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ABSTRACT

The thermocapillary motion of a drop on a solid substrate is a common phenomenon in daily life and many industrial fields. The motion can be
significantly affected by the temperature gradient of the substrate and the properties of the liquid, such as surface tension, viscosity, thermal
coefficient, density, and diffusivity. In this study, a numerical model based on modified many-body dissipative particle dynamics was developed to
capture correctly the temperature dependence of a fluid. The momentum, thermal diffusivity, viscosity, and surface tension of liquid water at vari-
ous temperatures ranging from 273 to 373 K were used as examples to verify the proposed model. The results calculated with this model for heat
conduction in a liquid-solid system are in good agreement with those calculated with Fourier’s law. The approach successfully modeled the ther-
mocapillary motion of a liquid water droplet on a hydrophobic substrate with a temperature gradient. The migration of the droplet on a flat solid
substrate was induced by the difference in surface tension due to the temperature gradient. The migration velocity increased with the temperature
difference, which is in agreement with the present theoretical analysis and dynamic van der Waals theory. The modified numerical model pro-
posed in this work could be used to study heat and mass transfer across a free interface, such as Marangoni convection in multiphase fluid flow.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0088238

I. INTRODUCTION In DPD, the interactions between particles determine the basic
properties of the fluid system. These include a conservative force, a dis-

Dissipative particle dynamics (DPD) proposed by Hoogerbrugge
sipative force, and a random force. The conservative force is a soft

and Koelman' is a particle-based method for micro- and nano-fluid

20710110 G20z Auenugad €0

simulations. By combining the advantages of a large timescale in repulsive force that makes a contribution to the fluid compressibility.
lattice-gas automata and the mesh-free property in molecular dynam- The dissipative force generates friction between DPD particles, which
ics, DPD is more efficient for simulating larger fluid systems than can represent the viscosity of the system. The random force makes up
molecular dynamics. As a coarse-grained model, every DPD particle for the deficiencies of the coarse-grained treatment by introducing a
represents a cluster of atoms or molecules and thereby the computa- stochastic force on each DPD particle. The latter two forces satisfy the
tion effort is greatly reduced. Due to the larger spatial and temporal fluctuation—dissipation theorem and act as a thermostat to keep the
scales, DPD is a flexible method for investigating simple fluids” and system at a constant temperature.”” Since there is no attractive force
complex fluids, such as polymer™* and DNA suspensions,” the between DPD particles, the equation of state in classic DPD does not
dynamics of red blood cells,” ' and biofluids."” match the van der Waals curve and cannot simulate a system where
Phys. Fluids 34, 052011 (2022); doi: 10.1063/5.0088238 34, 052011-1
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liquid and vapor coexist. By introducing an attractive force term and
adding the local density into the repulsive term, the modified conser-
vative force produces a many-body interaction with long-range attrac-
tion and short-range repulsion.”* The pressure of the system has a
cubic relation with density and can generate a free interface. This
many-body dissipative particle dynamics (mDPD) method has been
widely used to simulate droplet dynamics on substrates,"” '® pinch-off
dynamics,”” bubble collapse,” and multiphase flow in a complex
geome‘try.ﬂ’Zz

Both classic DPD and its many-body version, i.e.,, mDPD, can
describe only isothermal systems due to the thermostat in the models.
To simulate heat transfer, an extra temperature quantity is introduced
for each DPD particle. This results in energy-conserved dissipative
particle dynamics (eDPD),” which has been adopted to investigate
heat conduction,” *" natural convection,”® ** and solidification.”
Ripoll et al.”* confirmed with a 1D simulation that heat conduction in
eDPD obeys Fourier’s law. He and Qiao’” adopted eDPD to investi-
gate heat conduction between a nano-fluid and nano-materials. Abu-
Nada™ considered Neumann and Dirichlet boundary conditions and
simulated 2D heat conduction using eDPD. They also modified the
parameters in eDPD to study natural convection and then validated
their results by comparing them with computational fluid dynamics
simulations. Li et al.” proposed analytical formula for determining the
mesoscopic heat friction and validated their prediction by reproducing
the experimental data for the Prandtl number of liquid water at vari-
ous temperatures. Johansson et al.”’ adopted eDPD to simulate phase
transfers. The solidification process they captured agrees with a theo-
retical analysis. They also suggested that a modified model is needed
to reproduce the release of the latent heat during the transition from
the liquid to the solid phase. These systems with heat transfer do not
have a free interface, which can be simulated by eDPD. However, for
multiphase systems, such as a liquid droplet wetting on a hot substrate,
it is still a challenge for eDPD or mDPD to capture heat transfer.

