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Abstract
Under both normal gravity and microgravity conditions, pool boiling is an efficient mode of heat transfer which has been widely
applied in practice. Studying the influence of gravitational acceleration on boiling heat transfer is not only of academic signif-
icance, but also helpful for the design of space equipment related to boiling. With the development of computer technology,
numerical method has been a new reliable way to investigate the boiling heat transfer under different gravities. Pseudopotential
lattice Boltzmann (i.e., LB) model is one of the most popular multiphase LB models, in which the phase interface could be
formed, disappeared and migrated naturally. In this paper, the Multi-Relaxation-Time (i.e., MRT) pseudopotential LB model
coupled with phase-change model was applied to simulate the pool boiling heat transfer under different gravitational accelera-
tions and wall superheats. Pool boiling curves under different gravities were obtained. It’s found that: 1) the pool boiling heat
transfer coefficient at a given wall superheat decreases with a decrease in gravity; 2) the wall superheat, as well as heat flux, at the
CHF (i.e., critical heat flux) point and ONB (i.e., onset of the nucleate boiling) decrease gradually with a decrease in gravity. In
addition, based on the numerical results, a new gravity scaling model was proposed to predict the influence of gravitational
acceleration on the nucleate boiling heat transfer under different wall superheats. Finally, the new gravity scaling model was
proved to be capable of predicting the heat flux during the nucleate boiling under different wall superheats and gravities.
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Introduction

Boiling is a complex physical phenomenon, in which various
physical components are involved and interrelated, such as the
nucleation, growth, departure, and coalescence of vapor bubbles,
the transport of latent heat, and the instability of liquid-vapor
interfaces. At the same time, since the nucleate boiling has high
heat transfer efficiency and can reach high heat flux at a lowwall
superheat, it is widely applied in practice under both normal
gravity and microgravity conditions. Due to the large density
ratio between the liquid and vapor, gravitational acceleration
could affect the bubble dynamics and heat transfer during pool
boiling processes. Studying the influence of gravitational accel-
eration on boiling heat transfer is not only of academic signifi-
cance, but also helpful for the design of space equipment related
to boiling and ensuring the safe operation of space system.
Therefore, the researches of themechanism of gravity on boiling
phenomenon have become the frontier of microgravity research
and have been paid close attention by many scholars.

Abundant experiments were carried out, lots of experimen-
tal data were obtained and boiling heat transfer theories were
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proposed in the last one century. Using water as a working
medium, Siegel et al. (Siegel and Keshock 1964) experimen-
tally studied the bubble dynamics during nucleate boiling under
microgravity. Using R113 as a working medium, Lee et al.
(Lee et al. 1997) performed experiments on the pool boiling
processes under microgravity conditions and studied the influ-
ence of gravity on boiling curves. They found that: 1) the heat
transfer efficiency of steady nucleate boiling under micrograv-
ity is higher than that under normal gravity; 2) surface tension
plays an important role in the drying and rewetting of heated
surface; 3) the heat flux undermicrogravity when drying occurs
is much smaller than that under normal gravity. Using FC-72 as
a working medium, Kim et al. (Kim et al. 2002) investigated
the boiling processes on a small heated surface under micro-
gravity, normal gravity and hypergravity conditions. The
growth of vapor bubbles during pool boiling was observed,
and the influence of gravity and subcooling degree on boiling
heat transfer performance was investigated. Kim et al. (Kim
et al. 2002) found that critical heat flux decreases greatly under
microgravity, while critical heat flux increases with an increase
in subcooling degree. Using FC-72 as a working medium,
Zhao et al. (Zhao et al. 2009) observed the growth of vapor
bubbles on a horizontal heated wall in a retrievable scientific
research satellite SJ-8, and they found that the boiling heat
transfer and critical heat flux under microgravity increase with
an increase in subcooling degree or pressure. However, the
critical heat flux under microgravity is only as small as 1/3 of
that under normal gravity. In addition, Zhao et al. (Zhao et al.
2009) found that the nucleate boiling could take place at a
lower wall superheat and lower heat flux under microgravity.
Soon after, Zhao (Zhao 2010) compared the boiling curves
obtained under microgravity with those obtained under normal
gravity, and they pointed out that heat transfer deterioration
would take place under microgravity. In SOBER-SJ10 (i.e.,
Single bubble pool boiling experiment aboard satellite SJ-10),
using FC-72 as a working medium, Wu et al. (Wu et al. 2016)
investigated the partial nucleate boiling on a horizontal heated
wall under low wall superheats and microgravity, and they
found that the heat transfer efficiency increases with an increase
in subcooling degree when wall superheat is low. However,
with an increase in heat flux, the influence of subcooling degree
on heat transfer efficiencywould be weaker. Nearest, using FC-
72 as a working medium, Nejati et al. (Nejati et al. 2020)
experimentally investigated the single bubble nucleate boiling
under microgravity condition and studied the effect of the
preheating time on the nucleation and behavior of the bubbles.
Based on the experimental data of FC-22’s the nucleate boiling
under normal gravity and microgravity, Raj et al. (Raj et al.
2010; Raj et al. 2012; Raj et al. 2009; Raj et al. 2011) proposed
a gravity scalingmodel (i.e., RKMmodel) that could accurately
predict the influence of gravitational acceleration on the nucle-
ate boiling heat transfer under different wall superheats (Du and
Zhao 2019).

However, it’s undeniable that there are some disadvantages
for the experimental method to study the influence of gravita-
tional acceleration on boiling heat transfer, and some draw-
backs exist in the current boiling theories. At first, the time and
economic cost of carrying out boiling experiments in space is
extremely high. Secondly, most of the previous boiling theo-
ries were proposed based on the experimental results on
ground, therefore it’s difficult to treat the gravity as a truly
independent variable (Du and Zhao 2019). Finally, there are
some obvious defects in the existing gravity scaling models
for nucleate boiling heat transfer, although they have high
prediction rate. For example, in the RKMmodel, it’s assumed
that the wall superheats at the CHF (i.e., critical heat flux)
point and ONB (i.e., onset of the nucleate boiling) are inde-
pendent with gravitational acceleration. Obviously, this as-
sumption is inconsistent with the experimental observation
in Ref. (Zhao et al. 2009). Moreover, it was assumed that
the gravity exponent of the critical heat flux equals 1/4 in
the RKM model. This assumption obviously confused the
definitions of different gravity scaling parameters when the
wall superheat at the CHF point is dependent with the gravi-
tational acceleration (Du and Zhao 2019).

