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ABSTRACT

Pseudopotential lattice Boltzmann (LB) model is an effective mesoscopic method for liquid-vapor phase change simulations. In LB methods,
calculations are often carried out in lattice units. Thus, a correct mapping from the lattice unit system to the physical unit system is crucial
for accurate simulations of practical problems. The unit conversion for liquid-vapor phase change problems is more complicated than
single-phase problems, because an equation of state (EOS) for a nonideal fluid is introduced in the pseudopotential two-phase model. In this
work, a novel unit conversion method for the pseudopotential LB model is proposed. The basic strategy is to obtain the conversion relations
of fundamental units by mapping the surface tension and EOS parameters related to fluid properties, and thus, the unit conversion relations
of other quantities are deduced. Numerical simulations of benchmark problems including the film evaporation and the bubble heterogeneous
nucleation from a V-shaped cavity are carried out, and the simulation results are converted to the physical unit system by the proposed
method. The numerical results demonstrate that the proposed method is able to recover the physical-unit latent heat of the fluid in the film
evaporation problem. In the bubble nucleation from a V-shaped cavity problem, the conventional unit conversion method cannot derive the
correct superheat temperature in the physical unit, whereas the proposed method based on the fundamental units recovers the critical super-
heat temperature which is consistent with the analytical result.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0106079

I. INTRODUCTION

Liquid-vapor phase change, especially boiling, is an efficient
mode of heat transfer. It has a wide range of industrial applications
such as the heat dissipation of power electronic chips and nuclear reac-
tors." * Numerical simulation is an important approach on studying
the process and mechanism of boiling heat transfer. Conventional
multiphase flow numerical methods for boiling mainly include the
level set method” and the volume of fluid method,” which are all mac-
roscopic approaches based on solving the Navier-Stokes equations
and the energy equation directly.” In those macroscopic methods,
interface reconstruction or re-initialization procedures are usually
required, which can be time-consuming or not always physically con-
sistent.” Moreover, when simulating the boiling heat transfer problem,
parameters such as initial bubble nucleation sites and the waiting period
of a newly nucleating bubble need to be assumed in those methods.”"’
In recent years, the multiphase lattice Boltzmann method (LBM)
has been successfully employed in boiling heat transfer simulations.

When compared with conventional macroscopic methods, the LBM is
a mesoscopic method based on the Boltzmann equation,'' which sim-
ulates the flow field through the evolution of virtual particles. This par-
ticle feature of the lattice Boltzmann (LB) model gives it the advantage
in modeling boiling phase change phenomena. For example, by intro-
ducing mimetic interparticle forces, the Shan-Chen pseudopotential
multiphase LB model could generate phase separations automatically
without any interface tracking or capturing algorithms, which are
indispensable in macroscopic approaches.'”'"” Moreover, the bubble
nucleation and growth are also automatic in pseudopotential boiling
simulations, while no artificial assumptions of the bubble nucleation
parameters are required. Thus, the boiling curve in different stages
(nucleate boiling, transition boiling, and film boiling) could be
obtained naturally.”* Compared with other multiphase LB models
such as the free-energy model and the color-gradient model, the pseu-
dopotential LB model is simple to implement, and an equation of state
(EOS) can be introduced for the thermodynamic relation during phase
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change.” Therefore, the pseudopotential LB is widely employed in
boiling heat transfer simulations.”"” !

Calculations in LB simulations are usually carried out in the form
of a lattice unit system. For general flow and heat transfer problems,
the lattice unit system includes four fundamental units, which are lat-
tice length unit (lu), lattice mass unit (mu), lattice time step (ts), and
lattice temperature unit (tu). However, practical problems often need
to be presented in the form of a physical unit system (e.g., SI system).
Therefore, a correct mapping from the lattice unit system to the physi-
cal unit system is crucial for the application of LB models.

Conventional unit conversion methods are based on the mapping
of dimensionless parameters and the principle of corresponding state.””

scitation.org/journal/phf

The former method matches a set of dimensionless parameters related
to the concerned physical problem based on the Buckingham 7 theorem,
and some parameters in the LB simulations (such as the relaxation time)
are determined.'"** The latter links the physical units and the lattice
units by the reduced properties in the EOS. The reduced property is
defined as the original property divided by the critical property, for
example, pr = p/po Tr = T/T.. According to the principle of corre-
sponding state, the reduced properties should be the same under any
kind of unit system.” In recent pseudopotential LBM boiling studies, the
conversion method based on dimensionless parameters is often imple-
mented combined with the principle of corresponding state. Table I
summarizes some of the boiling studies using the pseudopotential

TABLE I. Literature review of boiling simulations using LB model and ways of variable representation.

Authors and

published year Numerical methods and simulation conditions Ways of variable representation
Fang et al.’ Multi-relaxation-time (MRT) pseudopotential model Time, length, and heat flux represented in lattice unit.
coupled with thermal LB model. P-R EOS, a =0.022 67, Absolute temperature given in the reduced form
b=2/21, R=1. Pool boiling on a plain surface and on a Tr = T/T.. Superheat nondimensionalized as Ja.
cavity at saturated temperature Ty = 0.86T. and Ty = 0.68T..
Muetal."” MRT pseudopotential model coupled with thermal LB model. Time, length, and heat flux all represented in SI unit.
P-R EOS, a =3/49, b=2/21, R= 1. Pool boiling on cavities Unit conversion process not clarified.
of various shapes at T, =0.86T.
Sayyari and MRT pseudopotential model coupled with thermal LB model. ~ Time and length nondimensionalized by characteristic

Esfahani'®

Zhang et al."”

Chang et al."

Ma and Cheng'’

Zhang et al.”’

Chen et al.”!

P-R EOS, a =3/49, b=2/21, R=1. Pool boiling on a plat-
form heater at T, = 0.86T...

MRT pseudopotential model coupled with finite difference
model (FDM) for heat transfer solved in the fourth-order
Runge-Kutta scheme. P-R EOS, a =3/49, b=2/21, R=1.
Pool boiling on a rectangular convex heater at Ty = 0.86T..
Bhatnagar-Gross-Krook (BGK) pseudopotential model cou-
pled with FDM for heat transfer solved in the second-order
Runge-Kutta scheme. P-R EOS, a =1/49, b=2/21, R=1.
Pooling boiling on a plain surface and structured surfaces
with columns at Ty = 0.85T.
MRT pseudopotential model coupled with thermal LB model.
P-R EOS, a =2/49, b=2/21, R=1. Pool boiling on a plain
surface and a rectangular heater at T, = 0.97...

MRT pseudopotential model coupled with thermal LB model.

P-R EOS, a =3/49, b=2/21, R=1. Flow boiling in a vertical
pipe with a diameter of 3 mm at T;=0.91T..

MRT pseudopotential model coupled with thermal LB model.

