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Surface modification technology by controlling the surface wettability or applying micro/nano-structures to
enhance the boiling heat transfer performance has attracted a great deal of interest in recent years. Abundant
experiments were performed to investigate the boiling processes on the modified surfaces, and lots of experi-
mental data as well as reliable conclusions were obtained. With the advantages of saving costs and time, the
numerical method has been a new reliable way to investigate the bubble dynamics and heat transfer during pool
boiling processes on the modified heated surfaces. Pseudopotential LB model is capable of simulating the entire
boiling processes including the bubble nucleation, and this model has been successfully applied to simulate the
pool boiling processes on both the smooth surfaces and the hydrophilic-hydrophobic mixed surfaces with micro-
pillars. However, the numerical simulations of the boiling processes on the mixed surfaces were still rare, and the
influence of geometrical parameters of pillar structures of the mixed surface on boiling heat transfer performance
was still unclear yet. Moreover, some of the conclusions in existing literature were inconsistent with those in
others. Thus it’s necessary to carry out more numerical and experimental researches to solve these problems. In
this study, the MRT pseudopotential model coupled with phase-change model was applied to simulate the pool
boiling processes on the hydrophilic-hydrophobic mixed surface textured with micro-pillars. Under different wall
superheats, the bubble dynamics and heat transfer during boiling processes on the mixed surface with micro-
pillars were compared to those on the smooth hydrophilic surface and the hydrophilic-hydrophobic mixed
surface without micro-pillars. The heat transfer enhancement mechanism of the mixed surfaces was revealed and
the influence of geometrical parameters of pillars, including pillar width and pillar number, on bubble dynamics
and heat transfer performance during pool boiling processes was investigated in detail.

with other methods, surface modification technology is easy to process
and consumes no extra energy.

Due to these advantages, a great deal of interest has been given to the
surface modification technology for pool boiling heat transfer

1. Introduction

As one of the most efficient modes of heat transfer, pool boiling has
been widely utilized in numerous industrial devices, such as steam
power plants, thermal desalination and electronics cooling systems.
However, the heat removal capacity of boiling is limited by the critical
heat flux (i.e., CHF) since the heat transfer would be deteriorated when
the given heat flux exceeds CHF. To enhance the boiling heat transfer
performance and CHF, various technologies could be adopted, such as
using external electric fields [1], ultrasonic actuation [2] or magnetic
fields [3,4]. Besides, surface modification by controlling the surface
wettability or applying micro/nano-scale structures is also an effective
technology to enhance pool boiling heat transfer and CHF. Compared
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enhancement [5-11]. Using FC-72 as a working medium, Wei and
Honda [5] experimentally investigated the pool boiling heat transfer on
the heated surfaces with micro-pin-fin structured chips, and they found
that the micro-pin-finned chips could cause a considerable enhancement
in heat transfer performance in the nucleate boiling region and enhance
the CHF. Betz et al. [6] performed experiments to study the boiling heat
transfer performance on flat surfaces with networks combining hydro-
philic and hydrophobic regions, and they found that CHF and heat
transfer coefficient (i.e., HTC) could be enhanced by 65% and 100%
when using the flat surfaces combined with both hydrophilic and
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Nomenclature T, critical temperature
Tsar saturation temperature
a,b,R,w parameters in EOS Ty temperature of the bottom of heated surface
Cy specific heat at constant volume u fluid velocity
D pillar pitch distance v real fluid velocity
e, lattice velocity vector Vo characteristic velocity
for £ distribution function for density w pillar width
F external force Wy weighting coefficient
Fy forcing term in the velocity space x position
Fads fluid-solid interaction force
Fg buoyancy force Greek symbols
Fm intermolecular interaction force O, Oc c.ontact angle
g gravitational acceleration . time step
G interaction strength AT wall .superheat
Gy a parameter to tune the contact angle p density
H pillar height c parameter to tune the mechanical stability
h, distribution function for temperature L pseUdOPOtentiaI. .
hye latent heat of vaporization A therma} COHdl{Ct_IVIty .
Ja Jacob number u dynamic coefficient of viscosity
A characteristic length K p?rameter to tune the surface tension
Ly width of computational domain I viscous stress Fensor .
L, height of computational domain A diagonal ma.trlx of relaxation time
M orthogonal transformation matrix 4 surface tension
N pillar number v kinematic coefficient of viscosity
p pressure Vs thermal diffusion coefficient
Dc critical pressure 4 relaxation time
PEOS prescribed non-ideal equation of state Subscripts and Superscripts
P pressure tensor * dimensionless properties
s(x) switch function a lattice direction
S forcing term in the moment space c critical properties
Quoclx, t) local heat flux on the heated surface LV liquid, vapor
Qs spatial average heat flux s heated surface
Q tfemporal and spatial average heat flux Xy direction
t time eq equilibrium properties
to characteristic time
T temperature

hydrophobic regions. Jo et al. [7] experimentally tested the nucleate
boiling heat transfer performance on a heterogeneous wettability sur-
face composed of a hydrophilic substrate with hydrophobic dots and
studied the influence of the number of hydrophobic dots and the pitch
distance between dots on boiling heat transfer. They found that the
heated surface could have higher HTC at high heat flux without
degrading CHF if the hydrophobic dots on the heated surface are much
in number and small in diameter. Suroto et al. [8] studied the effect of
hydrophobic-spot periphery length on nucleate pool boiling heat
transfer on the TiO,-coated surface with hydrophobic circle spots, and
they found that increasing peripheral length of hydrophobic-spot could
enhance the HTC. Kumar et al. [9] investigated the boiling heat transfer
on three different types of heterogeneous wettable surfaces and studied
the effect of heterogeneous wettability on the bubble dynamics and heat
transfer during pool boiling. Kumar et al. [9] observed an appreciable
enhancement of 98.5% in the HTC on the hydrophobic polymer printed
plain copper sample as compared to the plain copper at a lower heat flux
of 15 kW/m?. In addition, with an increase in heat flux, the percentage
enhancement in HTC of all the heterogeneous surfaces as compared to
the plain copper is decreased. Zhang et al. [10] manufactured 3D grid
structures with the scan line spacing method by selective laser melting
(SLM) technique and studied the influence of grid structure on nucleate
boiling heat transfer and CHF. They found that CHF increases firstly and
then decreases with the increasing grid width and achieved peak value
when the grid width is about 1.1 mm. MacNamara et al. [11] fabricated
Cu-Diamond composite coatings on the heated surface and studied the

influence of coatings on boiling heat transfer, and they found that the
HTC could be improved up to 300% and the CHF could be enhanced by
35% by the textured surface.