With the development of computer technology, more and
more scholars simulated the boiling processes using macro-
scopic computational fluid dynamics (i.e., CFD) methods and
investigated the influencing mechanism of gravitational accel-
eration on boiling heat transfer based on the numerical results
(Li et al. 2015a; Zhang et al. 2015; Lee and Nydahl 1989; Son
and Dhir 1999; Ling et al. 2014; Aktinol and Dhir 2012;
Pandey et al. 2017; Dhruv et al. 2019; Yi et al. 2019;
Mukherjee and Dhir 2004; Guo et al. 2019). In addition,
Rajan et al. (Rajan et al. 2019) simulated the single bubble
growth in presence and absence of electric fields under gravity
and microgravity conditions and they found that applied volt-
age of 5 kV could reduce the bubble departure time greater
than 100 ms under the microgravity condition for non-wetting
surfaces. These researches made important contributions to
the study of gravity’s influencing mechanism on boiling heat
transfer. However, since traditional CFD methods were used,
an initial distribution of phase interface must be set and the
nucleate site density must be assumed in these simulations.
Therefore, it’s difficult to study the influence of gravity on
boiling curves by the traditional CFD method.

Due to its mesoscopic properties, lattice Boltzmann meth-
od (i.e., LBM) has the advantages of both the macroscopic
methods and the microscopic methods. In addition, it’s easy to
describe the interaction between fluid and the surrounding
environment, deal with complex boundary conditions and im-
plement parallel computing for LBM. Still now, LBM has
been utilized to simulated two-phase flow phenomenon, and
various multiphase LB models (Rothman and Keller 1988;
Gunstensen et al. 1991; Shan and Chen 1993; Swift et al.
1995) have been proposed. Among them, the pseudopotential
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model (Shan and Chen 1993) has received extensive attention.
In this model, the phases are directly distinguished by densi-
ties, the phase interface could be formed, disappeared and
migrated naturally, and the interaction between fluid particles
could be described by the pseudopotential.

Compared with traditional CFD method and other mul-
tiphase LB models, the pseudopotential model can realize
the bubble nucleation processes automatically when it is
applied to simulate pool boiling. Therefore, there’s no
need to set the initial distribution of phase interface and
assume the nucleate site density or bubble waiting time.
Hazi and Markus (Hazi and Markus 2009) simulated the
single bubble pool nucleate boiling based on two-
dimensional (2D) pseudopotential model, and the influ-
ence of gravitational acceleration and contact angle on
bubble departure diameter and bubble release frequency
was studied. Based on the pseudopotential model, Gong
and Cheng proposed an improved 2D numerical model to
simulate the boiling phenomenon (Gong and Cheng
2012), and the growth and departure of a single bubble
on a micro heater was simulated (Gong and Cheng 2013).
The influence of gravitational acceleration, wall superheat
and contact angle on bubble dynamics and heat transfer
efficiency was studied by them. Soon after, Gong and
Cheng (Gong and Cheng 2015) simulated the pool boiling
processes on a small heater and studied the wettability on
the growth of bubbles during boiling processes. Boiling
curves were obtained by LBM for the first time. Latest,
Gong and Cheng (Gong and Cheng 2017) simulated the
pool boiling processes on an infinite heated surface, and
compared some of their numerical results with theoretical
correlations. Using the same numerical model, Ma et al.
(Ma et al. 2017) simulated the saturated pool boiling pro-
cesses under different gravitational accelerations and stud-
ied the influence of gravitational acceleration, wall super-
heat and heater’s size on heat transfer performance. They
found that the critical heat flux decreases greatly under
microgravity. Li et al. (Li et al. 2015b) also simulated
the pool boiling processes under different wall superheats
by using the Multi-Relaxation-Time (i.e., MRT)
pseudopotential model coupled with phase-change model,
and the influence of wettability on boiling heat transfer.
They found that the critical heat flux decreases with an
increase in contact angle.

It can be concluded that the pseudopotential model has
been applied successfully in the simulations of pool boiling.
However, few scholars investigated the influence of gravita-
tional acceleration on boiling heat transfer. Although the in-
fluence of gravitational acceleration on bubble departure di-
ameter was studied by Hazi (Hazi and Markus 2009) and
Gong (Gong and Cheng 2013), and the effect of gravity on
boiling heat transfer was studied byMa et al. (Ma et al. 2017),
these authors just showed their numerical results but didn’t

process and analyze the simulated results further. In view of
the disadvantages in previous experimental and numerical re-
searches and gravity scaling models, the pool boiling process-
es under different gravitational accelerations were simulated
by the MRT pseudopotential model coupled with the phase-
change model. The influence of gravitational acceleration on
wall superheats at ONB and CHF point were investigated and
the influence of gravitational acceleration on boiling heat
transfer performance under different wall superheats were an-
alyzed. The boiling curves under different gravitational accel-
erations were obtained and a new gravity scalingmodel for the
nucleate boiling heat transfer was proposed based on the nu-
merical results. Finally, by using the experimental and numer-
ical results of other scholars, the rationality of new gravity
scaling model was validated.

Numerical Method

The MRT Pseudopotential Model

The MRT pseudopotential model was adopted to simulate the
two-phase flow phenomenon. Using this model, the evolution
of the distribution function of density, i.e., fα, could expressed
as Eqs. (1)~(2).

f α
* x; tð Þ ¼ f α x; tð Þ− M−1ΛM

� �
αβ f β− f β

eq� �þΔtFα
0 ð1Þ

f α xþ eαΔt; t þΔtð Þ ¼ f α
* x; tð Þ ð2Þ

where, Eq. (1) and Eq. (2) are the collision step and streaming
step, respectively.Δt is the time step, eα is the lattice velocity
along the αth direction. Λ is a diagonal matrix consists with
several relaxation times. M is the transfer matrix.

Fα’ is the forcing term in the velocity space. Using the
Exact-Difference-Method (i.e., EDM) forcing scheme pro-
posed by Kupershtokh et al. (Kupershtokh et al. 2009), Fα’
could be expressed as Eq. (3), where Δu = FΔt/ρ and wα is
the weighting coefficient along the αth direction. cs is the
speed of sound.