P-R EOS, a=2/49, b=2/21, R= 1. Flow boiling in a hori-
zontal pipe with a diameter of 4 mm at T, = 0.88T..

values fy and Iy, t* = t/ty, I" =1/l,. Heat flux given in
lattice unit. Heat transfer coefficient (HTC) nondimen-
sionalized as Nu. Superheat nondimensionalized as Ja.
Absolute temperature given in the reduced form Ty.
Time and length nondimensionalized by characteristic
values t, and I, t* = t/ty, I" =1/l,. Superheat nondimen-
sionalized as Ja.

Time and length nondimensionalized by characteristic

values fy and Iy, t* = t/t, I" = I/l,. Heat flux given in lat-

tice unit. Absolute temperature and superheat given in

the reduced form. Surface tension nondimensionalized
as Ca = prvuglo, where uy = \/gTo .

Time and length nondimensionalized by characteristic val-
ues fy and o, £ = t/ty, I" = I/l,. Heat flux given in dimen-
sionless form g’ = q/qy,., where the reference heat flux
defined as gy, = g1 higg/ly. Absolute temperature given in
the reduced form Tg. Superheat nondimensionalized as Ja.
Given the lattice-physical unit conversion results of length,
kinematic viscosity, temperature, and density, the conver-
sion process is not clarified. Time and length values nondi-
mensionalized by characteristic values t, and I, in
discussion. HTC nondimensionalized as Nu. Heat flux
given in lattice unit. Superheat nondimensionalized as Ja.
Time and length nondimensionalized by characteristic
values fy and lo, t* = t/ty, I" =1/l Heat flux given in
dimensionless form g’ = q/qy, where the reference heat
flux defined as gr = Ghg, where Gy, is the inlet mass
flow rate. Absolute temperature given in the reduced
form Ty. Superheat nondimensionalized as Ja.
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multiphase LBM in the recent 5yr. The numerical models, simulation
conditions, and the ways of variable representation in their results are
listed. As shown in Table I, the characteristic length defined by the

capillary length Iy = \/o/g(p, — py) and the characteristic time #,

= /lp/g defined correspondingly are widely used in the nondimen-
sionalization of the length and time values.”'® ' Absolute tempera-
tures are represented in their reduced form.”'” *' Other dimensionless
numbers such as the Nusselt number (Nu), Jakob number (Ja), and
nondimensional heat flux derived from lattice-unit quantities are cho-
sen to describe and quantify the boiling processes.”'*'”"* > The values
in dimensionless forms are just intermediate results of the lattice-to-
physical unit conversion. In the previous pseudopotential LB boiling
studies, however, complete procedures of the unit conversion have
rarely been discussed.

The conventional unit conversion method requires a set of
dimensionless numbers related to the problem. However, the choice of
such dimensionless numbers can be complicated for some practical
physical problems.” In recent years, some more general methods have
been proposed for the unit conversion in LBM. Huang et al.** devel-
oped a general approach for unit conversion for single-phase flow and
validated the model by a two-dimensional (2D) problem of convective
heat transfer in tube banks. Baakeem et al.”’ proposed a method to
convert the units by determining the values of base quantities in the
lattice unit system and the physical unit system, respectively. The unit
conversion of a two-phase problem was implemented in their work.
However, the derivation of the base quantities for the two-phase prob-
lem was not elucidated. Tong et al.”® did the unit conversion from a
lattice unit system to a molecular dynamics (MD) unit system in their
LBM/MD coupled model for two-phase flows by matching the EOS in
pseudopotential LBM with the EOS of MD. The length, velocity, and
density ratios were matched, but the matching of surface tension was
not considered. Recently, Jaramillo et al.”” discussed the scaling pro-
cess of lattice units in a mesh refinement procedure in two-phase LB
simulations. The matching of critical parameters in the EOS and the
surface tension is considered. The work focused on the unit scaling
between lattice systems with different grid sizes, and the conversion to
the physical unit system was not discussed. When compared with
single-phase LB models, the unit conversion in the liquid-vapor phase
change pseudopotential LB model is more complicated because the
EOS related to the fluid property is introduced to the model and the
matching of surface tension should be considered. Thus, the mapping
of absolute temperature and pressure is required in unit conversion. In
this work, we aimed to develop a novel unit conversion method based
on the conversion of the fundamental units. Taking the mapping of
EOS parameters and surface tension as constraints, the phase change
simulation results in pseudopotential LB calculations can be accurately
converted back to the physical unit system.

The rest of this paper is organized as follows: In Sec. II, the pseudo-
potential LB model for liquid-vapor phase change simulation is briefly
introduced. The detailed lattice-to-physical unit conversion procedures
are presented, which include the conventional unit conversion method
based on the dimensionless parameter correspondence and the principle
of corresponding state, as well as the novel method based on the funda-
mental unit conversion. The LB model used in this paper is verified in
the form of lattice units in Sec. IIl. The unit conversion methods are
implemented in Sec. [V, and the simulation results in the form of physi-
cal units are discussed. Finally, some conclusions are given in Sec. V.

ARTICLE scitation.org/journal/phf

II. NUMERICAL METHOD
A. The hybrid thermal LB model for phase change

In this study, the hybrid thermal LB model is applied to simulate
liquid-vapor phase change, which consists of the pseudopotential LB
model for multiphase flow and the finite difference model (FDM) for
heat transfer process." The multi-relaxation-time (MRT) collision
operator is employed in the two-phase flow field simulation. When
compared with the single-relaxation-time (SRT) model, the MRT
model has better numerical stability because it has more independently
adjustable relaxation parameters.”® A source term can also be added in
the MRT model to achieve tunable surface tension.”” The evolution
equation of the density distribution function is given as

fu(x+e,00,t+06) —fu(x,1)
= Ay [fﬁ(x, 0 —f(x, t)] +6, (Gz(x, £)— O.SAaﬁGﬁ(x,t)), (1)

where f,(x,t) is the density distribution function in the oth lattice
direction at position x and time £ f,?(x, t) is the equilibrium distribu-
tion function; e, is the discrete velocity; G represents the forcing term
in velocity space, which is related to the force F applied on each lattice;
and A is the MRT collision matrix. The subscript f§ follows the
Einstein summation notation, that is, two repeated indexes imply tak-
ing the summation over this index. The D2Q9 lattice model is used in

this study, and the discrete velocity vector is given by’

01 0 -1 o0 1 -1 -1 1
)
o0 1 o0 -1 1 1 -1 -1

where ¢ =0,/0, is the lattice speed. Because the unit conversion is
independent of the dimension and the velocity discrete scheme, the
unit conversion method developed in this work can be also used in 3D
problems and other DdQq lattice Boltzmann models.

