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ABSTRACT

Flow boiling heat transfer is an effective way to fulfill the energy transfer. The wettability of boiling surface influences the liquid spreading ability and
the growth, departure, and release frequency of bubbles, which determines the heat transfer performance. According to the wettability and combination
forms, boiling surface are classified into weak wetting surface, strong wetting surface, and heterogeneous wetting surface. Fabricating by physical,
chemical method or coating the original surface with a layer of low surface energy, the weak wetting surface has more effective activation point and
nucleation center density to improve heat transfer performance at low heat flux. The strong wetting surface always formed by physical or chemical
treatment to enhance the rapid rewetting of the wall surface. It has a smaller bubble separation diameter, higher separation frequency and higher CHF.
The heterogeneous wetting surface, having the synthetic effects of the strong and weak surface wettabilities, is a hot issue of recent study. But its
composition and heat transfer enhancement mechanism are very complicated which need to study thoroughly. Furthermore, the intelligent wetting
surface, having the dynamics wettability function, is also briefly analyzed in this paper. Despite the advances in this aspect, the boiling surfaces can be
further optimized by fabricate effective wettability to achieve a strong stability, high heat transfer performance and realize the synergistic effect of flow

pattern and heat transfer.
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1. INTRODUCTION

As an efficient mode of heat transfer with high heat flux, flow boiling is
a phase change process in which vapor bubbles are formed when liquid
flow over a heated surface or inside a heated tube. The heat transfer
equipment with flow boiling heat transfer has been widely used in
chemical energy, power cycle, refrigeration, electronics and other
industries (Suhas et al. 2019; Lian et al. 2020; Hong et al. 2020; Zhang
et al. 2020; Abo-Zahhad et al. 2021). Enhancing flow boiling heat
transfer could significantly reduce the size and investment cost of such
industry applications.

Actually, boiling is a solid-liquid-vapor interaction phenomenon
which heats liquid working fluid to vapor on the solid heated surface.
Surface wettability refers to the spreading ability of liquid on the solid
surface and it plays a very important role to affect the boiling heat
transfer performance (Mohammadi et al. 2018; Shi et al. 2020; Fan et al.
2020; Ferjanci¢ et al. 2020; Guo et al. 2020). Generally, the static contact
angle 6 is the important parameters to characterize the degree of
wettability of a solid surface. According to Wenzel (1936) equation (Eq.
1), the wettability of surface is dominated by the physical structure and
modification treatments. The surface physical structure is related to the
surface roughness. The intrinsic wettability of the surface increased with
increasing surface roughness. On the other hand, the surface modification
treatments could improve wettability to heighten the free energy of solid
surface.
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Where 6 is the apparent contact angle between liquid and solid, r is the
ratio of the real area of rough surface to apparent area, and y is the surface
tension force, respectively. The subscripts g, | and s refer to gas, liquid
and solid, respectively.

In this paper, the effect of surface wettability on flow boiling is
reviewed. Depending on the wettability and combination forms, the
boiling surfaces is divided into weak wetting surface, strong wetting
surface and heterogeneous wetting surface. The weak wetting surface has
the limited contact angle ranges of 90<180< including the hydrophobic
surface (90 <%#<150) and superhydrophobic surface (6>150<). However,
the strong wetting surface, the contact angle is less than 90< including
the hydrophilic surface (10%6#<909 and superhydrophilic surface
(6<109. The heterogeneous wetting surface refers to the mixed surface
composed of strongly wetting region and weak wetting region. The
effects of these three kinds of wettability surfaces on the vapor bubble
dynamics together with the boiling heat transfer performance are
introduced. Further, the preparation methods of different wettability
surfaces are reviewed. Then, the intelligent wettability surfaces with
adaptive functions are briefly analyzed. Finally, the prospect of
enhancing flow boiling heat transfer performance on wettability surfaces
is presented.
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2. EFFECT OF SURFACE WETTABILITY ON BUBBLE
DYNAMICS AND HEAT TRANSFER

It should be emphasized that the nucleation, growth, departure, and
release frequency of bubbles is the basement and form of flow boiling
process. The surface wettability has a significant effect on the bubble
periods to dictate flow pattern transformation. The flow boiling heat
transfer performance is mainly subjected to bubbles dynamics and flow
pattern. Thus, the bubble dynamics can be controlled to enhance flow
boiling heat transfer by modulating surface wettability. Therefore, it is
necessary to study the effect of surface wettability on bubble dynamic
and heat transfer enhancement mechanism.

2.1 Bubble Dynamics on the Homogeneous Wetting Surface

The bubble dynamics on the homogeneous wetting surfaces (strong and
weak wetting surface) are different as shown in Fig. 1 (Jo et al. 2011).
For the strong wetting surface, the bubbles gradually grow to a certain
critical size until they were departure from the boiling surface. But for
weak wetting surface, bubbles nucleate on the surface and grow along
with time. Then, part of the bubbles will leave the boiling surface when
they grow to a certain extent, while the others remain on the surface as
the nucleation point of the next bubbles without any waiting time, which
is the necking phenomenon. The necking phenomenon has also
confirmed by numerical simulation (Nam et al. 2009). In addition,
Abarajith and Dhir (2002) investigated the effect of wettability
(16<909 on bubble life period. The results showed that the bubble
growth period increased with the increasing contact angle. Nam et al.
(2011) explored the life period of single bubble on a strong wetting
surface with the combination research method of experiment and
numerical simulation. They found that the bubble period on
superhydrophilic surface behaves 4 times shorter than that on hydrophilic
surface
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Fig. 1 The bubble dynamlcs on (a) hydrophilic surfaces and (b)
hydrophobic surface (Jo et al. 2011).

Bubble nucleation is the starting point of boiling and has been
studied for years (Carey 1992; Mer 1952; Liu et al. 2005). Quan et al.
(2011) established a thermodynamic model based on Gibbs free energy
and the availability criterion for onset of heterogeneous nucleation on
heated surfaces with different wettability. They indicated that a more
hydrophobic surface easily occur bubble nucleation. Dong et al. (2012)
performed an analysis of the Gibs function criterion (AG=0) and the
availability criterion (dAw/dr=0) for heterogeneous bubble nucleation.
They concluded that hydrophobic surfaces are more likely to bubble
nucleate.