Fα
0 ¼ wαΔt

eα � F
cs2

þ uþ 0:5Δuð ÞFþ F uþ 0:5Δuð Þ½ � : eαeα−cs2Ið Þ
2cs4

� �

ð3Þ

The D2Q9 model is adopted for the two-dimensional sim-
ulations. Thus, eα, M and Λ could be expressed as Eqs.
(4)~(6), and the weighting coefficients w0 = 4/9, w1–4 = 1/9
and w5–8 = 1/36. The speed of sound, cs

2= 1/3c2. c = Δx/Δt,
andΔx is the spatial step. In this study, both time stepΔt and
spatial step Δx take the value of 1.

eα ¼ c
0 1 0 −1 0 1 −1 −1 1
0 0 1 0 −1 1 1 −1 −1

� �
ð4Þ
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M ¼

1 1 1 1 1 1 1 1 1
−4 −1 −1 −1 −1 2 2 2 2
4 −2 −2 −2 −2 1 1 1 1
0 1 0 −1 0 1 −1 −1 1
0 −2 0 2 0 1 −1 −1 1
0 0 1 0 −1 1 1 −1 −1
0 0 −2 0 2 1 1 −1 −1
0 1 −1 1 −1 0 0 0 0
0 0 0 0 0 1 −1 1 −1

2
666666666664

3
777777777775

ð5Þ

Λ ¼ diag τρ
−1; τ e

−1; τς
−1; τ j

−1; τq
−1; τ j

−1; τq
−1; τν

−1; τν
−1� �
ð6Þ

where the value of τν is related to the kinematic viscosity of
fluid, τν =ν/cs

2 + 0.5.
Multiply Eq. (1) withM, Eq. (7) could be obtained.

m* ¼ m−Λ m−meqð Þ þΔtS ð7Þ
where m = Mf, meq = Mfeq and m* = Mf*. meq could be
calculated by Eq. (8). S is the forcing term in the moment
space, and it could be calculated by Eq. (9).

meq ¼ ρ 1;−2þ 3 uj j2; 1−3 uj j2; ux;−ux; uy;−uy; ux2−uy2; uxuy
� 	T

ð8Þ

S ¼ 0 6v � F −6v � F Fx −Fx Fy −Fy 2 vx Fx−vy Fy
� �

vx Fy þ vy Fx

 �T

ð9Þ

In Eq. (8), ρ and u are macroscopic density and velocity,
respectively. It should be noted that u is not the real velocity of
fluid, but v in Eq. (9) is. v = u +Δu/2 = u + 0.5FΔt/ρ. F is the
total force. In this study, the total force F consists of intermo-
lecular interaction force Fm, fluid-solid interaction force Fads

and buoyancy force Fg. These forces could be calculated by
Eqs. (10)~(12), respectively.

Fm ¼ −3Gψ xð Þ ∑
8

α¼1
wαψ xþ eαð Þeα ð10Þ

Fads ¼ −Gwψ xð Þ ∑
8

α¼1
wαψ xð Þs xþ eαð Þeα ð11Þ

Fg ¼ ρ−ρaveð Þg ð12Þ

In Eq. (10), G is the interaction strength. ψ is the
pseudopotential and can be calculated by Eq. (13). In Eq.
(11), Gw is the fluid-solid interaction strength which could
tune the contact angle. s(x + eα) is a switch function which
equals 0 and 1 for fluid and solid, respectively. In Eq. (12), g is
the gravitational acceleration and ρave is the averaged density
of the whole computational domain.

ψ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
pEOS−ρcs2

Gc2




s
ð13Þ

where pEOS is the prescribed non-ideal equation of state. In
this study, the Peng-Robinson equation of state (P-R EOS) is
utilized, as shown in Eqs. (14)~(15).

pEOS ¼
ρRT
1−bρ

−
aφ Tð Þρ2

1þ 2bρ−b2ρ2
ð14Þ

φ Tð Þ ¼ 1þ 0:37464þ 1:54226ω−0:26992ω2
� �

1−
ffiffiffiffiffiffiffiffiffiffiffi
T=Tc

p� 	h i2
ð15Þ

where T is the temperature of fluid, a = 0.45724R2Tc
2/pc, b =

0.0778RTc/pc. Tc and pc are critical temperature and critical
pressure, respectively. At given critical temperature and criti-
cal pressure, the critical density ρc could be obtained.

The pseudopotential model always suffers from thermody-
namic inconsistency (Li et al. 2013). To solve this problem,
the improved forcing scheme proposed by Li et al. (Li et al.
2013) is used for reference in this study, and the forcing
scheme in Eq. (7) could be modified as Eq. (16), where σ is
a parameter used to tune the mechanical stability condition.

Smod ¼ Sþ 0
σ Fmj j2
Ψ2Δtτe

−
σ Fmj j2
Ψ2Δtτς

0 0 0 0 0 0

" #
ð16Þ

In addition, the method proposed in Ref. (Li and Luo 2013)
is utilized to tune the surface tension. As a result, Eq. (7)
should be modified as Eq. (17), where C is the source term
to tune the surface tension and can be expressed as Eq. (18).

m* ¼ m−Λ m−meqð Þ þΔtSmod þ C ð17Þ

C ¼ 0;
3 Qxx þ Qyy

� 	
2τ e

; −
3 Qxx þ Qyy

� 	
2τς

; 0; 0; 0; 0; −
Qxx−Qyy

τν
; −

Qxy

τν

2
4

3
5
T

ð18Þ
where Qxx, Qxy and Qyy could be calculated by Eq. (19).

Q ¼ 1:5κGψ xð Þ ∑
8

α¼1
wα ψ xþ eαð Þ−ψ xð Þ½ �eαeα ð19Þ

Phase-Change Model

The phase-change model adopted in this study is derived from
local balance law for entropy, see Ref. (Li et al. 2015b; Li et al.
2018) for details. The energy equation with phase-change
source term could be expressed as Eq. (20).

∂T
∂t

þ v � ∇T ¼ 1

ρcv
∇ � λ∇Tð Þ− T

ρcv

∂pEOS
∂T

� �
ρ

∇ � v ð20Þ

where λ is the heat conductivity, cv is the specific heat. The
finite-difference-method (FDM) is adopted to solve Eq. (20)
in this study. Eq. (20) could be rewritten as Eq. (21), and the
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right-hand side of Eq. (21) is defined as K(T). The 2nd order
Runge-Kutta scheme is adopted for time discretization, as
shown in Eq. (22), where h1 and h2 could be calculated by
Eq. (23).

