosity calculation of
hydrocarbons [29,32,33].

e MPR equation

The MPR equation is as follows [29]:

T r'nP an
N, = b, 2bun, — b

m

(5)

Rearranging Eq. (5) yields a cubic equation in mixture viscosity (1,,)
for given pressure, temperature, and mixture composition, as illustrated
in Eq. (6).

5 (2b,T = b T — 1,y P) (aw — 2T — 2b,b T — 21,5, P)

3
M T M T
(b2b' T + 1, PP, — a,b )
+
T
-0 (6)

where the subscript m stands for mixing parameters. The parameters a,
and by, are determined by implementing the linear mixing rule on a and
b parameters of individual components, as well as their mole fraction, as
shown in Egs. (7) and (8); the parameter b'm is evaluated by utilizing the
quadratic mixing rule on b and the mixture’s mole fraction (Eq. (9).
The mole fraction of the ith component in the mixture is represented by
X;, where i and j are component indexes that range from 1 to N, with N
denoting the number of components in the mixture.



Group contributions for G;;(298).

Value of A;

—0.100
0.096
0.766

All constants in the formula (36), (37), (38).

62.45326

- 0q A
| o

4.79594
1.14188
0.0344483
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Q2P
= e 7
a i X, TC ( )
Qur.P.
b, = ; 8
E Y (8)

by =Y xixjy/bibp (1 — ky) 9)
i

T,
I = ZXI{ZZ(P( (10)
where Q, and Q, are constants in the formula, Q, = 0.457235529, Q;, =
0.077796074. T.,P.,u., and Z, are critical temperature, critical pressure,
critical viscosity and critical compression factor, respectively. k; is the
binary interaction parameter. Due to the lack of experimental data, this
paper defaults k; to be 0. Guo et al. [28] also proved that when k; is 0,
the calculation results of alkane mixtures are credible. Parameters a and
@ in Egs. (9) and (10) respectively are given in Eqs. (11) and (12) below.

a= (1 +K, ((P,T,)O'S - 1))72 an

Fig. 1. Simulation system for mixtures of n-decane and 1,2,4-TMB with total molecular number N = 400.

Fig. 2. The NACFs and calculated viscosities in six independent runs.
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Fig. 3. Comparison of viscosity calculations of n-decane at P = 3 MPa using
different combining rules.

0 =exp(Ks (105 = 1)) + (K3 (P'5 — 1)2) (12)

where T, = T/T, and P, = P/P.;T, and P, are the reduced temperature
and pressure, the K;,K» and K3 describing n-alkanes are respectively
given in Egs. (13),(14) and (15), while those of describing aromatic
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hydrocarbon are given in Egs. (16),(17) and (18) below:

K| = 0.9744 + 0.3233exp(—39.4521C, %) (13)
K> = 25.2955exp(—0.2373Cy) — 15.9920exp(0.0032Cy) a4
0.3291

K; = 15

PT0.1485 + (Gy05Y) 1)
19.2573

K; = 20.2060 — % (16)
1+ (52%)

K, — 1.1953Pc  13.1442P¢ a7

—169.8919 + P —2.1857 + P¢
K3 = 0.3654exp(0.0410P¢) — 5538743.25exp(—0.8635P¢) (18)

where K;,K; and K3 are component specific parameters dependent on
the kind of component, Cy is number of carbons in the hydrocarbon, P¢
above equations is critical pressure of the aromatic component.

e GN model

The formula of GN model is as follows [30]:
Iny,, = xiln, + xInn, + x10,G1, 19
where 7,, and #;(i= 1, 2) are viscosity of mixture and pure component i,

Gjj is an interacting parameter as a function of the components i and j as
well as temperature shown in Eq. (20).

Fig. 4. Viscosity of 1,2,4-TMB as a function of temperature under different pressures: (a) 2 MPa; (b) 4 MPa; (c) 5 MPa; (d) ARDs and AARDs.
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Fig. 5. Density of 1,2,4-TMB as a function of temperature under different pressures: (a) 2 MPa; (b) 4 MPa; (c) 5 MPa; (d) ARDs and AARDs.