Some visualization experiments also confirmed that bubbles were
generated on hydrophobic surfaces first (Forrest et al. 2010), but only
macroscopically observing the occurrence sequence of bubbles on
different wettability surfaces could not explain the mechanism of bubble
nucleation in a deeper way. However, some simulation method can
analyze the effects of different wettability surfaces on bubble nucleation
atamicro scale. Lavino et al. (2021) showed bubble nucleation can occur
even in narrow cavities on hydrophobic surface by non-equilibrium
molecular dynamics simulation method. This also confirms the previous
conclusion that bubble nucleation is more likely to occur on hydrophobic
surfaces. In addition, Chen et al. (2020) investigated the bubble
nucleation on grooved substrates with different wettability by molecular
dynamics simulation method. They found a visible bubble nucleus
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generated on the hydrophilic groove surface from nothing, and the bubble
nucleation rate increased with increase of groove hydrophilicity.
Furthermore, bubble nucleation on different wetting surfaces was
explained by the competition between atomic potential energy and
atomic kinetic energy. Zhang et al. (2020) used lattice Boltzmann
method to investigate the nucleation site interactions during boiling.
Different from the hydrophilic surface, the nucleation site interaction on
the hydrophobic surface is mainly promoting. Recently, Tang et al. (2021)
found the surface phase transition is driven by surface-catalysed
heterogeneous nucleation. Hence, bubble nucleation is a heterogeneous
nucleation process at the solid-liquid interface.

In this paper, bubble growth refers to the motion characteristics of
bubbles from nucleation to departure. Different wettability surfaces have
different effects on bubble growth. As shown in Fig. 2 (a), Zupanéic¢ et
al. (2015) reported the hydrophilic surface has an average maximum
bubble contact diameter of 4 mm and a nucleation-site density
approximately of 4 sites/cm, respectively. However, the average
maximum bubble contact diameter and nucleation-site density
approximately of superhydrophilic surface are 1.3 mm and 16 sites/cm,
respectively. Li et al. (2021) found the average bubble diameter on the
superhydrophobic surface is the largest. The bubbles on the hydrophilic
surface are more sparse and smaller (see Fig. 2b).

Fig. 2 (a) Temperature fields on the superhydrophlllc (left) and
hydrophilic surface (right) (Zupancic¢ et al. 2015), (b) Visualization of
boiling on superhydrophobic (left) and hydrophilic surface (right) (Li et
al. 2021).

In addition, Kim et al. (2019) explored the effects of wettability on
the bubble grow of microchannels by numerically. They found the bubble
of hydrophilic channel is spherical and the interface is stable. However,
the bubble of hydrophobic channel is elliptical and the interface is
unstable. The density of active nucleation points in hydrophobic
channels is higher than that on hydrophilic surface, especially at low
mass flux. Zhao et al. (2021) also found the spherical bubble occurs on
the hydrophilic surface and the bubble growth rate is faster. Allred et al.
(2021) explored the effects of dynamics contact angles on bubble growth
and bubble departure morphologies. The lower dynamic contact angle
yields the smaller contact and departure diameters.

As an important process in the bubble growth, bubbles coalescence
has also attracted the attention of researchers. Sadaghiani et al. (2019)
reported that vertical bubble coalescence mainly occurred on the
hydrophilic surfaces and horizontal bubble coalescence mainly occurred
on the hydrophobic surface. Recently, Yuan et al. (2021) used lattice
Boltzmann method to simulate the coalescence behavior of double
bubbles on different wetting surfaces. When bubbles gather on the
hydrophilic surface, they can capture the liquid microlayer, while
bubbles on the hydrophaobic surface are more likely to coalescence on the
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wall surface to form a vapor layer. There is a critical coalescence distance
for the coalescence of double bubbles (when the distance is greater than
this distance, the bubbles do not coalesce), which depends on the distance
between the bubble diameter and the nucleation point. The critical
coalescence distance increases with the increase of the contact angle.
The bubble departure characteristics (departure diameter and
departure frequency) are the important parameters in the bubble boiling
period. The surface wettability has an important effect on the bubble
departure characteristics. According to the classical boiling theory (Fritz
1935; Zuber 1963), the mathematical expression between the contact
angle of solid-liquid interface and the bubble departure diameter is:

d =0.02080 |— e @)
9(p —p,)
fd _C{y.gg(p.z—pg)} ®)
P

Where f is the bubbles departure frequency, d is bubbles departure
diameter, p is the density of working fluid, C is an independent parameter
which value depends on the property of liquid working fluid (for water,
C is 0.59), respectively.
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Fig. 3 Visualization of bubble separation diameter and freque_non_the
on hydrophilic surface (left) and more hydrophilic surface (right) (Yim
et al. 2019).

It can be seen that, as the decreasing contact angle, the bubble
separation frequency is increased, whereas the bubble separation
diameter is decreased. This phenomenon has been demonstrated by a
great deal of visualization experiments (Ruiz et al. 2017; Yim et al. 2019),
which can be seen in Fig. 3. Bubble departure diameters were found
almost 2.5 times smaller on the superhydrophilic surface (Nam et al.
2011) and 3 times larger on the hydrophobic surface (Nam et al. 2009)
compared to the hydrophilic surface. In addition, Sarker et al. (2019)
indicated the single bubble departure diameter decreased from 1.75 mm
to 0.75 mm with the decrease of contact angle decrease from 65.30 °to
42.32< Moreover, Nie et al. (2021) studied the effect of surface
wettability on bubble separation in flow boiling by the two-phase lattice
Boltzmann method. They found the fluid flow has little effect on the
release period of the bubble on the hydrophilic surface. However due to
the necking phenomenon, the fluid flow promotes the bubble to leave the
hydrophobic surface.

2.2 Bubble Dynamics on the Heterogeneous Wetting Surface

For the heterogeneous wetting surface, the four stages (nucleation,
growth, coalescence, departure) of bubble dynamics are different from
homogeneous wetting surface. Li et al. (2020) analyzed the bubble
nucleation on different wettability surfaces by molecular dynamics
simulations. They found that the weak wetting surface has small binding
force on liquid atoms. Compared with the uniformly wetting surface, the
heterogeneous wetting surface combines the advantages of the strong
wetting surface and the weak wetting surface, which promotes the
nucleation of bubbles on the nanometer scale.