∂T
∂t

¼ −v � ∇T þ 1

ρcv
∇ � λ∇Tð Þ− T

ρcv

∂pEOS
∂T

� �
ρ

∇ � v≡K Tð Þ ð21Þ

T t þΔtð Þ ¼ T tð Þ þ 0:5Δt h1 þ h2ð Þ ð22Þ
h1 ¼ K T tð Þð Þ; h2 ¼ K T tð Þ þ 0:5Δth1ð Þ ð23Þ

Physical Model and Calculation Parameters

As shown in Fig. 1, a rectangular computational domain with a
size of Lx × Ly = 390 × 400 is adopted in the simulations. The
symmetric boundary condition is utilized at the left and right
boundaries, while the non-slip boundary condition is adopted
at the top and bottom boundaries. At the same time, the bottom
boundary is set as the heated surface with a temperature of Tw.
The Peng-Robinson EOS is adopted in the simulations with a
= 3/49, b = 2/21, R = 1 and ω = 0.344. According to the
definition of parameters a and b, critical temperature Tc and
critical pressure pc could be calculated to be 0.109383 and
0.08935, respectively. Substitute the values of Tc and pc into
Eq. (14), it’s obtained that the critical density ρc = 2.52. The
initial setting of the computational domain is a saturated liquid
(0 < y < 250) below its vapor (250 ≤ y < Ly) and the saturated
temperature is Tsat = 0.9Tc, and the densities of liquid and
vapor are ρL = 5.9 and ρV = 0.58, respectively. In Eq. (6), the
relaxation times are set as τρ = 1, τe = 1.25, τς = 1.25, τj = 1 and
τq = 1/1.1. In Eq. (10), the interaction strength is set asG = −1.
In Eq. (11), the fluid-solid interaction strength is Gw = −0.24,
and the corresponding contact angle is 27.3° (see Appendix).

In Eq. (12), the gravitational acceleration is g = (0, −g). In Eq.
(16), the parameter σ takes the value of 0.183. In Eq. (19), the
parameter κ is set as 0.5, and the surface tension is set as γ =
0.0748 (see Appendix).

In this study, the characteristic length l0, characteristic time
t0 and characteristic velocity v0 are defined as Eq. (24), where
the reference gravitational acceleration g0 = 5 × 10−5. The
dimensionless length l*, dimensionless time t* and dimension-
less velocity v* could be calculated by Eq. (25). In addition,
Jacob number (Ja) is introduced to describe the wall super-
heat, as shown in Eq. (26).Qloc(x, t) is the local dimensionless
heat flux at the heated surface, Qs(t) is the spatial average
dimensionless heat flux of the heated surface and Q is the
temporal and spatial average dimensionless heat flux, as
shown in Eq. (27). The physical parameters used in the simu-
lations and the unit conversion from lattice unit to physical
unit are shown in Table 1. In addition, the simulations in this
study were carried out under different gravitational accelera-
tions within g/g0∈[0.02, 1].

l0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γ
g0 ρL−ρVð Þ

r
; v0 ¼

ffiffiffiffiffiffiffiffi
g0l0

p
; t0 ¼ l0

v0
ð24Þ

l* ¼ l=l0; v* ¼ v=v0; t* ¼ t=t0 ð25Þ

Ja ¼ Tw−Tsatð Þ
hfg

ð26Þ

Qloc x; tð Þ ¼ l0 λΔyT
� �

y¼0


μLhfg

;Qs tð Þ ¼
∫Lxx¼0Qloc x; tð Þdx

Lx
;Qs tð Þ ¼

∫t2t1Qs tð Þdt
t2−t1

ð27Þ

Results and Discussions

Pool Boiling Processes under Different Gravitational
Accelerations

Figure 2 represents the bubble dynamics during pool boiling
at Ja = 0.136 under different gravitational accelerations. As
shown in Fig. 2a, there is no vapor bubble nucleated at the
heated surface when g/g0 = 1. In this case, the heat transfer
mode of the heated surface is natural convection and the heat
transfer coefficient is low. As shown in Fig. 2b, when g/g0 =
0.4, vapor bubbles continuously nucleate on, grow on and
depart away from the heated surface. However, due to the wall
superheat is low, the growth and departure of each vapor bub-
ble is independent and the interaction between vapor bubbles
is weak. As shown in Fig. 2c, when g/g0 = 0.05, compared
with the pool boiling processes at g/g0 = 0.4, the bubble size is
increased obviously and the vapor bubble needs more time to
depart away from the heated surface. With a decrease inFig. 1 The physical model of the simulations in this study
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gravitational acceleration, the width of vapor bubbles in-
creases, and it’s more likely for a vapor bubble to merge with
other bubbles, as a result. In addition, it can be seen from Fig.
2 that the nucleate boiling could occur at a lower wall super-
heat under microgravity, and this result agrees well with the
observation in the experiments of Zhao et al. (Zhao et al.
2009).

Figure 3 represents the bubble dynamics during pool boil-
ing at Ja = 0.243 under different gravitational accelerations.
As shown in Fig. 3a, when g/g0 = 1, the pool boiling at the
heated surface is in the nucleate boiling regime.
Correspondingly, Fig. 4a shows the distribution of local heat
flux of the heated surface (i.e.,Qloc). As shown in Fig. 4a, due
to the nucleation and growth of vapor bubbles on the heated
surface, the distribution of local heat flux is disturbed greatly.
Near the liquid-vapor phase interface, Qloc reaches its maxi-
mum value. However, at the dry area, Qloc reaches its mini-
mum value. In this case, the disturbance caused by the nucle-
ation and growth of vapor bubbles benefits to enhance the
boiling heat transfer.

As shown in Fig. 3b, at the case of g/g0 = 0.05, since the
bubble size is big before its departure and the nucleation site
density is large, most of the area of the heated surface is dry
area. Correspondingly, Fig. 4b shows the distribution of local
heat flux of the heated surface. As shown in Fig. 4b, since the
dry area is large and the thermal conductive of liquid is greater
than that of vapor, the heat transfer performance in this case is
poor. It can be inferred that the pool boiling in this case might
be in the transition boiling regime.

As shown in Figs. 3 and 4, in the case of Ja = 0.243, with a
decrease in gravitational acceleration, the pool boiling pro-
cesses might be converted from the nucleate boiling to the

transition boiling, indicating that the wall superheat at the
CHF point shouldn’t be independent with gravitational
acceleration.

Figure 5 shows the bubble dynamics during pool boiling at
Ja = 0.303 under different gravitational accelerations. As
shown in Fig. 5a, when Ja = 0.303, abundant vapor bubbles
are nucleated on the heated surface. Sometimes, vapor patches
would occur at the heated surface due to the merging of the
vapor bubbles. As a result, boiling heat transfer performance
might be decreased and the pool boiling might be in the tran-
sition boiling regime. As shown in Fig. 5b, when g/g0 = 0.05,
due to the high wall superheat, a continuous vapor film is
generated at the heated surface, which completely separates
the heat transfer between heated surface and the bulk liquid.
Obviously, the pool boiling in this case is in the film boiling
regime. As shown in Fig. 5, under microgravity, since it’s
more difficult for the vapor bubbles to depart away from the
heated surface, the pool boiling processes will enter into the
film boiling regime at a lower wall superheat, which leads to
severe heat transfer deterioration.

