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In this study, pool boiling from micro-pillar modified surface has been simulated 
numerically by a 3-D lattice Boltzmann method. Effects of geometries and wetta-
bility of micro-pillar on boiling heat transfer performance were also systematically 
evaluated. Result showed that compared within micro-pillar surface, heat flux of 
cubic micro-pillar surface was the highest with the lowest wall temperature. In 
addition, compared to hydrophilic condition, Heat flux of cubic micro-pillar sur-
face with hydrophobic wettability increased by 98.3%. This is because hydropho-
bic wettability influenced nucleation site density, vapor-liquid-flow field and heat 
transfer performance much more than cubic shaped geometry. Finally, heat flux of 
cubic micro-pillar surface with hybrid wettability increased by 430.7% compared 
to pure hydrophilic wettability. That is due to optimal hybrid wettability surface 
could control nucleate site location, restrict bubble growth, and increase obviously 
heat transfer performance.
Key words: 3-D lattice Boltzmann method, pool boiling, micro-pillar, geometry, 

wettability

Introduction

Pool boiling is widely used in electronic chip due to its high heat transfer performance 
[1, 2]. Micro-structure surface [3, 4] plays a key role on enhancing pool boiling heat transfer 
performances. The nucleation sites due to micro-pillar mainly effect on three important aspects, 
namely, the onset of the nucleation boiling, the merger of bubbles, and the hydrodynamic ac-
tion between the vapor phase and liquid phase. Recently, some experiments have been made to 
enhance nucleate boiling, mainly focusing on modified surfaces including micro/nanostructure 
and wettability. Ye et al. [5] studied the effect of elastic pillar arrays of different pillar spacing 
on improving critical heat flux (CHF). Xin et al. [6] investigated the pool boiling heat transfer 
performance of bi-structured surface. Shen et al. [7] reported that wettability surfaces signifi-
cantly increased CHF of the biophilic surfaces due to facilitating bubble nucleation and agita-
tion effect. Koukoravas et al. [8] offered those quantitative arguments for incorporating wetta-
bility patterning in vapor-chamber technology. Jo et al. [9] studied single bubble dynamics of 
distilled water on hydrophobic/hydrophilic mixed surfaces. Kousalya et al. [10 ] revealed that 
mixed wettability surface could increase nucleate density and promote bubble nucleation. Xie 
et al. [11] pointed out that gradient wettability surface decreased remarkably thermal resistance 
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of the heat pipe. Bourdon et al. [12 ] investigated the influence of wettability on the inception of 
boiling. Hu et al. [13 ] demonstrated that the wettability gradient enhanced heat transfer coeffi-
cient. Besides, latice Boltzmann method (LBM) [14 ] has been utilized to study boiling nature 
of artificial nucleation site surfaces. Zhou et al. [15] investigated periodic bubble cycle by 3-D 
LBM. Li et al. [16] researched on an innovative modified surface to enhance heat transfer per-
formance by 3-D LBM. Mu et al. [17] studied an entire bubble cycle on roughened surfaces. 
Jiang et al. [18] simulated heat transfer happened on micro-channel by neural network.

Through the aforementioned literature review, it seems that relatively few 3-D numer-
ical simulations aiming to the effect of wettability distribution over micro-pillar with different 
geometries on pool boiling, especially mixed wettability. In this work, 3-D LBM was used to 
research on the heat transfer performance of micro-pillar structured surface. First, the effect of 
geometry of micro-pillar surface under hydrophilic circumstance on heat transfer was inves-
tigated. Second, the influence of hydrophobic wettability of micro pillar structured surface on 
pool boiling process was examined. Lastly, the heat transfer process of the hybrid wettability 
surface was also presented. 