Jo et al. (2016) reported the critical size for slip behavior to design
a heterogeneous wetting surface by observing bubble dynamics on the
hydrophobic-hydrophilic composite surface. The bubbles will form and
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grow to the edge of the hydrophobic dots and the triple line will be pinned
on the boundary of the hydrophobic dots when the size of the
hydrophobic dots smaller than the critical size for slip behavior. However,
the bubble may combine with the adjacent bubble to form a vapor film
to deteriorate the boiling heat transfer when the size of the hydrophobic
dots larger than the critical size for slip behavior. Pontes et al. (2020)
concluded that the small superhydrophobic area on the hydrophilic
surface can promote the formation of regular and stable bubbles. Li et al.
(2021) observed the bubbles growth on two hydrophilic/hydrophobic
area ratio on heterogeneous wetting surfaces (see Fig. 4). The bubbles on
the heterogeneous surface are more orderly. The sideslip and merging of
bubbles occur on the small area ratio surface. The bubble sizes are more
average on the surface with large area ratio.
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ig. 4 Visualization of boiling on heterogeneous surface (Li et al. 2021).
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In addition, Wang et al. (2019) investigated the bubble dynamics in
a microchannel with a heterogeneous wetting surface. They found the
nucleation easily occurs on the hydrophobic dots and the bubbles show
higher mobility and longer triple contact lines on the heterogeneous
surface. The bubble will “jump” from the hydrophilic region to
hydrophobic dots when they reach the hydrophilic and hydrophobic
boundary. Kim et al. (2020) performed a numerical investigation on
bubble dynamics of three heterogeneous wetting surfaces, namely
crosswise, parallel and dotted patterns, for flow boiling in a microchannel.
The phenomenon of “jumping” also exists on the crosswise and dotted
patterns surface. For parallel pattern surface, the bubbles are confined in
the hydrophobic patterns and contact line pinning in the transverse
direction vyields elongation of bubbles along the direction of flow.
Recently, Zhao et al. (2021) demonstrated that the bubble appear first in
the hydrophobic region of the heterogeneous wetted surface at the atomic
scale.

Pontes et al. (2020) recommended that heterogeneous wetting
surfaces should have small superhydrophobic areas and the distance
between the superhydrophobic areas is suggested to be on the order of
one bubble diameter to prevent bubble coalescence. Cheng et al. (2021)
observed the bubble dynamics on the hydrophilic substrate with different
wettability patterns (the contact angle are 10< 90< 120< 1509). They
found the larger bubble departure diameter tend to occur on the boiling
surfaces with higher contact angle values. The waiting time decreased
with an increase in contact angle.

For the heterogeneous wetting surface, the bubble dynamic is
complex due to the combination type, shape and parameters (size, pitch
and area fraction). Thus, a lot of experimental researches and numerical
simulations of which are carried out (Jo et al. 2014; Wi et al. 2018; Li et
al. 2018; Yu et al. 2018; Li et al. 2020; Pontes et al. 2020), which can be
seen in Table. 1. We will discuss the influence of different wetting
surfaces on the heat transfer enhancement mechanism in the following
three sections.

From 2.1 and 2.2 section, we can see that the bubble dynamics is
different on boiling surface with different wettability. In terms of the
various stages of the bubble dynamics, the heterogeneous wetting surface
is a relatively ideal surface. However, as shown in Table. 1, the
influencing factors are complex and need further research. It is necessary
to establish a general standard for the evaluation of heterogeneous
wetting surface by considering the varies factors to guide the design and
application of excellent boiling surface.

2.3 Effect of the Weak Wetting Surface on Heat Transfer

The wettability has an important effect on the superheat of bubble
nucleation. Cole (1974) introduced free energy lowers the molecule f(6)
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to propose the formula of superheat required for bubble nucleation at

solid-liquid interface:
1/2

Tsal 16ﬂ7/|93f (0) (4)

NKT,
Pall | 3T, In -

AToyg =

Where k is the Boltzmann’s constant, N is the total number of liquid
molecules per unit volume, J is the activation point density, and % is the
Planck's constant, respectively. The subscripts ONB is refers to the onset
of nucleate boiling.

For the plane surface:

f(e):%(2+30050—c0520) )

For 6=0< f(6)=1, indicating the liquid completely wets the solid
surface and the liquid superheat is equal to the homogeneous nucleation
superheat. For =180 f(9)=0, indicating the liquid completely not wets
the surface and no superheat is possible. Thus, a lower onset nucleation
boiling (ONB) will occur on a more hydrophobic surface (Jo et al. 2012).
Jo etal. (2014) developed a new model based the thermal boundary layer,
which includes the superheated liquid kinetic dynamics and the generated
vapors thermodynamic stability. The model correctly depicts the trend
that is increasing superheat for bubble nucleation as the contact angle

decreases, which also has a good agreement with the experimental results.

In addition, Li et al. (2015) explored the effect of the heating surface
wettability on flow boiling heat transfer by a hybrid thermal lattice
Boltzmann model. They found that an increasing contact angle will
reduce the critical heat flux (CHF) and wall superheat at ONB. According
to the Hsu’s (1962) boiling inception standard (equation 6), there should
be a cavity on the boiling surface, which should not be submerged by
liquid. However, the cavity will be submerged by liquid on
superhydrophilic surface at low heat flux, which is not conducive to
bubble nucleation and delay the onset of nucleation boiling:
5,sin6(T, —Ty)
2(1+cosb)(T, -T)

13 8(1+c0s0)y,, Ty (T, z_TI)
pghfg5t(Tw _Tsal)

Where Rr is the nucleation median radius, ¢t is the thermal boundary
layer thickness, respectively.

The boiling surface being cooled when a bubble departure the
surface, which carries heat and the thermal boundary layer from the
surface to the liquid (Malenkov 1971; Dhir 1998). In general, natural
convection heat transfer during waiting period is low compared with
boiling heat transfer. Therefore, the chain bubble generation without any
bubble waiting time and early onset of nucleate boiling on the weak
wetting surface at low heat flux, which directly relates with better boiling
heat transfer performance as shown in Fig. 5 (a). Besides, the size range
of effective nucleation point and nucleation center density will increase
with the increase of contact angle and wall superheat (Hsu 1962; Basu et
al. 2002). Equation 7 shows the relationship between heat transfer
coefficient (HTC), nucleation point density, bubble separation diameter
and bubble separation frequency (Mikic et al. 1969).

HTC =2(zKpc)"* nd? {2 @)

Where K is the liquid thermal conductivity, c is the specific heat capacity
of liquid, and n is the nucleation point density, respectively.

Generally speaking, the weak wetting surface have larger effective
nucleation hole size range and higher nucleation center density to
improve boiling heat transfer performance under low heat flux. Fedoseev
et al. (2020) also showed that enhancement of heat transfer observed on
weak wetting boiling surface because to the increasing nucleation site
density and the decreasing boiling onset temperature by Lattice
Boltzmann simulation. Meanwhile, they also analyzed the dry areas on

(R RN =

min? max

(6)
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the weak wetting surface. On the hydrophobic surface (110%6<1299,
the maximum size of the dry area with the three-phase contact line as the
boundary is greatly increased compared with the bubble departure
diameter. On the superhydrophobic surface, the dry area does not shrink
even during the bubble departure stage and typical film boiling is
observed.