Using an orthogonal transformation matrix M, the right-hand
side of Eq. (1) can be transformed to a collision in the moment space

A
m':m—A(m—meq)—ﬁ—ét(I—E)S, (3)
where m = Mf, m® = Mf*9, § = MG, A = MAM !, T is the unit
matrix, and m’ is the moment after collision. For the D2Q9 model, the
definition of the orthogonal transformation matrix M can be found in
Ref. 31. A is a diagonal matrix that contains multiple relaxation times
and is given by
g -1 -1 -1 -1 _-1_-1 -1 _~1 1
Afdlag(rp T 5T 0T 5T T Ty 5Ty T, ), (4)
where 7, is the relaxation time related to the kinematic viscosity,
v =c(1, — 0.5)d;. The equilibrium distribution function in the
moment space is given by~

m = Mfeq :p(17 -2+ 3‘“‘2>1 - 3|ll|2, Uy,
— Uy, Uy, — Uy, ut — u;7 uxu),)T . (5)

After the collision process in the moment space, the distribution
function is then transformed back to the velocity space for the stream-
ing process

f“(x+e16t7t+6f) :fll(xv t)? (6)
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where f' is the post-collision distribution function, f = M~'m'. The
. . . 33
macroscopic density and velocity are recovered by

b=k pu=Yefit OE %

The improved forcing scheme proposed by Li et al.”* is employed

for the forcing term S in the moment space, which can improve the
thermodynamic consistency

0
12X|Fm‘2
Y20 (1e — 0.5)
12|Fn |
Y28 (e — 0.5)
s = Es : (®)

6u-F+

—6u-F—

2(uxFy — uyF))
(uxly + uyFy)

where y can be adjusted to tune the mechanical stability condition. In
this study, y is set to 0.1. F = (F,, F,) is the total force, which contains
the pseudopotential interaction force F,,, the buoyancy force F,, and
the solid-liquid interaction force F,4q. Fy, is the basis of phase separa-
tion in the pseudopotential model, which is designed by mimicking
the molecular interactions’**

Fr = —GY(x) Y wah(x + e;)e,, 9)

where ¥ is the pseudopotential, G is the interaction strength, and w, is
the weight coefficient. To represent the phase change of the fluid, the
nonideal EOS can be introduced to the pseudopotential function via™

v = \/2 [peos(p, T) — Pcﬂ. (10)

Gc?
In this work, the Peng-Robinson (P-R) EOS was chosen for its appli-
cability to common fluids such as water and ammonia
pRT ag(T)p?*
1—bp 1+42bp—b2p*’

(€3))

PrOSs =
where
2
7

$(T) = [14(0.37464 + 1.542260 — 0.269 92*) (1 - \/T/TC)]

(12)
a=0.45724R*T?/p., b= 0.0778RT./p.. (13)
The critical compressibility factor for the P-R EOS is
Pc
Z. = = 0.307 14
C pCRTc b ( )

where p., T, p. and o are the critical pressure, critical temperature,
critical density, and the acentric factor of the working fluid, respectively.

scitation.org/journal/phf

Through a numerical test of one-dimensional liquid-vapor phase coex-
istence, it can be seen that the numerical results of the present model
agree well with the solution of Maxwell construction as shown in Fig. 1.
The maximum density ratio the present model achieved is 307 at T/T,
=0.65.

To simulate the phase change heat transfer process, an energy equa-
tion solver is required to be coupled with the LB flow field solver.”
Neglecting the viscous heat dissipation, the energy equation is given by

Ds
,oTa =V.-(VT), (15)

where s is the entropy, A is the thermal conductivity, and - is the
material Considering the thermodynamic
ds = dT + (%)vdv, Eq. (15) is transformed to"*

o _wvr+-Llv. (IVT) T (aPEOS) V-u, (16)
ot pCy Py oT p

where cy is the specific heat at constant volume. To solve Eq. (16),
either the thermal LB solver or the FDM solver could be used. The lat-
ter approach is adopted in this paper, and the fourth-order Runge-
Kutta scheme is used for time discretization. The detailed implementa-
tion can be found in Ref. 14.

derivative. relation

B. The conventional unit conversion method

In the previous pseudopotential LB boiling studies, the common
method adopted for unit conversion is based on the combination of
dimensionless parameter mapping and the principle of corresponding
state,”'° ! which will be referred to as the conventional unit conver-
sion method in Secs. I1I-V for simplicity. In pool boiling problems,
the required group of dimensionless numbers determined from the
Buckingham theorem is (Nu, Pr, Ja, Li;),'° which are Nusselt number,
Prandtl number, Jacob number, and dimensionless heater size, respec-
tively. They are defined by

hL v cp(Tw — T L
Nu:—H, Pr=—, ]a:M, Li*{:—H7 17)
A o hfg Iy

1.0 | Maxwell construction

B LBM results

TIT, ()

0.6

pvapor
1

0.01 0.1 1 10

p (mu- u?)

FIG. 1. Coexistence curve.
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where Ly is the heater size; T,, and T are the wall temperature and satu-
rated temperature, respectively; and g is the specific latent heat which
can be calculated from the EOS introduced with the pseudopotential
function.” I, is the characteristic length defined by the capillary length

b= |—2 18
’ glpL — pv) (18)

where ¢ is the surface tension and g is the gravitational acceleration.
The value of ¢ can hardly be directly calculated in the pseudopotential
model. It is usually numerically derived by stationary bubble test and
Laplace law fitting. g is a self-defined parameter in the conventional
method. With the definition of the characteristic length I, a reference
velocity and a reference time can be determined accordingly by
Uy = \/gTo, to = lp/uo. Thus, the length and the time value in the LB
simulations can be nondimensionalized by I" = I/l and t* = t/t,.

Nondimensionalized results can be directly used for analyses and
discussions, but the final results presented in physical units are often
more concerned in practical engineering problems. Here, the proce-
dure of the conventional unit conversion is illustrated in Fig. 2. Taking
the conversion of an arbitrary length value as an example. A bubble’s
diameter in the LB simulation is known as Dy in the unit of lu. The
goal is to convert the diameter in lattice unit to the SI form Dpg in the
unit of meter. It is specified that the subscript LS (lattice scale) indi-
cates that the value is in lattice unit, whereas PS (physical scale) indi-
cates that the value is in physical unit. First, o1, grs, and Ap;g are
determined in the LB system, and ly;s is calculated via Eq. (18).
Second, the dimensionless diameter is calculated using D* = Dy ¢/l 5.
Next, ops and Appg of the working fluid and the gravity gpg are deter-
mined in physical units, and lyps is also calculated using Eq. (18).
Finally, by linking the lattice unit with physical unit through the
dimensionless length, the real diameter in physical unit is derived
using Dps = D*lyps. Other quantities can also be converted to the
physical unit form by a similar approach.

However, another set of unit scale for absolute temperature and
pressure is implied in pseudopotential LB model, because the parame-
ters in the nonideal EOS contain T, and p,, as in Eq. (13). According
to the principle of corresponding state, the reduced temperature T,
=T/T. and pressure p, = p/p. calculated in the lattice unit system
should be equal to those in the physical unit system. Thus, the reduced
values can be regarded as another bridge connecting the two unit

Lattice Scale
with subscript LS

scitation.org/journal/phf

systems in addition to the mapping of the dimensionless number
group. The reduced temperature T, is widely used for the analyses in
many previous studies on LB boiling simulations.”'*'*'**' However,
in the mapping of (Nu, Pr, Ja, Ly"), only the temperature difference
(T, - Ty in the definition of Ja number) and the pressure difference (o
=rAp in the expression of ly) are linked, but there is no connection
about the absolute temperature and pressure between the two unit sys-
tems. The critical values T, and p. and other related parameters in the
EOS play no role in the connection of the two unit systems when map-
ping the dimensionless number group. This indicates that there may
be inconsistency between the conversion method based on dimension-
less number mapping and the method based on the principle of corre-
sponding states, which will be demonstrated numerically in Sec. IV B.