To simulate heat transport in non-isothermal multiphase fluid
systems, energy-conserving many-body dissipative particle dynamics
(mDPDe) was developed by combining eDPD with mDPD. Yamada
et al”’ simulated heat conduction between droplets and a solid sub-
strate using mDPDe. The droplet density at different temperatures
seemed to be constant in their simulations, which does not match that
of most liquids in the real world. Wang et al.”**” adopted mDPDe to
investigate ice crystal nucleation leading to droplets freezing on flat
substrates. Their results for the nucleation and shape deformation of a
water droplet during freezing agreed well with the experimental data.
Their work illustrated that modified mDPDe can be used to study the
freezing of a water droplet. However, the corresponding temperature-
dependent properties of the system were not accurately determined by
the numerical model although these are important for assessing the
validity of the model.

The objective of the present work is to propose a modified
mDPDe model that can correctly capture the temperature-dependent
properties of a fluid system with a free interface, such as the
Marangoni effect for a droplet. Specifically, liquid water is used as an
example for verifying the mDPDe model we propose. The density, sur-
face tension, diffusivity, and viscosity of liquid water as well as the
Schmidt and Prandtl numbers in the range 273 to 373 K were deter-
mined by the mDPDe model. The relation between surface tension
and the conservative force was analyzed. The temperature-dependent
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density and surface tension were obtained, as these can be important
for investigating fluids with complex mass transfer. The relation of the
weight function with temperature proposed by Li et al. is adopted.”
Results for the diffusivity and viscosity as well as the Schmidt number
at various temperatures are presented and compared with the experi-
mental data available for liquid water. Furthermore, a fitting formula
for correcting the mesoscopic heat friction was obtained. It reproduces
more accurately the Prandtl number of liquid water at various temper-
atures. This proposed model is not limited to liquid water and can
readily be extended to model the thermal hydrodynamic properties in
various situations including heat and mass transfer dynamics.*’ **

The paper is organized as follows. In Sec. II, we describe the
mDPDe formulation and parameters, including analytical formulas
for determining the surface tension and the mesoscopic heat friction.
Section IIT presents our validation of the mDPDe model, and its per-
formance in reproducing the temperature-dependent properties found
experimentally. Furthermore, we simulate the thermocapillary motion
of a droplet on a hydrophobic substrate with temperature gradients,
and we compare the results for the velocity with those from a theoreti-
cal analysis and simulations based on dynamic van der Waals theory
(DVDWT). Finally, we conclude with a brief summary in Sec. IV.

Il. BASIC GOVERNING EQUATIONS OF THE METHOD

In the mDPDe method, each particle interacts with others
through distance- and velocity-dependent forces within a certain cut-
off of distance."”**” The momentum and energy transfers between
mDPDe particles obey momentum and energy conservation, respec-
tively. The evolution of a particle’s motion is governed by Newton’s
second law

dv; 2C oD SR\
g Z(fij +fi +i > A fosts 1)
i
7o -=C =D =R
where m; =1 and f,,, is an external force and f;; , f; , and f;; are the

conservative, dissipative, and random forces between particle i and j,
respectively. Their specific expressions can be written as follows:

-C . ~ - .
fi = AjwC(ry)é; + By (pi+ pj)wd(r,j)eij, (2)
=D S o\
fi = =P (ry) (&5 - ¥5) @, (3)
SR .
f;,. = O',jU)R(V,j)é,-jAtil/zelj, (4)

where A; and Bj are the amplitudes of the attractive and repulsive
forces, respectively. To obtain the temperature-dependent properties,
the two parameters are modeled as a function of temperature in this
work. () = (1 — r;/rc) and w(ry) = (1 — r;/r4) represent the
distance-dependent weight functions, which vanish if the distance is
larger than the corresponding cutoff radii, 7 and r,, respectively. p; and
p; are the weighted local density functions of particles i and j, respec-

tively, which are given by p; = 3., @ (r;), where the weight function
of the local density @ (r;) = 105/16mr3 - (1 + 3r;/ra)(1 — r;/1a)’.
Here, |, d*r” (r;}) = 1 since the weight function is normalized by the
factor 105/ 16711'3. (i = {ji is a random number with zero mean and a

variance of unity, which conserves the momentum of the interacting
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pair of particles. The dissipative coefficient y; and random coefficient o ;
satisfy the fluctuation—dissipation theorem, which requires
4"/i~kBT,'T' 1/2
=T = [Pt (5)
where kg and T are the Boltzmann’s constant and the system equilib-
rium temperature, respectively. ®®(r;) and ®(r;) are the weight
functions for the dissipative and random forces, respectively, where
P (rj) = (1 —ry/rc)” for rjj < rc. s, depends on the viscosity of the
fluid. Here, we adopt the modified expression proposed by Li et al.*®
to obtain the temperature-dependent viscosity.
As mDPDe satisfies energy conservation, the heat transfer
between particles is realized by the exchange of internal energy, which
is an additional property and expressed as™

dTi
CVE ;@U’l + q,] + g5 ) (6)

where the heat flux g; is the sum of the heat ﬂux due to collisions q ,
viscous heating due to mechanical energy q , and heat flow due o
thermal fluctuations q within the truncatlon radius. Cy is the heat
capacity at constant Volume, which is normalized by kg. The specific
expressions are given by

2
1 L L2 g5 .
q,] . [a}D(nj){yij (€5 -75)" — Zl],} — oo (ry) (& - vij)g,-]} ,
(7)
1 1
&0 = k0T (ry) (T T) ®)
;" = azo"" (ry) (AL, )

where k;; and o;; represent the strengths of the conductive and random
heat fluxes, respectively. They are given by

&+ &\ ™
T2 (=2—L) 1
=k kB eq (ZkB ) ) ( 0)

(xij = \/ZkBKi]V (11)

where ¢; is the internal energy. k, is a positive constant that determines
the thermal conductivity of mDPDe particles. T, is the equilibrium
temperature of the system and 7, is a constant that was chosen to be 2
in the previous work.”"* k is a constant related to the thermal con-
ductivity of mDPDe particles. T (r;;) and w®*(ry) are the welght
functions, which are related as follows: & (r;) = [w® (r,])] and
T (ry) = (1 = r;j/rcr)™. sy was set to 2 in a previous paper.”” In
this work, to capture the Prandtl number of the system correctly, we
fit an equation that depends on temperature. (; = —(7; is a random
number with properties similar to those of C,J, which also conserves
the energy of the interacting pair of particles.””

1ll. RESULTS AND DISCUSSION

We develop an alternative model for simulating thermocapil-
lary droplet motion on solid surfaces by combining many-body
dissipative particle dynamics and energy-conservative dissipative
particle dynamics. Based on the governing equations, we clarify
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the effective temperature-dependent coefficients setup, which is
important for capturing the correct properties of different kinds of
liquid systems including density, surface tension, and viscosity.
And then, the main dimensionless numbers which are related with
the diffusion properties are checked. At the end, a classical case of
the thermocapillary droplet motion is adopted to validate our pro-
posed model.