Method and model

The 3-D modified pseudo-potential LBM for multi-phase flow

All of equations can be found in [19]. The convolution equation of the particle distri-
bution function is denoted:
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The n is calculated by:
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The exact difference method implements force into the LBM resulting in better accu-
racy. The force source term is written:

eq e
i i

q
i ( , ) = ( ( , ), ) ( ( , ), )f x t f x t u + u f x t uρ ρ∆ ∆ −
      (6)

where Δu→ = F
→

δt/ρ is the change of velocity caused by force F
→

 during time step δt. The F
→

 is 
given:

coh ads grav =  + +  F F F F
   

(7)



Huang, Q., et al.: Enhancing Pool Boiling Heat Transfer of Modified ... 
THERMAL SCIENCE: Year 2024, Vol. 28, No. 1A, pp. 133-146 135

The inter-particle interaction force F
→

coh is given:
2
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where β is the given by particular equation of state and G – the interaction strength which is 
written:
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The ψ(x→) is given:
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where c0 is equates to 6 in D3Q19. The P-R EOS is adopted in this simulation, which is given:
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where w = 0.344, a = 2/49, b = 2/21, R = 1. and Tcr = 0.0729.
The fluid-solid interaction force F

→
ads is given:
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where Gads is the fluid-solid interaction strength, which is implemented to control contact angle 
of surface, s(x→ + e→iδt)is an indicator function with s = 1 for solid and s = 0 for fluid.

The gravitational force is given:

grav aver grav=( ( ) )gF xρ ρ−
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where g→ is the gravitational acceleration.

The macroscopic density ρ and velocity u→ of fluid are defined:
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Energy equation models

The evolution equation for temperature distribution function:
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where gi
eq(x→, t) is the orresponding equilibrium function, which is given:
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The source term in eq. (17), which is responsible for liquid-vapor phase change, is 
given:
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The temperature is obtained:

i=
i

T g∑ (20)

The D2 law [15]
Figure 1(a) shows liquid with low T = 0.9Tcr suspended in the central of computation 

model filled by vapor with high T, when fig. 1(b) depicts the results of radius of fluid temporary 
change with time under different Tcr. At any case in fig. 1(b), the (D/D0)2 is linear to time, and 
decrease velocity of it increases with Tv, which is according to D2 law.

Figure 1. The D2 law model examination; (a) computation model and  
(b) radius variation under different Tcr

Computation set-up and boundary conditions

Figure 2(a) shows the computation domain with boundary condition. The constant 
temperature, Td, is imposed on bottom of the computation domain. The top boundary of simula-
tion domain is constant pressure and temperature boundary conditions, respectively. Conjugate 
heat transfer and bounce back boundary condition are imposed at solid-liquid interface. There-
fore, the temperature difference at solid-fluid interface has been thought over. 

Figure 2(b) depicts the left view of the part of micro-pillar arrays. The p/d is 1.0 and 
h/d equates to 0.5, respectively. One sets d = 8 and the height solid heater Hb

* = Hb/d is 1.5
Figure 2(c) displays the heater (Ja = 0.15) with Lx × Lz = 91 × 91. Symmetry boundary 

conditions are imposed at the all sides of computation domain.
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Figure 2. Schematic of computations domains; (a) computation domain, 
(b) part side view of S1, and (c) bottom view of structured surface

Dimensionless parameters

The dimensionless time was defined as t* = t/t0, where
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The dimensionless space- and time- average boiling heat flux q′ is defined:
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where Sheater is the surface area of heater. The reference boiling heat flux was given:
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The stable film boiling heat flux can be expressed in dimensionless form:
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where

  ,fgfg v w sat+ 0.5 ( )ph = h c T T−′

is the specific latent heat including sensible heating of vapor film. The Ar = ρvσl0/µ2
𝓁 is the Ar-

chimedes number.
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The dimensionless time-average temperature T ′w is defined:
*

w
w

by HT
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T
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Result and discussions

In practice, micro-structure and wettability both play an essential role in boiling 
phenomena, and each one relates to the other. In order to accurately illustrate the underlying 
characteristic behind boiling, it is essential to know micro-structure and wetting influences by 
simulations.

Geometry of micro-pillar

Figures 3(a)-3(d) depicts in detail that 3-D views of the part profile for four kinds 
of structured surface with micro-pillar, and smooth surface is named as S0. The same domain  
(Lx × Ly × Lz = 91 × 220 × 91) for all simulations is depicted in fig. 2.