On the other hand, the bubbles easy to coalesce with each other and
not easy to separate on weak wetting surface, which could hinder the
supplement of liquid (Myers et al. 2005) and form a steam film on the
surface to promote the film boiling and deteriorate the heat transfer
performance (Takata et al. 2006; Phan et al. 2009; Hsu et al. 2012) (see
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Fig. 5 (a) Comparison of boiling curve on a hydrophilic surface and
hydrophobic surface (Jo et al. 2011), (b) The image of film boiling
(Takata et al. 2006).

2.4 Effect of the Strong Wetting Surface on Heat Transfer

The strong wetting surface always has higher CHF at high heat flux,
which overcomes the disadvantage of the weak wetting surface. Under
the circumstances, both reversible and irreversible dry spots will be
formed on the boiling surfaces, while the speed and quality of the
rewetting of dry spots is motivated on strong wetting surface to delay
CHF occurs (Theofanous et al. 2002). According to the dry theory, the
CHF will occur at a nucleation site when rewetting is unable to occur at
a growing dry spot (Theofanous et al. 2006; Kim et al. 2007).

The thick liquid layer drying model shown in Fig. 6 (a) (Haramura
et al. 1983; Sadasivan et al. 1992). During the boiling process, the thick
liquid layer will continuously absorb heat and run dry. At the same time,
new bubbles grow and form mushroom steam. Thus, the thick liquid
layer is supplemented. However, when the drying time of the thick liquid
layer z4 is less than the time for new bubbles to form mushroom steam ,
CHF will occur. The relationship between the thickness r and the drying
time zq Of the thick liquid layer can be expressed as (Sadasivan et al. 1992;
Kim et al. 2006):

- 7 3
5, —Rb[cose—E(SCose—cos 6)} (8)

ry =6phy 14 ©)
Where Ry is the radius of the bubbles that are assumed to have uniform

size, q and hyg are the heat flux and evaporation heat, respectively.
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Fig. 6 -(a) Schemati[: diagram of the thick liquid Iay_é;_c_i_rying mc_J;j_e
(Sadasivan et al. 1992), (b) Liquid layer thickness vs contact angle. (Kim
et al. 2006).
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From the equations (8) and (9), we can easily show the effect of
surface wettability on the thickness and drying time of thick liquid layer.
The lower contact angle easily lead to a thicker liquid layer and a longer
drying time for given Ry (see Fig 6b). Mukherjee et al. (2011) found that
a decrease in contact angle yields the formation of liquid layer between
the bubble downstream interface. The bubble with the lowest contact
angle has the highest growth rate and also the highest heat transfer
performance. Wu et al. (2020) indicated that the formation of a
microfluidic layer on the strong wetting surface conducive to CHF
improvement by molecular dynamics study.

2.5 Effect of the Heterogeneous Wetting Surface on Heat
Transfer

The manifestation and principles of bubble dynamics and boiling heat
transfer performance on the strong wetting surfaces is different with that
of weak wetting surfaces. But they all have certain limitations (low CHF
on weak wetting surface or posterior ONB on strong wetting surface).
However, the heterogeneous wetting surface could take both the
advantages of strong wetting surface and weak wetting surface by
coupling various influence parameters. Wu et al. (2020) showed that a
microfluidic layer could formation on the heterogeneous wetting surface
by molecular dynamics study and the heterogeneous wetting surface
enhances boiling heat transfer by regulating bubble behaviors.

The heterogeneous wetting surface has been one of the most
development directions of boiling surface (Ahmadi et al. 2020; Qin et al.
2020; Hsu et al. 2021; Lin et al. 2021). As shown in Fig. 7, the
heterogeneous wetting surface have higher HTC and CHF than the
homogeneous wetting surface, which overcome the disadvantages of
homogeneous wetting surface. However, as shown in Table. 1, the
optimal heat transfer properties are not uniform due to the complex
influencing factors of the heterogeneous wetting surface, which need
further optimization design parameters to guide the composition of
heterogeneous wetting surface to enhance boiling heat transfer.

Overall, the strong wetting surface has a smaller bubble separation
diameter, higher separation frequency and higher CHF, but the weak
wetting surface has the lower nucleation superheat and higher boiling
heat transfer performance at low heat flux. For heterogeneous wetting
surface, it can combine the advantages of strong wetting surface and
weak wetting surface to achieve better heat transfer performance, but the
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combination forms are various and the influence on bubble behavior and
heat transfer performance is more complex, which need further research.
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Fig. 7 (a) Relationship between wall superheat and relative heat flux and
(b) Heat flux versus the HTC for various heterogeneous surfaces (Hsu et
al. 2021).

Table.1 The effect of composition parameters of heterogeneous wetting surface on bubble dynamics and heat transfer

Reference Surface Surface form Influence factors Conclusion
Zupangié Hydrophobic Hydrophobic spot Spotssize + d 4 f 1t
et al. (137.89 size Highest HTC: Smallest hydrophobic
2015 /Superhydrophilic spot surface.
09 Highest CHF: Superhydrophilic surface.
Wi et al. Hydrophobic Pattern _ratio (the Pattern ratio | Nucleated bubble {
2018 (1239 ratio of Nucleation time 1
[Hydrophilic hydrophobic areato |  Average HTC: Pattern pitches has a
S— b Hdsubon - (549 hydrophilic area); critical value.
pitch - z Pattern pitch (the
""" Tt overall length of the
ml @ @@ 00000 e pattern)
Lyni I Tlow
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Wang et Hydrophobic The nucleation dot first appears at the
al. 2019 (123.979 boundary.
[Hydrophilic Increase bubble departure
(43.329 frequency/mobility and improve heat
transfer performance.
Li et al. - . Hydrophobic Partially wettability Partially wetting width: Limit bubble
2020 (949 width; size and expansion.
[Hydrophilic Shape of partially Heat flux: Partially wetting width has a
(379 wetting surface critical value.
(square, circle, 45° Highest heat flux: Square wetting
<> -rotating square) surface (sensitive to the wetting width).
Pontes et Superhydrophobic | Superhydrophobic Smaller dots size: Formation and
al. 2020 (162.89 dots size; detachment of bubbles with a higher
/Hydrophilic Pitch (distance frequency.
(64.29 between adjacent Higher heat transfer performance:
dots) Smaller superhydrophobic dots size and
minimum pitch.
Kim et al. Hydrophobic Three patterns Bubble mobility: Lowest for the
2020 EEEN (1109 (Crosswise, crosswise pattern; Highest for the
EEEN /Hydrophilic Parallel, Dotted); parallel pattern.
EEEN (309 Hydrophobic area | CHF: Crosswise pattern lower than the
e — == fraction Parallel and Dotted patterns.
pattam pattern pattern Best heat transfer performance:
Hydrophobic area fraction has a critical
value. Crossed pattern (0.165); Parallel
pattern (0.32); Dotted pattern (0.32).
Hsu et al. o Ol i oo Hydrophobic Shape of the Pitch | d t f |
2021 o @ @ @ (1109 hydrophobic dots; Heat transfer performance: Triangle >
e /Hydrophilic Pitch (between inverted-triangle > circle.
(209 adjacent dots) Flow boiling heat transfer performance:
Dominated by the shape of the
hydrophobic dots and the pitch between
adjacent hydrophobic dots.
Lin et al. Hydrophobic The hydrophobic Heat transfer performance: HC > HP
2021 Tetfon surtace (2079 patterns
‘ Y /Hydrophilic perpendicular (HC)
§t suiface (579 and parallel (HP) to
. the flow direction
Regions selected for AFM
test (not to scale)
Li et al. 10-100um 7SOKM Hydrophilic / Area ratio (the ratio | Tuning the area ratio can manipulate the
2021 Hydrophobic of hydrophilic area bubble dynamics.
to hydrophobic Adaptable for a wider range of inputted
— area: 1:1-20:1) heat flux.
At low superheat: arearatio  HTC 1t
',