Gy=Y A=) A+W (20)

_ 03161(N, — N))’

NN 0.1188(N; — N;) (21)

The calculation of 3~ A; and ) A; can be obtained from the following
Table 5. N; and N; are the number of carbon atoms in i, j molecules. If the
components of mixture contain other types of atoms except carbon and
hydrogen, W = 0. In addition, G; has a certain relationship with tem-
perature for non-associated mixtures or associative mixtures, and the
expression is as follows:

573 —-T
Gy(T) =1— (1-G;(298)) T (22)
e UV model
The formula of UV model is as follows [31]:
Ax gl AxgfR
I = An(n.v;) —1 2
= 3 xlnn) vy + =+ S (23)

where 7,, is the viscosity of the mixture, x; is the mole fraction, #; is the
viscosity of the pure component constituting the mixture, v; and M; is the
molar volume and molar mass of the pure component, and v,, is the
molar volume of the mixture, as shown in Eq. (24).

inMi
P

(24)

Vi

A +gf¢ /RT, A xg"® /RT are the mixed terms, their calculation formulas
are given in Egs. (25) and (26).

S () + ()3 () @)

where ¢); is the molecular surface area fraction, ¢; is the molecular vol-
ume fraction, g; is the van der Waals surface area of molecular i.

A x gER i * (i)
RT P EDI AL VRS VA (26)
k

where k is the index of group, n}, is the number of k groups in molecule i,

vy and y;(i) are the activity coefficient of group k in a mixture of groups in
the actual mixture and formed from the groups in pure component i. The
other parameters in Eq. (25) and Eq. (26) are provided in the supple-
mentary material.

2.5.2. Theoretical calculation of density of binary mixture

Since PR equation [34] and Tait equation [35] are common models
for calculating the density of organic matter, they are selected to
calculate the density of binary mixtures of n-decane and 1,2,4-TMB.

PR equation

The PR equation is as follows [34]:

RT [

P= _
Vim — bm Vm(Vm + bm) + bm(Vm - bm)

27)

Simplifying Eq. (27) produces a cubic equation in mixture’s molar
volume (v,,) for given pressure, temperature, and mixture composition,
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Fig. 6. Viscosity of the n-decane/1, 2, 4-TMB (75 mol% n-decane and 25 mol% 1, 2, 4-TMB) binary mixture as a function of temperature under different pressures:

(a) 2 MPa; (b) 4 MPa; (c) 5 MPa; (d) ARDs and AARDs.

as illustrated in Eq. (28).

3 2
v, + v,

(buP —RT) (an — 3b%,P — 2RD,,T) N (b3,P + RTDY, — ayuby,)
P n P P
=0
(28)
After getting the v,, of mixture, the p,, is calculated by Eq. (29).
Pm = Mm/vm (29)

In Eq. (28), a, and b, are state equation parameters, given in Eqs.
(30) and (31), R is molar gas constant, v,, is molar volume.

a, = ZinxF /a,-aj(l — C,-j) (30)
J

i

b= Y (1) e
J

i

where C; and Dy are binary interaction parameters. Due to the lack of
experimental data, the default values are 0. @; and b; defined in Egs. (32)
and (33) are the equation of state parameters for pure component i.

_0.4575350,(T)R’T?,

@ P 32)

~ 0.077796RT.;

' P.; (33)

where «;(T) expresses the temperature dependence in the parameter a;

calculated by Eq. (34). T, and P,; are critical temperature and pressure
of pure component i.

& (T)= exp((2+0.8367,:) (1 - Tﬁ-‘134*0'508”"’0'0467“"2))

34
where T,; and w; are the reduced temperature and acentric factor of pure
component i.

Tait equation

The Tait equation is as follows [35]:

ﬁ+P>
B+ P

Ml?l
Vg = —— = Vym <1 —cln
/)"1

(35)

where v, p,, and My, are molar volume, density and molar mass of
mixture, Vs, and P;, are the saturated molar volume and the saturated
vapor pressure of mixture, the terms $ and c are obtained from Eqs. (36)
and (38).

