10

11
12

13
14

15

16

17

18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Pool boiling investigation on copper foam with

heterogeneous wetting vapor channels
Xiao Yuan' 2, Yanping Du3’, Jing Su?, Yu Lin', Jinwen Shi%’, Chao Wang®"

"Midea Group Kitchen & Water Heater Appliance, Midea Group Innovation Center,
528311, Foshan, China.

2China-UK Low Carbon College, Shanghai Jiao Tong University, Shanghai, 201306,
China.

3School of Engineering, Lancaster University, Lancaster LA14YW, UK.

4Jiangsu Engineering Technology Research Centre of Functional Textiles, Jiangnan
University, 214122, Wuxi, China.

SInternational Research Center for Renewable Energy, State Key Laboratory of
Multiphase Flow in Power Engineering, Xi’an Jiaotong University, Xi'an 710049, China

6School of Materials and Energy, Guangdong University of Technology, Guangzhou
510006, China

* Correspondence: y.dul7@lancaster.ac.uk;

jinwen_shi@mail.xjtu.edu.cn

chaowang@gdut.edu.cn

Abstract: This study presents a pool boiling experimental investigation of copper
foam microchannels with engineered heterogeneous wettability conducted under
atmospheric conditions. Copper foam microchannels with spatially varied wetting
properties were fabricated using immersion and welding methods. Two specific
configurations were developed: one featuring super hydrophilic channel walls with a
super hydrophobic bottom surface (SHPiW-SHPoB), and the other comprising
superhydrophobic walls combined with a super hydrophilic bottom surface (SHPoW—
SHPiB). By experiments, the effects of wettability heterogeneity on boiling heat
transfer performance were systematically evaluated. It is found that the SHPiW-
SHPoB configuration demonstrates a superior critical heat flux (CHF) of 108.2 W/cm?,
compared to 96.7 W/cm? for the SHPoW—-SHPiB. Further experimental results show
that the SHPiW—SHPoB configuration offers significantly improved pool boiling
characteristics, indicating the potential of the wettability patterning for advanced
thermal management of energy systems. The experiments suggest that the enhanced
boiling performance of the SHPiW—SHPoB is attributed to the efficient separation of
vapor and liquid flow paths enabled by the heterogeneous wetting design, which
promotes bubble nucleation at low heat fluxes and suppresses bubble coalescence at
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Nomenclature Abbreviations
CHF critical heat flux
q heat flux, [W/cm?] HTC heat transfer coefficient
h heat transfer coefficient, [W/cm>K] ONB onset of nucleate boiling
AT wall superheat, [K] UTP untreated plain copper foam
Na nucleation site density, [cm™] SHPiP super-hydrophilic plain copper foam
D» bubble departure diameter, [mm] SHPoP super-hydrophobic plain copper foam
ya bubble departure frequency, [sec] UTM untreated copper foam microchannel
Greek symbols SHPiM super-hydrophilic copper foam microchannel
o1 thermal boundary layer thickness SHPoM super-hydrophobic copper foam microchannel
0 contact angle, [] SHPiW- copper fga}m microchannel with super-
SHPoB hydrophilic wall and super-hydrophobic bottom
. SHPoW- copper foam microchannel with super-
7 surface tension SHPiB hydrophobic wall and super-hydrophilic bottom
pv vapor density
pi liquid density
hfe latent heat of vaporization

1. Introduction

The ongoing trend towards integration and miniaturization in microelectronic devices
demands high-density heat dissipation technologies to ensure safe and reliable
operations [1,2]. Effective thermal management of such high energy density systems
requires advanced thermal management solutions capable of removing substantial
amounts of heat within confined spaces. Among various methods, pool boiling heat
transfer has emerged as a promising approach due to the large latent heat of
vaporization during the boiling phenomenon. Pool boiling performance is typically
characterized by the onset of nucleate boiling (ONB), the heat transfer coefficient
(HTC) and the critical heat flux (CHF). ONB shows the temperature at which boiling
initiates, HTC reflects the efficiency of heat transfer during boiling, while CHF marks
the upper limit of the nucleate boiling regime before the deterioration of heat transfer.
Therefore, all the above need to be considered for enhancing the boiling performance.
Traditional strategies include increasing the heat transfer surface area, augmenting
nucleation site density, and improving capillary-driven liquid replenishment have
been extensively explored. However, the coupling of the above key parameters has
not well resolved.

With in-depth research on micro-nano heat transfer, numerous micro/nano structures
2
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which can improve pool boiling heat transfer, including microchannels [3-5], micro
pillars [6-8], micro fins [9-11], micro porous media [12-14], nanowires [15-17],
nanotubes [18-20], nanopores [21, 22] and micro-nano hierarchical structures [23-25]
have been extensively applied. Essentially, Pool boiling heat transfer can be
significantly enhanced by manipulating bubble dynamics through engineered
micro/nanostructures. Among various surface modifications, metal foam has gained
considerable attention as a porous material capable of improving boiling performance.
Xu et al. [26] used acetone as the heat transfer fluid and concluded that the pore
density of copper foam markedly affected the boiling heat transfer performance.
Manetti et al. [27] further reported that foam thickness played a critical role with
thinner copper foams enhancing both the critical heat flux (CHF) and heat transfer
coefficient (HTC) due to reduced vapor escape resistance and improved capillary
wicking. Hu et al. [28, 29] showed that hydrophilic surface modification could
substantially increase the CHF of copper foams. In addition, Shi et al. [30] found that
introducing super hydrophilic micro/nanostructures to copper foam surfaces
significantly enhanced pool boiling performance due to the increasing of the density
of nucleation sites and the facilitating of more effective liquid replenishment.

The aforementioned studies indicate that enhancing nucleation site density,
increasing surface area, and strengthening capillary-driven liquid replenishment are
key strategies for improving pool boiling heat transfer in various conditions. Metal
foams with high pore density offer more nucleation sites; however, an excessive
number of active sites can lead to bubble crowding and increased vapor resistance,
leading to boiling deterioration at high heat fluxes. To address this issue, a novel
approach involving metal foams integrated with vapor channels has been proposed to
reduce vapor escape resistance by decoupling the liquid and vapor flow paths. For
example, Sharifzadeh et al. [31] demonstrated that optimized copper foam with a 5
mm diameter vapor channel achieved a maximum heat transfer coefficient (HTC) of
13.56 W/cm?-K. Similarly, Li et al. [32] reported that the HTC at high heat fluxes
could be significantly improved by optimizing both the diameter and number of vapor
channels within the copper foam. In addition, the use of gradient-structured metal
foams has shown considerable promise in facilitating bubble escape and enhancing
boiling performance. For instance, Zhou et al. [33] found that foams with pore-density
gradients significantly influenced the heat transfer enhancement. Huang et al. [34]
further revealed that more heat could be dissipated when bubbles detached upward,
while the frequency of bubble release increased when bubbles escaped laterally. These
studies necessities the optimized design of pore density of metal foams.

Overall, enhancements in pool boiling performance can be achieved through the
use of metal foams with optimized thickness, pore density, surface wettability, vapor
channels, or pore-density gradients. However, the combined effects of foam
wettability and integrated vapor channels have received limited attention in existing
studies. In this work, the pool boiling performance of copper foams with
heterogeneous wetting vapor channels are experimentally investigated. A visualized
experimental setup was employed to observe and analyze the bubble behaviors at
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different conditions. By examining bubble dynamics on these structured copper foams,
the synergistic enhancement by the interaction of the surface wettability and the vapor
channel design is elucidated.

2. Experimental section

2.1 Materials

The structural parameters of copper foam are 20 mm % 20 mm, 40 PPI pore density,
94.3% porosity and 5 mm thickness. The copper foam’s surface wettability can be
modified using chemical method as follows.