A. Temperature-dependent properties

To validate the hydrodynamic properties of the proposed non-
isothermal mDPDe model, we simulated the periodic Poiseuille flow
of a simple mDPDe fluid and compared the results with those from an
isothermal mDPD model. Two equal forces in opposite directions
(F=0.02) were applied on each mDPDe particle to drive the flow. The
mDPDe parameters for the periodic Poiseuille flow are listed in the
caption of Fig. 1. The computational domain was divided into 50 bins
along the z-direction. The equilibrium velocity profiles are shown in
Fig. 1, which were obtained by averaging a sufficient number of sam-
ples. The results agree with those of the mDPD model, illustrating that
we can use the modified mDPDe model to obtain the same hydrody-
namic properties as mDPD.

The next test case for validation is heat conduction between a cold
wall and a hot wall. A schematic of the geometry is shown in Fig. 2.
The stationary fluid is confined between the hot wall at Ty = 1.2
and the cold wall at Tc = 1.0. We ran tests with different values of the
coefficients: constant attractive coefficient A = —40 and constant
repulsive coefficient B=25, constant A = —40 and temperature-
dependent B = 25k T, and temperature-dependent A = —40kgT and
constant B=25. Figure 3(a) shows that the temperature profile of the
fluid in the tests has a linear spatial distribution for steady-state heat
conduction, which obeys Fourier’s law. However, as shown in Fig. 3(b),
the density in these systems changed in different ways with an increase
in temperature. For real water, the density decreases with increasing
temperature in most of the range from 273 to 373K. Thus, using a
temperature-dependent repulsive parameter B = 25kzT and a con-
stant value for the attractive parameter A = —40 is better for simulat-
ing the heat conduction between liquid water and the substrate.

10 T L) )
—=&— mDPDe
0.5 —e— mDPD
e
=
a 0.0
(=W
)
S -05
-1.0 1 1 1
-10 -5 0 2} 10
Z/(DPD unit)

FIG. 1. Velocity profile for the periodic Poiseille flow along the z-direction with attractive
coefficient A = —40, repulsive coefficient B = 25, temperature kg T = 1.0, dissipative
coefficient y = 8.0, and external force F = 0.02.
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FIG. 2. Schematic of the geometry for steady-state heat conduction between a
cold wall T (blue) and a hot wall Ty (red).

The above two cases validated the modified mDPDe model. For
an isothermal fluid system, the proposed model correctly captures the
behavior of the fluid, as mDPD does. For a non-isothermal fluid sys-
tem, the proposed model can reproduce Fourier’s law for heat conduc-
tion between a hot wall and a cold wall. A bounce-back boundary
condition is adopted in this model although other boundary condi-
tions have been developed for DPD models, such as arbitrary bound-
ary conditions,”® and a modified version for complex geometry."” Our
next objective is to construct a model to capture the dynamic proper-
ties of common fluids in non-isothermal systems.

Liquid water was used as an example fluid in the present study.
We determine the self-diffusivity, kinematic viscosity, surface tension,
density, and thermal diffusivity at various temperatures. Thus, these
are output properties instead of input parameters. Their exact values
can be obtained by simulating an mDPDe system.

) Ll L)
—=—A=-40,B=25
12 4 A=-40,B=25%gT
—4— A=-40%kpT, B =25
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The compressibility of a liquid system is k' = (9p/dp)/ksT.
The pressure of the mDPD fluid system can be approximated as

p = pkpT + 0Ap* + 20Br} (p3 —cpt+ d),

where o = 0.101 * 0.001, ¢ = 4.16+0.02, and d = 18*1."" The
compressibility of the fluid system can be derived as

K1 =1+ l/kBT[ZotAp + 20Bri(3p* — Zc)].