C. The novel approach of unit conversion

In this section, a novel unit conversion method based on the fun-
damental units is proposed for liquid-vapor phase change LB simula-
tions. All physical quantities are composed of base quantities, whose
units are referred to as fundamental units. For most heat transfer and
fluid flow problems, M, L, T, and @ are the four related fundamental
units, which correspond to mass m, length /, time ¢, and temperature
T, respectively. If the lattice-physical unit conversion relations for all
base quantities are known, the unit conversion relations for all physical
quantities could be derived from these relations. The relations for the
four base quantities are written as

s = I - Iis,
Tps = T; - Tis,

where the subscript r refers to “relation,” and the my, I, t,, and T, are
the coefficients. The units of the four coefficients are kg/mu, m/lu, s/ts,
and K/tu, respectively. For an arbitrary quantity ¢ with the dimension
of dim @ = M*LT"@°, the lattice-physical unit conversion relation is
calculated by

mps = my - Mg, (19)
tps = t; - IS,

Pps = D, - D, (20)
where
@, = m e, 1)

In the case of the phase change LB model, the conversion rela-
tions of base quantities can be deduced from the fluid properties in the

Physical Scale
with subscript PS

DPS
1

Ops, 8ps and Appg are
real physical properties

/D.PS =\/L <:I

&os(PL = Py )rs

Dys
L
ais, gus and Apyg are E> l o= Cis
determined in LB model LS \j is(PL = Pu)is
L
D'=Dys/loys

s

— D"=Dps/lyps

Dimensionless length equals

FIG. 2. Unit conversion of the bubble diameter using capillary length as the reference scale.
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nonideal EOS introduced by the pseudopotential function. In this
paper, the P-R EOS shown in Eq. (11) is taken as an example. On one
hand, for a specific fluid, its specific gas constant, Rpg; critical pressure,
Peps; and critical temperature, T ps, in the physical unit system are all
known quantities. Then, aps and bpg in the EOS in physical unit can
be calculated using Eq. (13). On the other hand, the EOS parameters
and the specific gas constant in the lattice unit system are specified in
LB models before simulations. For example, ars = 3/49, bys = 2/21,
and R;g =1 or other close values are often used, as shown in Table I.
This indicates that a, b, and R in both the physical unit system and the
lattice unit system are determined and mutually matched, as long as
the real fluid and the nonideal EOS in pseudopotential model are
determined. Moreover, the surface tension ops in physical unit is a
known property at a specific saturated temperature T;. In the pseudo-
potential LB model presented in Sec. IT A, g1 is only affected by the
saturated temperature, which means 15 is fixed and cannot be
adjusted independently once the EOS parameters are determined. In
summary, four parameters with independent units can be determined
in both physical unit and lattice unit values when the fluid is specified
and the nonideal EOS in the pseudopotential model is established.

For the P-R EOS, the lattice-physical unit conversion relations
of the four parameters are given by

aps bps
r— 3 br =

ars B b7L57 22)
R
R, = 71)5’ = ops
Rys oLs
The dimensions of the four parameters are
dima = M~'L°T 2,
dimb = M~'13,
221 (23)
dimR = 12T 20,
dime = MT 2.

Substituting a, b, R, and ¢ into Eq. (21), the following relations can be
derived:

a, = m_'Pt2

5 S
by =m 'l (24)
R, =Pt°T !,
oy = myt; .

The unit conversion relations of the four base quantities can then be
solved as

Matching of surface tension + Matching of EOS parameters

R'T?

o 2
P a=0.45724 >
Critical point (p. per ) P
o~ T
p=00778R%
“Saturation curve Pe
) Re L P
B 0307 p 1,
..,-..... Isotherm 7<T

o
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_ 3153
my =a_>ba;,

I = a 'boy,

s (25)
ty = a, *bioy,

T, = a;b, 'R

The lattice-physical unit conversion relations of all quantities can be
derived using Eq. (20) with the established conversion relations of the
base quantities m, [, t, and T via Egs. (21) and (25). This implies that
the units of macroscopic quantities (e.g., density, velocity) and the dis-
tribution function in the LB equation can all be converted using
Eq. (25), which contains the EOS parameters 4, b, and R. Therefore, it
is guaranteed that the units in the LB equation and units of the EOS
parameters are consistent with each other. The procedure of the unit
conversion based on the fundamental units is illustrated in Fig. 3.

Several remarks are made about the proposed unit conversion
method:

(i) According to Eqs. (13) and (14), the mapping of EOS parame-
ters a, b, and R is equivalent to the mapping of critical state
parameters p., p., and T.. For other nonideal EOSs that are
often implemented in pseudopotential function, such as
Redlich-Kwong EOS, Redlich-Kwong Soave EOS, and
Carnahan-Starling EOS,” one can still choose to match the
surface tension and p,, p., and T, to establish the four relations
similar to Eq. (24).

(ii) In the above analysis, there is no governing equation of any
specific practical problems, so the method is not limited to
pool boiling problems and can be applied to other kinds of
pseudopotential LB liquid-vapor phase change simulations.

(iii) Here, the length conversion coefficient / is an intrinsic value of
the pseudopotential model and is only dependent on a,, b, and
g, according to Eq. (25). The lattice gravity cannot be arbitrarily
chosen and is determined by grs = gps/(I:t, 2). However, in the
conventional length conversion procedure, the coefficient is cal-
culated by I = lyps/lp1s according to Fig. 2, whereas Iy
depends on the pre-given value of gis. It can be seen that I, cal-
culated using the conventional method is distinct from the
intrinsic /. calculated using Eq. (25) if gis is an arbitrary value.
Therefore, there will be a mismatch between the length scale
when applying the conventional method, which will be demon-
strated in Sec. I'V B.