Super-hydrophilic modification: Before super-hydrophilic modification, ultrasonic
cleaning method was used to clean the original copper foams in an acetone solution,
ethanol and DI water for 30 min step by step [35, 36]. Then, clean copper foams
should be dried for 60 min in the vacuum oven. Noting that the chamber was purged
with nitrogen to remove oxygen and prevent oxidation before vacuuming [36]. After
drying process, clean copper foams can be modified in a 100 mL solution (1.25 M
NaOH and 0.05 M (NH4)2S20s) using chemical immersion method. When finishing
the surface modification on the copper foam, DI water was used to wash the residue
after chemical immersion. Also, these modified copper foams were dried in the
vacuum oven [28, 29, 35, 36].

Super-hydrophobic modification: To create super-hydrophobic copper foam, above-
mentioned  super-hydrophilic copper foams can be submerged in a
perfluorodecyltriethoxysilane (PFTS) solution with 1.0 wt% ethanol for 24h.

Copper foam microchannel: As show in Figure 1a and b, copper foam stripes
measuring 3.5 mm width and 2.5 mm depth, as well as the copper foam bottom
measuring 20 mm x 20 mm X 2.5 mm were used to conduct a wettability modification.
As shown in Figure 1c, the spaced lead-free solder layer was paced on the copper
foam bottom, and the copper foam stipes was firmly placed on the spaced solder layer
using a heavy object. This was followed by that solder layer was melt until reaching
its melting point under the effect of a heavy object when heating copper foam bottom.
The spaced copper foam stripes were welded on the copper foam bottom when
cooling to the room temperature. Then, modified copper foam stripes and bottoms
were welded securely together to create a copper foam microchannel with various
wetting properties (Figure le and f). According to the previous works [37, 38], for
enhancing pool boiling performance of microchannel, the spacing between the
microchannel must be equal to bubble departure diameter to prevent lateral
coalescence. In these works, the bubble departure diameter obtained from Fritz
equation resulted in a value of 2.21 mm which was in close correspondence to the
critical capillary length of 2.5 mm [38]. 3 Based on this design, four types of
heterogeneous wetting copper foam microchannels can be created using wettability
modification and welding method (Figure 2). Figure 2a and b shows the uniform

super-hydrophilic and super-hydrophobic copper foam microchannels, respectively.
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SHPiW-SHPoB was manufactured by super-hydrophilic copper foam wall stipes and
super-hydrophobic copper foam bottom (Figure 2¢), and SHPoW-SHPiB was created
by super-hydrophobic copper foam wall stripes and super-hydrophilic copper foam
bottom (Figure 2d).

C ‘Welding process

5 Solder layer
Copper foam stripes Copper foam bottom Copper foam microchannel

Figure 1. (a) Wettability modification of copper foam wall and copper foam bottom
(b) Weld of copper foam microchannel (¢) Welding process (d) Untreated copper
foam microchannel (e) Copper foam microchannel with super-hydrophilic wall and
super-hydrophobic bottom (f) Copper foam microchannel with superhydrophobic wall
and super-hydrophilic bottom.
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Figure 2. Four types of copper foam channel with wettability modification.
2.2 Surface features

Using a scanning electron microscope (SEM, Gemini 300, ZEISS), the microscopic
morphology of the super-hydrophilic and super-hydrophobic micro/nanostructures on
the copper foam was investigated. A contact angle meter (DSA 25S) was used to
measure the contact angle at 25 °C and atmospheric pressure. The droplet volume for
measuring the CA was 4 pL, and the droplet injection accuracy was 0.01 pL. Given
the structural complexity of the copper foam, particularly its irregular pore
distribution, the reported CA values represent the average of five measurements taken
at different locations on each sample to ensure representative results.

2.3 Pool boiling experimental system

As shown in Figure 3, pool boiling experimental system mainly contains a boiling
chamber, a heating system, a cooling system and a data acquisition system. When
conducting boiling experiment, the 5 mm quartz glass boiling chamber was poured
with DI water. Using the auxiliary heater around the PTFE block, DI water in the
boiling chamber can be maintained at saturation under the atmospheric pressure. A
spiral tube as a condenser, the boiling vapor can be condensed into a liquid. The main
heating system involves the copper block, 3 cartridge heaters, DC power supply and
AC autotransformer. And the head of copper block is 20 mm square and the bottom is
cylindrical. The testing boiling surfaces were welded on the square top, and the 3
cartridge heaters, ranging in power from 0 to 1500 W were positioned in the cylinder
bottom to continuously heat the boiling surface. Using the DC power supply and AC
autotransformer, the heating power of copper block can be controlled. The PTFE
block held the copper block together while maintaining the one-dimensional heat
transfer.

As shown in Figure 3b, along the square head of copper block, there were 9
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thermocouples in the holes. Three thermocouples were distributed at 7 mm intervals.
Through data acquisition system (Keysight, DAQ970A), temperature signals of
thermocouples can be recoded every 30 seconds. Through recording temperature
signals of thermocouples (771, T21, T31, T12, T22, T32, T13, T23 and T33) on the square
head of copper block, heat flux can be calculated (Figure 3b). For measuring melting
temperature of solder layer, thermocouples (779, T20 and T3¢) on the top of the copper
block were used (Figure 3c¢). Using high-speed camera (Phantom VEO 410), bubble
behavior during pool boiling process can be recorded at a resolution of 832 x 600 and
1000 frames per second (fps). As shown in Figure 3d, lead-free solder was used to
weld copper foam microchannel onto the copper block. First, to create a thin coating
of solder, the solder was placed on the top of copper block. Second, the solder layer
on the copper block was melted through manipulating the voltage of the DC power
source. Third, using the heavy object, the copper foam microchannel can be welded
on copper block when cooling to the room temperature again.

a L b
= -+ Outlet
Condenser g T,

Light source =) T L | 7 mm
'_gs T 7 mm E
\ Stainless steel flange = Inlet T2 o I I'., =k =
i \ P = - o~

b
—— 0, . n L i -

oo

Computer .
__— Quartz glass — __
T

150 mm

1

L - Y
Copper block \ %
% AN

et

ey e v
_ R o Cartridge heater |
A€ - 30 mm
autotransformer Auxiliary heater
z Tc\l]on
1 Cartridge heater
DC power supply
d €
Copper foam Copper foam
C " microchannel microchannel
~__— Solder layer
rd
7 mm 7 mm
T, é)- Ty R
- Copper block R,
- 7 mm
Ti'ﬂ

Figure 3. (a). Pool boiling experimental set-up (b). Copper block (c). Top view of
copper block (d). Installation of copper foam microchannel (e). Resistance diagram
for surface temperature calculation.

2.4 Experimental procedures and data reduction

To eliminate dissolved gases, deionized (DI) water was preheated to its saturation
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temperature (Tsat = 100 °C) and maintained for 60 minutes prior to the pool boiling
experiments. The voltage was gradually raised to increase the heat flux. Initially,
following a I15-minute stabilization period, the voltage was increased to 20 V.
Subsequently, the voltage was raised in 5V increments. Once the onset of nucleate
boiling (ONB) was observed, the voltage increments were increased to 8 V steps. As
the system approached the critical heat flux (CHF), the voltage was gradually reduced
to 5V intervals to capture the transition more precisely. CHF was identified by a
sharp and sustained rise in surface temperature, indicating the transition to film
boiling. At this point, the system was promptly shut down to prevent damage to the
PTFE insulation block. To ensure repeatability and accuracy, each boiling test was
performed three times per surface condition, and the average values were reported as
the final results.