Thus, a dimensionless coefficient corresponding to the compressibility
of the liquid system is k' = [L]’/pksT ;. For liquid water at
300K, the thermal term is kpT = 4.142 x 1072 kg m’ s % and
= 4.503 x 107" m s*/kg. For an mDPDe system with density p = 6.8,
A = —40, and B= 25, the corresponding scaling length is [L] ~ 1.18
nm. The dimensionless coefficient was approximated as 130, which is
larger than that from the pressure (76.3). Thus, the compressibility of
the fluid system could be underestimated, as we adopt A = —40 and
B = 25kgT to determine the basic properties, including density p, sur-
face tension ¢, and kinematic viscosity v. We scale these parameters by
the values for water at different temperatures. The underestimation is
acceptable, as the error from the density and pressure measurement
could be magnified by the coefficients in the relation between the com-
pressibility and the parameters of the mDPDe system.

We can determine the self-diffusivity of the mDPDe system from
the mean square displacement (MSD)

D= Jim = (r(t) ~ x(O)F), (12
t—o0 6
where [r(t) — r(0)|” is the mean square displacement (MSD). Figure 4
shows the MSD of the system from kzT = 1.0 to 1.25. The MSD has
been scaled by 6.0. Thus, the slope of the line is the self-diffusivity for
each case. This figure shows that the diffusivity increased as the tem-
perature increased.

The temperature unit was characterized as T = 300K. The
mass, time, and length units were characterized as'™* Mppp
= L3DPDd*/d7 TDPD = (MDPDU/O'*)I/Z, and LZDPD/TDPD = V*/V. The
basic properties of water are the density p, surface tension o, and vis-
cosity v, while the corresponding parameters in an mDPDe system are

8.0 T T T

—m— A=-40,B=25
—A— A=-40, B =25*kBT

. = _40% =
75k . A=-40*BT,B=25 N

.\

I "’
.\A\A:AA\A‘AAA\A 0:_’0’.’.."7/\0
TOpF-- ‘fh.-'-r“\—‘"ﬂ. FanEwra- 7/ =|- - - -
QU ’..00000”.’ ‘l\::AA:?ia
o ‘\/

* A
6.5 | -

(@)

5 10
V4

6.0

(b)

Z

10

15

FIG. 3. Temperature (a) and density (b) profiles for heat conduction between a hot wall (Ty = 1.2) and a cold wall (T¢ = 1.0) with different values of the conservative
parameters A and B. All the simulations used 18 500 mDPDe particles in a computational domain 40.0 x 4.0 x 17.0 in mDPDe units.
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100 ) ) ) I
—&—k,T=1.00
—o—k,T=1.05
75k —A—kBT= 1.10
——k,T=115
—<—k,T=120

50F > kT=125 -
%
25F -
0.0 1 'l 1 1
6000 7000 8000 9000 10000
Timestep/(DPD unit)

FIG. 4. Mean-square displacement (scaled by 6.0) of mDPDe particles for different
temperatures. The slopes of the lines are the self-diffusivity of mDPDe fluid.

marked with an asterisk. For each group of these properties, we can
obtain the corresponding length [L](T;), mass [M](T;), and time
[T](T;) units according to the system of equations mentioned above.
Based on the test results shown in Table [, a series of these basic units
can be obtained. Since all the length units [L](T;) fluctuate within one
order of magnitude around 1072 m, we adopt the average value of the
series results derived from the table to describe the length unit of the
system for temperatures from 273 to 373K as well as the time and
mass units. Thus, the length, time, and mass units of the system were,
respectively, [L] = 1.18 x 107 m, [T] = 5.58 x 1072 s, and [M]
=2.73 x 107* kg.

The kinematic viscosity of the mDPDe system is computed for a
periodic Poiseuille flow. The velocity profiles obtained for the periodic
Poiseuille are shown in Fig. 1. The kinematic viscosity can be deter-
mined by fitting the velocity profile with the analytical solution
u(z) = gyz(d — |z|) /2v, where v is the kinematic viscosity, g, = 0.02
is the body force applied to the mDPDe particles, and d = 10.0 is the
half-length of the computational domain in the z-direction.