To be mentioned, the fundamental unit conversion factors
(my, I, t;, T;) are related to the spatial and temporal resolutions in the
LB simulation. In the present model, the adjustment of (m, I, t,, T;)

my

|L|4I—'>‘l_“| &, =m1Pt'T’

El /, E for diim @ = M“I’T"®°
2

FIG. 3. Schematic representation of the proposed unit conversion process.
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is determined by the tunability of (a,b,R, ). The physical unit
properties (a,b,R,0)pq are unchangeable once the fluid is selected.
According to Table I, the lattice system EOS parameters by and Ryg
are always fixed, whereas a; 5 is tunable, but the range is relatively lim-
ited. To improve the flexibility of the present model, it is necessary to
introduce a scheme that can achieve a tunable surface tension oy to
adjust (my, I, t, Ty). In this paper, the approach proposed by Li and
Luo™ is implemented, which adds a source term to the MRT collision
equation to tune o;g

m' =m— A(m — m%) + §, <I - %)S + 6,C. (26)

The source term C is given by

0
571 (Que + Q)
71.5‘[51((2“ +Qy)
0
C= 0 (27)
0
0
1,1 (Qu — Q)
—1,'Qy
Q is calculated via
8
X) > wa[Y(x+e8) —Y(x)]eses,  (28)
o=

where the parameter « is the coefficient for tuning the surface tension,

€ (—1,1). Equation (26) will reduce to Eq. (3) when x =0. The
adjustment of the fundamental unit conversion factors (m,, I, t;, T;)
can then be achieved by tuning  to change 0.

lll. MODEL VALIDATION

In this section, two benchmark problems are carried out to vali-
date the hybrid thermal LB phase change model used in this work.
The first problem is a stationary bubble test to evaluate the consistency
with the Laplace law under an isothermal condition. The second is a
droplet evaporation problem to validate the phase change heat transfer
performance. The purpose of this section is to assess the validity of the
simulation model in lattice scale, so that the results are all presented in
lattice unit, and no unit conversion process is involved.

A. The Laplace law

For the first problem, round bubbles of different diameters are
embedded in the center of a 210 x 210 lu® periodic simulation domain
filled with liquid. The domain is set isothermal with no gravity. It is
indicated in the 2D Laplace law Ap = g /r that the pressure difference
Ap across the bubble interface is proportional to the inverse of the
radius 1/r, and the slope is the surface tension ¢. Figure 4(a) shows that
there are good linear relationships between Ap and 1/r at different satu-
rated temperatures. The surface tension fitted at T, = 0.8T,, 0.83T,, and
0.85T, is 0.150, 0.120, and 0.101, respectively. Figure 4(b) represents

ARTICLE scitation.org/journal/phf
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FIG. 4. The result of the validation of Laplace law: (a) x = 0 at different saturated
temperatures and (b) Ts = 0.85T; with different x.

the change in surface tension at a fixed saturated temperature, using
the surface tension adjustment model given in Eq. (26). At T, =0.85T,
o decreases from 0.171 to 0.031 with the change in x from —0.7 to 0.7.
The surface tension adjustment model is validated.

B. Droplet evaporation problem

For the second problem, the droplet evaporation heat transfer
simulation is conducted to validate the thermal LB model with the
energy equation solver.” *’ A circular droplet is suspended in a finite
2D open system with a temperature boundary T, = T + AT. The sys-
tem is gravity-free. Evaporation occurs on the droplet surface only due
to diffusion. Assuming that the thermophysical properties (cy, A)
remain constant and the liquid and vapor are at a quasi-steady state,
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an analytical solution of the droplet diameter D evolution in time ¢ can

be derived
AT P AN P
{ln (D) + Z}D = {ln (D(,) +2} D, — Kt, (29)

where K = L"vln(l +B), B= %ﬂ, and L is the size of the
g

PLCVV
finite domain. A detailed derivation of Eq. (29) can be found in
Ref. 39. A similar analytical solution can be derived for a spherical
droplet evaporated in an infinite 3D domain, which is well known as
the D*-law."'

The 2D simulations in a L* =200 x 200 lu* domain are imple-
mented. Initially, a droplet with a diameter of D, is suspended in the
center of a domain filled with vapor. The temperature of the entire
field is initialized at T = 0.85T.. A Dirichlet temperature boundary of
superheat temperature of 0.17; is implemented to make the droplet
evaporate under the temperature gradient. A non-equilibrium extrap-
olation scheme for constant pressure is used, which is consistent with
the open system condition."” The pressure at the boundary is set to be
the saturated pressure at T,. The kinematic viscosity is set to be v
= 0.137 (1, = 0.912) in the whole simulation domain. The surface
tension tuning coefficient « is chosen to be 0.7. The latent heat hg is
calculated from the EOS according to Ref. 37. Simulations with differ-
ent parameters K=0.0117, 0.0038, and 0.0024 are conducted. The
time evolution of D* simulated by the LB model is presented in Fig, 5
by the scatter points, and the analytical solutions of Eq. (29) are pre-
sented by the solid lines. The numerical results agree well with the ana-
Iytical curves. Therefore, the phase change heat transfer performance
of the LB model is validated.

IV. RESULTS AND DISCUSSION

To validate the proposed unit conversion method based on the
fundamental units, two simulations are carried out in this section. The
first is a thin film evaporation problem, and the second is bubble
nucleation and growth from a V-shaped cavity. Both of them are
benchmark problems that are widely used for model validation in
lattice unit,'”"***~*° but few studies have converted the results to

3500 *  K=0.0117 (=10, ¢,=200)| 7]
= K=0.0038 (1=2, c,=60)
3000 | ®  K=0.0024 (=1, ¢,=20) | 1
Eq. (29)
2500 F
2
_ 2000
1500 =
1000 =
0 50000 100000 150000
1 (ts)

FIG. 5. The time evolution of D? in droplet evaporation simulations.
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FIG. 6. Schematic representation of the computational domain of the thin film evap-
oration problem.

physical units and considered the actual properties of the working
fluid. By simulating these problems and carrying out the unit conver-
sion through the novel approach, the latent heat of the working fluid
can be derived in physical unit, and the superheat temperature of the
nucleation bubble is predicted. For comparison, in the second prob-
lem, the conventional unit conversion method will be implemented
with the same pseudopotential model.

A. Derivation of specific latent heat from LB
simulation

The thin film evaporation problem has been used for phase
change heat transfer validation in pseudopotential LB studies by many
researchers.”***” As shown in Fig. 6, the upper half of the domain is
initialized as saturated vapor phase and the bottom is initialized as sat-
urated liquid. The pressure outlet boundary is set on the right side,”
and the constant heat flux is applied on the left-side wall. The top and
bottom sides are periodic boundaries, so the domain can be regarded
as a liquid film spread on an infinitely large heating surface. The heat
flux on the wall is small enough that the vaporization occurs only at
the surface of the film. Simulations are first conducted at T; = 0.83T,
and g =0.0001 mu ts > under different domain sizes. The lattice unit
results of the stable steam mass flow rate m” are shown in Fig. 7. The
computational domain size is thus chosen to be 120 x 20 lu® for the
consideration of accuracy and efficiency.

In the film evaporation problem, the relation of stable steam
mass flow rate m” with heat flux g should satisfy

—0
2401ux401u’}

0.000142 [ 1201ux20lu

0.000140

60lux10lu r

0.000138

0.000136

m" (mu lu? ts™)

0.000134

0.000132 =

0.000130 L . L
0 2000 4000 6000 8000 10000

grid number

FIG. 7. Steam mass flow rate at T, =0.83T, and g =0.0001 mu ts°, simulated
under different domain sizes.
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TABLE II. Lattice-physical unit conversion based on the fundamental unit.