Note: | refer to decrease. 1 refer to increase. 1 |

3. CONSTRUCTION METHOD AND HEAT TRANSFER
ENHANCEMENT PERFORMANCE OF HOMOGENEOUS

WETTING BOILING SURFACE

refer to increase at first and then decrease.

Homogeneous wetting surface refer to the single wettability of the

surface after a certain physical or chemical treatment, such as
superhydrophilic, hydrophilic, hydrophobic and superhydrophobic. Liu
et al. (2011) investigated the flow boiling characteristics of horizontal

deionized water in a rectangular microchannel on silicon substrate. The
basal plane is formed by the plasma etch process and has a contact angle
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of 36< Then, a hydrophobic surface with a contact angle of 103 ©is made
by coating a thin layer of low surface energy material (1H, 1H, 2H, 2H-
Perfluoro decyltrichlorosilane). In addition, a superhydrophilic surface
grown with nanowires, having a contact angle close to 0< is formed by
chemical vapor deposition (CVD). The results showed that the flow
pattern and periodic temperature oscillation might be affected mainly by
the wettability of channel surfaces. The hydrophilic surface exhibits
obvious temperature fluctuation. However, periodic temperature
oscillation was not found in both the hydrophobic and superhydrophilic
surface.

Phan et al. (2011; 2011; 2012) studied the flow boiling
characteristics of horizontal deionized water in a microchannel on a
Pyrex substrate. The test channel is a single rectangular channel, which
is 180 mm in length, 5 mm in width and 0.5 mm in height. Silicone oxide
(SiOx) layer surface, Titanium (Ti) layer surface, diamond-like carbon
(DLC) layer surface and carbon -doped silicon oxide (SiOC) layer
surface are formed by deposition of nanoparticles through patterning
masks using techniques of physical and chemical vapor depositions.
These surfaces have contact angles of 26< 49< 63° and 103<
respectively. The experimental results shown the flow boiling heat
transfer is mainly dominated by surface wettability. The superheat
needed for onset of nucleate boiling decreases and the total two-phase
pressure drop increases when the contact angle increases. The concept of
“wetting pressure drop” caused by the surface tension force generated by
triple line is shown in Fig. 8 (a), which is defined as the pressure
difference caused by the surface at the head and tail of the restricted
bubble. As shown in equation 10 and 11, the wetting pressure drop is
proportional to (1-cos#) (see Fig.8b). The 6a is the advancing contact
angle and 6 is the receding contact angle.
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Fig. 8 (a) Wetting pressure drop model and (b) Gradient of the wetting
pressure drop vs. (1-cosd) (Phan et al. 2011).

3.1 Weak Wetting Surface

For the weak wetting surface, the formation, separation and movement
of bubbles are affected by the hydrophobicity of the surface, and then
improve the flow boiling performance. Choi et al. (2011) used dipping
method to coat a self-assembled monolayer of octadethyltrichrolosilane
on a rectangular glass channel with hydraulic diameter of 500 pm. The
test surface changed from hydrophilic to hydrophobic and the contact
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angle is 105< The horizontal flow boiling experiment further
demonstrates the important influence of surface wettability on flow
pattern. The HTC of hydrophobic channel is higher than that of the
hydrophilic channel, up to 1.6 times. The pressure drop of the
hydrophobic channel is higher than that of the hydrophilic channel due
to the large dissipation, which is caused by the motion of the triple lines
in the hydrophobic channel. Sommers et al. (2013) coated a
dimethyldichlorosilane hydrophobic monolayer on the laser-etched
aluminum surface. According to the experimental results, the HTC on the
hydrophobic surface increased by 20% than the laser-etched surface.
Nedaei et al. (2017) coated the inner wall of the stainless-steel
microtubule with a layer of polyperfluorodecylacrylate (pPFDA) by
using chemical vapor deposition (CVD). The surface is hydrophobicity.
Compared with uncoated microtubule, the HTC of flow boiling on coated
microtubule can be increased by up to 61%. Bottini et al. (2018) studied
the flow boiling characteristics on copper surface treated by femto-
second laser in a vertical rectangular channel with a cross-section size of
12.7 mmx12.7 mm. The contact angle of the treated copper surface was
131.9< It was found that the CHF on the treated copper surface can be
improved. However, even the prediction models including contact angle,
the wettability effect of boiling surface is very complex and cannot be
predicted accurately. Aravinthan et al. (2018) used electroless galvanic
deposition technique to coated a hydrophobic coating on a copper tube
with inner diameter of 3 mm. The flow boiling pressure drop and the
average HTC of the hydrophobic tube are higher by 15% and 40% than
that of regular tube, respectively. Lin et al. (2021) fabricated a
superhydrophobic structure in a rectangular channel with a hydraulic
diameter of 0.91 mm by electroless plating. The vertical upward flow
boiling experimental showed that the ONB of the superhydrophobic
channel is advanced and the HTC is increased by 74.84%.

3.2 Strong Wetting Surface

The augmentation in HTC and CHF of strong wetting surfaces is due to
the wettability improvement on the surface (Gupta et al. 2018; Gupta et
al. 2020). Sarwar et al. (2007) prepared three coating paint by combining
1.5 g of alumina (particle size, d<10 pum), alumina (d<1 pm) and TiO2
(d< 5um) with 0.4 ml epoxy resin and 10 ml isopropyl alcohol,
respectively. The coating paint after stirring, heating and curing was
applied inside a half-inch (12.7 mm) SS316 circular tube’s inner surface
using a spray gun. Experiments shown that the vertical flow boiling
surface coating intercept more water, enhancing the surface wettability,
reducing the contact angle and improving the capillary effect. Compared
with smooth surface, CHF of coating surface can be increased by 20-25%.