Figure 3. Part view of S1~S4 modified micro-pillar surface; (a) S1 (cubic), (b) S2 (cylindrical),  
(c) S3 (spherical), and (d) S4 (conical)

Figure 4 shows 3-D views of bubble dynamic of S0~S1 (θ = 50º) at Ja = 0.15. Figure 
4(a) depicts that bubble first nucleated around the section where micro-pillar crossed smooth 
surface. The nucleate site density of S0 was much larger than S1 because of micro-pillar. The 
bubbles are denoted in light purple and solid in dark yellow. Besides, fig. 4(b) displays that bub-

Figure 4. Vapor distribution on hydrophilic surface S0~S4 (at y = H*
b);  

(a) t * = 84.8, (b) t * = 118.8, and (c) t *= 135.8
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ble merged each other [20], and local micro-pillar had been enclosed by large bubble. Region 
covered by large bubble on S1 was less than S0 due to flow resistance generated by vertical side 
wall. Then, as shown in fig. 4(c), once buoyancy force acting on bubble exceeded surface ten-
sion force, the bubble was going to lift off the surface. Before the first bubble detached totally 
from surface, its vapor-liquid interface still touched with another bubble below itself, then the 
second bubble was elongated slowly as the first bubble departs. It was obvious that departure 
diameter and time of S0~S1 were distinct.

In order to describe the heat transfer performance of S0~S4, fig. 5. displays temporal 
changes of the space-averaged heat flux q′ through the solid-liquid surface and T'w of surface 
adjacent with the fluid at Ja = 0.15 from time t * = 35 to  t * = 165, respectively. The magenta 
empty circle stands for Point a, and the cyan empty circle relates to Point b. Generally, Point a 
was where lots of bubbles started to nucleate and Point b was where a large number of bubbles 
departed from heater surface. Besides, as known from fig. 5(a), q′ of S1-S4 fell above S0. The  
 T'w of S1~S4 fell down below S0 except for S4 due to increased bubble coalescence possibility  
[21 ]. Specifically speaking, the temperature and time of the onset of nucleate boiling on S0 were 
99.89% and t * = 102.2, respectively. Unsurprisingly, S1~S3 had lower temperature than S0, while 
S4 had same temperature as S0. All of nucleation boil processes on S1~S4 happened advanced 
than S0. These results about S1~S3 pointed out that the increased surface area accounted for 
enhancing pool boiling heat transfer performance. As shown in figs. 5(a) and 6(a) the improve-
ments have been attributed to decreasing the superheat for nucleation and to decreasing bubble 
coverage (the ratio of bubble volume to vacancy of micro-pillar). 

Figure 5. Geometric effects on simulated heat performance curves for infinite  
micro-pillar structured hydrophilic surfaces (at y = H*

b ); (a) transient heat flux and  
(b) transient wall temperature

From figs. 5(a) and 5(b), q′ had the alike trend and so did T'w curves, although S1~S4 

indicated the various effects on boil heat transfer performance. The change of these lines could 
be almost divided into three parts, which were split by Points a and b.

At the first process, the T'w curves increased slightly before bubbles nucleate, which 
caused the decrease of q′ curves. It implied that with mainstream liquid temperature increasing 
up, the temperature difference between solid and liquid got small. The q′ through the liquid then 
went down, showing a decrease generally in fig. 5(a). Among all micro-pillar surfaces, q′ of S3 
(q′ = 0.009) was lower than S1, S2, and S4 while T'w of S4 (T'w = 99.97%) was higher than S1-S3, as 
shown in fig. 5(b) in addition, q′ was the highest and T'w of S1 was the lowest. The results showed 
that the larger added area the surface of solid heater had, the better heat transfer performance 
at this stage was.
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At the second process, T'w curves reached their maximum at Point a and then began to 
decline. As shown in fig. 5(a), Point a was where bubbles started to nucleate. Namely, bubbles nu-
cleated over S1 at t * = 88.4, over S2 at  t* = 86.2, over S3 at  t* = 84.3, over S4 at t * = 85.1, and over S0 at   
t* = 102.7. It was worth noting that bubbles firstly nucleated over S3 and lastly nucleated over 
S0. After bubbles nucleation, q' curves rise remarkably for a long time before bubbles departure 
while T'w curves in fig. 5(b) decreased slightly. The transition about q′ and T'w curves indicated 
that due to the onset of nucleation boiling, the liquid contacting with solid wall (at y = H *b) tended 
to absorb lots of heat from heated surface to meet the latent heat of vaporization. For one thing, 
q’ increased up to 0.167 for S1, 0.150 for S2, 0.057 for S3, 0.049 for S4, and 0.027 for S0, as shown 
in fig. 5(a). The result illustrated that when the height and diameter were fixed, the effect of the 
geometry of pillar on the nucleation boiling was essential. Besides, decreasing porosity of the 
pillar array reinforced the capillary force what drove the liquid toward the dry spot [22], and the 
dry spot could be rewetted more quickly. For another thing, as shown in fig. 5(b), T'w reduced by 
mostly less than 0.1%. For instance, T'w of S1 decreased by 0.13%, which was because of high 
thermal conductivity of solid.