Case 1 Case 2

aps (mu~! 1u® ts™2) 3/49 3/49
aps (kg ' m®s7?) 1848.1 1848.1
big (mu ' lu®) 2/21 2/21
bps (kg™ ' m?) 0.0011 0.0011
Ris (W ts™2 tu™) 1 1
Rps (J kg™ ) 461.5 461.5
oLs (mu ts™?) 0.1203 0.0308
aps (kg s?) 0.0228 0.0197
m, (kg/mu) 4.07 x 107%° 1.58 x 1074
I, (m/lu) 7.66 x 10710 2.59 x 1077
t, (s/ts) 464x 107" 1.57 x 1071
T, (K/tu) 5.916 x 10° 5.916 x 10°

q = hggm", (30)

where hy, is the specific latent heat of the working fluid. An analytical
method to determine the value of hg via EOS has been proposed in
Ref. 37. In many previous studies, this method has been implemented
to calculate hy, in the lattice unit system as a standard to validate the
simulation results of the thin film evaporation problem in lattice
units.””** In this section, the original LB results are converted to physi-
cal units directly using the novel conversion method and are compared
with the fluid’s actual latent heat.

Two cases are simulated. For case 1, the saturated temperature is
initialized as 0.83T,, and the surface tension tuning coefficient x is
taken as 0, whereas for case 2, the saturated temperature is initialized
as 0.85T, and « is set to 0.7. Water is chosen as the working fluid, and
the EOS parameters in the lattice unit system are aps = 3/49,
bis =2/21, and Ris =1, and the acentric factor for water is
o = 0.344. The EOS parameters aps and bps in the physical unit sys-
tem are given by the critical properties of water, and the real surface
tension opg is derived from NIST WebBook database.’” The surface

ARTICLE scitation.org/journal/phf

tension in lattice unit is taken from the fitting results in Sec. III A,
which are 0.1203 and 0.0308 for cases 1 and 2, respectively. The lattice—
physical unit conversion relations of the four base quantities can then
be calculated via Egs. (22) and (25). Table II gives the corresponding
values of a, b, R, and ¢ and the conversion coefficients of the base quan-
tities, from which the unit conversion relations of any arbitrary quanti-
ties can be derived according to Eq. (20). In particular, the input
parameters of the LB model such as water thermodynamic properties
are determined by converting the NIST values from physical units to
lattice units. The specific parameters and the converted results are
shown in Table III. The phase equilibrium densities in pseudopotential
LB liquid-vapor coexistence simulations deviate from those converted
from NIST values by 26% for liquid density and 8% for vapor density.
This is caused by the deviation of the P-R EOS from the actual physical
properties. The initialized densities in the simulation are chosen as the
LB equilibrium densities (values in parentheses in Table I1I).

Different steam mass flow rates m"” can be simulated by changing
the heat flux q applied on the bottom wall, as shown in Fig. 8. It is indi-
cated that m” varies proportionally with g. The top and right axes are
m" and q represented in physical units transferred by the fundamental
unit conversion relations in Table II. The specific latent heat of water
hg can then be derived by a linear fit of the LB simulation results via
Eq. (30). The physical unit h¢, obtained from case 1 is 1729.45 kJ/kg,
whereas the value in NIST database is 1639.60 kJ/kg at T, = 0.83T,
=537.1K, leading to a relative deviation of 5.5%. As to T, =0.85T,
=550.0K in case 2, the NIST database gives an hg, of 1562.63 k]/kg,
whereas the simulation result comes out as 1609.54 kJ/kg, deviating by
3.0%. The deviation is caused by the difference between the P-R EOS
and the actual fluid properties. A relation between the latent heat and
the EOS has been proposed in Appendix A of Ref. 37

3_P) - P\
o(32) -sfars (2)]) oo

It is indicated that latent heat can be regarded as a derived property
from EOS; thus, the accuracy of unit conversion of EOS guarantees
that the latent heat in phase change LB simulation is consistent with

Vi
hfg:hv—hL:—J

L P?

TABLE lIl. Physical-lattice unit conversion of input parameters. The density values in parentheses account for the equilibrium density in the pseudopotential LB model, and the

values outside account for the lattice unit density converted from the NIST value.

Case 1 Case 2
Parameters In physical units In lattice unit In physical units In lattice unit
Liquid specific heat capacity at 3.12kJ kg 'K ! 6.76 lu* ts > tu™" 3.09k] kg 'K 6.70 lu* ts > tu™"
constant volume, ¢y
Vapor specific heat capacity at 2.59k] kg 'K 56210 ts 2 tu! 272k kg 'K ! 589 lu”ts > tu!
constant volume, cyy
Liquid heat conductivity, 4 0.604 Wm 'K! 11.43muluts™> tu™" 0586 Wm 'K! 3.28muluts ™ tu™!
Vapor heat conductivity, Ay 0.055 Wm 'K ! 1.04muluts > tu! 0.060 Wm 'K! 033muluts > tu!

129107 m?s™ !
7.08x 107 m*s!

Liquid kinematic viscosity, v,
Vapor kinematic viscosity, vy

0.102 lu? ts !
0.560 lu® ts!

0.029 lu? ts ™!
0.137 I ts!

125% 107 m?s~ !
587 x 107 m?s™!

Liquid density, p, 777.37kgm > 8.60 (6.87) mu lu™> 755.75kg m > 8.36 (6.63) mu lu™>
Vapor density, py 25.35kgm? 0.28 (0.26) mu lu™> 31.49kgm? 0.35 (0.33) mu lu™>
Gravity, g 9.8ms ” 2.75x 107 lu ts > 9.8ms * 931 x 107" luts >
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m'ps (kgm? s bubble nucleation and growth from a V-shaped cavity has been
7.47 14.94 2242 29.89 applied by some researchers as a benchmark problem to validate the
- j j j critical nucleation superheat.'***® The computational domain is a
300 x 400 lu” rectangle. As Fig. 9 illustrates, a solid wall with thickness
of H= 140 lu is located at the bottom of the domain with a V-shaped
cavity. The vertical depth of the cavity is Hy =130 lu. The angle y
determines the mouth width of the cavity. Pressure outlet boundary is
specified at the top,”” and constant superheat temperature is applied at
the bottom. Periodic boundaries are set to the left and right sides. The
modified Mei-Luo-Shy curve boundary is employed at the fluid-solid
interface to eliminate the effect of step approximation on liquid-vapor
phase change,”””" and the contact angle is set to 90°. The initial tem-
11 63107 perature of the entire domain is set to T;. The fluid domain inside the
Case 1: T=0.83T, k=0 cavity is initialized as saturated vapor, whereas the other is initialized
1 : as saturated liquid. To reach an equilibrium start state, the simulation
is run isothermally between 0 < # <5000 ts. Then, after > 5000 ts,
the energy equation solver is activated, and the wall superheat is
(a) applied.
Figure 10 shows the bubble heterogeneous growing process.
. Lo Under the effect of bottom wall superheat, the vapor in the cavity
m'pg (kg ms7) . L . .
T 144 N 2050 36 begins to expand, and the liquid-vapor phase interface rises gradually.
I ; T T 1 When the phase interface reaches the mouth of the cavity, the three-
14x10*F | @ LBM result {571x107 phase contact line will be pinned temporarily at the mouth, as shown
Linear fit by the bubble contours of t=40000-70000 ts in Fig. 10(a). At this
7 490x107 stage, the curvature radius decreases with the increase in bubble vol-
ume [as shown by line AB in Fig. 10(b)] until the radius reaches its
7 4.08x107 & minimum at £= 130000 ts, which is defined as the critical radius r,.
Afterward, if the bubble continues to grow, the contact line will break
the pinning effect and spread outward on the solid substrate, as shown
by the bubble contours of = 330000-350000 ts, and the bubble
radius increases consequently. Considering the Clausius-Clapeyron
equation with the Laplace law describing surface tension, the relation
Case 2: T.=0.85T., x=0.7 1o bet\./vee‘n tl.le critiggl superheat of the liquid film and the bubble critical
; ; ; radius is given as