Using this scaling, we obtaine the surface tension from the
mDPDe simulations, as shown in Fig. 5. It agrees well with the experi-
mental data, in which the error bars are from ten times simulations
with the same parameters. Moreover, the simulations show that the
corresponding Schmidt number is also in good agreement with that of
real water, as shown in Fig. 6(a). Overall, the proposed mDPDe model

TABLE I. Basic properties from the mDPDe model at various temperatures.

T; (K) kgT o N P

273 0.91 9.93 7.71 7.00
283 0.943 35 9.63 5.49 6.92
293 0.976 67 9.34 4.04 6.81
313 1.0433 8.76 291 6.62
333 1.11 8.09 1.89 6.43
353 1.176 67 7.33 1.41 6.25
373 1.2433 6.93 1.01 6.08
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© mDPDe
40 [ [ [ [ 1
275 300 325 350 375
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FIG. 5. Comparison of experimental data and the results of mDPDe simulations for
the temperature-dependent surface tension ¢ for temperatures from 273 to 373 K.

correctly reproduces the temperature-dependent dynamic properties,
including the diffusivity, kinematic viscosity, and Schmidt number.
The values are comparable to the experimental data for liquid water
for temperatures from 273 to 373 K. The relative errors of the Schmidt
number are generally less than 10%.

For the thermal conductivity in the liquid system, we adopte the
heat conduction analog of periodic Poiseuille flow, which was pro-
posed by Li et al.,’® to obtain the thermal diffusivity of an mDPDe
fluid. A schematic of the geometry and the temperature profile is
shown in Figs. 7 and 8, respectively.

The result can be characterized by the Prandtl number Pr = v/4,
which is the ratio of the momentum diftusivity v to the thermal diffusiv-
ity A. Figure 6(b) compares the temperature-dependent Prandtl number
of liquid water from the mDPDe simulations with experimental data.
The error or difference between the numerical results and the experi-
mental data varied for different values of the parameter s7. In particular,
for st = 2.0, which was the default value, the error at high temperatures
is larger than 15%. For sy = 1.0, the Prandtl number at low tempera-
tures is lower than the experimental value by over 18%. Using the series
of values of s7 at various temperatures, we obtaine an empirical formula
to accurately describe the Prandtl number in the mDPDe model:
st = —0.75kgT + 1.78. The values of the Prandtl number obtained for
an mDPDe fluid with this formula are consistent with the experimental
data. The relative error is less than 10% for the entire temperature range
from 273 to 373 K.

B. Thermocapillary motion of a droplet

Based on the modified mDPDe, we investigate the thermocapil-
lary motion of a droplet on a hydrophobic substrate with a tempera-
ture gradient, as shown in Fig. 9. This phenomenon has been
investigated by other theoretical, experimental, and numerical meth-
ods,”””" which suggested that the velocity depends on the temperature
difference between the ends of the droplet due to the temperature gra-
dient. For the interactions between liquid particles due to the conser-
vative force, A = —40 and B = 25kpT. For the interactions between
solid and liquid particles, Ay = —15 and By = 12.5, for which the
static contact angle was around 120°. The effect of the roughness of
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FIG. 6. Comparison of experimental data and the results of mDPDe simulations for the temperature-dependent (a) Schmidt number and (b) Prandtl number of liquid water for

temperatures from 273 to 373 K.

the surface on the sliding motion of the droplet is neglected in this
work.”!

In the simulations, we first set a droplet on a hydrophobic sub-
strate with a constant temperature kg T = 1.0. After the droplet has
entered an equilibrium state on the substrate, ie., it has formed a
spherical cap (around 10000 time steps), a temperature gradient is
applied to the substrate. The droplet then spontaneously moves from
the hot to the cold area along the substrate due to the Marangoni effect
(around 90 000 time steps). Since the time step is 0.005, the total time
for the Marangoni effect is around 450 in mDPDe units.