4
3

B=Pen| = 1+a(l = T) +5(1 = T) +d(1=T) +¢(1 = T,)']

(36)
e =exp (f + gWsrk.m + hWéRK.m) (7
¢ =j+ kwsggm (38)

where wsrk m is the acentric factor, T, is the reduced temperature. The
calculation formulas of V;, and P;,, are provided in the supplementary
material. All constants including a — k except c and e in the formula are
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Fig. 7. Density of the n-decane/1, 2, 4-TMB (75 mol% n-decane and 25 mol% 1, 2, 4-TMB) binary mixture as a function of temperature under different pressures: (a)

2 MPa; (b) 4 MPa; (¢) 5 MPa; (d) ARDs and AARDs.

shown in the following Table 6.
3. Results and discussion

The viscosities and densities of 1,2,4-TMB and its binary mixture
with n-decane at temperatures of 350K-600 K and different pressures are
calculated by MD simulations and theoretical models. Here data from
the NIST SUPERTRAPP [36] are used as a reference. Many studies
[37-39] have taken NIST SUPERTRAPP data of alkanes as referents
because they are relatively accurate and publicly available. It should be
noted that viscosity and density data in the NIST SUPERTRAPP is not
experimental data but is calculated by the extended corresponding states
model (EXCST). As mentioned In SUPERTRAPP (also called NIST4), for
pure fluids the corresponding states prediction has associated un-
certainties of better than 2% in compressed liquid densities and 5-8%
for liquid viscosity and thermal conductivity. For mixtures, liquid den-
sities are typically estimated to within 3% and liquid viscosity and
thermal conductivity to 5-10% [38]. To clarify the comparison and
ensuing discussion, the absolute relative deviation (ARD) between the
MD simulation results (or the calculated results by theoretical models)
and the NIST SUPERTRAPP data is used and calculated as follows.
|ACAL _ ANIS’I"

ARD = x 100% (39)

ANIST
where A represents the values calculated by either the MD simulation
or theoretical models and AMST denotes the values from the NIST
SUPERTRAPP. To allow the readers to compare to the data in this work,

all the numerical data and uncertainty estimates are provided in Sup-
plementary Material.

3.1. Predicting viscosity using EMD simulation

In our simulations, we conducted six independent runs by changing
initial velocity and the viscosity is determined by averaging over the
output of six independent runs. For example, the normalized autocor-
relation function (NACF) and viscosities of 1,2,4-TMB at T = 600 K, P =
2 MPa for the independent runs and their average with the correlation
time are shown in Fig. 2. It can be observed that the NACFs decay
relatively fast to zero in about 3000 fs.

3.2. Mixing rules

To describe the interactions between the unlike atoms, the mixing
rules should be used. Here two common mixing rules for the hydrocar-
bon mixtures are tested: the Lorentz-Berthelot (LB) mixing rules [40]
and the sixth-order mixing rules [41].

L _ (&')3'(5/)3
Ej = 2@ <(€,‘)6 + (8j)6>

Sixth — order mixing rules (40)

6 6\ 1/6
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Fig. 8. Viscosity as a function of temperature calculated by theoretical models for the n-decane/1,2,4-TMB mixture under different pressures (a) 2 MPa; (b) 4 MPa;

(c) 5 MPa; (d) AARDs.
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The viscosities of n-decane are calculated using the sixth-order
mixing rules at temperature of 350K-600 K and pressure of 3 MPa,
and are compared with the calculation results obtained using the LB
mixing rules by the authors in a previous study [16] with the same
simulation strategy, as shown in Fig. 3. The corresponding NIST
SUPERTRAPP data is also provided in the Figure. The results show that
compared to NIST SUPERTRAPP data, the simulation results utilizing
the sixth-order mixing rules produced an average absolute relative de-
viation (AARD) of 4.95%, whereas the LB mixing rules have AARD of
13.88%. The deviations of the prediction values produced by the
sixth-order mixing rules are much smaller than those produced by the LB
mixing rules, particularly at lower temperatures. This suggests that the
sixth-order mixing rules for the MD simulations with the COMPASS force
field can provide a better prediction accuracy than the LB mixing rules.
Therefore, the sixth-order mixing rules are recommended for the LJ-9-6
potential parameters ¢; and ¢;; to describe the interactions between the
unlike atoms in the following simulations of pure 1, 2, 4-TMB and its
mixture with n-decane.