Although lots of experiments were performed to prove that the sur-
face modification technology is capable of improving HTC and CHF, the
enhancement mechanism of the modified surfaces on boiling heat
transfer has not been well understood [12]. In addition, experimental
method has the disadvantages of high cost and time-consuming, and it’s
hard to obtain some details in the experiments. Numerical method is a
good way to solve these problems. Lattice Boltzmann method (LBM) is a
mesoscopic method which can intuitively and easily describe the
interaction between the fluids and surrounding environments. Still now,
LBM is very successful in the simulations of single-phase flow and
multi-phase flow. Several multi-phase LB models have been proposed,
and pseudopotential LB model [13] is one of the most popular
multi-phase flow LB models. Using this model, different phases of fluids
can be directly described by different density values and the interface
between different phases of fluids can naturally arise, deform, and
migrate and even coalesce or vanish [14]. Pseudopotential LB model has
been applied successfully to simulate pool boiling at the smooth heated
surface [15-20], and the entire boiling processes, including bubble
nucleation, could be simulated by this model.

Li et al. [12] firstly studied the surface modification technology for
pool boiling heat transfer enhancement by the pseudopotential LB
model. They constructed a hydrophilic-hydrophobic mixed surface
textured with micro-pillars, as shown in Fig. 1(a), and simulated the
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Fig. 1. Four types of heated surfaces textured with pillars used in Ref. [12] or Ref. [21].

pool boiling processes on the mixed surface, and compared the boiling
heat transfer performance of the mixed surface to that of a uniformly
hydrophilic surface, as shown in Fig. 1(b), and investigated the effect of
pillar height, pillar width and the wettability of pillar top on boiling heat
transfer performance [12]. They found that the hydrophobicity of the
tops of pillars could reduce the wall superheat at ONB, but it also would
make the boiling processes enter into the film boiling regime at a lower
wall superheat. Ma et al. [21] also simulated the pool boiling processes
on the four types of heated surfaces textured with pillars, as shown in
Fig. 1(a)~(d), and they found that the heated surface with hydrophobic
tops and hydrophilic cavities (i.e., heated surface in Fig. 1(a)) has the
highest overall boiling heat transfer performance. In addition, Ma et al.
[21] found that the geometrical parameters of pillar structures
(including pillar width, pillar height, pillar pitch distance) could greatly
affect CHF. More recently, Yu et al. [22] three-dimensionally simulated
the pool boiling processes on the hydrophilic-hydrophobic mixed sur-
face and investigated the influence of contact angle of the hydrophilic
region, pillar height and pillar width on bubble dynamics and heat
transfer during pool boiling processes.

Even though the pool boiling processes on hydrophilic-hydrophobic
mixed surfaces textured with pillars have been simulated by Li et al.
[12], Ma et al. [21] and Yu et al. [22], there are still some problem
needed to be solved. Firstly, the related numerical researches are still
rare, and the influence of geometrical parameters of pillar structures on
boiling heat transfer has not been fully studied. Concretely, the complete
boiling curves of mixed surfaces with different geometrical parameters
of pillar structures were not given in Ref. [12] and Ref. [22]. In
Ref. [21], when investigating the influence of each geometrical
parameter on boiling heat transfer, the boiling curves of only two
different mixed surfaces were compared with each other. Secondly, in
numerical researches [12,21,22], the boiling heat transfer on the
hydrophilic-hydrophobic mixed surface with micro-pillars wasn’t
directly compared to that on the smooth hydrophilic surface or the
hydrophilic-hydrophobic mixed surface without micro-pillars. Thirdly,
some numerical results in existing literature are inconsistent with each
other. For example, it was found that nucleate boiling heat transfer
performance decreases with a decrease in pillar width by Ma et al. [21].
However, in Ref. [12], it seems that an opposite conclusion was ob-
tained. Finally, the number of the pillars is also an important factor that
affects the boiling heat transfer performance on the heated surface since
the hydrophobic tops and the pillar structures could make a great impact
on bubble dynamics under both low and high conditions of wall su-
perheat. However, the influence of pillar number on pool boiling heat
transfer on the hydrophilic-hydrophobic mixed surface was rarely
considered in the existing numerical researches [12,21,22].

To solve these problems, more related experimental and numerical

investigations are needed. In this paper, the MRT pseudopotential LB
model coupled with the phase-change model was employed to simulate
pool boiling processes on the mixed surfaces textured with micro-pillars
consisting of hydrophilic side walls and hydrophobic tops, and these
four limitations of previous studies mentioned above were overcome to
some extent. To overcome the first and the third limitations, plentiful
numerical simulations were carried out to investigate the influence of
pillar width on boiling heat transfer under different wall superheats, and
the complete boiling curves of different mixed surfaces within a large
parameter range of pillar width were obtained. To overcome the second
limitation, the boiling heat transfer on the hydrophilic-hydrophobic
mixed surface with micro-pillars was directly compared to that on the
smooth hydrophilic mixed surface and the hydrophilic-hydrophobic
mixed surface without micro-pillars, therefore the mechanism of heat
transfer enhancement of the mixed surfaces was revealed. To overcome
the fourth limitation, the influence of pillar number on boiling heat
transfer performance of the hydrophilic-hydrophobic mixed surface
with micro-pillars was investigated in detail. Through observing the
evolution of bubble contours, average wetted area fraction, the number
of isolated bubbles and spatial average heat flux during the simulations,
this study laid a foundation for understanding the influencing mecha-
nism of bubble dynamics on heat transfer during the pool boiling pro-
cesses on the hydrophilic-hydrophobic mixed surfaces with different
geometrical parameters of micro-pillars and designing the pillar struc-
tures of mixed surface with the best heat transfer performance.

2. Numerical method
2.1. The MRT pseudopotential LB model

In this study, the pseudopotential LB model with multi-relaxation-
time (MRT) collision term was used to solve the distribution of and
flow fields. In this model, different phases could be described directly by
the densities. The density could be solved by Eq. (1)~(2), which are
collision step and streaming step, respectively.

ﬁlﬁ(xv t) :-ﬁl(xﬁ t) - (MilAM)a/}(f/)‘ 7fﬂ€q) +AtFa/ (1)

fu(x+e At 1+ A1) =, (x,1) 2

In these equations, f,, is the distribution function of density, and fZ! is
its equilibrium state. M is an orthogonal transformation matrix. A is a
diagonal matrix which consists of relaxation times. e, is the lattice ve-
locity along the a direction. F,’ is the forcing term in the velocity space.
In this study, the exact-difference-method (EDM) forcing scheme was
adopted, and F,;’ could be expressed as Eq. (3).
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where p is the macroscopic density and u is the velocity. It should be
noted that u isn’t the real fluid velocity. Au = FAt/p, and w, are the
weighting coefficients.