At the third process, fig. 5(a) demonstrates that Point b was where bubbles depar-
ture from heater surface. In other word, the various coalesced bubbles departed from S1 at   
t* = 129.2, from S2 at t* = 122.3, from S3 at time t* = 132.6, from S4 at t* = 125.2, and from S0 at  
t* = 135.8. It should be known that bubbles firstly departed from S2, lastly departed from S0. 
One should expect the result for the q′ curves of these surfaces. The q′ and T'w curves then kept 
nearly stable before the next nucleation boiling occurred. In addition, the bubble departure 
procedure of S1~S4 was interesting. If bubbles departed from a smooth surface, the heat transfer 
would drop down gradually until the next bubble nucleation. This process was named waiting 
period in bubble cycle. During waiting time, the surface might be reheated when departing 
bubbles carried thermal boundary-layer and energy from the solid surface to the bulk flow zone. 
However, according data from fig. 4, unlike S0, the bubble departing from S1~S4 included 
base area shrinking and necking phenomenon. The large bubble was divided two sections: 
remained section and departing one, also named the first bubble and the second bubble, respec-
tively. The remained part produced many bubbles generation seeds at once. Because of those 
extra bubble generation seeds, lot of newly nucleated bubbles stacked over the micro-pillar 
array when the heat flux was large enough, which prevented the newly grew bubbles from de-
parting. As a result, the q′ curves were going to fall down, but q′ curves of S1~S4 were all much 
larger than S0 due to bubble nucleation density. 

Finally, from the data of fig. 5(b), based on heat transfer performance or bubble dy-
namics, micro-pillar structured surfaces were better than bare surface, which was in accord with 
experiments. Comparing heat transfer performance within micro-pillar structure surfaces, S4 
had the worst heat transfer performance and S1 had the best heat transfer performance. Porosity 
of S1 and S2 was both small, which meant that expanding the area of surfaces and decreasing the 
porosity usually leaded to a better heat transfer performance in this simulation.

Table 1 shows characteristics of heat transfer performance and bubble dynamic of  
S0~S1. From tab. 1, one knows that q′ of S1 is higher with lowest temperature and smaller bubble 
coverage than S0.
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Table 1. Heat transfer process characteristics of micro-pillar and smooth surfaces

Number q′ T ′w [%]
Bubble nucleate Bubble 

coverage
Bubble 

departure t *t * Count
S0 0.017 99.97 102.7 443 34.4% 135.8
S1 0.117 99.84 88.4 938 14.1% 129.2

S0 (θ = 130º) 0.012 99.97 40.1 2352 100% 142.3
S1 (θ = 130º) 0.232 99.70 35.4 3254 100% 146.2

CW2 0.621 N/A 25.1 473 11.1% 83.9
CW5 0.401 N/A 28.4 2180 10.8% 75.5

Pure wettability 

This work examines hydrophobic surface with micro-pillar to assess the effect of 
wettability on bubble dynamics. By changing fluid-solid effect parameters, either hydrophilic 
characteristic (θ = 50º) or a hydrophobic characteristic (θ = 130º) can be got. One should notice 
that the number of vapor phase means the amount of lattice node that density is vapor. 

Figure 6 depicts in detail the effect of wettability of micro-pillar surface on bubble dy-
namics. There were three important things needed to know from fig. 6. Firstly, there were much 
more nucleation sites on surface (θ = 130º) than on surface (θ = 50º) [12]. It was the nucleation 
sites that resulted in the huge enhancement of heat transfer for S1~S4. For one thing, S0 did not 
benefit from extra nucleation sites due to its low flow resistance. For another thing, vertical 
side wall of S1 provided high flow resistance, which suppressed adjacent bubbles coalescence. 
Secondly, after bubbles departed from heated surface, there were many bubble seeds left, which 
would be activated soon and promote heat transfer. Lastly, hydrophobic played a more essential 
role in nucleate site density than cubic shaped geometry of micro-pillar did. The difference in 
nucleate site of S1~S4 (θ = 130º) was not so obvious as contact corner equates to 50º.