As shown in Figure 3e, average temperatures (79, 77, 7> and 73) at the four planes
can be calculated as follows:

_ Lot Dot Ty

T, 3 (1)
T +7T, +T,
T = 1721 731 (2)
3
7, =Tt Tat Ty )
3
T3:T13+T§3+T33 @

Besides, one-dimensional heat transfer needs to be confirmed before calculating the
heat flux. As shown in Figure 4, the temperature distribution at three locations (77, 7>
and T3) along the square head of copper block was illustrated. The R-square values
obtained from the linear temperature distribution across measurement points were
consistently greater than 0.99, indicating strong linearity. This confirms that one-
dimensional heat conduction occurs along the square head of the copper block,
allowing the use of the one-dimensional form of Fourier’s law to calculate the heat
flux.
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Figure 4. Temperature distribution at different heat fluxes.

According to the one-dimensional Fourier’s law, the heat flux g can be calculated
as below:

-3 %Y _
q Cu” g C

)

where Acy is the thermal conductivity of the copper, d7/dz is the axial temperature
gradient of the copper block calculated by the three temperatures measured by
thermocouples, Az is the distance between the adjacent thermocouple locations. As
shown in Figure 3e, the contact thermal resistance (R;) of solder layer exists between
the copper block top and the copper foam microchannel bottom. Nevertheless, the
contact thermal resistance with a thickness of 0.1 mm only occupies less than 1% of
the entire resistance and can be neglected [27, 30, 39]. The boiling surface
temperature 7, and the heat transfer coefficient 4 can be calculated as follows:

T,-1-¢2% ©)
Cu
q
h= 7
Tw_Tsat ( )

where A0 is the thickness of the copper foam microchannel; 7, is the boiling surface
bottom temperature; 7. represents the saturation temperature of the DI water.

2.5 Uncertainty analysis

The absolute uncertainties of the T-type thermocouples were = 0.2 °C. The thermal
conductivity of copper was 395 £ 5 W/m-K with 0.1 mm uncertainty in thermocouple
locations. The uncertainty of heat flux and heat transfer coefficient can be calculated
using the error propagation law [40]:

U u, Y (U Y (U, Y U

1 _ ( T J + ( n ] + ( UAz ] + Acu + Gioss (8)
q L-T, L-T Az, A q

U U 2 2 2 2

ITIPE | /B Ao U | + LUA& + gyl )
T;v T w ﬂ’Cu T w ! j'C u T w T;v lCu “

2 2 2
U U U

ﬂ = || 22| + L + Tt (10)

h q ]ww - sat Tw - T;at

There is a 1.2% uncertainty in the thermal conductivity of copper. In this study,
thermal conductivity of PTFE and ceramic insulating material is 0.25 W/(m-K) and
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0.14 W/(m-K), respectively. Through measuring the temperature difference between
internal surface and outside surface of thermal insulating material (PTFE and ceramic
insulating material), the heat loss (quss) can be calculated by the Fourier heat
conduction equation. And the heat loss in this work is less than 4%. Figure 5 shows
the variation of the uncertainty against the heat flux on the Cu plain surface. It is seen
that as the heat flux increases, the uncertainty gradually decreases [41]. And the
uncertainty decreases from 20.1% to 6.3%. With a CHF of 42.1 W/cm?, the calculated
uncertainty of 4 and T, is 9.2% and 6.7%, respectively.
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Figure S. Variation of the uncertainty against the heat flux.

3. Results and discussions

3.1 Surface characterization

Figure 6a and b shows micro/nanostructures on the copper foam surfaces,
respectively. Due to larger specific surface area and more nucleation sites, copper
foam can enhance pool boiling heat transfer. As shown in Figure 6a, dense nanograss
grows at an incline on the copper foam substrate after 10 immersion minutes, which is
beneficial for capillary pumping improvement. After 30 immersion minutes, the
nanograss tips begin to intertwine with each other and create the new crystal nucleus
(Figure 6b). The hierarchical micro-flower and nanograss structures can provide
more pores during boiling process. Pores of super-hydrophobic micro/nanostructures
can capture more gas, facilitating bubble nucleation during pool boiling process.

Figure 6¢c — e shows the contact angle of the untreated copper foam, super-
hydrophilic copper foam and super-hydrophobic copper foam. As shown in Figure 6c,
the contact angle of untreated copper foam is around 127°. After the surface oxidation,
the contact angle of the copper foam wall and bottom is 0° (Figure 6d and e), which
indicates that the nanograss on the copper foam is super-hydrophilic. Further
increasing 30 immersion minutes and modifying with the PTFS, the hierarchical
micro-flower and nanograss structures becomes super-hydrophobic, resulting in the
contact angle of 150.2° and 150.3° on the copper foam wall and bottom (Figure 6f
and g), respectively. The super-hydrophilic copper foam wall can be welded onto the

super-hydrophobic copper foam bottom (Figure 6d). On the contrary, the super-
10
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hydrophobic copper foam can be welded on the super-hydrophilic copper foam
bottom (Figure 6f). Herein, copper foam channel with heterogeneous wetting
properties can be fabricated with the immersion and weld technologies. Table 1
shows the test copper foam samples investigated in this study.

B o e L i B - LT e
CA left: 150.2° CA left: 150.3°
CA right: 150.4° gCA right: 150.4°

C CAleft: 127.2° d CA: 0° (v CA: 0°
CA right: 127.4°

Figure 6. SEM images of (a) Super-hydrophilic micro/nanostructures (b) Super-
hydrophobic micro/nanostructures; Contact angles of (c) Untreated copper foam (d)
Super-hydrophilic copper foam wall () Super-hydrophilic copper foam bottom (f)
Super-hydrophobic copper foam wall (g) Super-hydrophobic copper foam bottom.

Table 1. Characterizations of test copper foam samples (40 PPL, 5 mm).

Channel depth Channel width

Sample name Structure (mm) (mm) Surface wettability
UTP Plain 0 0 Untreated
SHPiP Plain 0 0 Super-hydrophilic
SHPoP Plain 0 0 Super-hydrophobic
UT™M Microchannel 2.5 2 Untreated
SHPiM Microchannel 2.5 2 Super-hydrophilic
SHPoM Microchannel 2.5 2 Super-hydrophobic
SHPiW-SHPoB Microchannel 2.5 2 Super-hydrophilic wall —

11
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SHPoW-SHPiB Microchannel 2.5 2 super-hydrophilic bottom

3.2 Experimental system verification

The pool boiling experiments of copper plain surface were carried out in
comparison with earlier correlations and literatures to assess the verification of the
pool boiling experiment system [42-48]. Typically, pool boiling performance can be
estimated by three correlations. The Rohsenow’s correlation can be expressed as
follows:

0.33

AT ' c U, !
Cpa./ sat Csf q o [ P,/'u./ ] (11)
hy, Hehy\ g (pf ~Pg ) k,

where C;r=0.0152 and n = 1, and Pioro’s correlation can be expressed as:

2/3

q' o -C (]' CprHy ]m (12)
Ak \Nelor=r:) " el [og(p,-p,)] L g

where Cy+ = 1228 and m = -1.1. The Zuber’s correlation is usually estimated for the
CHF value, which can be expressed as follows:

1/4
- _x ., |ogle A
dcur _apghfg ,02

g

(13)

Figure 6 presents the boiling curves obtained in this study, alongside established
empirical correlations and data from the literature. At heat flux levels below 10 W/cm?,
the experimental results align well with the predicted values from the correlations.
However, the smooth copper surface tested in this work exhibits a noticeably lower
critical heat flux (CHF) compared to the values predicted by the correlations.
Traditionally, Zuber’s correlation has been used to estimate CHF around 100 W/cm?
without accounting for surface characteristics. In practice, parameters such as surface
wettability, roughness, morphology, and thermal conductivity play a critical role in
determining CHF. To address the influence of surface wettability, Kandlikar proposed
a modified correlation that incorporates these effects. This correlation is expressed as
follows [49]:

(14)

05
, 1 g| 2
cnr = h_fgp\?'s I:Gg (pz — P )]1/4 reos { + = )}

16 |z 4(1+cosé

As shown in Figure 7, the boiling curves on the plain copper surface exhibit good

repeatability, and the average CHF value from the three repeated experiments is used
12
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as a benchmark. When incorporating a contact angle of 109° into Kandlikar’s
correlation, the predicted CHF is 47.7 W/cm?, which is slightly higher than the
experimentally measured average value of 42.1 W/cm?. For comparison, previous
studies have reported CHF values for similar surfaces ranging from 20 to 65 W/cm?.
In this study, the discrepancy between the predicted and measured CHF values can be
attributed to variations in surface wettability and roughness. However, the consistency
of the repeated experiments validates the reliability of the data obtained from the
experimental setup.
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Figure 7. Boiling curve of this work and references with DI water (plain copper
surfaces) [42-48].

3.3 Wettability effect on boiling performance

Figure 8 illustrates the boiling curves, heat transfer coefficient and ONB of various
plain, untreated copper foam (UTP), super-hydrophilic copper foam (SHPiP) and
super-hydrophobic copper foam (SHPoP) in three repeated experiments, respectively.
As shown in Figure 8a, three boiling curves of plain, UTP and SHPoP surfaces have a
good repeatability, which indicates that pool boiling performance of plain and UTP
can be used as a benchmark. Due to extended surface area and increased nucleation
sites, UTP exhibits a better pool boiling performance comparing to that of plain
surface. The average CHF of UTP in three repeated experiments is 66.3 W/cm?, which
is 57.4% higher than that of plain surface. In comparisons, the average CHF of SHPoP
is approximately 72.1% higher than that of plain surface, reaching approximately 72.1
W/cm?. It is noted that three repeated boiling curves of plain surface have a slightly
low slope (HTC), maintaining nearly unchanged, when wall superheat is lower than
7.3 K (Figure 8a). However, when wall superheat is higher than 7.3 K, the slope of
plain surface begins to rise sharply, which suggests that HTC of plain surface
increases sharply. This is attributed to the fact that heat transfer on the plain surface
has started to enter the nucleate boiling regime. During two-phase nucleate boiling,
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bubbles nucleating and departing from the plain surface can remove significantly
more heat compared to single-phase heat transfer, particularly when the wall
superheat is below 7.3 K. Herein, the ONB of plain surface is around 7.3K. Different
from the plain surface, UTP, SHPiP and SHPoP has a sharp rise (HTC) at the
beginning, which indicates that nucleate boiling happens on UTP, SHPiP and SHPoP
nearly without any waiting time (Figure 8a).

As shown in Figure 8b, both SHPiP and SHPoP surfaces exhibit significantly
higher heat transfer coefficients (h) compared to the untreated plain surface (UTP).
Notably, SHPoP achieves the highest heat transfer coefficient at low heat fluxes
(below approximately 35 W/cm?) across all three repeated experiments. This
enhancement is attributed to the increased number of nucleation sites and more
frequent bubble departure on the SHPoP surface, which facilitates efficient heat
removal [30]. However, at higher heat fluxes, bubble coalescence on SHPoP leads to
the formation of larger vapor bubbles that tend to blanket the surface. Due to its lower
surface energy, SHPoP inhibits bubble detachment, thereby increasing interfacial
thermal resistance as a vapor film forms. Consequently, the heat transfer coefficient
on SHPoP declines sharply at elevated heat fluxes.

However, unlike UTP and SHPoP, SHPiP has a large variation of boiling curves in
three repeated experiments (Figure 8a). Moreover, 2 of SHPiP in three repeated
decreases slowly at a high heat flux when heat flux is higher than 35 W/cm?, as shown
in Figure 8b. Also, the CHF value decreases step by step after each test (Figure 8a).
This phenomenon can be explained by the fact that SHPiP exhibits the spontaneous
hydrophilicity degradation to influence bubble behaviors, resulting in the weakened
pool boiling performance [50]. After being tested in second and third time, SHPiP has
lost its super-hydrophilicity and become hydrophobic [51]. Herein, 2 of SHPiP
sharply decreases similar to that of SHPoP at a high heat flux when heat flux is higher
than 35 W/cm?. Therefore, the surface wettability of SHPiP plays a critical role in
sustaining effective pool boiling performance.

To summarize, SHPoP demonstrates the highest heat transfer coefficient at low heat
flux, while SHPiP achieves superior peak performance during the initial test. After
being tested in the repeated experiments, SHPiP exhibits a pool boiling performance
similar to SHPoP due to hydrophilicity degradation.
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Figure 8. Wettability effect on copper foam’s boiling performance in three repeated
experiments (a) Boiling curves (b) Heat transfer coefficient 4 vs heat flux q.

3.4 Combined effects of wettability and microchannel

Figure 9 shows the three repeated boiling curves and HTCs for the UTP, UTM,
SHPiM, SHPoM, SHPoW-SHPiB and SHPiW-SHPoB surfaces. Unlike UTP surface,
UTM, SHPiM, SHPoM, SHPoW-SHPiB and SHPiW-SHPoB have better pool boiling
performance. As shown in Figure 9a, similar to above-mentioned UTP surface, at the
beginning, UTM, SHPiM, SHPoM, SHPoW-SHPiB and SHPiW-SHPoB have a sharp
rise without any waiting time for bubble nucleation. With further increasing of the
heat flux, the wall superheat of UTP, UTM, SHPiM and SHPoM copper foams
continues to increase step by step. Nevertheless, SHPoW-SHPiB and SHPiW-SHPoB
exhibit a sharp rising boiling curve with a small superheat. This may be caused by the
fact that sufficient bubble nucleation sites on SHPoW-SHPiB and SHPiW-SHPoB can
maintain nucleate boiling for a longer time. With full development of nucleate boiling,

wall superheat has no significant rise as the heat flux increases, which indicates that
15
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heat can be efficiently dissipated using SHPoW-SHPiB and SHPiW-SHPoB with a
small temperature rise.

As shown in Figure 9a, the UTP, UTM, and SHPoM surfaces exhibit good
repeatability across repeated experiments, with average critical heat flux (CHF)
values of 66.3 W/cm?, 75.2 W/cm?, and 80.2 W/cm?, respectively. The presence of a
vapor channel in UTM effectively reduces bubble escape resistance, leading to
significant improvements in both CHF and heat transfer coefficient (HTC). Figure 9b
illustrates that SHPoM demonstrates a sharp increase in HTC at heat fluxes below
25 W/em?. This enhancement is attributed to the increased number of bubble
nucleation sites resulting from the combined effects of vapor channels and
superhydrophobic surface modification. However, at heat fluxes above 25 W/cm?, a

pronounced decline in HTC is observed due to the formation of an insulating vapor
film.