L4x10* F | @ LBM result 4 5.71x107
Linear fit

1.2x10* | 4 4.90x10’

1.0x10™ | 44.08x10" &
h=0.63 v’ ts™
=1729.45kJ/kg ~ 7326x10"

W m

8.0x10° |

qrs (mu ts)

dps

6.0x10° | 4 2.45x10

4.0x10°

5.0x10° 1.0x10 1.5x10* 2.0x10

m", g (mu lu? s

1.2x10* |

1.0x10™

hg=0.59 Iu” ts™
=1609.54 kl/kg

8.0x10° 4 3.26x10

g (mu ts)

gps (W m

6.0x10° | 4 2.45x10’

4.0x10° |

5.0x10° 1.0x10* 1.5x10* 2.0x10* 2.5x10

m" s (mu lu? ts!)

(b)
g
FIG. 8. Results of the thin film evaporation in lattice units and physical units: (a) )
case 1: T, =0.83T,, k =0 and (b) case 2: T, =0.85T,, k =0.7. \ e

/

the actual fluid property. In the novel unit conversion method pro-
posed in this paper, the conversion relations of base quantities are
solved according to the mapping relations of EOS parameters 4, b, and
R from lattice unit to physical unit. The conversion relations of the T
four base quantities are established based on the relations between the
lattice unit EOS prs = pros(Prs T1sdrs,brsRis) and the physical unit
EOS pps = peos(pps, Tps:aps,bps,Rps). This could explain why the phys-
ical unit latent heat derived from thin film evaporation LB simulation
by the novel unit conversion method is basically consistent with the
actual physical property.

B. Bubble heterogeneous nucleation
from a V-shaped cavity

Predicting the wall superheat temperature accurately is one of the
key issues of LB boiling simulation. In recent years, the simulation of FIG. 9. Schematic representation of the V-shaped cavity computational domain.
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AT. = C T (32) viscosity on heat transfer can be ignored. The solid properties are given
s higpyte:’ by psoia =3p1 and Agoq = 104y, The conversion coefficients of base

where AT = T, — T, Tiop is taken as the liquid temperature near
the top of the bubble as pointed in Fig. 9. Equation (32) describes the
thermodynamic condition of the bubble heterogeneous nucleation.
The maximum superheat temperature AT for the bubble to break the
constrain of the surface tension corresponds to the maximum radius
7er during the bubble growing process. The superheat temperature of
the heating liquid near the bubble must be higher than AT for the
bubble to continue to expand. Otherwise, it will cease growing.

To verify the accuracy of the model with the novel unit conver-
sion method in predicting superheat temperature in the physical unit
system, bubble nucleation simulations in cavity with y = 30°, 40°, 50°,
and 60° at saturated temperature Ty = 0.80T, 0.83T,, and 0.907T. are
carried out, respectively. For a specific cavity shape, the acquirement
of AT; needs appropriate adjustment of wall temperature Tj, to main-
tain a quasi-steady state in which the bubble can reach r., as close as
possible without further expansion. In this paper, the squeezing strat-
egy described in Ref. 18 is employed to control Ti,. The simulations
take water as the working fluid and initiate at the saturated tempera-
ture. The EOS parameters a, b, and R and surface tension tuning coef-
ficient k are set as same as case 1 in Sec. IV A, except that the
kinematic viscosity of vapor is set as same as liquid v =1y, for the
concern of model stableness. The approximation of no macroscopic
flow in the fluid domain could be made for the quasi-steady state of
bubble growing, thus the effect of the deviation of vapor kinematic

TABLE IV. Fundamental unit conversion relations of cases at different saturated
temperatures derived by the novel unit conversion method.

T, =0.80T, T, =0.83T, T, =0.90T,
m, (kg/mu) 3.62 x 107%° 4.07 x 1072° 5.74 x 107%°
I, (m/lu) 7.37 x 10710 7.66 x 1071° 8.59 x 1071°
t, (s/ts) 446 x 10713 464 x 107" 520 x 1071
T, (K/tu) 5.916 x 10° 5.916 x 10° 5.916 x 10°

quantities derived by the novel unit conversion method are presented
in Table IV. The physical unit result converted according to the funda-
mental unit relationship is shown in Fig. 11. The solid curves in
Fig. 11 represent the analytical results given in Eq. (32). The physical
properties o, hg, and py in the equation are taken as NIST values. It is
needed to be mentioned that ¢ is chosen at the temperature of Ti,,
=T, + AT, considering the influence of temperature variations on
surface tension. It can be seen in Fig. 11 that the simulated superheat
in the physical unit form recovered by the novel unit conversion
method is basically consistent with the analytical result. It is proved
previously in Sec. IV A that the actual latent heat and equilibrium den-
sity can be derived by LB phase change model with the novel unit

9@ T7=0.80T, LBM
20 m  7=0.83T,LBM| 4
& T7=090T,LBM
Analytical
~ 15F -
S
w
<
10 | -
Sk -
*
¢
20 25 30 35 40 45 50 55 6.0 65 7.0x10%
Ter (M)

FIG. 11. The physical unit results of the bubble nucleation critical overheat temper-
ature recovered by the novel unit conversion method based on the fundamental
units.
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TABLE V. Conventional unit conversion set 1 at different saturated temperatures with spatial resolution of 106 m/lu.

o (mu/ts®, kg/s*)  pp (mu/lu’, kg/m®)  py (mu/lu®, kg/m®) g (lu/ts?, m/s%) Iy (lu, m) T, (tu, K)
Lattice unit 0.1501 7.20 0.18 6.05 x 1077 188.03 0.10938

Ts=080Tc  physical unit 0.0273 806.91 18.14 9.8 1.8803 x 10 647.10
Lattice unit 0.1203 6.87 0.26 5.89 x 107 175.74 0.109 38

Ts=083Tc  physical unit 0.0228 777.37 25.35 9.8 17574 x 107 647.10
Lattice unit 0.0578 5.90 0.57 5.53 x 107 139.98 0.109 38