Rohsenow (Rohsenow 1951) proposed a correlation to pre-
dict the Nusselt number during nucleate boiling, as shown in
Eq. (28), where Csf is a undetermined parameter related to
contact angle, Bo is the Bond number. Previous researches
proved that Rohsenow’s correlation could accurately predict
the heat flux during the nucleate boiling with low wall super-
heat under normal gravity. According to the definition of
Nusselt number, Eq. (29) could be used to calculate the di-
mensionless heat flux.

NuRohsenow ¼ Ja2Bo1=2

C3
sf Pr

4:1
L

ð28Þ

Table 1 The physical parameters
used in the simulations Physical parameters Symbols Lattice units Physical units Conversion factor

Reference gravitational acceleration g0 5 × 10−5 9.8 m/s2 1.96 × 105 m/s2

Surface tension γ 0.0748 0.1 N/m 1.337 N/m

Density of liquid ρL 5.9 59 kg/m3 10 kg/m3

Density of vapor ρV 0.58 5.8 kg/m3 10 kg/m3

Characteristic length l0 16.77 0.0138 m 8.26 ×10−4 m

Characteristic velocity v0 0.0290 0.368 m/s 12.69 m/s

Characteristic time t0 578.28 0.0375 s 6.48× 10−5 s

Viscosity coefficient of liquid νL 0.06 8.2 × 10−4 m2/s 0.0137 m2/s

Viscosity coefficient of vapor νV 0.06 8.2 × 10−4 m2/s 0.0137 m2/s

Specific heat of liquid cv.L 6 211.94 J/kg·K 35.32 J/kg·K

Specific heat of vapor cv.V 1 35.32 J/kg·K 35.32 J/kg·K

Latent heat hfg 0.433 10,000 J/kg 2.31× 104 J/kg

Thermal diffusion coefficient of liquid χL 0.025 4.920 × 10−4 m2/s 0.01968 m2/s

Thermal diffusion coefficient of vapor χV 0.03 5.904 × 10−4 m2/s 0.01968 m2/s

Heat conductivity of liquid λL 0.885 6.152 W/m·K 6.952 W/m·K

Heat conductivity of vapor λV 0.0174 0.121 W/m·K 6.952 W/m·K
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QRohsenow ¼ Bo1=2

L*x

Ja
Csf

� �3

Pr−5:1L ð29Þ

In addition, the Nusselt number and heat flux of natural
convection of a single phase fluid on a horizontal upward
heated surface could be calculated by Eq. (30) (Incropera
et al. 2007), where Gr is the Grashof number. When 104 ≤
Gr ≤ 107, β = 0.54; when 107 ≤ Gr ≤ 1011, β = 0.15.

NuNC ¼ β GrPrð Þ1=4; QNC ¼ β
λΔT

L*xμLhfg
GrPrð Þ1=4 ð30Þ

Figure 6 represents the influence of gravitational accelera-
tion on boiling curves. As shown in Fig. 6, at a given gravita-
tional acceleration, with an increase in wall superheat, the
temporal and spatial average dimensionless heat flux Q in-
creases at first and then decreases. After heat flux reaches its
minimum value, it starts to increase slowly. According to the

(a) g/g0 = 1 (left: t* = 69.07, right: t* = 86.34)

(b) g/g0 = 0.4  (left: t* = 69.07, right: t* = 86.34)

(c) g/g0 = 0.05 (left: t* = 138.14, right: t* = 207.21)

Fig. 2 The bubble dynamics
during pool boiling at Ja = 0.136
under different gravitational
accelerations
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variation tendency ofQ, the regime of pool boiling heat trans-
fer can be judged visually. It can be see also from Fig. 6 that
the influence of gravitational acceleration on boiling heat
transfer performance is weak when wall superheat is low.
With an increase in wall superheat, the influence of gravita-
tional acceleration on boiling heat transfer performance be-
comes greater. In addition, gravitational acceleration has a
great impact on critical heat flux and the wall superheat at
CHF point, as well. With a decrease in gravitational accelera-
tion, CHF and the wall superheat at CHF point decrease ob-
viously. At the same time, with a decrease in gravitational
acceleration, pool boiling enters into the film boiling regime
at a lower wall superheat. Moreover, for the film boiling at the
same wall superheat, heat flux decreases with a decrease in
gravitational acceleration. The predicted results of Eq. (30)
and Rohsenow’s correlation (Rohsenow 1951) when Csf =
0.0082 are also given in Fig. 6. It can be seen that in the natural
convection stage and the nucleate boiling regime with low
wall superheat (0.1516 ≤ Ja ≤ 0.2122), under normal gravity,
the numerical results obtained by present study agree well
with the predicted results given by Eq. (30) and Rohsenow’s
correlation.

A New Gravity Scaling Model for the Nucleate Boiling
Heat Transfer

In the previous boiling theories, it was assumed that the
wall superheat and heat flux at the onset of nucleate
boiling (ONB) is independent with gravitational acceler-
ation. Previous gravity scaling models for nucleate boil-
ing heat transfer were also proposed based on these as-
sumptions (Raj et al. 2010). However, according to the
experimental observation of Zhao et al. (Zhao et al.
2009), the nucleate boiling could take place at a lower
temperature and heat flux under the microgravity condi-
tions. Based on the numerical results obtained by present
study, the influence of gravitational acceleration on wall
superheat and heat flux at ONB (i.e., JaONB and QONB) is
given in Fig. 7. In Fig. 7, JaONB,0 and QONB,0 represent
the wall superheat and heat flux at ONB when g/g0 = 1,
respectively. As shown in Fig. 7, both JaONB and QONB

decrease with a decrease in gravitational acceleration.
This result is in agreement with the experimental results
by Zhao et al. (Zhao et al. 2009) rather than the assump-
tions in previous boiling theories. In addition, it can be
seen from Fig. 7 that with a decrease in in gravitational

(a) g/g0 = 1 (left: t* = 69.07, right: t* = 86.34)

(b) g/g0 = 0.05 (left: t* =345.35, right: t* = 414.42)

Fig. 3 The bubble dynamics
during pool boiling at Ja = 0.243
under different gravitational
accelerations
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acceleration, both JaONB and QONB decrease rapidly
when 0.3 ≤ g/g0 ≤ 1 but decrease slowly when g/g0 ≤
0.2. According to this rule, the quantitative relation be-
tween JaONB, QONB and gravitational acceleration could
be fitted as Eqs. (31)~(32).