Morshed et al. (2013) studied the flow boiling performance of
horizontal deionized water in a copper microchannel with hydraulic
diameter of 672 pum. The Cu-Al20s3 nanocomposite coating were
deposited on the bottom surface of the copper microchannel by
electrodeposition. Compare with bare surface, the contact angle of coated
surface reduces from 97 °to 67 < The result shown that HTC of the coated
surface increases by up to 100% than the bare surface. The CHF of the
Cu-Al203 nanocomposite coated surface increases 35-55% due to the
increased wettability of the coated surface promotes the diffusion of the
liquid into the dry zone. Subsequently, Al.O3 nanoparticle was deposited
on the bottom surface of the copper microchannel by the nanoparticle
self-deposition method (Morshed et al. 2013). The surface wettability
was enhanced and the contact angle reduce from 97 °to 57 < Compared
with the bare surface microchannel, the CHF of Al.O3 nanoparticle
coated surface was up to 39% enhancement, which lower than the CHF
enhancement effect on the surface constructed by electrodeposition
method. That is due to the stability of surface constructed by nanoparticle
self-deposition method is poor, especially at high mass flux (see Fig.9a).
The CHF enhancement mechanism is presented as shown in Fig. 9(b). In
bubbly flow, coating of the nanoparticles promotes the liquid flow under
the bubble to delay the formation of vapor blanket on the Cu surface.
Therefore, the CHF of nanoparticles coated surface is higher than that of
bare surface. In addition, Sujith Kumar et al. (2015; 2016) provides
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experimental studies on Fe doped Al20s-TiO2 coating surface and
sodium dodecyl sulfate (SDS) doped ZnO-Al.Os coating surface by
spray pyrolysis technique on sand blasted copper surface, respectively.
The hydrophilicity of coating surfaces increases with the increase in Fe
and SDS doping. The boiling performance for 7.2% Fe doped surface
was the best, HTC and CHF increased by 44.11% and 52.39%,
respectively. Besides, HTC and CHF increased by 29.7% and 44.6% for
the 4 wt.% SDS added ZnO-Al203 surface. Gupta et al. (2021) used
single-step forced convection electrochemical deposition followed by
single-step sintering to fabricate Cu-TiO2 coating on copper boiling
surface. Compare with bare surface, the contact angle of coated surface
reduces from 65<to 38< The flow boiling experiment showed the HTC
and CHF increased by 143% and 153% than the bare copper surface.
Then, they fabricate Cu-Al2O3 coating copper surface by four-step
(deposition-sintering-deposition-sintering), which surface wettability is
enhanced (Gupta et al. 2021). Compare with bare surface, the ONB
decreased by 5.2 K. The HTC and CHF increased by 200% and 176%,
respectively.
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Fig. 9 (a) The images of Al20s coated Cu surface after the depositioh
(left) and at the end of boiling experiment (right) and (b) The CHF
enhancement mechanism in nanoparticles coated surface (Morshed et al.
2013).

Yang et al. (2013; 2014; 2014) introduced an electroless
electrochemical etching technique to directly grow silicon nanowires
(SINW) on the bottom and vertical walls of the silicon rectangular
microchannel. The wall surfaces were modified into superhydrophilic
can get the best wettability (the contact angles were close to 0. The flow
boiling experiments showed that the superhydrophilic surface are more
likely to produce small bubbles and the direction of the dominant surface
tension force can be transferred from the cross-sectional plane to the
inner-wall plane, as shown in Fig 10 (a), which can be simplified the
multiple flow boiling regimes into a single annular flow. At the same
time, the strong capillarity force of the superhydrophilic SINW structure
accelerates the liquid rewetting. Thus, the nuclear boiling on the
downstream wall of the channel can be transmitted to thin film
evaporation and liquid film renewal to improve local drying, as shown in
Fig. 10 (b). In addition, the high capillary force provided by the
superhydrophilic surface can flat the liquid-vapor interface fluctuation
and make the vapor-liquid separation more obvious under a single
annular flow. In conclusion, the superhydrophilic surface not only can
eliminate the uncertainty of flow pattern transition, but also improve the
flow boiling performance. The average HTC was enhanced by up to
326%, the CHF was increased by 300%, and the frictional pressure drop
was reduced by 48%, respectively.

On the other hand, the two-phase flow pattern in flow boiling is
dominated by many factors, such as bubble motion, surface tension,
liquid-vapor interaction, of which the combination effect that results in
flow instabilities. Using the inlet restrictor can restrain flow boiling
instabilities, but the pressure drop increase too much. However, it is
surprising that changing the wettability of the surface and making it
superhydrophilic can improve the flow boiling flow pattern to suppress
the flow stability and improve the flow boiling performance (Yang et al.
2014; Li et al. 2012; Ahn et al. 2012).
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Fig. 10 (a) The schematic of the flow structure in a microchannel with
smooth or superhydrophilic wall (Yang et al. 2013), (b) Liquid rapid
rewetting visualization image and heat transfer mechanism schematic
diagram (Yang et al. 2014).

4. CONSTRUCTION METHOD AND ENHANCEMENT
FLOW BOILING PERFORMANCE OF
HETEROGENEOUS WETTING BOILING SURFACE

With the deepening of research on flow boiling, the following
requirements have been identified for a good boiling surface: the smaller
initial wall superheat of boiling and flow boiling pressure drop loss;
enhance boiling surface stability; the higher HTC and CHF. However, a
single homogeneous wetting surface cannot embrace the above
conditions. The heterogeneous wetting surface can combine the
advantages of strong wetting surface and weak wetting surface, which
has excellent heat transfer performance for flow boiling (Nedaei et al.
2016).

Kousalya et al. (2015) reported the horizontal subcooled flow
boiling characteristics on the heterogeneous wetting surfaces
(superhydrophilic - superhydrophobic) in a rectangular channel with a
height of 5.5 mm, as shown in Fig. 11. The heterogeneous wetting surface
are shaped with alternating parallel stripes of superhydrophilic and
superhydrophobic regions using graphitic petal-decorated carbon
nanotube (GPCNT) coating. A combination of Teflon coating, shadow
mark, and oxygen plasma treatment is used to form composite
heterogeneous wetting surfaces with differing superhydrophilic fractions.
The superhydrophilic fractions are 0, 0.35, 0.66, 0.85 and 1, respectively.
The superhydrophobic region of the heterogeneous wetting surfaces was
the first to nucleate and form a near-spherical isolated bubble, which
promoted the evaporation of the thin film. Meanwhile, in coordination
with the surrounding superhydrophilic region, the bubble boiling cycle
was enhanced and the boiling thermal performance was improved. The
initial boiling superheat of the heterogeneous wetting surfaces is
generally lower than that of the homogeneous wettability surfaces.