Ts=090Tc  ppysical unit 0.0123 692.38 53.85 9.8 13998 x 107 647.10

conversion method, which are approximately consistent with the
NIST value, whereas the correspondence of g1 and gpg is one of the
constraints to establish the conversion relations of base quantities in
Eq. (25). As a consequence, it is reasonable that the superheat temper-
ature calculated in this approach agrees with the analytical result of
Eq. (32). As T gets closer to the critical temperature, the case T
=0.90T, shows deviation from the analytical solution Eq. (32). This is
expected since Eq. (32) is derived under the assumption of a uniform-
temperature liquid.”” However, in the simulation, the liquid is heated
by the solid wall and is non-isothermal. In this case, the superheat
temperature required for bubble formation will be larger than what
Eq. (32) predicts.” As Ty is closer to the critical temperature, fluid
properties such as p and hg, are more significantly affected by temper-
ature variations. This could explain the deviation of case T; = 0.90T...
For comparison, the conventional unit conversion method is
employed to determine the LB input parameters and to recover the
physical units in a bubble nucleation simulation. The lattice unit prop-
erties for a two-phase liquid are set to satisfy that the Prandtl number
obtained from lattice unit values is consistent with the actual physical
properties. Two sets of simulations are carried out. For set 1, simula-
tions are carried out at different saturated temperatures T, = 0.807,,
0.83T,, and 0.90T,, whereas the spatial resolution of the lattice is fixed
at 10> m/lu. The corresponding lattice gravity for each saturated tem-
perature is calculated via Eq. (18). The parameters are shown in Table V.
For set 2, the saturated temperature is fixed at Ty = 0.80T,, whereas the
gravity is tuned according to Eq. (18) to achieve spatial resolutions of I
=10"",10"% and 107 m/lu, respectively. The corresponding parame-
ters are listed in Table V1. For both sets, the critical temperatures in lat-
tice unit and physical unit are T, ;s = 0.109 38 tu and T ps = 647.10K,

respectively, leading to a temperature conversion relation of 5915.87 K/tu.
The physical unit results converted by the above relations are plotted in
Fig. 12, whereas the analytical line is still given by Eq. (32) with the
parameters of NIST values. It can be seen that the simulation results
recovered to physical units using the conventional method is several
orders of magnitude larger than the analytical value. This is caused by
the arbitrary lattice gravity grs and the improper calculation of the
length conversion coefficient [, by capillary length, as discussed in
remark (iii) in Sec. I C. As shown in Fig. 12(b), when [, is smaller
(which means smaller lattice gravity and is closer to the [, in Table IV),
the converted LB simulation result gets closer to the analytical curve.
It can be inferred that the simulation results could be in agreement
with the analytical curve only if ; is set to be the value calculated by
the novel unit conversion method (ie., I, =7.37 x 107" m/lu given
in Table IV).

The inconsistency of the unit scale in the conventional conver-
sion method can be further inferred. In the EOS expression in Eq.
(11), the temperature and pressure are taken as absolute values, as well
as in the analytical calculation of latent heat expression [Eq. (31)] and
critical nucleation superheat [Eq. (32)]. However, in the unit conver-
sion process based on the correspondence of dimensionless number
group (Nu, Pr, Ja, I), only the temperature difference [shown by (T,
—Ty) in the definition of Ja] and pressure difference (shown by ¢
=rAp in the definition of characteristic length I;) are connected
between the lattice unit system and the physical unit system. There is
no link between the absolute temperature and pressure. Figure 12 indi-
cated that there is an inconsistency between the unit conversion scale
defined by the correspondence of the dimensionless number group
(Nu, Pr, Ja, I') and the unit conversion scale of absolute temperature

TABLE VI. Conventional unit conversion set 2 with different spatial resolutions at Ts = 0.80T,.

g (lu/ts?, m/s%) Iy (u, m) Other parameters
Lattice unit 6.05x 1077 188.03 15 = 0.1501 mu/ts?
-5 N >
[ =10"" m/lu Physical unit 9.8 1.8803 x 107> ops = 0.0273 kg/s%;
3
. . 9 3 PLLS = 7.20 mu/lu 5
» Lattice unit 6.05 x 10 1.8803 x 10 prps = 806.91 kg/m3;
I, =10"" m/lu Physical unit 9.8 1.8803 x 107 pvis =0.18 mu/lu®,
=18.14kg/m’>;
Lattice unit 6.05x 107" 1.8803 x 10° s o
I, =107 m/lu , ets =0 t,
i Physical unit 9.8 1.8803 x 10~ T.ps =647.10K.
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FIG. 12. The physical unit results of the bubble nucleation critical overheat temperature recovered by the conventional unit conversion method: (a) set 1: T is changed, and
spatial resolution is fixed at 10~ m/lu, (b) set 2: spatial resolution is /; changed, and the saturated temperature is fixed at 7y = 0.80T;.

and pressure determined by the principle of corresponding state in
EOS. Therefore, the conventional unit conversion method has a prob-
lem in calculating physical unit superheat temperature AT in bubble
nucleation processes.

V. CONCLUSIONS

A novel lattice-physical unit conversion method based on the
fundamental unit is proposed for pseudopotential LB simulations for
liquid-vapor phase change heat transfer. In the proposed method, the
unit conversion relations of the base quantities are obtained from the
correspondence of the EOS parameters a, b, and R and the surface ten-
sion ¢, and thus, the unit conversion relations of any other physical
quantities can be derived by the combination of the fundamental unit
conversion relations. The film evaporation problem is conducted, and it
is proved that the proposed method enables the simulation result to
recover the correct latent heat of fluid in physical unit. For the bubble
nucleation and growth from a V-shaped cavity, the critical superheat
temperature is accurately predicted in physical unit as a function of crit-
ical radius using the proposed unit conversion method. Comparatively,
the superheat temperature recovered by the conventional unit conver-
sion method based on dimensionless quantities correspondence and the
principle of corresponding state has a deviation of orders of magnitude
from the analytical value. This work aims to demonstrate the impor-
tance of a complete unit conversion method for the results of pseudopo-
tential LB simulations for vapor-liquid phase change heat transfer.
Further studies can be conducted on the range of spatial and time scales
that can be simulated based on the proposed method and its extension.
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NOMENCLATURE

a,b  parameter in P-R equation of state
¢ lattice speed
cy  specific heat capacity at constant volume
e, lattice velocity vector of o direction
f.  density distribution function
F  body force vector
g gravitational acceleration
hg  specific latent heat
Hy  the depth of the cavity

Ja  Jacob number Ja = W
8
I length
m  mass
m  moment of density distribution function

Nu  Nusselt number Nu = hTL
p  pressure
Pr Prandtl number Pr =%

q heat flux
te  bubble critical radius
t time
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T temperature
AT; bubble overheat temperature

Greek symbol

o thermal diftfusivity

4 thermal conductivity
A MRT collision matrix
4 dynamic viscosity

v kinematic viscosity
p  density

o surface tension

T relaxation time
Y pseudopotential
w  acentric factor
Subscripts

¢ critical

L liquid

LS lattice system
PS  physical system

r relation
R reduced
s saturation
V  vapor
0  characteristic
o lattice direction
Superscripts

eq equilibrium
dimensionless quantities

" post-collision quantities
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