For the D2Q9 model (@ = 0-8), which is adopted in this study, e,, M
and A can be calculated by Egs. (4)-(6). The weighting coefficients wo =
4/9, wi.4 = 1/9 and ws.g = 1/36.

01 0 -1 0 1 -1 -1 1
“=loo 10 -111 -1 -1 @
M1 1 1 1 1 1 1 1 1 7
-4 -1 -1 -1 -1 2 2 2 2
4 -2 -2 -2 =211 1 1
0 1 0 -1 0 1 -1 -1 1
M=1|0 -2 0 2 0 1 -1 -1 1 5)
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 0o 0 1 -1 1 —1]
A:diag(rp’l71[17rg’17Tj’17rq’17rj’17rq’l,r,,",t,,’l) 6)

Multiply Eq. (1) with transfer matrix M and use the method in
Ref. [23] to tune the surface tension, the collision step of the LB equa-
tions could be rewritten as Eq. (7).

m =m— A(m—m*) 4 AsS + C @)
where m = Mf, m* = Mf* and m®? = Mf°Y. m®? could be expressed as Eq.
(8). S is the forcing term in the moment space and can be expressed as
Eq. (9). C is the source term to tune the surface tension and could be
calculated by Eq. (10).

T
m*? :p(l7 -2+ 3‘u|27 1- 3’u\2, Uy — Uy Uy, — Uy, U — 10,2 ukuy) 8)

S=(0,6v-F + 8, ~6V-F — Sy, Fy, —Fy, Fy, —Fy, 20,F, — WFy, n.Fy + W F,)"

(C))
where S = (0|Fm|2)/(l//2Atre), Sy = (0|Fm|2)/(l//2At‘c<).
3 XX vy 3 XX yy xx yy xy T
c=[03@:t2) 3(0:%00) g Qu=Or Oo]'
27, 27, T, 7,

In Eq. (9), v is the real fluid velocity and v = u + 0.5FAt/p. F is the
total external force and F = Fy, + Fags + Fg. Fpy, is the intermolecular
interaction force that can be calculated by Eq. (11). F,qs is the fluid-solid
interaction force that can be expressed by Eq. (12). Fy is the buoyancy
force that can be calculated by Eq. (13). In Eq. (10), Qxx, Qxy and Qyy
could be calculated by Eq. (14).

F,= —3Gy(x ZW“W (x+€q)e, (€8]

Fu = — Gp(x E:MM (X + eq)eq 12)

Fe=(p—puc)e a3
8

= 1.5kGy (x Z w(x+e,) —p(x)leeq 14

In Eq. (11), y is the pseudopotential that can be calculated by Eq.
(15). G is the intermolecular interaction strength. In Eq. (12), G, is fluid-
solid interaction strength and s(x + e,) is a switch function that is
defined as 1 or O for solid phase or fluid phase. In Eq. (13), g is the

International Journal of Thermal Sciences 163 (2021) 106814

gravitational acceleration and pg. is the averaged density at the
computational domain.
6pros — 2p
_ 15
v ‘ 3G 15)
where pgos is the prescribed non-ideal equation of state. In this study,
the Peng-Robinson equation of state (P-R EOS) is adopted, as shown in
Eq. (16)~(17).

pRT ag(T)p*
1—bp 1+42bp—b2p?

(16)

PEros =

2
H(T) = [1 + (0.37464 + 1.542260 — 0.269920%) (1 — JT/T. )] a”
where T is the fluid temperature, T, and p, are critical temperature and
critical pressure, respectively. a = 0.45724R%T2/p, b = 0.0778RT./p..
Finally, the macroscopic density p and velocity u could be calculated
by Eq. (18).

P= o pu= e 18)

2.2. Liquid-vapor phase-change model

To simulate the liquid-vapor phase-change processes, the energy
equation with phase-change source term should be solved. The energy
equation used in this study, which is derived from local balance law for
entropy, could be expressed as Eq. (19). The detailed derivation of Eq.
(19) could be found in Refs. [17,24].

or l dpxos
Z vV = TV+T|1—— . 1
at+v (vT) e V- (AVT) + { /)L‘< T )jVV 19

where 1 is the thermal conductivity and c, is the specific heat. On the
right-hand side of Eq. (19), the second term is the phase-change source
term. In this study, temperature distribution function, i.e., h,, is intro-
duced to solve Eq. (19), and the evolution of h, could be expressed by Eq.
(20).

L a3, 1) — e (%, )] + waptt (20)

ho (X + €At 1+ At) .
T

=ha(x,1) —
where 71 is the relaxation time for temperature, 77 = y/(c2At) + 0.5. y is
the thermal diffusion coefficient. ¢ is the phase change source term and
could be calculated by Eq. (21). h{! is the equilibrium distribution

function for temperature which given by Eq. (22), and the temperature
could be obtained by Eq. (23).

1 1/
(p:—V-(AVT)—FT[ o (1;;05) }v-v—vo{w) (21)
: : ,
(erv) ¥
eq —
het =w,T { 2t 20 (22)
T=>"h, (23)

In addition, a conjugate heat transfer problem including heat con-
duction inside the heated surface is also considered in this study. The
method proposed by Li et al. [25] is used to deal with the conjugate heat
transfer problem, and the temperature distribution function at the
solid-fluid interface could be calculated by Eq. (24)~(25).

_1—y 2n
ha- (Xf,1+At) 7mha(xf,z) +mha (%, 1) 24
ho (X, t + A1) = Lo, (x z)+ih (x¢,1) (25)
a\Xsy 1+l1a S9 1+’7a )
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where a-is the opposite direction of a, the subscript s and f represent the
solid phase and fluid phase, respectively, and 5 = (pcy)s/(pc,)y.

3. Physical model and computational parameters

The hydrophilic-hydrophobic mixed heated surface adopted in this
study is similar to those in Ref. [12] and Ref. [21], and the schematic of
the mixed heated surface is shown in Fig. 2(a). As shown, the heated
surface is textured with micro-pillars. The bottom substrate and the side
walls of pillars are hydrophilic, while the tops of the pillars are hydro-
phobic. The thickness of the bottom substrate and the height of the
pillars are Hp and H, respectively. The width of the pillars is W, the pillar
pitch distance is D, and the number of the pillars is N. In the simulations,

Hydrophobic

Hydrophilic

(a) The hydrophilic-hydrophobic mixed surface with micro-pillars

Non-slip Boundary Condition

B

Saturated Vapor

Periodic Periodic
Boundary Boundary
Conditi Conditi

ondition Sinrated Hiuid ondition
Conjugate Thermal Boundary
[ .
0
1 b L»V

(b) The computational domain

Hydrophilic

I T Y

Ly

(c) The smooth hydrophilic heated surface

Hydrophobic

e Hydrophilic

: L :
! D 3
Hy i__ L \ DN NN !
oo e L
R W —
05D 0.5D"