Figure 6. Amounts of vapor lattice node on different structured surfaces at Ja = 0.15;  
(a) micro-pillar (θ = 50º) and (b) micro-pillar (θ = 130º)

The q' and T'w changes of S1~S4 on hydrophobic condition are depicted in figs. 7(a) 
and 7(b), respectively. Figure 7(a) shows that the time-averaged q′ values of S0~S4 are 0.012, 
0.232, 0.188, 0.156, and 0.094, respectively. Varying wettability increases nucleate boiling heat 
transfer performance for micro-pillar structured surface. This was because hydrophobic surface 
induced much more bubbles generation than a hydrophilic surface, as shown in fig. 7. What 
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is more, fig. 7(b) shows that on the condition of hydrophobic, T'w of S1~S4 moved downward. 
These consequences showed hydrophobic surface (θ = 130º) provided more advantages for 
bubbles nucleation and growth than hydrophilic surface (θ = 50º). The inconsistency in boiling 
heat transfer between surface (θ = 130º) and surface (θ = 50º) was according to the finding. 

Figure 7. Wettablity influence on heat transfer curves for S0~S4 (at y = H *b);  
(a) transient heat flux and (b) transient wall temperature

As for S0 under hydrophobic circumstance, the S0 tended to form vapor blanket and 
blocks fresh liquid from flowing toward dryspot area because the vapor over smooth substrate 
was easy to flow around and coalesce. Thus, q′ of S0 dropped, as shown in fig. 7(a).

Table 1 shows characteristics of heat transfer performance and bubble dynamic of 
hydrophobic S0~S1. From tab. 1, one knew firstly that q′ of S1 enhanced largely compared to 
corresponding hydrophilic modified surface. Secondly, the effect of hydrophobic on nucleate 
density was much more essential than geometry of micro-pillar. The larger hydrophobic region 
was, the more nucleate the surface produced. Thirdly, the time of bubble departures was de-
layed for S0~S1.

Mixed wettability

Compared within S0~S4, whether on hydrophilic or on hydrophobic condition, the heat 
transfer performance of S1 is highest with lowest wall temperature. This section studied mixed 
the effect of wettability on boiling heat transfer based on S1. All kinds of surfaces with mixed 
wettability are showed in fig. 8. The red part in fig. 8 stands for the hydrophobic wettability area 
to the surface micro-pillar while the yellow part means hydrophilic.

Figure 8. Hybrid wettability area of S1; (a) CW1, (b) CW2, (c) CW3, (d) CW4, and (e) CW5

Figure 9 depicts that q′ of CW1~CW4 varied with time at Ja = 0.15. It was worth noticing 
that the boiling onset on CW1~CW4 happened much early, and q′ enhanced greatly [23] from  
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fig. 9. For instance, time-average q′ of CW1 
was 0.407, CW2 was 0.621, CW3 was 0.565, 
and CW4 was 0.547, respectively, which was 
actually over peak of S1, 0.167, because mixed 
wettability addressed formation of local vapor 
blanket and backflow of mainstream liquid.

Specifically speaking, the nucleation site 
onp hydrophobic region of micro-pillar were 
much easier activated than on rest region of 
CW1~CW4. Due to this inhibition effects, there 
was no bubble formation on horizontal surface 
of CW2, as shown in fig. 10i(a). Thus, flow resis-
tance generated by vapor phase for liquid-flow 
decreased remarkably. Mainstream liquid then 
wetted heated surface under condition of capillary force and hydrophilic characteristic, and 
provided top of micro-pillar with liquid. Besides, fig. 10i(b) shows that the heat flux over the 
intersection of hydrophilic region and hydrophobic region was high while the pure wettability 
surfaces were low, which was consistent with bubble formation in fig. 10i(a). This was because 
hydrophobic surface firstly helped nucleate activate. Then, bubble covered the top hydrophobic 
region of micro-pillar structure, which resulted in the low heat flux of top region of micro-pillar. 
Otherwise, at the intersection region of wettability, bubble nucleation absorbed lots of energy 
to meet the need of latent heat of vaporization and growth. As a result, heat from heated surface 
tended to be transferred to intersection of wettability surface not to pure wettability.