3.3. Pure 1, 2, 4-TMB

The viscosities and densities for 1,2,4-TMB at different pressures are
calculated via MD simulation. The results are respectively shown in
Figs. 4 and 5 and are compared with the corresponding NIST

SUPERTRAPP data. The simulated viscosities and densities of 1,2,4-TMB
decrease sharply with the increase in temperature and are well in
agreement with the NIST SUPERTRAPP data. The summaries of the
ARDs and AARD:s for the viscosity and density predictions are provided
in Figs. 4(d) and 5(d). The AARDs of the simulations for viscosities are
5.67%, 3.52%, and 5.38%, and for densities are 1.14%, 1.22%, and
1.05% at pressures of 2 MPa, 4 MPa, and 5 MPa, respectively.

3.4. N-decane/1,2,4-TMB binary mixture

The simulation results of viscosities and densities for the binary
mixture of n-decane and 1,2,4-TMB are respectively shown in Figs. 6 and
7, and are compared with the corresponding NIST SUPERTRAPP data at
different pressures. Both the simulated viscosities and the densities for
the binary mixture of n-decane and 1,2,4-TMB monotonically decrease
with increasing temperature. With increasing temperature, the
decreasing density is due to the volume expansion, while the reasons for
the decreasing viscosity may be more complicated and will be further
discussed in Section 3.7. The MD simulation results have the AARDs of
4.12%, 4.65% and 4.57% for viscosity predictions and AARDs of 1.30%,
1.42% and 0.69% for density predictions at pressures of 2 MPa, 4 MPa,
and 5 MPa, respectively. The overall AARDs are 4.44% for the viscosities
and 1.13% for the densities. Therefore, the predicted viscosities and
densities via MD simulations are in good agreement with the NIST
SUPERTRAPP data. Moreover, this also indicates that the COMPASS
force field with the sixth-order combining rules is suitable for the pre-
diction of the viscosities and densities of the mixtures containing n-al-
kanes and aromatics.
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Fig. 9. Density as a function of temperature calculated by theoretical models for the n-decane/1,2,4-TMB mixture under different pressures (a) 2 MPa; (b) 4 MPa; (c)

5 MPa; (d) AARDs.
3.5. Theoretical calculation

The calculated viscosities with different theoretical models for the
binary mixture of n-decane and 1,2,4-TMB are shown in Fig. 8. A sum-
mary of the AARDs of the theoretical models for viscosity prediction is
also provided, as shown in Fig. 8(d). The AARDs of the calculated vis-
cosities are 26.64%, 27.82%, and 26.52% for the MPR equation;
15.75%, 15.75%, and 16.39% for UV model; and 5.7%, 5.59%, and
4.86% for GN model at pressures of 2 MPa, 4 MPa, and 5 MPa, respec-
tively. The overall AARDs of the viscosities are 27.01%, 15.96, and
5.38% for the MPR equation, UV model and GN model, respectively. The
reason for such a relatively large deviation generated by the MPR
equation may be because there is a lack of binary interaction parameters
for the mixed system of n-alkanes and aromatics. Evidently, the pre-
dictive accuracy of the GN model is the best among the three theoretical
models, but still slightly worse than that of the MD predictions with the
superior overall AARDs of 4.44%.