(d) The mixed heated surface without micro-pillars

Fig. 2. The physical model and computational domain.
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Hj and H are fixed as 30 and 6 all the while. Fig. 2(b) represents the
computational domain. As shown, the simulations were performed at a
rectangular computational domain with a size of L, x L, = 600 x 390.
The heated surface in Fig. 2(a) is located at the bottom of the compu-
tational domain. To solve the distribution function of density, the peri-
odic boundary condition is adopted at the x-direction, while the non-slip
boundary condition is adopted at the top boundary and the solid-fluid
interface. The outer wall of the bottom substrate is maintained at a
temperature of T, and the conjugate thermal boundary condition is
adopted at the solid-fluid interface to solve the distribution of temper-
ature fields. The parameters in P-R EOS are set as: a = 3/49, b = 2/21, R
=1, w = 0.344, T, = 0.109383. The relaxation times in Eq. (6) are set as
7,=1,7,=1.25,7.=1.25,7;=1 and 74 = 1/1.1. The parameter ¢ in Eq.
(9) is set as 0.18 and the parameter G in Eq. (11) is set as —1. Initially,
the computational domain is occupied by saturated liquid at Hy <y <
250 and saturated vapor at 250 < y < L,. The saturated temperature is
Tsqt = 0.9T, and the density of vapor and liquid are p; = 5.9 and py =
0.58, respectively. In Eq. (14), k is set as 0.25, and the surface tension is
0.0885, correspondingly. In Eq. (12), the parameter G, is set as —0.15
and 0.05 for the hydrophilic and the hydrophobic surfaces, respectively.
Correspondingly, the intrinsic contact angles of the hydrophilic and the
hydrophobic surfaces are 0, = 57.70° and 6; = 100.35°, respectively. The
gravitational acceleration is imposed at the y-direction, g = (0, -g,). The
physical parameters of the fluid and the heated surface are shown in
Table 1. In addition, the pool boiling processes on a smooth hydrophilic
heated surface with a contact angle of 57.70° (as shown in Fig. 2(c)) and
a hydrophilic-hydrophobic mixed heated surface without micro-pillars
(as shown in Fig. 2(d)) are also simulated in this study as comparison
groups.

The characteristic length [y, characteristic velocity vy and charac-
teristic time ty are defined respectively as Eq. (26). The dimensionless
length I*, dimensionless velocity v*and dimensionless time t* are
defined as Eq. (27). Qioc(x, t) is the dimensionless local heat flux on the
heated surface, Q,(t) is defined as the dimensionless spatial average heat
flux, and Q is defined as the dimensionless temporal and spatial average
heat flux, as shown in Eq. (28).

14 ly
lo=/|——— vo = /g, to = — (26)
0 g (pL —py) 0 &vio o Vo
U=1/ly, V' =v/vy, t' =1/t 27)

lo Iy Otoc (x, 1)l Ji2 Ou(r)dr
oc( Xy 1) = — j-VVT =0 s(1) = o 5 ==
Qoc(x, 1) ﬂthg( V) |yzor Os(0) L 0 P—
(28)

4. Results and discussions
4.1. Numerical model validation

During the film boiling processes on a smooth heated surface, the

Table 1

The physical parameters of the fluid and heated surface.
Physical parameters Saturated Saturated Heated

liquid vapor surface
Density pL =259 pyv=0.58 ps =59
Viscosity coefficient v, = 0.06 vy = 0.06 /
Specific heat cy =8 cv=4% Cys =8
Thermal diffusion 1 =0.025 xv=0.03 2s=0.5
coefficient

Pr Pr, =24 Pry=2 /
Thermal conductivity A, =118 Ay = 0.0696 As = 23.6
Surface tension y = 0.0885 /
Latent heat hyy = 0.4331 /
Gravitational acceleration & = 0.00005 /
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temporal and spatial average Nusselt number could be calculated by the
expression proposed by Berenson et al. [26], as shown in Eq. (29). Ac-
cording to the definition of Nusselt number, the dimensionless temporal
and spatial average heat flux for the film boiling processes could be
expressed as Eq. (30). To validate the numerical model used in this
study, the film boiling processes on a smooth heated surface were
simulated in this section. The physical model shown in Fig. 2(c) and the
physical parameters shown in Table 1 are adopted in these simulations,
and the numerical results were compared to the analytical solutions
given by the expression of Berenson et al. [26].

~1/8
Ni=0.425L {gv(PL —pyv)hg } v 4 (29)
u=0. o | =
vty (T = Toar) y(pL = py)
7NMJ’V(TW - Tsar)

0 T
L pphy

(30

Fig. 3 represents the evolution of LBM simulated spatial average
dimensionless heat flux during film boiling processes at T, = 1.11T, and
1.17T,, with the comparison with the analytical solutions given by the
expression of Berenson et al. [26]. As shown in Fig. 3, the LBM simulated
results fluctuate periodically around the analytical solution at each case.
When Tj equals 1.11T, and 1.17T,, the LBM simulated temporal and
spatial dimensionless average heat flux is 0.0366 and 0.0472, respec-
tively, and the corresponding analytical solution given by Eq. (29)~(30)
is 0.0414 and 0.0504, respectively. The relative deviations between
simulated results and analytical solutions are 11.6% and 6.35%,
respectively, in these two cases. The good agreement between the
simulated results and the analytical solutions could prove the rationality
of the numerical model used in this study.

4.2. The boiling heat transfer on hydrophilic-hydrophobic mixed surface

In this section, the bubble dynamics and heat transfer during pool
boiling processes on the hydrophilic-hydrophobic mixed heated surface
textured with micro-pillars are simulated and compared to those on the
smooth hydrophilic heated surface and the hydrophilic-hydrophobic
mixed heated surface without micro-pillars. For the hydrophilic-
hydrophobic mixed heated surface with micro-pillars, the pillar width
W* = 2.741 and the pillar number N = 3.