We test three different cases with various sizes of droplets on the
same substrate. Based on the scaling mentioned above, the sizes of the

FIG. 7. Schematic of heat conduction analog of periodic Poiseuille flow.” In this
system, a heat source is applied in the upper half domain, while a sink source with
same amplitude is applied in the lower half domain. When the system reaches an
equilibrium state, the temperature profile will be like the velocity distribution in the
Poseuille flow which is shown in Fig. 1.

water droplets in the simulations are as follows: (1) 8.3nm (8061
mDPDe particles), (2) 9.5nm (14000 mDPDe particles), and (3)
11 nm (22 408 mDPDe particles). The length of the substrate is around
70 nm along the x-direction, 45 nm along the y-direction, and 1.2nm
along the z-direction. It has 14 400 mDPDe particles. The temperature
of the substrate varies from 360 to 300K along the x-direction. The
temperature gradient is around 0.857 K/nm. A bounce-back boundary
condition is used in this model, as has been used in the previous
work.”

We measure how far the droplet moved due to the Marangoni
effect and then calculate the velocity of the droplets, which increased
as the temperature gradient increased. The Marangoni effect can be
affected by the random numbers used in the mDPDe simulations,
which was also observed in the previous work.'” The comparison of
the results from the mDPDe simulation, the theoretical analysis,
and the DVDWT method™ in Fig. 10 suggests that this modified
mDPDe model can effectively capture the thermocapillary motion of
nanodroplets on hydrophobic substrates with a temperature gradient.

0070 F  —=—mDPDe J
—e—¢eDPD PLLLLMY
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FIG. 8. Comparison of the temperature profiles obtained from mDPDe and eDPD
simulations using the heat conduction analog of periodic Poiseuille flow for different
temperatures.
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FIG. 9. Schematic of droplet motion induced by a thermal gradient on a hydropho-
bic substrate. The temperature of the hot end (red) was T=2360K, and the cold
end (blue) T=300K. The length of the substrate was around 70 nm, and it had a
temperature gradient of 0.857 K/nm.

In the comparison, the velocity V=400 m/s and the temperature of
the water T'= 600 K. These values are used to scale the results.”’

IV. CONCLUSIONS

The proposed mDPDe model can correctly determine the
temperature-dependent properties, including density, surface tension,
and Schmidt and Prandtl numbers. It can be adopted to investigate
the motion of a droplet on a substrate induced by the Marangoni
effect. The relations between liquid—vapor surface tension of an
mDPDe fluid and the parameters in the conservative force are ana-
lyzed. By including the dissipative and random forces using weighting
terms, the temperature-dependent self-diffusivity and thermal diffusiv-
ity are obtained. The liquid—vapor surface tension, viscosity, momen-
tum, and thermal diffusivity of liquid water at various temperatures
from 273 to 373K are used as a benchmark to verify the model. The
results show that the proposed model can correctly reproduce the
temperature-dependent properties, including the liquid—vapor surface
tension, Schmidt number, and Prandtl number. The values are consis-
tent with the experimental data available for liquid water. Moreover,
an empirical formula for obtaining a more accurate Prandtl number at
high temperatures is obtained from the mDPDe simulations.

The modified mDPDe model is used to simulate the thermoca-
pillary motion of a droplet on a hydrophobic substrate with a
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FIG. 10. Comparison of the results from the mDPDe simulation, the theoretical
analysis, and the DVDWT method.”” Velocity V=400 m/s and temperature
T=600K, as described in Ref. 50.
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temperature gradient. The results show that the velocity of a droplet
increased as the temperature difference between the advancing and
receding triple-phase contact area increased. The results are in good
agreement with a theoretical analysis and DVDWT simulations.”
Although we test this model for liquid water between 273 and 373K,
the method proposed in the present work for modeling temperature-
dependent properties is not limited to water and could readily be
extended to other fluids and phenomena.™ *°
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