JaONB
JaONB;0

¼ 0:7098 g=g0ð Þ0:006 g=g0 < 0:2413ð Þ
g=g0ð Þ0:0448 0:2413≤g=g0≤1ð Þ

�
ð31Þ

QONB

QONB;0
¼ 0:6196 g=g0ð Þ0:0514 g=g0 < 0:2413ð Þ

g=g0ð Þ0:3881 0:2413≤g=g0≤1ð Þ
�

ð32Þ

Figure 8 represents the influence of gravitational accelera-
tion on wall superheat and heat flux at CHF point (i.e., JaCHF
andQCHF). In Fig. 8, JaCHF,0 andQCHF,0 are wall superheat and
heat flux at CHF point when g/g0 = 1, respectively. As shown
in Fig. 8, JaCHF decreases with a decrease in gravitational ac-
celeration, and this result is consistent with the numerical re-
sults of Ma et al. (Ma et al. 2017). The numerical results in Fig.

(a) g/g0 = 1

(b) g/g0 = 0.05

Fig. 4 The distribution of local
heat flux at the heated surface
during the pool boiling processes
at Ja = 0.243 under different
gravitational accelerations
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8 could be fitted as Eq. (33). Concretely, when 0.2413 ≤ g/g0 ≤
1, the wall superheat at the CHF point is proportional to g0.1325.
When g/g0 < 0.2413, the wall superheat at the CHF point is
proportional to g0.056. Combine Rohsenow’s correlation for the
nucleate boiling heat transfer (Rohsenow 1951) with Zuber’s

correlation for critical heat flux (Zuber 1959), it can be obtained
that JaCHF is proportional to g

1/12, which is close to our numer-
ical results. In addition, it can be seen from Fig. 8 that QCHF

decreases with a decrease in gravitational acceleration, as well.
Based on the numerical results in Fig. 8, Eq. (34) could be
obtained. Concretely, when 0.2413 ≤ g/g0 ≤ 1, critical heat flux

(a) g/g0 = 1 (left: t* = 103.61, right: t* = 120.87)

(b) g/g0 = 0.05 (left: t* = 103.61, right: t* = 138.14)

Fig. 5 The bubble dynamics
during pool boiling at Ja = 0.303
under different gravitational
accelerations

Fig. 6 The boiling curves under different gravitational accelerations
Fig. 7 The influence of gravitational acceleration on wall superheat and
heat flux at ONB
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is proportional to g0.2299, which is consistent with the predicted
results by Zuber’s correlation (Zuber 1959) and Kandlikar’s
correlation (Kandlikar 2001). When g/g0 < 0.2413, critical heat
flux is proportional to g0.3410.

JaCHF
JaCHF;0

¼ 0:897 g=g0ð Þ0:056 g=g0 < 0:2413ð Þ
g=g0ð Þ0:1325 0:2413≤g=g0≤1

�
ð33Þ

QCHF

QCHF;0
¼ 1:171 g=g0ð Þ0:3410 g=g0 < 0:2413ð Þ

g=g0ð Þ0:2299 0:2413≤g=g0≤1

�
ð34Þ

Based on the numerical results, a new gravity scaling mod-
el to describe the influence of gravity on the nucleate boiling
heat transfer under different wall superheats is proposed in this
study. At first, a dimensionless temperature T* is introduced,
as shown in Eq. (35). Being different with that in the RKM
model, JaONB and JaCHF in Eq. (35) are related with gravita-
tional acceleration, as shown in Figs. 7 and 8.

T* ¼ Ja−JaONB gð Þ
JaCHF gð Þ−JaONB gð Þ ð35Þ

Since the influence of gravitational acceleration on the wall
superheat and heat flux at ONB and CHF point is significantly
different between the regions of 0.2413 ≤ g/g0 ≤ 1 and g/g0 <
0.2413, it’s necessary to investigate the influence of T * on
nucleate boiling heat transfer in these two regions, respectively.

Figure 9a represents the influence of T * on the value of
[lg(Q/Q0) – lgA]/lg(g/g0) under different gravitational acceler-
ations within g/g0 < 0.2413, whereQ0 =Q0(T

*) represents the
nucleate boiling heat flux at a given T * under normal gravity
(g/g0 = 1). The definition of parameter A is expressed as Eq.
(36). As shown in Fig. 9a the value of [lg(Q/Q0) – lgA]/lg(g/
g0) is almost independent with gravitational acceleration in the
region of g/g0 < 0.2413. In addition, it can be seen from Fig.
9a that with an increase in T *, the value of [lg(Q/Q0) – lgA]/
lg(g/g0) increases obviously when 0 ≤ T * < 0.4286, while it

increases slowly when 0.5714 ≤ T * ≤ 1. Based on the numer-
ical results in Fig. 9a, the gravity scaling model for nucleate
boiling heat transfer within g/g0 < 0.2413 could be obtained,
as shown in Eq. (37). Figure 9b represents the influence of
dimensionless temperature T* on the value of log(g/g0)(Q/Q0)
under different gravitational accelerations within 0.2413 ≤ g/
g0 ≤ 1. As shown in Fig. 9b, it can be approximately consid-
ered that the value of log(g/g0)(Q/Q0) is independent with grav-
itational acceleration within 0.2413 ≤ g/g0 ≤ 1. In addition,
with an increase in T *, the value of log(g/g0)(Q/Q0) decreases
gradually when 0 ≤ T * < 0.502, while it stays almost un-
changed when 0.502 ≤ T * ≤ 1. Using the numerical results
in Fig. 9b, the gravity scaling model for the nucleate boiling
heat transfer within 0.2413 ≤ g/g0 ≤ 1 could be obtained, as
shown in Eq. (38).