Fig. 4 represents the evolutions of velocity vectors and vapor bubble
patterns during pool boiling processes on these three different types of
heated surfaces at T, = 0.99T.. In this study, the region with p < 0.5(py,
+ py) was viewed as vapor phase region, i.e., the blue region shown in
Fig. 4. As shown in Fig. 4(a), for the hydrophilic-hydrophobic mixed

——— Numerical results for 7, = 1.117,
0.10 = - - - Simulated temporal and spatial average heat flux for 7, = 1.117,
= = Berenson's analytical solution for 7, = 1.117,
—— Numerical results for 7, = 1.177,
0.08 |— - - - Simulated temporal and spatial average heat flux for 7, = 1.177,
= = Berenson's analytical solution for 7, = 1.17T,
—
=
4 0.06
0.04 F
0.02 L L L

60 80 100 120

Fig. 3. Comparison of temporal variations of LBM simulated spatial average
heat flux in film boiling with Berenson et al.‘s analytical solutions [26].
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surface with micro-pillars, a vapor bubble is generated on each hydro-
phobic top at t* = 57.95. On the contrary, there is no bubble nucleated at
the bottom substrate with a little higher wall temperature. At t* = 66.23,
a “neck” is generated at the bottom of each vapor bubble, indicating that
the vapor bubbles tend to depart away from the heated surface with the
action of buoyancy force. At t* = 71.19, the vapor bubbles have broken
up at the “necks” and departed away from the heated surface. At the
same time, a small amount of vapor still remains at the hydrophobic tops
and will grow to be new bubbles soon after. As shown Fig. 4(c), the pool
boiling processes on the mixed heated surface without micro-pillars at
Ty = 0.99T, are similar to those on the mixed heated surface with micro-
pillars. Vapor bubbles continuously nucleate at the hydrophobic regions.
At the hydrophilic regions, there is no vapor bubble generates. However,
as shown in Fig. 4(b), there is no vapor bubble nucleated on the smooth
hydrophilic surface all the time.

The comparison in Fig. 4 indicates that the hydrophobic regions of
the mixed surfaces both with and without micro-pillars benefit to the
bubble nucleation and the wall superheat for the onset of nucleate
boiling (i.e., ONB) could be reduced obviously. This result could be
explained by the heterogeneous nucleation theory of Quan et al. [27] for
the smooth heated surface. In addition, through the thermodynamic
analysis on location of nucleation sites, Ma et al. [21] have proved that
the heterogeneous nucleation theory of Quan et al. [27] could also
explain the reason why the bubbles nucleate on the hydrophobic tops of
the mixed surface with micro-pillars at a lower wall temperature.

Fig. 5 displays the pool boiling processes on three different types of
heated surfaces at T, = 1.06T,. As shown in Fig. 5(a), vapor bubbles
could be generated on both the hydrophobic tops and the bottom sub-
strate of the hydrophilic-hydrophobic mixed surface. Obviously, the
number of isolated bubbles on the mixed surface is increased greatly
compared to the boiling processes in Fig. 4(a) due to the increasing wall
superheat. In addition, the comparison between the boiling processes in
Fig. 5(a), (b) and (c) shows that the both pillar structures and wettability
have little influence on the number of isolated bubbles on the heated
surface when T, = 1.06T.. On these three different types of heated
surfaces, the pool boiling processes fall into the nucleate boiling regime
in this case.

Fig. 6 represents the pool boiling processes on three different heated
surfaces at T, = 1.09T,. As shown in Fig. 6(b), the smooth hydrophilic
heated surface is covered by a continuous vapor film all the time due to
the high wall temperature, and the heat transfer between the heated
surface and the bulk liquid is completely obstructed by the vapor film.
Obviously, the pool boiling processes on the smooth hydrophilic heated
surface in this case fall into the film boiling regime. On the hydrophilic-
hydrophobic mixed surface with micro-pillars, as shown in Fig. 6(a), the
continuous steam film is unable to be generated. However, some vapor
patches are generated at the mixed surface due to the coalescence of the
bubbles nucleated at the hydrophobic tops and the bottom substrate. As
aresult, the whole pillars are covered by the vapor patches, and the heat
transfer performance would be decreased compared with that in Fig. 5
(a). As shown in Fig. 6(c), vapor bubbles are generated on both the
hydrophilic and the hydrophobic regions continuously, and pool boiling
processes fall into the nucleate boiling regime in this case. The com-
parison between Fig. 6(a), (b) and (c) indicates that both the
hydrophilic-hydrophobic mixed surfaces with and without micro-pillars
could make the pool boiling processes enter into the film boiling regime
at higher wall superheat due to the heterogeneity of wetting property.

Fig. 7(a) represents the pool boiling curves of three different types of
heated surfaces. As shown in Fig. 7(a), for the smooth hydrophilic sur-
face, the hydrophilic-hydrophobic mixed surface with micro-pillars and
the mixed heated surface without micro-pillars, the outer wall temper-
atures at ONB are equal to T, 0.98T, and 0.98T,, respectively, and the
boiling processes enter into the film boiling regime at outer wall tem-
peratures with 1.08T,, 1.1T. and 1.11T, respectively. Besides, the
hydrophilic-hydrophobic mixed surface with micro-pillars possesses the
highest heat transfer performance under different wall superheats, as
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well as the CHF, compared to the other two types of heated surfaces.
However, the hydrophilic-hydrophobic mixed surface with micro-pillars
would slightly reduce the wall superheat at the CHF point compared
with the smooth hydrophilic surface. On the other hand, the
hydrophilic-hydrophobic mixed surface without micro-pillars could also
enhance the heat transfer performance compared to the smooth hy-
drophilic surface when wall superheat is low (i.e., T, < 1.03T,). How-
ever, in the nucleate boiling regime with high wall superheat and in the
film boiling regime, the boiling curves of these two types of heated
surfaces are almost coincident. The numerical results in Fig. 7(a) indi-
cate that both the existence of pillar structures and the heterogeneity of
wetting property are important factors for improving the boiling heat
transfer performance when wall superheat is low. However, the exis-
tence of pillar structures, rather than the heterogeneity of wetting
property, becomes the main impact for improving the heat transfer
performance in the nucleate boiling regime with high wall superheat
and in the film boiling regime.

Fig. 7(b) represents the percentage enhancement in the boiling heat
transfer performance of the hydrophilic-hydrophobic mixed surfaces
with and without micro-pillars compared with the smooth hydrophilic
surface in the nucleate boiling regime (i.e., 0.99 < T},/T, < 1.07) and the
film boiling regime (i.e., Tp/T, > 1.11). ren = (Qmix — Qsmo)/ Qsmo> Qmix and
Qsmo are the temporal and spatial average dimensionless heat flux for the
hydrophilic-hydrophobic mixed surfaces and the smooth hydrophilic
surface, respectively. As shown in Fig. 7(b), for both the hydrophilic-
hydrophobic mixed surfaces with and without micro-pillars, the per-
centage enhancement decreases with an increase in outer wall temper-
ature in the nucleate boiling regime, and this result is consistent with the
experimental results of Kumar et al. [9]. In addition, in the film boiling
regime, it’s found that the mixed surface with micro-pillars produces a
percentage enhancement of about 30% in boiling heat transfer perfor-
mance compared to the smooth hydrophilic surface at a given outer wall
temperature.