As shown in Figure 9a, in the initial experiment, tailoring the wettability patterns of
copper foam microchannel surfaces resulted in further improvements in critical heat
flux (CHF), reaching 96.1 W/cm? for the SHPoW-SHPiB configuration and
106.3 W/cm? for the SHPiW-SHPoB configuration. As reported, bubble expansion
and bubble coalescence can be manipulated by the micro-posts with mixed-wettability
[52]. For the SHPiW-SHPoB copper foam surface, the super-hydrophilic wall in this
work plays a role similar to the micro-posts performed by Jo et. al [52], delaying the
bubble coalescence at a high heat flux to further increase the CHF. However, similar
to SHPiP surface, SHPiM, SHPoW-SHPiB and SHPiW-SHPoB also have a large
variation of boiling curves in three repeated experiments. As shown in Figure 9a, the
CHF value of SHPiM, SHPoW-SHPiB and SHPiW-SHPoB also decreases step by
step after each test. As aforementioned, this decline in CHF may be attributed to the
spontaneous degradation of surface hydrophilicity. The CHF of SHPiM decrease from
84 W/cm? to 74 W/cm? after three repeated experiments. And the CHF of SHPoW-
SHPiB decreases from 96.1 W/cm? to 82 W/cm?, while the CHF of SHPiW-SHPoB
decreases from 106.3 W/cm? to 90.4 W/cm?.

As shown in Figure 9b, in the first experiment, the SHPoW-SHPiB and SHPiW-
SHPoB exhibit homogeneous wetting properties, allowing for a significant increase in
the HTCs when compared to SHPiM and SHPoM. The maximum HTC of SHPoW-
SHPiB and SHPiW-SHPoB is significantly higher (5.40 W/cm?-K and 6.14 W/cm?*-K).
As a result, SHPoW-SHPiB and SHPiW-SHPoB can enhance boiling heat transfer by
strengthening micro-convection between the released bubbles and the rewetting liquid
[53-55]. There is no significant decrease in the HTC on the SHPiW-SHPoB copper
foam, suggesting the nucleate boiling can be maintained on this copper foam structure.
Meanwhile, the SHPiW-SHPoB can display a higher HTC compared wtih SHPoW-
SHPiB. This indicates that heterogeneous wettability can remarkably affect boiling
heat transfer, and heterogeneous wettability with different patterns can further
increase the HTC of copper foam microchannels. As shown in Figure 9b, /# of SHPiM
decreases sharply in the third experiment. Besides, as shown in Figure 9b, SHPoW-

SHPiB and SHPiW-SHPoB also exhibits a sharp decline of # when heat flux is higher
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than about 60 W/cm? in the second and third experiment. This is also attributed to the
fact that spontaneous hydrophilicity degradation on SHPoW-SHPiB and SHPiW-
SHPoB increase bubble escape resistance, resulting in decreased 4 at a high heat flux.

For evaluating pool boiling performance of copper foam with vapor channels in this
work, some similar works with pool boiling enhancement using enhanced copper
foam structures are listed in Table 2. Besides, HTCtoam/HTCplain and CHF foam/CHF plain
are defined to evaluate pool boiling heat transfer comparing to the previous studies.
Here, HTCtoam, HTCplain, CHFfoam and CHF1ain represents the HTC of copper foam,
HTC of smooth surface, CHF of copper foam and CHF of smooth surface,
respectively. Due to the hydrophilicity degradation, the CHF and HTC decreases after
repeated experiments. As a result, we conducted the same pool boiling experiments on
three SHPoW-SHPiB surfaces and SHPiW-SHPoB surfaces with one time test to
illustrate the effect of copper foam with different wetting vapor channels on pool
boiling performance. As shown in Figure 10, the average CHF of SHPoW-SHPiB and
SHPiW-SHPoB is 96.7 W/cm? and 108.2 W/cm?, respectively. And the average
maximum HTC of SHPoW-SHPiB and SHPiW-SHPoB is 5.56 W/cm?*-K and 6.25
W/em?-K. As listed in Table 2, comparing with the plain surface, treated copper foam
structures can enhance the CHF and HTC dramatically. Through wettability
modification, the CHF and HTC can be improved to a certain extent [28-30]. Using
copper foam manufactured with Magnetron sputtering and electrodeposition, the CHF
and HTC can also be improved [56, 57]. Moreover, using copper foam with
multilayer pore density gradient, CHF can be increased and the CHFfoam/CHFplain
increases to 2.13 [34]. Using copper foam with vapor channel, the HTC can be
dramatically improved and the HTCgam/HTCprain is 2.5 [57]. Comparing with the
previous works, through copper foam with heterogeneous wetting vapor channels, the
CHF and HTC simultaneously have a significant improvement. In this work, on
SHPoW-SHPiB, the CHFfoam/CHFplain is 2.3, while the HTCran/HTCplain is 2.9.
Furthermore, on SHPiW-SHPoB, the CHFfam/CHFpnin increases to 2.57 and the
HTCtam/HTCprain reaches 3.34. Therefore, pool boiling performance can be improved
significantly using copper foam with heterogeneous wetting vapor channels,
especially using SHPiW-SHPoB structure.
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Figure 9. Effects of wettability and microchannel on copper foam’s boiling
performance (a) boiling curves (b) Heat transfer coefficient / vs heat flux ¢
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Table 2. Pool boiling performance comparisons on copper foam structures with
previous works.

Ref. Structure Working fluid ~ CHFroan/CHFpain V12X HT Croam/Max
HTCplain
Shi et.al [30] S“per'hydlﬁ"phlhc copper DI water 1.05 1.18
oam
Hu et. al [29] Hydrophobic copper foam DI water 1.11 1.3
Huang et. al [34] Multilayer fgradlent copper DI water 2.13 /
oam
Sharifzadeh et. al Copper foam with one DI water 15 25
[31] channel
Yao et. al [56] Magnetron sputtering DI water 1.1 125
copper foam
Sharifzadeh et. al Electrodeposited copper DI water 122 184
[57] foam
Hu et. al [28] Hydrophilic copper foam DI water 1.46 1.3

19



477

478

479
480
481
482
483
484
485
486
487
488
489
490

491

492
493
494
495
496
497
498
499
500
501

502
503
504
505
506
507
508
509
510
511

This work 1 SHPoW-SHPiB DI water 2.3 2.97

This work 2 SHPiW-SHPoB DI water 2.57 3.34

3.5 Bubble behavior visualization
3.5.1 Bubble nucleation

Figure 11 shows wall superheat at ONB in the first and third boiling tests. In the
first test, the order of ATonp is as follows: Plain > UTP > UTM > SHPiP > SHPiM >
SHPoP > SHPoM > SHPoW-SHPiB > SHPiW-SHPoB. Figure 12 illustrates the
number of bubbles attached to the copper foam surfaces at ONB during the first test.
Compared to UTP (Figure 12a), more bubbles are observed on SHPoP (Figure 12c¢).
The micro/nano-structured surface of SHPoP effectively traps gas (Figure 12¢),
facilitating the activation of more nucleation sites. Consequently, SHPoP exhibits
significantly higher heat transfer efficiency than UTP (Figure 8b). In contrast, the
super-hydrophilic nature of SHPiP allows liquid to readily penetrate its porous
structure, reducing residual gas pockets. This results in a higher energy barrier for
bubble nucleation [30]. These observations are consistent with Hsu’s theory [58],
which is depicted as:

{”eﬂ',mm}z o,sin@ E: 1_80'Tm,(1+cose) as)
Topma | 2(1+cos6) p.h, SAT,

gt

where o, 0, o, pv, and hy are the thermal boundary layer thickness, contact angle,
surface tension, vapor density and latent heat of vaporization, respectively. 75 and T,
are the saturated temperature and wall superheat. The active nucleation sites size
range can be expanded by increasing the contact angle according to Eq. (15). Hence,
except more captured gas, more pores with suitable size can be used as active
nucleation sites on the SHPoP. In contrast, UTP exhibits fewer bubbles since only its
original pores function as effective nucleation sites (Figure 12a). With super-
hydrophilic modification, numerous pores created by micro/nano structures act as
active nucleation sites on SHPiP. As a result, tiny bubbles are observed on SHPiP,
indicating the formation of many effective, small-sized nucleation sites (Figure 12b).