A ¼ 1:281T*2 þ 0:5556T* þ 0:6196 0≤T* < 0:502
1:18 0:502≤T*≤1

�
ð36Þ

Q
Q0

¼ 1:281T*2 þ 0:5556T* þ 0:6196
� �

g=g0ð Þ0:53T*þ0:0501 0≤T* < 0:502

1:181 g=g0ð Þ0:08T*þ0:2759 0:502≤T*≤1

(

ð37Þ
Q
Q0

¼ g=g0ð Þ−0:472T*þ0:435 0≤T* < 0:502
g=g0ð Þ0:1981 0:502≤T*≤1

�
ð38Þ

Combining Eq. (37) with Eq. (38), the complete gravity
scaling model for nucleate boiling heat transfer is proposed
in this paper, as shown in Eq. (39), where the parameters C
and m could be calculated by Eq. (40) and Eq. (41), respec-
tively.

qw
qw g=g0ð Þ ¼ 1

¼ C g=g0ð Þm ð39Þ

C ¼
1

1:281T*2 þ 0:5556T* þ 0:6196
1:18

0:2413≤g=g0≤1
g=g0≤0:2413&0≤T* < 0:502
g=g0≤0:2413&0:502≤T*≤1

8<
:

ð40Þ

m ¼
−0:472T* þ 0:435 0:2413≤g=g0≤1&T* < 0:502

0:1981 0:2413≤g=g0≤1&T*≥0:502
0:53T* þ 0:501 g=g0 < 0:2413&T* < 0:502
0:08T* þ 0:2759 g=g0 < 0:2413&T* < 0:502

8>><
>>:

ð41Þ

The Validation of the New Gravity Scaling Model
Proposed in this Study

Comparison with Numerical Results

To validate the new gravity scaling model, the pool boiling
heat transfer under different wall superheats when g/g0 = 0.6

Fig. 8 The influence of gravitational acceleration on critical heat flux and
wall superheat at CHF point
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and 0.035 are simulated extra at present study, and the numer-
ical results are given in Fig. 10. To test whether Eqs. (31)~(34)
could predict the wall superheats and heat fluxes at ONB and
CHF point under different gravitational accelerations, the nu-
merical results in Fig. 10 are compared with the predicted
results by Eqs. (31)~(34), as shown in Table 2. It can be seen
from Table 2 that all of these JaONB, QONB, JaCHF and QCHF

predicted by Eqs. (31)~(34) agree well with our numerical

results under different gravitational accelerations. The consis-
tency between the predicted results and the numerical results
could prove that Eqs. (31)~(34) could accurately predict the
wall superheats and heat fluxes at ONB and CHF point under
different gravitational accelerations.

Figure 11 displays the comparison between our numerical
results with the predicted results given by Eq. (39) when g/g0 =
0.6 and 0.035. In this figure, Qnum represents the simulated heat

(a) [lg(Q/Q0) – lgA]/lg(g/g0) versus T * when g/g0 < 0.2413

(b) log(g/g0)(Q/Q0) versus T * when 0.2413 ≤ g/g0 ≤ 1

Fig. 9 The influence of
dimensionless temperature T * on
Q/Q0
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flux during the nucleate boiling,Qpre represents the predicted heat
flux given by Eq. (39). As shown in Fig. 11, when g/g0 = 0.6, the
maximum deviation of 7.7% occurs atQnum= 0.0625.When g/g0
= 0.035, the maximum deviation of 2.9% occurs at Qnum =
0.0390. In sum, in both cases, the deviation between our numer-
ical results and the predicted results is within 10% under all cases.

In addition, Fig. 11 also gives the comparison between the
numerical results of Ma et al. (Ma et al. 2017) with the pre-
dicted results given by the present gravity scaling model. As
shown in Fig. 11, when g/g0 = 1/6,Qpre is slightly greater than
Qnum, and the maximum deviation of 19.9% occurs at Qnum =
0.0574. When g/g0 = 1/32, the maximum deviation of 18.6%
occurs at Qnum = 0.0141. When g/g0 = 1/64, the maximum
deviation of 41.9% occurs at Qnum = 0.0181. In sum, the
deviation between the predicted results given by Eq. (39)
and the numerical results in Ref. (Ma et al. 2017) is within
20% under different gravitational accelerations. Through the
comparison between the predicted results given by Eq. (39)
with the numerical results of both present study and Ma et al.
(Ma et al. 2017), the rationality of the present gravity scaling
model could be proved further.

Comparison with Experimental Results and the Predicted
Results by RKM Model

Using the experimental results of Kim et al. (Kim et al. 2002),
the 3D numerical results of Dhruv et al. (Dhruv et al. 2019)

and the predicted results by RKM model (Raj et al. 2010; Raj
et al. 2012; Raj et al. 2009; Raj et al. 2011), the present gravity
scaling model is validated further. Using FC-72 as a working
medium, Kim et al. (Kim et al. 2002) experimentally studied
the influence of gravitational acceleration on bubble dynamics
and heat transfer during pool boiling. Figure 12 gives the
experimental results of Kim et al. (Kim et al. 2002) about
the influence of gravitational acceleration on heat flux ratio
Q/Q0, in which the wall superheat is 34 K and the subcooling
degree is 8 K. At the same time, the 3D numerical results of
Dhruv et al. (Dhruv et al. 2019), the predicted results by RKM
model (Raj et al. 2010; Raj et al. 2012; Raj et al. 2009; Raj
et al. 2011) and the predicted results of the present model are
also given in Fig. 12. As shown in Fig. 12, within 0.1 ≤ g/g0 ≤
1, the present gravity scaling model is capable of predicting
the influence of gravitational acceleration on heat flux ratioQ/
Q0 under a given wall superheat. The maximum deviation
between the predicted results of present model and the exper-
imental results is 17.6%. In addition, compared with the RKM
model, the influencing tendency of gravitational acceleration
on heat flux ratio predicted by present model is more consis-
tent with the experimental results. However, the predicted
results by present model are smaller than the experimental
results of Kim et al. (Kim et al. 2002) and the 3D numerical
results of Dhruv et al. (Dhruv et al. 2019). It’s might because

Fig. 10 The boiling curves at g/g0 = 0.6 and 0.035

Table 2 The wall superheats and
heat fluxes at ONB and CHF
point under different gravitational
accelerations

g/g0 = 0.6 g/g0 = 0.035

Numerical Predicted Deviations Numerical Predicted Deviations

JaONB 0.1364 0.1338 −1.91% 0.1061 0.1054 −0.66%
QONB 0.0381 0.0378 −0.79% 0.0238 0.0241 1.26%

JaCHF 0.2425 0.2408 −0.70% 0.1819 0.1916 5.33%

QCHF 0.0931 0.0934 0.32% 0.0389 0.0392 0.77%

Fig. 11 The comparison between the numerical results with the predicted
results given by the present gravity scaling model
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that the symmetric boundary condition is applied in our sim-
ulations, and the heated surface is infinite. As a result, the
nucleation of small vapor bubbles at the boundaries is re-
strained, which would lead to a lower boiling heat transfer
performance under microgravity. In our further work, we will
simulate the pool boiling processes on a finite heated surface
by LBM, study the influence of gravitational acceleration on
boiling heat transfer and propose a more accurate gravity scal-
ing model for nucleate boiling heat transfer.