4.3. The influence of pillar width

In this section, simulations of pool boiling processes on the
hydrophilic-hydrophobic mixed surfaces with different pillar widths are
performed to investigate the influence of pillar width on bubble dy-
namics and heat transfer during pool boiling processes. In these simu-
lations, the pillar number of these heated surfaces is fixed as N = 3, while
the pillar pitch distances are W* = 0.548, W* =1.644, W* =2.741, W *
= 5.482 and W * = 8.224, respectively. Obviously, the increasing pillar
width means an increase in the area of hydrophobic regions on the tops
of the pillars and a decrease in the hydrophilic area on the bottom of the
heated surface.

Fig. 8(a) represents the evolution of bubble contours during pool
boiling processes on the hydrophilic-hydrophobic mixed surfaces with
W * =1.644 and 5.482 at a low outer wall temperature (T = 0.99T). In
this study, the bubble contours represent the regions with p = 0.5(p, +
pv). As shown in Fig. 8(a), in both cases, the vapor bubbles are nucleated
at the hydrophobic tops, and the boiling processes fall into the partial
nucleate boiling regime. For the hydrophilic-hydrophobic mixed surface
with W* = 1.644, a vapor bubble is generated on each hydrophobic top
at t* = 13.25. With the growth of these vapor bubbles, the bubble size
increases greatly and these vapor bubbles finally depart away from the
heated surface at t* = 33.11. For the hydrophilic-hydrophobic mixed
surface with W* = 5.482, the first-generation bubbles are also nucleated
on the heated surface at t* = 13.25. However, it can be seen from Fig. 8
(a) that there are two vapor bubbles nucleated on each hydrophobic top
when W* = 5.482. With the growth of these two vapor bubbles, they
finally merge with each other to generate a large vapor bubble. Since the
large bubble size leads to large buoyancy force, the first-generation
bubbles depart away from the heated surface at t* = 29.80. In other
words, compared with the mixed surfaces with W* = 5.482, the first-
generation bubbles spend more time in growing on the mixed surfaces
with W* = 1.644.
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Fig. 7. Comparison of boiling heat transfer performance under different outer
wall temperatures between the three different types of heated surfaces.

Fig. 8(b) represents the evolution of the dimensionless equivalent
diameter of the vapor bubbles which are growing on each hydrophobic
top of the mixed surface during pool boiling with T, = 0.99T,. As shown
in Fig. 8(b), for each case, the bubble equivalent diameter equals 0 until
small vapor bubbles are nucleated on the hydrophobic tops. After that,
the bubble equivalent diameter increases gradually. When the vapor
bubble departs away from the mixed surface, the bubble equivalent
diameter decreases suddenly but is still greater than O because a small
amount of vapor remains on the hydrophobic tops. Then the residual
vapor will grow to be a new vapor bubble, and the bubble equivalent
diameter increases until the new vapor bubble departs away. It could be
concluded from Fig. 8 that the bubble release frequency and average
bubble size during the pool boiling processes increase with an increase
in pillar width because the hydrophobic tops benefit the bubble nucle-
ation processes. It means that the vapor bubbles could carry more
thermal energy away from the heated surface, and it could be inferred
that the heat transfer performance is enhanced by the increasing pillar
width when the wall superheat is low. This conjecture could be
confirmed by Fig. 9, which represents the evolution of spatial average
dimensionless heat flux during the pool boiling on the mixed heated
surface with different pillar widths in this case. In addition, it can be
seen from Fig. 9 that pool boiling performance of the mixed surface with
W * = 1.644 is much lower than that of others in this case. This result is
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caused by that there is no vapor bubbles nucleated on the hydrophobic
tops of the mixed surface with W * = 1.644 all the while, but the boiling
processes on all of the other mixed surfaces fall into the nucleate boiling
regime.

Moreover, Fig. 10 gives the distribution of bubble contours during
pool boiling processes on the hydrophilic-hydrophobic mixed surfaces
with different pillar widths in the cases of various wall superheats. It’s
found from Fig. 10 that the outer wall temperature at ONB increases
with a decrease in pillar width when W* < 1.644. Especially, for the
mixed surface with a pillar width of W* = 0.548, the outer wall tem-
perature at ONB has become same as that of the smooth hydrophilic
heated surface with the contact angle of 57.70°, and the vapor bubbles
are generated preferentially on the bottom substrate rather than the
hydrophobic tops. It indicates that the hydrophobic tops would not
promote the bubble nucleation processes at a low wall superheat if the
pillar width is too small.

Fig. 11(a) represents the distribution of bubble contours during pool
boiling processes on the hydrophilic-hydrophobic mixed surfaces with
different pillar widths when T, = 1.06T,. As shown in Fig. 11(a), vapor
bubbles could be generated on both the hydrophobic tops and the bot-
tom substrate. When W* = 2.741, the average number of isolated bub-
bles on the bottom substrate is greater than that on the hydrophobic
tops, obviously. However, when W* = 5.482 and 8.224, the average
number of isolated bubbles on the bottom substrates of the mixed sur-
faces is much less than that of mixed surface with W* = 2.741. This
result indicates that the larger pillar width would impede the nucleation
of vapor bubbles on the bottom substrate to some extent. Fig. 11(b)
represents the evolution of spatial average wetted area fraction and
number of isolated bubbles on the mixed heated surface during pool
boiling processes with T, = 1.06T,. It can be seen from Fig. 11(b) that
both the average wetted area fraction and number of isolated bubbles on
the mixed heated surface stays almost unchanged when W* < 2.741 and
decreases obviously with an increase in pillar width when W* > 2.741.
This result is caused by two reasons. On the one hand, it’s easier for the
hydrophobic tops to be covered by the vapor phase, thus the average
wetted area fraction is reduced with an increase in pillar width. On the
other hand, when W* > 2.741, the larger pillar width would hinder the
nucleation of vapor bubbles on the bottom substrate to some extent, as
shown in Fig. 11(a), and thus the average number of isolated bubbles is
decreased a lot. Especially, as shown in Fig. 11(a), when W* = 8.224, the
vapor bubbles nucleated on the bottom substrate merge with those
nucleated on the hydrophobic top, and this result causes the average
wetted area fraction and the number of isolated bubbles on the mixed
heated surface to be very small.

Fig. 12 represents the influence of pillar width on heat transfer
performance during boiling processes on the hydrophilic-hydrophobic
mixed surfaces when Tp = 1.06T,. It could be concluded from Figs. 11
and 12 that the wetted area fraction and number of isolated bubbles on
the mixed heated surfaces have a dominant influence on heat transfer
performance during the pool boiling processes at the given outer wall
temperature of T, = 1.06T,. Therefore, the mixed surfaces with W* =
5.482 and 8.224 have worse heat transfer performance compared with
other mixed surfaces. In addition, it can be seen from Fig. 12(b) that the
heat transfer performance of the mixed surfaces increases firstly and
then decreases gradually with an increase in pillar width, and the mixed
surface with W* = 1.644 possesses the highest heat transfer performance
in the case of T, = 1.06T,.