Fig. 9 depicts the calculated densities by the PR equation and Tait
equation for the binary mixture of n-decane and 1,2,4-TMB. The AARDs
of the PR equation are 7.33%, 5.5%, and 4.8%, while the AARDs of the
Tait equation are 53.1%, 53.3%, and 65.9%; these values correspond to
pressures of 2 MPa, 4 MPa, and 5 MPa, respectively. The Tait equation
greatly underestimates the densities of the binary mixture, which may
be due to the equations having been fitted based on non-polar mole-
cules, and hence not entirely suitable for predicting polar molecules.
Fig. 9(d) compares the overall AARDs of the two theoretical models and
the MD method. The overall AARDs of the PR equation and Tait equation
are respectively 5.87 and 57.4%, respectively, which are larger than that
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of the MD method with a value of 1.13% obtained above. Thus, it can be
concluded the MD method is superior to the compared theoretical
models for the prediction accuracy of the viscosity and density of the
binary mixture.

3.6. Self-diffusion coefficient

Using the time-dependent mean square displacement (MSD), the self-
diffusion coefficient is determined as follows:

1
D, = L tim? (MSD)

42
6N 1—codt 42)

(43)

MSD = < > () - r,-(O)]2>

—_
where D; is the self-diffusion coefficient of pure component i; r;(t) and
—_—

r;(0) are the vector coordinate of the center of mass of molecule i at time

t and 0, respectively; () is the average value. The self-diffusion coefti-
cient calculated by MD simulations requires a finite-size correction (Yeh-
Hummer correction) [42] which has the formula as follows.

Dy = Dppc + 2.837297kp T/ (67nL) (44)
where Dy is the Yeh-Hummer corrected self-diffusion coefficient, Dppc is
the self-diffusion coefficient calculated in the simulation, kg is the
Boltzmann constant, T is the absolute temperature and 7 is the shear
viscosity of the solvent, L is the length of simulation cubic box.

Fig. 10(a)-(c) respectively depicts the temperature dependence of the
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Fig. 10. The calculated MSD and the self-diffusion coefficient D: (a) MSD of n-decane in the binary mixture; (b) MSD of 1,2,4-TMB in the binary mixture; (c) MSD of
the binary mixture; (d) Self-diffusion coefficient of n-decane and 1,2,4-TMB in the binary mixture.

Fig. 11. The RDF as a function of temperature: (a) Cyz—H (b) Cya—C,.

MSDs for n-decane, 1,2,4-TMB, and their mixture, and Fig. 10(d) shows
the temperature dependence of the calculated self-diffusion coefficient
of n-decane and 1,2,4-TMB in the binary mixture before and after the
Yeh-Hummer correction, at a pressure of 4 MPa. As shown in Fig. 10(a)-
(c), the slope of MSDs for n-decane, 1,2,4-TMB, and their mixture in-
creases with ascending temperature. To determine the time range for
fitting the self-diffusion coefficient, a region with a slope closed to 1 in
log (MSD) -log (t) curve is used as the effective time range [43]. From
Fig. 10(d), it can be observed that the self-diffusion coefficients of
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n-decane and 1,2,4-TMB in the binary mixture increase non-linearly
with increasing temperature, which indicates that molecular diffusion
is enhanced with temperature.

The viscosity of the system is determined by the internal friction and
intermolecular attraction between molecules. As the temperature rises,
the intermolecular spacing of the molecules n-decane and 1,2,4-TMB
increases due to volume expansion, lowering intermolecular attraction
and resulting in a decrease in viscosity. Our previous study [16] has
shown that the Rouse model can describe the variation trend of
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Fig. 12. End-to-end length of n-decane in the binary mixture of n-decane and 1,2,4-TMB at different temperatures: (a) end-to-end length distribution; (b) average

end-to-end length.

Fig. 13. Dihedral angle distribution of n-decane in mixture under different temperatures.

viscosities of n-decane, n-undecane, and n-dodecane with temperature
changes, albeit with a significant degree of underestimation. In the
Rouse model, 7x(1/D). Therefore, the increase in the self-diffusion co-
efficients of the n-decane and 1,2,4-TMB with temperature should be an
important reason for the decreasing viscosities with increasing
temperatures.

3.7. Structure analysis

3.7.1. Radial distribution function

Radial distribution function (RDF, g(r)) describes how density varies
as a function of distance from a reference particle. The expression is as
follows:

8ap(7) (45)

o 1 dN,,,/;(r)
B 47zr2pﬂ dr

In the formula,p, is the numerical density of particles 5. N, is the
number of § particles in a sphere with a particles as the center and radius
r. In general, the first peak of g,,(r) represents the aggregation degree of
atoms or molecules in the first neighborhood.