Fig. 11 The SEM images of the heterogeneous wetting surface
(superhydrophilic-dark gray colored regions; superhydrophobic-light
gray colored regions) (Kousalya et al. 2015).
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Wang et al. (2017) prepared polytetrafluoroethylene hydrophobic
hexagon points with side length of 30 um and pitch distance of 60 um on
the hydrophilic SiO2 surface by using etching technique. The contact
angles of the hydrophilic surface and the hydrophobic point are 33<and
120< respectively. The reflux can be caused by the hydrophilic action
around the hydrophobic point to improve the boiling heat transfer
performance. The initial superheat of boiling on the heterogeneous
wetting surface decreased by about 6°C and the HTC increased by 70%
than that on the hydrophilic surface. In addition, He et al. (2017)
established an analytical model of the minimum local forces on a three-
phase line to analyze bubble departure/movement in microchannels. As
shown in Equation 12, s. yg- 6+ 6a- philic. phobic. 4. Hr
represents the three-phase line length, surface tension, receding contact
angle, advancing contact angle, hydrophilic surface, hydrophobic surface,
hydrophilic surface area fraction and adhesive force due to microscale
surface roughness and heterogeneity, respectively. It indicates the
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minimum local force requirement for bubble to leave the heterogeneous
wetting surface is less than that of the homogeneous hydrophobic surface.

F = (cosé’,vphi,ic —coseavphmc)A + )
h =S71g (0059 )(1*A)+Hr

) phobic — COS 6,

a,phobic

In a word, the heat transfer enhancement performance is different
on the heterogeneous wetting surface with different combination forms
and the homogeneous wetting surfaces. Table. 2 lists the forms,
construction methods and enhanced heat transfer effect of representative
boiling surfaces. We can clearly see that the heat transfer performance is
very diversity, now lack of a consensus theory to explain underlying
mechanisms of surface morphology and properties on heat transfer
enhancement, so it is still to perfect and enrich in the further.

Table.2 Construction method of different wetting surfaces and heat transfer of flow boiling

Surface Reference Test channel Surface Construction method Heat transfer enhancement effect
Weak | Sommerset | Microchannel Laser-etched surface - *
wetting al. 2013 10umx50umx6 (69.59
surface 2mm Dimethyldichlorosilane Dipping HTC 1 20% (*)
coating surface (1089
Nedaei et Microtube Bare surface (61 - *
al. 2017 Inner diameter | Polyperfluorodecylacry | Chemical vapor deposition HTC 1 61% (*)
889um late (pPFDA) coating (CvD)
surface (1069
Bottini et Rectangular Bare Cu surface (58.79 - *
al. 2018 channel Textured surface femto-second laser CHF | (*)
12.7x12.7x107. (131.99
95mm
Linetal. Microchannel Bare Cu surface (75 - *
2021 Hydraulic Test surface (1509 Electroless Plating ONB | (*); HTC 1 74.84% (*)
diameter
0.91mm
0.5>5>80mm
Strong Morshed et Microchannel Bare Cu surface (979 - *
wetting al. 2013 Hydraulic Cu-Al203 coating Electrodeposition ONB | 8°C (*); HTC 1 100% (*); CHF
surface diameter surface (679 technique 1 55% (*); PDP — (%)
672pm Al203 coating surface HTC — (*); CHF 1 39% (*)
0.36>6>26mm (579 Self-deposition of
nanoparticles
Sujith Microchannel Bare Cu surface (75.59 - *
Kumar et 0.4>20>30mm Fe doped Al20s-TiO2 Spray pyrolyzed HTC 1 44.11% (*); CHF 1 52.39% (*)
al. 2015- composite coating
2016 surface (40.19
ZnO surface - #
SDS (sodium dodecyl Spray pyrolyzed HTC 129.7% (#); CHF 1 44.6% (#)
sulfate) doped ZnO-
Al203 composite
coating surface (32.99
Gupta et al. Horizontal Bare surface (659 - *
2021 minichannel Cu-Al2Os surface (329 | Four-step electrodeposition | ONB | (5.2K); HTC 1 200% (*); CHF
technique (deposition- 1 176% (*)
sintering-deposition-
sintering)
Yang et al. Microchannel Plain-wall surface Deep reactive ion etching *
2013-2014 | 1x10>30mm (DRIE)
Silicon nanowire Electroless electrochemical HTC 1 326% (*); CHF 1 300% (*);
surface (09 etching technique PDP | 48% (*)
Heterog | Kousalya et Rectangular Superhydrophilic Two-step microwave *
eneous al. 2015 channel surface plasma enhanced chemical
wetting 5.5mm Superhydrophobic / vapor deposition technique ONB | (*); HTC 1 50% (*); CHF 1
surface Superhydrophilic 14% (*)
surface




Frontiers in Heat and Mass Transfer (FHMT), 17, 17 (2021)
DOI: 10.5098/hmt.17.17

Global Digital Central
ISSN: 2151-8629

(091629 Teflon coating, shadow
mask, oxygen plasma
treatment
Wang et al. Microchannel Bare silicon surface - *
2017 Polytetrafluoroethylene Etching technique ONB | 6°C (*); HTC 1 70% (*); CHF
hydrophobic hexagon 1 55% (*)
points / hydrophilic
SiO2 surface (1209339
Hsu et al. Rectangular Si surface (409 - *
2021 channel Flurooctytrichlorosilan Micro-electrical- HTC 1 163% (*); CHF 1 43% (*)
5>5>93.8mm e/Silica surface mechanical systems
(1109209 (MEMS)
Lin et al. Rectangular Silicon surface - *
2021 channel Teflon/Silica surface Masking, spin coating, HTC 1 39.55% (*); PDP | (*)
Hydraulic (1079579 bake
diameter
0.91mm

Note: *, # refer to the compare surface. | refer to decrease. 1 refer to increase. — refer to little change. PDP refer to pressure drop penalty. HTC and

CHEF are the best value in each experiment.

5. Intelligent wettability surfaces with adaptive functions

The intelligent wetting surface can also be considered as a kind of
heterogeneous wetting surface. However, the heterogeneous wetting
surfaces mentioned above often have two kinds of wettability from the
beginning, while the intelligent wetting surface realizes its own
wettability transformation through external stimulation, which can be
matched with the requirements of the working process. For intelligent
wetting surface, the surface material is important. The external stimuli
that can be perceived by the responsive wettability surface materials
include light signal, temperature, pressure, PH value, electric field, etc.
However, the pressure, PH value, electric field and other response
methods are difficult to be applied to the boiling process due to the
problems of surface ductility, phase change working medium and
applicable scale. The intelligent wetting surface with optical signal and
temperature response has been studied.