In Ref. [12], Li et al. found that heat transfer performance in the
nucleate boiling regime with high wall superheat decreases as the in-
crease in pillar width. However, it seems that an opposite conclusion
was obtained by Ma et al. [21]. In fact, both of their conclusions are
rational but one-sided. The mixed surfaces with W* > 0.915 were
adopted in Ref. [12]. While in Ref. [21], only two mixed surfaces with
W+ =1.41 and 0.45 were utilized. The numerical results in this study are
qualitatively consistent with those in both Ref. [12] and Ref. [21] and
could explain the “contradiction” between the numerical results in these
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two literature.

Fig. 13 represents the influence of pillar width on boiling curves of
hydrophilic-hydrophobic mixed surfaces. As shown in Fig. 13, for the
nucleate boiling processes with a low outer wall temperature (0.98T, <
Tp < 0.99T,), heat transfer performance of the mixed surface increases
with an increase in pillar width. It’s because the increasing pillar width
benefits the nucleation, growth and departure of the vapor bubbles on
the hydrophobic tops, as shown in Fig. 8-10. Since the wall superheat is
low, the vapor bubbles could hardly nucleate on the bottom substrate,
and the heat transfer performance is dominated by the bubble dynamics
on hydrophobic tops. Therefore, the hydrophilic-hydrophobic mixed
surface with larger pillar width possesses higher boiling heat transfer
performance when wall temperature is low. However, in the nucleate
boiling regime with a high outer wall temperature (i.e., T, < Tp <
1.06T.), boiling heat transfer performance increases firstly and then
decreases with an increase in pillar width, and the mixed surface with
W* = 1.644 possesses the maximum heat transfer performance, as well
as the largest CHF. The reason has been explained in Figs. 11 and 12. In
addition, it can be seen from Fig. 13 that the pillar width has little in-
fluence on boiling heat transfer performance in the film boiling regime
because the total heat exchange area stays unchanged.
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4.4. The influence of pillar number

To investigate the influence of pillar number on pool boiling heat
transfer, simulations of boiling heat transfer on hydrophilic-
hydrophobic mixed surfaces with different pillar number are per-
formed in this section. The pillar width of these heated surfaces is fixed
as W* = 2.741, and the pillar number issetasN=2, N=3, N=4,N=6,
N =8 and N = 10, respectively. Obviously, the increase in pillar number
means a decrease in pillar pitch distance and a decrease in the hydro-
philic area on the bottom substrate.

Fig. 14(a) represents the boiling curves of hydrophilic-hydrophobic
mixed surfaces with different pillar number. As shown in Fig. 14(a),
the pillar number has an obvious effect on the boiling heat transfer
performance of hydrophilic-hydrophobic mixed surfaces under different
wall superheats. Generally speaking, the increasing pillar number could
make the boiling curve move to the upper left. In the nucleate boiling
regime with lower wall superheat (i.e., 0.98T. < T < 1.01T,), heat
transfer performance increases with an increase in pillar number.
However, the outer wall temperature at the CHF point decreases with an
increase in pillar number. For example, for the hydrophilic-hydrophobic
mixed surfaces with N = 2, 4 and 8, CHF occurs at the outer wall tem-
peratures of T, = 1.07T,, 1.06T, and 1.03T,, respectively. In addition,
the mixed surfaces with N = 2 and 10 possess the relative lower CHF
compared with other mixed surfaces, and pillar number has little in-
fluence on CHF when 3 < N < 8. Besides, it can be seen from Fig. 14 that
the pillar number has little influence on boiling heat transfer perfor-
mance in the film boiling regime. When N < 6, for the mixed surfaces
with different pillar numbers, the boiling processes enter into the film
boiling regime at almost a constant outer wall temperature with T; =
1.1T.. However, when N > 8, the boiling processes enter into the film
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boiling regime at a lower wall superheat for the mixed surface with a
larger pillar number. Considering the heat transfer coefficients under
different wall superheats and CHF, it’s rational to believe that the mixed
surface with N = 8 possesses the highest heat transfer performance.

Fig. 14(b) represents the quantitative influence of pillar number on
nucleate boiling heat transfer, in which Q(N = 3) is the average heat flux
of the mixed surface with pillar number of N = 3 under different wall
superheats. As shown in Fig. 14(b), the pillar number has different in-
fluence on boiling heat transfer coefficient under different outer wall
temperatures. For example, when T, = 0.99T,, average heat flux of
mixed surfaces with pillar number of N =2, 4, 6, 8 and 10 equals to 0.81,
1.22,1.60, 1.74 and 1.77 times as much as that of mixed surface with N
= 3. In this case, increasing the pillar number would enhance the heat
transfer efficiency. When outer wall temperature is increased to be
1.05T,, average heat flux of mixed surfaces with pillar number of N = 2,
4, 6, 8 and 10 equals to 0.94, 1.03, 1.10, 0.98 and 0.53 times as much as
that of mixed surface with N = 3. The numerical results in the case of Tj
= 1.05T, indicate that increasing pillar number would reduce the heat
transfer when outer wall temperature is high and the pillar number
exceeds a certain value.

Fig. 15 represents the bubble dynamics during pool boiling processes
on the hydrophilic-hydrophobic mixed surfaces with different pillar
number at T, = 0.99T,. As shown in Fig. 15, for all of these cases, a vapor
bubble is generated on each hydrophobic top and there is no vapor
bubble nucleated at the bottom substrate. With an increase in pillar
number, the number of isolated bubbles on the mixed surface increases
because the hydrophobic tops benefit to bubble nucleation. Due to the
low wall superheat, the growth and departure of vapor bubbles are in-
dependent with those of each other, and the increasing number of iso-
lated bubbles on the mixed surface would enhance the pool boiling heat
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different pillar widths during pool boiling processes when T, = 1.06T..

transfer performance. Therefore, the pool boiling heat transfer perfor-
mance increases with an increase in pillar number when the wall su-
perheat is low, as shown in Fig. 14.