Fig. 11 shows the radial distribution function of the binary mixture
containing n-decane and 1,2,4-TMB at a pressure of 4 Mpa and different
temperatures. As shown in Fig. 11(a), the first peaks of g(r)cy, g

12

correspond to approximately 2.8 A, which is consistent with the sum of
Van der Waals radii of the carbon and hydrogen atoms of 2.82 A [44].
The magnitudes of the major peaks of g(r)cy, y and g(r)cy, ¢, decrease
as the temperature increases. This indicates that, with ascending tem-
perature, distances increase between n-decane molecules and the ag-
gregation of the molecules decreases. In Fig. 11(b), the RDFs of the C,
atoms of 1,2,4-TMB and the Cyy atom of n-decane are plotted. It can be
observed that the locations of the first peak are shifted rightwards from
6.11 Aat T= 350K to 6.97 A at T = 600 K. The rightward shift of these
peaks indicates that the distance between molecules of n-decane and 1,
2,4-TMB gradually increases with the increase of temperature.

3.7.2. End-to-end length of n-decane in mixture

The end-to-end length and dihedral angle distribution of the n-
decane molecules in the system at different temperatures are calculated.
Fig. 12(a) shows the distribution function of the end-to-end length of n-
decane molecules at different temperatures. It can be seen that the
location of the peaks shifts to the left and the peaks values decline with
increasing temperature. This means that the average end-to-end length
of n-decane molecules declines with temperature. The average end-to-
end length of the n-decane molecules is statistically calculated as
shown in Fig. 12(b). Such a decrease in average end-to-end length of the
n-decane molecules can be explained by the dihedral angle distribution
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of n-decane in the mixture. Typically, the dihedral angle distribution of
atom groups at the chain head and atom groups in the middle of the
chain of the n-decane molecules are calculated, as shown in Fig. 13. The
two smaller peaks, near 60° and 300°, are related to the two gauche
conformations, while the highest peak, about 180°, represents the
dihedral angles in the trans-conformation, which corresponds to the
global minimum in energy [45]. It can be seen that the dominant peaks
at 180° decrease monotonically with temperature. This indicates that
the twist of the chain becomes more significantly with the increasing
temperature, leading to a decrease in the end-to-end length of n-decane
molecules.

The size of the molecules and the end-to-end length of n-decane
affect the transport behavior of the system. Although the short chain of
n-decane cannot satisfy the Gaussian chain, the end-to-end length of the
molecular chain and the radius of gyration (R,) are still proportional
[46]. The influence of the radius of gyration on the viscosities can be
described by the Rouse model, where the viscosity nocRé. With the

decrease of the end-to-end length of n-decane, the radius of gyration is
decreased which should therefore contribute to the decrease of viscosity.
Therefore, the decrease in the end-to-end length of the molecular chain
is an important factor in decreasing viscosity.

4. Conclusion

In this work, the viscosities and densities of pure 1,2,4-TMB and its
binary mixture with n-decane are investigated using MD simulations
with the COMPASS force field. The simulated viscosities and densities
are compared with those obtained by theoretical models: the MPR
equation, GN model, and UV model for viscosity; the PR equation and
the Tait equation for density. Results show that in the MD simulations
with the COMPASS force field, the sixth-order combining rules
demonstrate superior prediction accuracy than the LB combining rules.
The MD simulation results are in agreement with the NIST SUPERTRAPP
data, and the MD simulation model achieves superior performance than
the theoretical models. In addition, the self-diffusion coefficient, radial
distribution function, end-to-end length, and dihedral angle distribution
of n-decane in the binary mixture are analyzed. It is found that the
decreased end-to-end length due to the twist of the n-decane chains is an
important factor impacting the decrease of viscosity with increasing
temperature. This study provides a good reference for the simulation
and prediction of the thermophysical properties of mixtures containing
n-alkanes and aromatics.
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