Conclusion

In this study, the pool boiling processes under different
wall superheats and gravitational accelerations were sim-
ulated based on the improved MRT pseudopotential mod-
el coupled with the phase-change model. The influence of

gravitational acceleration on bubble dynamics and heat
transfer performance during pool boiling was investigat-
ed. In addition, based on the numerical results, a new
gravity scaling model was proposed in this paper to pre-
dict the nucleate boiling heat transfer performance under
different gravitational accelerations and wall superheats.
At last, using the experimental and numerical results of
other scholars, the rationality of the present gravity scal-
ing model was validated. It can be concluded that:

1) With a decrease in gravitational acceleration, the wall
superheat at the ONB and the corresponding heat flux
decrease fast at first, and then decrease slowly.
Concretely, when 0.2413 ≤ g/g0 ≤ 1, JaONB and QONB

are proportional to g0.2448 and g0.3881, respectively; when
g/g0 < 0.2413, JaONB and QONB are proportional to g0.006

and g0.0514, respectively.
2) With a decrease in gravitational acceleration, CHF and

the wall superheat at CHF point decrease obviously. It
means that at the same wall superheat, nucleate boiling
might be converted into transition boiling or even film
boiling due to the decreasing gravitational acceleration.
Concretely, when 0.2413 ≤ g/g0 ≤ 1, JaCHF and QCHF are
proportional to g0.1325 and g0.2299, respectively; when g/g0
< 0.2413, JaCHF and QCHF are proportional to g0.056 and
g0.3410, respectively.

3) The wall superheat at the minimum heat flux point of film
boiling decreases with a decrease in gravitational acceler-
ation, indicating that pool boiling enters into film boiling
at a lower wall superheat under microgravity.

4) The new gravity scaling model for the nucleate boiling
heat transfer proposed by present study is capable of
predicting the heat flux during the nucleate boiling under
different wall superheats and gravitational accelerations.
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fund between the Chinese Academy of Sciences (CAS) and National
Natural Science Foundation of China (NSFC) under the Grant of
U1738105.

Nomenclature a,b,R,ω, parameters in EOS; Tsat, saturation temperature;
cv, specific heat at constant volume; Tw, temperature of the heated surface;
eα, lattice velocity vector; u, fluid velocity; fα, f, distribution function for
density; v, real fluid velocity; F, external force; v0, characteristic velocity;

Fig. 12 The comparison between the predicted results given by the
present model with the experimental results of Kim et al. (Kim et al.
2002), the 3D numerical results of Dhruv et al. (Dhruv et al. 2019) and
the predicted results of RKM model

Fig. 13 The influence of droplet radii on the pressure difference

Fig. 14 The equilibrium shape of a droplet on the horizontal wall
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Fα’, forcing term in the velocity space; wα, weighting coefficient; Fads,
fluid-solid interaction force; x, position; Fg, buoyancy force; Fm, inter-
molecular interaction force; g, gravitational acceleration; G, interaction
strengthGreek Symbols θw, contact angle; Gw, a parameter to tune the
contact angle; Δt, time step; hfg, latent heat of vaporization; ΔT, wall
superheat; ρ, density; Ja, Jacob number; σ, parameter to tune the mechan-
ical stability; l0, characteristic length; Lx, width of computational domain;
Ly, height of computational domain; M, orthogonal transformation ma-
trix; p, pressure; pc, critical pressure; pEOS, prescribed non-ideal equation
of state; Rb, liquid radius; s(x), switch function; S, forcing term in the
moment space; τ, relaxation time; χ, thermal diffusion coefficient; ν,
kinematic coefficient of viscosity; γ, surface tension; P, pressure tensor;
Λ, diagonal matrix of relaxation time;Π, viscous stress tensor; κ, param-
eter to tune the surface tension; μ, dynamic coefficient of viscosity; λ,
thermal conductivity; ψ, pseudopotential; Qloc(x, t), local heat flux on the
heated surface; Qs(t), space- averaged heat flux; Q, time- and space-
averaged heat flux; t, time; t0, characteristic time; T, temperature; Tc,
critical temperatureSubscripts and Superscripts *, dimensionless prop-
erties; α, lattice direction; c, critical properties; L, V, liquid, vapor; x, y,
direction; eq, equilibrium properties

Appendix: the determination of surface
tension and contact angle.

In the two-dimensional simulations, according to the Laplace
equation of capillary, the relationship between the pressure
difference across the interface of a droplet Δp and the radius
of this droplet satisfies Eq. (A-1).

Δp ¼ γ
Rb

ðA� 1Þ

where γ is the surface tension. It can be seen from Eq. (A-1)
that the pressure difference across the interface of the droplet
is proportional to the inverse of droplet radius, and the pro-
portionality coefficient equals to the surface tension.

To determine the surface tension in our simulations, the
static droplets with different radii are simulated. In the simula-
tions, a 120 × 120 computational domain is adopted and the
periodic boundary condition is utilized at all of the boundaries.
The static droplet is located at the center of the computational
domain. All of the parameters in Peng-Robinson EOS, Eqs. (6),
(10) and (19), and the physical parameters of fluid are chosen as
those in Chapter 3. The fluid-solid interaction force and the
buoyancy force are ignored. Figure 13 represents the influence
of droplet radii on the pressure difference across the phase
interface. As shown in Fig. 13, our numerical results could be
fitted with a straight line that goes through the origin point with
a slope of 0.0748. According to the Laplace equation of capil-
lary, the surface tension could be determined as γ = 0.0748.

In order to determine the wettability of the heated surface in
our simulations, the equilibrium shape of a droplet on the
horizontal wall is simulated and the static contact angle is
measured. In this simulation, a 300 × 100 computational do-
main is adopted. The periodic boundary condition is adopted
at the left and right boundaries, while the non-slip boundary
condition is utilized at the top and bottom boundaries. The

parameters in P-R EOS, Eqs. (6), (10), (11) and (19) and the
physical parameters of fluid are chosen as those in Chapter 3.
The gravitational acceleration is set to be 0, so the buoyancy
force is ignored. Initially, a droplet with a radius of Rb = 30 is
located at (150, 20). The simulation is carried out for 10,000
time steps to ensure that the equilibrium state has been
reached. As shown in Fig. 14, the static contact angle is mea-
sured to be 27.3°.
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