Furthermore, researches exhibit that the bubbles can be easily nucleated at the
corners of the microchannels [59]. This is attributed to the fact that cavitation can be
easily formed at the corner. This finding is in agreement with the bubble nucleation
shown in Figure 12d, e, f, g and h. As shown in Figure 12f, similar to the SHPoP,
more captured gas can be obtained on the SHPoM, resulting in abundant bubble
nucleation. Besides, combining above-mentioned cavitation, more bubble nucleation
can be obtained on the SHPoM compared with the SHPoP. For the UTM and SHPiM,
corner bubbles can be obtained due to the cavitation phenomenon. Therefore,
compared to UTP and SHPiP, UTM and SHPiM offer more opportunities for bubble
nucleation due to a greater number of effective nucleation sites (Figure 12d and e).
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Beyond the influences of wettability and microchannel corners, researchers have
observed that bubbles tend to nucleate more readily along hydrophobic boundaries
[60]. On the SHPoW-SHPiB and SHPiW-SHPoB surfaces, various bubble types, such
as corner bubbles, tiny bubbles, and bubbles formed from trapped gas, are commonly
observed. Consequently, due to the combined effects of microchannel corners and
heterogeneous wettability, these copper foams promote faster bubble nucleation
(Figure 12g and h), requiring lower wall superheat for onset of nucleate boiling
(ONB). It is noteworthy that the ONB values for SHPiP, SHPiM, SHPoP, SHPoM,
SHPoW-SHPiB, and SHPiW-SHPoB are similar. This similarity arises because
numerous bubbles nucleate at pores of suitable size, which serve as effective
nucleation sites. Additionally, as heat flux increases, more heat is absorbed at these
active nucleation sites, leading to comparable ONB values across these surfaces.
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Figure 11. Wall superheat at ONB in the first and third boiling test.
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As aforementioned, due to hydrophilicity degradation, the pool boiling
performance of SHPiP, SHPiM, SHPoW-SHPiB, and SHPiW-SHPoB changes
noticeably after three repeated boiling tests. Figure 13 presents the bubble dynamics
at ONB for these surfaces during the third test. In contrast, bubble dynamics on UTP,
SHPoP, UTM, and SHPoM remain relatively consistent between the first and third
tests (as shown in Figures 12 and 13), which can be attributed to the stable
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wettability of these surfaces and no occurrence of hydrophilicity degradation,
resulting in unchanged nucleation behavior. As illustrated in Figures 13b, 13¢, 13e,
13f, and 13h, similar to the SHPoP surface, more trapped gas is observed on SHPiP,
SHPiM, SHPoW-SHPiB, and SHPiW-SHPoB in the third test. This contributes to the
activation of additional nucleation sites due to reduced surface wettability.
Furthermore, the microchannel corner geometry offers favorable sites for cavitation,
facilitating bubble nucleation. As a result, more bubbles are observed on SHPiM,
SHPoW-SHPiB, and SHPiW-SHPoB compared to SHPiP (Figures 13b, 13e, 13f, and
13h). According to the equation as follows:

cosezzg(ﬁj 1 (16)

(o)

where @ is contact angle, ¢ is a constant, ¢ is the liquid surface tension, and y, is
surface energy. After undergoing repeated boiling tests, hydrophilicity degradation
occurs on these surfaces, leading to an increased contact angle and reduced surface
energy. As a result, SHPiP, SHPiM, SHPoW-SHPiB, and SHPiW-SHPoB exhibit
hydrophobic behavior during the third boiling test. Consequently, the ONB (onset of
nucleate boiling) for these surfaces becomes closely aligned with that of the SHPoP
surface.
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3.5.2 Bubble growth period

As shown in Figure 14, when the heat flux is approximately 4 W/cm?, all copper
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foam surfaces exhibit isolated bubbles during the bubble growth phase. In general,
bubble growth on the UTP is influenced by multiple forces, including contact pressure
from the copper foam, surface tension, bubble escape resistance, heat flux-induced
driving force, buoyancy, and bubble expansion force. Once a bubble reaches a critical
radius, it detaches from the copper foam. As illustrated in Figure 14a, bubble
departure on the UTP is followed by a waiting period of about 40 ms before the next
bubble nucleates. In contrast, the super hydrophilic micro/nanostructures on SHPiP
reduce the surface tension, allowing bubbles to detach more rapidly. Additionally, the
next bubble nucleation occurs sooner (Figure 14b), due to the lower amount of
captured gas and easier liquid rewetting. Compared to SHPiP, the SHPoP surface
captures more gas, supplying more nucleation sites. However, the higher surface
tension on SHPoP hinders the bubble detachment, resulting in a longer departure time
of approximately 65 ms (Figure 14¢). Despite of this, SHPoP demonstrates a shorter
waiting time before the next bubble forms. This may be due to residual portions of
previous bubbles acting as micro-nucleation sites, facilitating quicker subsequent
nucleation [61].

For the copper foam microchannels, UTM can nucleate more bubbles at the corner
of the microchannels, while the waiting time for the next bubble nucleation is shorter
comparing with the UTP (Figure 14d). This is attributed to the fact that the bubbles
can be nucleated more easily at the sharp corners of microchannels [59]. Comparing
with the UTM, SHPiM has faster bubble departure. Nevertheless, the next bubble
nucleation requires longer waiting time of 25 ms because the microchannel can
facilitate the liquid to cool nucleation sites driven by the capillary pressure (Figure
14e). Therefore, next bubble nucleation requires more energy, leading to the longer
waiting time. Herin, SHPoP also has longer waiting time for neat bubble nucleation
(Figure 14f). Moreover, due to higher surface tension on SHPoM, difficult bubble
departure appears.

As shown in Figure 14g and 14h, SHPoW-SHPiB and SHPiW-SHPoB have shorter
waiting time for the next bubble nucleation. However, as comparisons, SHPoW-
SHPiBhas longer bubble growth period ranging from bubble nucleation to bubble
departure and larger bubble size, leading to the worse pool boiling heat transfer.
Overall, through using mixed wettability modification, shorter bubble growth period
and waiting time through this method to enhance boiling heat transfer at low heat flux
[62]. Moreover, combining mixed wettability and microchannel structures, boing heat
transfer performance could be significantly due to easier bubble nucleation, shorter
bubble growth period, faster bubble detachment and effortless next bubble nucleation.
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3.5.3 Bubble departure

Figure 15 shows the bubble growth diameter (Dp) for the various copper foam
samples under heat fluxes of approximately 4, 7, and 10 W/cm?. Bubble grows rapidly
in the initial stage due to surface tension. Subsequently, the bubble diameter growth
rate decreases with time because of thermal diffusion. Here note that using the super-
hydrophilic micro/nanostructure or microchannel structure can decrease the bubble
departure diameter (Figure 15b and d). This is due to that super-hydrophilic
micro/nanostructure or microchannel can improve capillary pressure to facilitate the
bubble detachment. Thus, SHPiM copper foam can significantly increase bubble
diameter growth rate (Figure 15e). As comparisons, with super-hydrophobic
modification, bubble diameter growth rate on the SHPoP is significantly reduced due
to larger surface tension (Figure 15c¢). Meanwhile, SHPoM exhibits the slightly
higher growth rate. This is attributed to the fact that faster bubble detachment could
be driven by strengthened capillary wicking resulting from the microchannel (Figure
15f). As shown in Figure 15g and h, due to the synergistic effects of microchannel
and different wetting properties, SHPoW-SHPiB and SHPiW-SHPoB can
significantly increase bubble diameter growth. The SHPiW-SHPoB exhibits the
highest bubble diameter growth rate and smallest bubble departure diameter.
According to the equation as follows:

(17)

where p; and Ay is the liquid density and latent heat of vaporization, respectively.
HTC increases with D, (bubble diameter) decreases. Therefore, the SHPiW-SHPoB
exhibits the best boiling heat transfer at a low heat flux.