Compared within CW1~CW4 , the bad performance of CW1 resulted from small hy-
drophobic region onp of micro-pillar while CW3~CW4 resulted from large hydrophobic region. 
Small hydrophobic region produced less nucleation sites and forced bubble to grow at limited 
region. Large hydrophobic region produced more nucleation sites. Once the diameter of bubbles 
is over the sum of p and d, they would actually coalescent each other. The local vapor film thus 

Figure 9. Heat flux of CW1~CW5 (y = H *b)  

Figure 10. Density and heat flux distribution over CW2 and CW5
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appeared. However, each part of mixed wettability region over CW2 co-operated well, which 
resulted in the number of nucleation was enough and mainstream could wet heated surface. 

Compared to S1 (θ = 130º), the boiling onset on CW5 happened much early, and q′ 
enhanced greatly. That was, time-average q′ of CW5 was 0.402, which was actually over peak 
of S1, 0.232. As for S1 (θ = 130º), large nucleate density resulted in increasing number of small 
bubbles, enlarging the merge possibility for bubbles, and adding the heated surface area cov-
ered by vapor blanket. However, top hydrophilic region over top of micro-pillar in CW5 restrict-
ed bubbles to cover top region of micro-pillar, stopped local vapor blanket formatting, as shown 
in fig. 10ii(a). Meanwhile, fig. 10ii(b) shows that q′ of side wall micro-pillar was much larger 
than top. However, q′ of CW5 was less than CW2 by comparing fig. 10(b).

Table 1 shows summarize of heat transfer performance and bubble dynamic of mixed 
wettability CW2 and CW5. From tab. 1, one was aware of that q′ of CW2 and CW5 improved 
largely compared to corresponding pure wettability surface. Secondly, their nucleate number 
increased and bubble nucleation happened early. Thirdly, the bubble coverage of CW2 decreased 
when CW5 decreased remarkably. 

Finally, compared with S0, q′ of S1 was enhanced because of suppressing bubble 
merge. Compared with S1, S1 (θ = 130º) helped nucleate activate. The CW2 controlled nucleation 
location, restricted bubble growth, and improved liquid backflow. The CW5 controlled nucleate 
position, restricted vapor blanket formation. 

Conclusions

In this paper, simulations of pool boiling heat transfer were conducted based on the 
3-D pseudo-potential LBM. Geometries of micro-pillar, pure wettability conditions, and special 
hybrid wettability conditions were investigated in order. The conclusions are as follows.

 y Because micro pillar served as artificial nucleation sites, boiling incipience of surface with 
micro pillar, S1~S4, toke place ahead than smooth surface S0, and bubbles preferably nu-
cleated at bottom of micro pillar. Specifically speaking, curved side wall prompted bubble 
nucleation while vertical side wall restricted bubble coalescence. So heat flux q′ of cubic 
micro pillar surface S1 was 0.117 while conical micro pillar S4 was 0.030.

 y Cubic micro pillar surface S1 with hydrophobic wettability indicated greater heat transfer 
performance due to extra nucleation sites, lower nucleation temperature than hydrophilic 
surface. Thus, q′ of S1 with hydrophobic wettability added by 98.3%. 

 y Heat flux of cubic micro pillar surfaces with hybrid wettability, CW1~CW5, improved re-
markably than cubic micro pillar surface S1 with pure wettability, and so did flow field in 
phase change region. For instance, q′ of CW2 increased by 430.7%.

This work only pays its attention on pool boiling of regular micro-structure surfaces. 
It is worthwhile to simulate pool boiling of random porous micro-structure surfaces. Besides, 
superhydrophilic and superhydrophobic surfaces also should be investigated.

Nomenclature

cs – lattice sound speed, [ms–1]
c0 – pesudopotential coefficient
cp, cv  – specific heat capacity, [Jkg–1K–1]
ei – lattice velocity, [ms–1]
F – force, [N]
fi – density distribution, [kgm–3]
g – gravity accelerator, [ms–2]

gi – temperature distribution, [K]
h – latent heat of vaporization, [KJkg–1]
Ja – Jakob number
p – pressure, [Pa]
q – heat flux, [Jm–2s–1]
R – universe gas constant, [Jkg–1K–1]
T – temperature, [K]
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