It has been proved that the wettability of TiO2 surface is improved
after ultraviolet (UV) irradiation (Sun et al. 2001), which due to the water
molecules preferentially adsorb at the light-generated defect sites on the
surface. Then, Takata et al. (2005) manipulated the contact angle of TiO2
surface by UV light only. The experiment showed the TiO2 coating
surface has better heat transfer performance than bare surface. Zhang et
al. (2017) indicated the contact angle of TiO2 surface decreases with the
increase of UV irradiation time, while the CHF increases by 67% than
that on untreated surface. However, these studies only focus on pool
boiling and have not been involved in flow boiling. In addition, the
violent action of the vapor-liquid interface in the boiling process will also
affect the experimental conditions and hinder its application in flow
boiling.

It is necessary to select suitable surface materials with adaptive
function based on temperature, which should be an important direction
to adjust the wettability of intelligent surface. Meng et al. (2005) and
Zheng et al. (2014) reported that the wettability transformation of ZnO
and TiOz surfaces are related to temperature. Kim et al. (2017) deposited
SiO2 layer as the reference surface (SCS) by thermal growth. Then, used
radio frequency sputtering to deposited a TiOz2 layer on the SiOz thin film
as the text surface (TCS). The TCS showed stronger wettability than SCS
with increasing temperature (heat treatment temperature > 160 <C) as
shown in Fig. 12 (a). They indicated that the HTC of TCS was higher
than SCS at all experimental conditions, while the TCS had higher CHF
only at high-wall-superheat as shown in Fig. 12 (b). Then, they further
studied the time effect of wetting transition on TiO2 coated surface (Kim
et al. 2017). The TCS showed stronger wettability than SCS with
increasing time (heat treatment time > 2 h). In addition, they examined
the HTC and CHF in flow boiling on TiO2 and ZnO coated surface, which

10

called intelligent wetting surface. The ZnO coated surface also had
properties similar to those of TCS. They reported this kind of surface had
a higher HTC in low-wall-superheat region due to its hydrophobicity and
higher CHF (Kim et al. 2017). However, this kind surface only works at
higher wall-superheat and saturation boiling temperature, which limit its
application.

Due to the lower critical solution temperature (LCST), temperature
responsive polymer coating can also be used to construct intelligent
wetting surfaces. When the temperature increases from less than LCST
to more than LCST, the surface wettability changes from hydrophilic to
hydrophobic. Bertossi et al. (2015) reported that the experimental results
validate the assumption that polymers coating surface enhance heat
transfer in nucleate boiling conditions. The transition of the hydrophilic
and hydrophobic state of the polymers coating surface promotes the
bubble formation (hydrophobic surface) and bubble departure
(hydrophilic surface).
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Fig. 12. (a) Measured static contact angles and receding contact angles
after heat treatment and (b) The heat fluxes and contact angles vs wall
temperature at different pressures (Kim et al. 2017).

As can be seen from the first two chapters, surface wettability plays
an important role in the boiling process (from bubble dynamics to overall
heat transfer performance). However, it should be noted that the
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wettability requirement for a good boiling surface is dynamic at different
periods of bubble dynamics or different boiling conditions. The
intelligent wetting surface can meet the dynamic requirements, but the
selection of surface materials and the design of transition temperatures
need more research. It is still a challenge to strike a balance between
materials, working medium, surface properties and experimental
conditions to achieve optimal boiling performance. Therefore, it is
necessary to expand the relevant basic experimental data to guide the
design of intelligent wetting surface.

6. CONCLUSIONS

In summary, the weak wetting surface can be fabricated by physical,
chemical method or coating the original surface with a layer of low
surface energy. Thus, it has more effective activation point and
nucleation center density, then the boiling heat transfer coefficient can
be increased at low heat flux. The strong wetting surface formed by
physical or chemical treatment can provide strong capillary force to
promote the rapid rewetting of the wall surface and delay CHF. Both
advantages of boiling heat transfer on strong wetting surface and weak
wetting surface can be integrated in heterogeneous wetting surface.
Nevertheless, the composition of heterogeneous wetting surface is
diversity and it is complicated in mechanism, which needs further study.

Surface wettability has an important influence on flow boiling heat
transfer. However, some surfaces cannot maintain wettability stably, and
surface stability has been rarely reported. Therefore, the development of
surfaces with strong stability and high boiling heat transfer performance
should be of concern. The wettability of boiling surfaces also affects the
flow patterns and the transition between flow patterns. It is significant
for the further development to fabricate effective wettability on boiling
surface and realize the synergistic effect of flow pattern and heat transfer.

The development of intelligent wettability surfaces with adaptive
functions is essential for further improvement of boiling performance.
How to match the temperature control materials and wettability transition
temperature of the intelligent wettability surface with the experimental
working conditions should also be paid attention. Other types of novel
intelligent materials/surfaces also need to be developed or prepared to

further improve boiling heat transfer under different operating conditions.

In addition, the flow boiling channel can be divided into micro,
small and conventional channels according to the channel size (Kandlikar
et al. 2002). In recent years, the research on wettability of flow boiling
mainly focuses on micro and small channels, and less is involved in
conventional channels with channel size greater than 3 mm. As the
improving of surface processing technology, it is necessary to strengthen
the research on the effect of surface wettability on the flow boiling
performance for conventional channel.
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NOMENCLATURE

specific heat capacity of liquid (J/(kg'K))
independent parameter

the bubbles departure diameter (m)
hydrodynamic diameter (m)

the bubbles departure frequency

free energy lowers the molecule
depinning force (N)

gravity force (m/s?)
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hig evaporation heat (J/kg)

h’ Planck's constant (J°s)

Hr adhesive force (N)

J activation point density per unit volume (#/m?3)
k Boltzmann’s constant (J/K)

K liquid thermal conductivity (W/(m'K))
L length (m)

n nucleation point density

N number of liquid molecules per unit volume (#/m?3)
P pressure (Pa)

q heat flux (W/m?)

r surface roughness factor

Rb the radius of assumed bubbles (m)

Rr nucleation median radius (m)

S three-phase line length (m)

T temperature (K)

o thickness of the thick liquid layer (m)
Ot thermal boundary layer thickness (m)
] drying time of the thick liquid layer (s)
‘L'h time for new bubbles to form mushroom steam (s)
A hydrophilic surface area fraction

AT temperature difference (K)

Greek Symbols

0 contact angle (° )

y surface tension force (N/m)

p density (kg/md)

o surface tension (N/m)

Subscripts

a advancing

g gas

h heterogeneous surface

| liquid

max maximum

min minimum

ONB the onset of nucleate boiling

philic hydrophilic surface

phobic hydrophobic surface

r receding

s solid

sat saturation

w wall

6 wetting
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