Figure 16 shows bubble departure frequency increases with an increase of heat flux.
Also, owing to increased nucleation sites and shorter waiting period, SHPiW-SHPoB
exhibits the highest f. Herein, when using SHPiW-SHPoB, through manipulating
bubble growth period and continuous small bubble nucleation and departure, boiling
heat transfer at low heat flux can be significantly improved.
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Figure 16. Bubble departure frequency for the whole samples.
3.5.4 Bubble coalescence

At high heat flux conditions, bubble coalescence can lead to the formation of a
vapor film that hinders liquid replenishment, thereby deteriorating boiling heat
transfer performance. Figure 17 illustrates the bubble coalescence behavior on
different copper foam surfaces under heat fluxes of approximately 30, 50, and 60
W/cm?. As shown in Figure 17a, when the heat flux is 30.9 W/cm?, aggerated large
bubbles are detaching from UTP. At heat flux of 50.5 W/cm?, vigorous lateral
coalescence easily forms before detaching from UTP copper foam, leading to a
decrease in boiling heat transfer. At heat flux of 60.2 W/cm?, the mushroom bubble
forms at the center of UT close to the CHF. With the super-hydrophilic modification,
discrete large bubble and isolated bubble can still be observed on SHPiP at similar
heat flux of 28.4 and 50.6 W/cm? (Figure 17b). At high heat flux of 65.4 W/cm?,
lateral bubble coalescence appears first at the edge of SHPiP. Meanwhile, discrete
large bubbles still exist at the center of SHPiP, indicating that the liquid replenishment
has been began to be inhibited. As shown in Figure 17¢, when the heat flux is 27.6
W/cm?, lateral bubble coalescence easily forms due to the bubble pinning resulted
from larger surface tension on SHPo. The oblate-shaped bubbles can be observed at
heat flux of 53.4 W/cm?, indicating that bubbles grow rapidly in lateral direction than
that in vertical direction. At heat flux of 62.2 W/cm?, a large mushroom vapor bubble
can be observed, and the remaining vapor beneath the mushroom vapor can be
continuously nucleated for bubble coalescence. This behavior signifies the formation
of a sustained vapor film, further degrading boiling heat transfer efficiency.

Unlike the above-mentioned plain copper foam surfaces, more distributed and
discrete bubbles appear on copper foam microchannels. As shown in Figure 17d,
distributed bubbles and discrete large bubbles exist on UTM at heat flux of 33.3 and
54.4 W/cm?, while conical bubble can be formed at high heat flux of 63.3 W/cm?. As
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comparisons, no significant bubble coalescence exists on SHPiM at heat flux of 29.9,
50.9 and 63.4 W/cm? (Figure 17e), respectively. This can be attributed to the
synergistic super-hydrophilic modification and the microchannel structures. As shown
in Figure 17f, comparing with SHPo, bubble pinning which can result in the difficult
bubble departure can be also observed on SHPoM, while no continuous lateral bubble
coalescence appears due to liquid supply from the channel. At heat flux of 63.7
W/cm?, discrete conical bubbles can be observed due to the channel segmentation,
indicating that liquid supply from the channel forbids the bubble coalescence.

With respect to the SHPoW-SHPiB and SHPiW-SHPoB (Figure 17g and h), more
distributed bubbles and discrete bubbles can be formed due to the combined effect of
heterogeneous wettability and microchannel structures. It is worth noting that bubble
vapor finally escapes from super-hydrophobic copper foam microchannel top on
SHPoW-SHPiB (Figure 17g). At heat flux of 64.3 W/cm?, discrete large bubble can
also be formed on SHPoW-SHPiB, indicating the tendency of the lateral bubble
coalescence with an increase in heat flux. However, on SHPiW-SHPo (Figure 17h),
more distributed small bubbles escape from the microchannel at heat flux of 34.1 and
51.2 W/cm?, respectively. This is due to that liquid replenishment from super-
hydrophilic microchannel top can make bubbles distributed. At heat flux of 61.6
W/cm?, discrete bubbles are still formed using this type copper foam, indicating that
the nucleate boiling has been delayed for enhancing boiling heat transfer. Although
SHPiM also exhibits the discrete bubble phenomenon (Figure 17e) at high heat flux
(63.4 W/cm?), less bubble can be continuously nucleated. Therefore, less heat can be
carried away on SHPiW. Herein, comparing with SHPiM, SHPoW-SHPiB and
SHPiW-SHPo demonstrate superior boiling heat transfer. Meanwhile, through
delaying nucleate boiling, SHPiW-SHPoB has better boiling heat transfer than that of
SHPoW-SHPiB.
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Figure 17. Bubble behavior at different heat fluxes on the samples. (a) UTP (b)
SHPiP (c) SHPoP (d) UTM (e) SHPiM (f) SHPoM (g) SHPoW-SHPiB (h) SHPiW-
SHPoB.

3.6 Boiling enhancement mechanism

The incorporation of heterogeneous wetting vapor channels in copper foam
significantly influences pool boiling performance. These structures combine regions
of differing wettability to optimize bubble nucleation, growth, and departure. By
creating a controlled vapor escape pathway, the mixed-wettability design enhances
liquid replenishment and delays vapor film formation, thereby improving heat transfer
efficiency and increasing the critical heat flux (CHF). As previously discussed, the
pool boiling performance of copper foam surfaces can be affected by repeated testing
due to changes in surface properties. To better understand the boiling enhancement
mechanism associated with copper foams featuring heterogeneous wetting vapor
channels, a single round of pool boiling experiments was conducted on three identical
surfaces. This approach isolates the initial performance characteristics and highlights
the effects of the heterogeneous wetting design. Figure 18 illustrates average boiling
heat transfer coefficient ratio of modified copper foam to untreated copper foam (4/ho).
With increase of heat flux, #/h9 of SHPiP and SHPoP exhibit a trend slight increase
and then decrease, while /#/hp of UTM, SHPiM and SHPoM exhibit a trend of
significant increase and then decrease. However, as heat flux increases, h/hg of
SHPoW-SHPiB and SHPiW-SHPoB constantly increases. According to the above-
mentioned analysis in Figure 17b and c, increased vapor resistance resulting from
significant lateral bubble coalescence and partial vapor layer on SHPiP and SHPoP
can slow bubble escape at a high heat flux. As heat flux increases, distributed or
discrete bubbles can be maintained for longer time using UTM, SHPiM and SHPoM
(Figure 17d, e and f). This is achieved by lowering the bubble escape resistance,
which causes a rapid bubble release at low heat flux. The 4/hy drops sharply for the
UTM and SHPoM because the lateral bubble coalescence can still be observed at high
heat flux. Bubbles are difficult to run away quickly due to increased vapor resistance.
However, due to the abundant liquid replenishment, more discrete bubbles still exist
on SHPiM at high heat flux, 4/h slightly decreases. As shown in Figure 17g and h,
continuous bubble release can be obtained on SHPoW-SHPiB and SHPiW-SHPoB
(Figure 17g and h), leading to 4/hg of 3. Developed nucleate boiling is maintained to
cause /h/ho to continuously rise.
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Figure 18. Boiling heat transfer ratio (4/ho) of all the copper foam surfaces at
different heat fluxes.