Fig. 16(a) represents the evolution of bubble contours during pool
boiling processes on the hydrophilic-hydrophobic mixed surfaces with
different pillar number at T, = 1.02T,. As shown in Fig. 16(a), when N <
4, the vapor bubbles could be generated on both the hydrophobic tops
and the bottom substrate. However, when N = 6, it can be seen that the
vapor bubbles are generated only on the hydrophobic tops, indicating
that the bubble nucleation processes on the bottom substrate would be
prevented by the decreasing pillar pitch distance as the pillar number
increases. In addition, it can be seen from Fig. 16(a) that the interaction
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between the vapor bubbles is weak for the mixed surfaces with N < 6.
However, when N = 8, the vapor bubbles nucleated on the hydrophobic
tops have a tendency of merging with others. Further, when N is
increased to 10, sometimes vapor patches are generated on the heated
surface due to the coalescence of vapor bubbles, and some of the cavities
between the adjacent pillars would be filled with vapor. Fig. 16(b) gives
the influence of pillar number on temporal and spatial average wetted
area fraction, number of isolated bubbles and dimensionless heat flux.
As shown in Fig. 16(b), with an increase in pillar number, average
wetted area fraction decreases, while the numbers of isolated bubbles
increases gradually because the hydrophobic tops benefit to bubble
nucleation. On the other hand, as the pillar number increases, boiling
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heat transfer performance in this case is enhanced gradually when N < 8 :
but reduced suddenly when N = 10. Obviously, the sudden decrease in 1.6 | Ty=1.05T,
boiling heat transfer performance when N = 10 is caused by that vapor " ——=T,=1.07T,
patches are generated on the mixed surface, as shown in Fig. 16(a). =126
Fig. 17(a) represents the bubble dynamics during pool boiling pro- @
cesses on the hydrophilic-hydrophobic mixed surfaces with different Qi
pillar number at T, = 1.06T,. Correspondingly, Fig. 17(b) gives the in- o8
fluence of pillar number on temporal and spatial average wetted area
fraction, the number of isolated bubbles and dimensionless heat flux. As 0.4
shown in Fig. 17(a), when N < 6, vapor bubbles are nucleated on both
the hydrophobic tops and the bottom substrate, and these vapor bubbles 0.0 I L L L i
always merge with others to form large bubbles before departing away 2 4 6 8 10
from the heated surface. As shown in Fig. 17(b), when N < 6, pillar N
number has little influence on number of isolated bubbles and wetted
area fraction on the mixed surface, as well as the boiling heat transfer (b) The influence of pillar number on nucleate boiling heat transfer

performance. However, when N > 8, it can be seen from Fig. 17(a) that
some of the cavities between the adjacent pillars are completely filled
with vapor phase. Especially, when N = 10, a continuous vapor film is
generated on the whole heated surface all the time, and the boiling
processes fall into the film regime at this case. Therefore, average wetted when N > 8, as shown in Fig. 17(b). Both Figs. 16(c) and Fig. 17(c)
area fraction and number of isolated bubbles on the mixed surface, as indicate that when T, > 1.02T,, boiling heat transfer performance of the
well as the boiling heat transfer performance are decreased gradually mixed surface would decrease suddenly with an increase in the pillar

Fig. 14. The influence of pillar number on pool boiling heat transfer perfor-
mance of hydrophilic-hydrophobic mixed surfaces.
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Fig. 15. The bubble dynamics during pool boiling on the hydrophilic-hydrophobic mixed surfaces with different pillar number at T, = 0.99T,.

number if the pillar number exceeds a certain value. Besides, with an
increase in wall superheat, the certain value decreases gradually.

5. Concluding remarks

Using the MRT pseudopotential LB model coupled with liquid-vapor
phase-change model, the pool boiling processes on the hydrophilic-
hydrophobic mixed surface textured with micro-pillars were simulated
and compared with those on the smooth hydrophilic surface and the
hydrophilic-hydrophobic mixed surface without micro-pillars. Based on
these results, the mechanism of heat transfer enhancement of the mixed
surface with micro-pillars was revealed. Besides, the influence of the
geometrical parameters of micro-pillars, including pillar widths and
pillar number, on bubble dynamics and heat transfer during pool boiling
processes of the mixed surface were analyzed in detail. The main find-
ings and conclusions are summarized as follows.

1) In the nucleate boiling regime with low outer wall temperature, the
hydrophilic-hydrophobic mixed surface with micro-pillars possesses
the highest boiling heat transfer coefficient, and the smooth hydro-
philic surface possesses the lowest one. This result indicates that the
both existence of pillar structures and heterogeneity of wetting
property could enhance the heat transfer performance of the mixed

14

2

3

)

—

surfaces in this case. Besides, the percentage enhancement in boiling
heat transfer performances of the mixed surfaces both with and
without micro-pillars compared to the smooth hydrophilic surface
decrease gradually with an increase in outer wall temperature.

In the nucleate boiling regime with high wall superheat and the film
boiling regime, the hydrophilic-hydrophobic mixed surface with
micro-pillars still possesses the highest heat transfer coefficient,
while the heat transfer coefficient of the mixed surface without
micro-pillars is almost equal to that of the smooth hydrophilic sur-
face. This result indicates that existence of pillar structures, rather
than the heterogeneity of wetting property, could enhance the heat
transfer performance of the mixed surfaces in this case. Even though,
the heterogeneity of wetting property could hinder the formation of
continuous vapor film on the heated surface to some extent.

Since the hydrophobic tops benefit the nucleation of vapor bubbles,
bubble release frequency, average bubble size and heat transfer
performance decreases with a decrease in pillar width during the
nucleate boiling processes with low wall superheat. In addition, it is
found that the hydrophobic tops wouldn’t promote the bubble
nucleation if the pillar width is too small (W* = 0.548). However, in
the nucleate boiling regime with high wall superheat, boiling heat
transfer performance increases firstly and then decreases with an
increase in pillar width, and the mixed surface with W* = 1.644
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Fig. 16. The bubble dynamics and heat transfer during pool boiling on the hydrophilic-hydrophobic mixed surfaces with different pillar number when Tj, = 1.02T.
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possesses the maximum heat transfer performance, as well as the
largest CHF. Besides, the pillar width has little effect on heat transfer
performance in the film boiling regime.

As the pillar number increases, the boiling curve would be shifted to
the upper left. In the nucleate boiling regime with low wall super-
heat, pool boiling heat transfer performance is enhanced by
increasing pillar number due to the increasing number of isolated
bubbles on the heated surface. In the nucleate boiling regime with
higher wall superheat (T > 1.02T.), with an increase in pillar
number, boiling heat transfer performance increases firstly and then
decreases drastically. It’s because that vapor patches or even vapor
film would be generated on the mixed heated surface if the pillar
number exceeds a certain value, and thus the heat transfer perfor-
mance of mixed surface would be reduced. Besides, it’s found that
this certain value decreases gradually with an increase in wall tem-
perature when Tj, > 1.02T,. Considering the heat transfer coefficients
under different wall superheats and CHF, it’s found that the mixed
surface with N = 8 possesses the best heat transfer performance.
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