As shown in Figure 19¢, heterogeneous wettable copper foam microchannels can
separate liquid-vapor phases, which lowers the resistance to release bubbles and
strengthens the capillary pumping to drive liquid rewetting [31, 32]. In addition,
further modified with the heterogeneous wettability, more nucleation sites can be
provided by the microchannel conner and hydrophobic areas, while super-hydrophilic
copper foam can invoke a large positive pressure for improving liquid replenishment
[30]. Using heterogeneous wettability and copper foam microchannel, separation of
liquid supply and vapor removal can be formed to enhance boiling heat transfer.
Nevertheless, bubbles escape from SHPiW-SHPoB copper foam microchannel
(Figure 19a) and from SHPoW-SHPiB copper foam top (Figure 19b). This is
attributed to the fact that bubbles can easily nucleate at the foam microchannel corner
and super-hydrophobic foam bottom on the SHPiW-SHPoB, and super-hydrophilic
foam can facilitate bubble departure due to liquid replenishment (Figure 19a). On
SHPoW-SHPiB copper foam, vapor remaining can promote next bubble nucleation to
improve nucleate boiling. Nevertheless, too more vapor remaining can be captured by
super-hydrophobic foam wall can prevent the liquid replenishment to further improve
boiling heat transfer (Figure 19b). Noting that bubble escape resistance increases on
SHPoW-SHPiB copper foam because of higher surface tension, resulting in the slower
bubble release than that of the SHPiW-SHPoB copper foam.
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Figure 19. (a) bubble escape on the SHPiW-SHPoB (b) bubble escape on the
SHPoW-SHPiB (c) schematic of liquid-vapor separation on the SHPiW-SHPoB and
SHPoW-SHPiB copper foams.

Hydrophilicity degradation refers to the gradual loss of surface wettability after
repeated boiling cycles. This degradation leads to an increase in contact angles and a
reduction in surface energy, transforming initially super-hydrophilic surfaces into
hydrophobic ones. As a result, bubble dynamics change and nucleation becomes
easier due to more trapped gas, but liquid replenishment is hindered, which can lower
boiling performance and reduce critical heat flux (CHF) over time. In this section,
three repeated experiments using the same boiling surface were conducted to explore
the hydrophilicity degradation effect on pool boiling performance. As aforementioned,
after three repeated pool boiling experiments, SHPiP, SHPiM, SHPiW-SHPoB and
SHPoW-SHPiB suffer destruction to lose their hydrophilicity, resulting in weakening
pool boiling performance. As shown in Figure 20, SHPiP exhibits worse and worse
h/ho after each pool boiling test due to the above-mentioned hydrophilicity
degradation. Comparing with SHPiP, SHPiM exhibits better 4/hy than that of SHPiP
every time. This is attributed to the fact that microchannel on the SHPiP can provide
liquid replenishment to some extent, leading to the higher 4/hy. Also, after first pool
boiling experiment, 4/ho of SHiP exhibits a significant trend of decrease when the heat
flux is higher than 20 W/cm? in the second and third experiment. According to the
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measurement of contact angle after pool boiling experiment in Figure 20, SHPiP and
SHPiM transfer its hydrophilicity to hydrophobicity after 3 pool boiling experiment.
The contact angle of SHPiP and SHPiM is 142° and 136°, respectively. As
aforementioned, vapor film formation resulting from increased bubble escape
resistance weakens pool boiling performance.

Different from SHPiP and SHPiM, SHPiW-SHPoB and SHPoW-SHPiB exhibit an
increased trend of h/hg range from 0 to 60 W/cm?. This is attributed to the fact that
above-mentioned heterogeneous wettability and microchannel corner can facilitate the
bubble nucleation for enhancing nucleate boiling. After three repeated pool boiling
experiments, the partial super-hydrophillic areas can transfer to the hydrophobic areas,
while a few areas may maintain hydrophilicity. Therefore, SHPiW-SHPoB and
SHPoW-SHPiB can also facilitate bubble generation at a low heat flux and promote
liquid replenishment at a high heat flux on these areas with heterogeneous wettability,
resulting a continuous growth of 4/h¢ after three repeated experiments.

However, SHPoW-SHPiB exhibits worse pool boiling performance than that of
SHPiW-SHPoB. As aforementioned, using the hydrophilic microchannel wall of
SHPiW-SHPoB, liquid replenishment can be offered timely for rewetting dry-spot
resulting from bubble departure. After 3™ pool boiling experiment, the contact angle
of SHPiW is 125°, which also exhibits the hydrophilicity degradation phenomenon.
Some partial areas of SHPiW-SHPoB’s wall may also maintain hydrophilicity, and
capillary liquid can flow through these hydrophilic areas for rewetting the remaining
nucleation sites to enhance pool boiling performance. Comparing with SHPiW-
SHPoB, super-hydrophobic wall of SHPoW-SHPiB can always act as nucleation sites
for bubble generation. After three repeated pool boiling experiments, vapor film has
covered SHPoW-SHPiB at a high heat flux, preventing bubble release and liquid
replenishment. Therefore, 4/ has started to decrease at a high heat flux in the 3%
experiment. As shown in Figure 21, after three repeated experiments, partial vapor
film can be formed on SHPiW-SHPoB at a high heat flux, while entire vapor film can
be formed on SHPoW-SHPiB at a high heat flux. Liquid-vapor separation can still
exist on SHPiW-SHPoB to promote liquid replenishment and facilitate bubble escape
for continuously enhancing pool boiling performance. Comparing with SHPiW-
SHPoB, faster formation of entire vapor film contributes to faster decrease of
SHPoW-SHPiB’s pool boiling performance.
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Figure 20. i/hy of SHPiP, SHPiM, SHPiW-SHPoB and SHPoW-SHPiB at different
heat fluxes with three repeated experiments.
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Figure 21. Boiling mechanism on SHPiW-SHPoB and SHPoW-SHPiB at a high
heat flux after three repeated experiments.

4. Conclusions

Pool boiling heat transfer and bubble dynamics of copper foam with heterogeneous

wetting vapor channels were systematically investigated. The following conclusions
can be drawn:

(1) For the copper foam with uniform wettability, in the first pool boiling experiment,

SHPoP can promote bubble nucleation, while SHPiP can improve capillary
pumping and delay the maximum heat transfer coefficient at high heat flux. The
average CHF of SHPoP is 72.1 W/cm’ after three repeated experiments,
hydrophilicity degradation can weaken pool boiling performance of SHPiP after
three repeated experiments.

(2) For the copper foam microchannel with uniform wettability, UTM has an average

CHF of 75.2 W/cm?, which is 15% higher than that of UTP. The average CHF of
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the SHPoM is 80.2 W/cm?. The CHF of SHPiM decreases from 84 W/cm? to 74
W/cm? after three repeated experiments.

(3) For the copper foam microchannel with heterogeneous wettability, after three
repeated experiments, the CHF of SHPoW-SHPiB decreases from 96.1 W/cm? to
82 W/cm?, while the CHF of SHPiW-SHPoB decreases from 106.3 W/cm? to 90.4
W/em?,

(4) In the first, pool boiling heat transfer of SHPoW-SHPiB and SHPiW-SHPoB can
be significantly enhanced by promoting bubble nucleation sites, facilitating bubble
release, delaying bubble coalescence and separating vapor-liquid paths. SHPiW-
SHPoB has the maximum 4/hg of around 3, indicating that nucleate boiling can be
maintained due to the vapor escape from super-hydrophobic foam microchannel
and liquid supply from the super-hydrophilic foam wall.

(5) After three repeated pool boiling experiments, due to hydrophilicity degradation,
liquid-vapor separation can still exist on SHPiW-SHPoB to promote liquid
replenishment and facilitate bubble escape for continuously enhancing pool
boiling performance. And faster formation of entire vapor film contributes to
faster decrease of SHPoW-SHPiB’s pool boiling performance.
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