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Abstract: This study presents a pool boiling experimental investigation of copper 19 
foam microchannels with engineered heterogeneous wettability conducted under 20 
atmospheric conditions. Copper foam microchannels with spatially varied wetting 21 
properties were fabricated using immersion and welding methods. Two specific 22 
configurations were developed: one featuring super hydrophilic channel walls with a 23 
super hydrophobic bottom surface (SHPiW–SHPoB), and the other comprising 24 
superhydrophobic walls combined with a super hydrophilic bottom surface (SHPoW–25 
SHPiB). By experiments, the effects of wettability heterogeneity on boiling heat 26 
transfer performance were systematically evaluated. It is found that the SHPiW–27 
SHPoB configuration demonstrates a superior critical heat flux (CHF) of 108.2 W/cm², 28 
compared to 96.7 W/cm² for the SHPoW–SHPiB. Further experimental results show 29 
that the SHPiW–SHPoB configuration offers significantly improved pool boiling 30 
characteristics, indicating the potential of the wettability patterning for advanced 31 
thermal management of energy systems. The experiments suggest that the enhanced 32 
boiling performance of the SHPiW–SHPoB is attributed to the efficient separation of 33 
vapor and liquid flow paths enabled by the heterogeneous wetting design, which 34 
promotes bubble nucleation at low heat fluxes and suppresses bubble coalescence at 35 
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high heat fluxes.  36 
 37 

Key words: Immersion method; Copper foam microchannel; Pool boiling; 38 
Heterogeneous wettability. 39 

Nomenclature Abbreviations  

  CHF critical heat flux 

q heat flux, [W/cm2] HTC heat transfer coefficient 

h heat transfer coefficient, [W/cm2·K] ONB onset of nucleate boiling 

∆T wall superheat, [K] UTP untreated plain copper foam 

Na nucleation site density, [cm-2] SHPiP super-hydrophilic plain copper foam 

Db bubble departure diameter, [mm] SHPoP super-hydrophobic plain copper foam 

f bubble departure frequency, [sec-1] UTM untreated copper foam microchannel 

Greek symbols SHPiM super-hydrophilic copper foam microchannel 

δt thermal boundary layer thickness SHPoM super-hydrophobic copper foam microchannel 

θ contact angle, [°] SHPiW-
SHPoB 

copper foam microchannel with super-
hydrophilic wall and super-hydrophobic bottom 

σ surface tension SHPoW-
SHPiB 

copper foam microchannel with super-
hydrophobic wall and super-hydrophilic bottom 

ρv vapor density   

ρl liquid density   

hfg latent heat of vaporization   

1. Introduction 40 

The ongoing trend towards integration and miniaturization in microelectronic devices 41 
demands high-density heat dissipation technologies to ensure safe and reliable 42 
operations [1,2]. Effective thermal management of such high energy density systems 43 
requires advanced thermal management solutions capable of removing substantial 44 
amounts of heat within confined spaces. Among various methods, pool boiling heat 45 
transfer has emerged as a promising approach due to the large latent heat of 46 
vaporization during the boiling phenomenon. Pool boiling performance is typically 47 
characterized by the onset of nucleate boiling (ONB), the heat transfer coefficient 48 
(HTC) and the critical heat flux (CHF). ONB shows the temperature at which boiling 49 
initiates, HTC reflects the efficiency of heat transfer during boiling, while CHF marks 50 
the upper limit of the nucleate boiling regime before the deterioration of heat transfer. 51 
Therefore, all the above need to be considered for enhancing the boiling performance. 52 
Traditional strategies include increasing the heat transfer surface area, augmenting 53 
nucleation site density, and improving capillary-driven liquid replenishment have 54 
been extensively explored. However, the coupling of the above key parameters has 55 
not well resolved. 56 

With in-depth research on micro-nano heat transfer, numerous micro/nano structures 57 
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which can improve pool boiling heat transfer, including microchannels [3-5], micro 58 
pillars [6-8], micro fins [9-11], micro porous media [12-14], nanowires [15-17], 59 
nanotubes [18-20], nanopores [21, 22] and micro-nano hierarchical structures [23-25] 60 
have been extensively applied. Essentially, Pool boiling heat transfer can be 61 
significantly enhanced by manipulating bubble dynamics through engineered 62 
micro/nanostructures. Among various surface modifications, metal foam has gained 63 
considerable attention as a porous material capable of improving boiling performance. 64 
Xu et al. [26] used acetone as the heat transfer fluid and concluded that the pore 65 
density of copper foam markedly affected the boiling heat transfer performance. 66 
Manetti et al. [27] further reported that foam thickness played a critical role with 67 
thinner copper foams enhancing both the critical heat flux (CHF) and heat transfer 68 
coefficient (HTC) due to reduced vapor escape resistance and improved capillary 69 
wicking. Hu et al. [28, 29] showed that hydrophilic surface modification could 70 
substantially increase the CHF of copper foams. In addition, Shi et al. [30] found that 71 
introducing super hydrophilic micro/nanostructures to copper foam surfaces 72 
significantly enhanced pool boiling performance due to the increasing  of the density 73 
of nucleation sites and the facilitating of more effective liquid replenishment.  74 

The aforementioned studies indicate that enhancing nucleation site density, 75 
increasing surface area, and strengthening capillary-driven liquid replenishment are 76 
key strategies for improving pool boiling heat transfer in various conditions. Metal 77 
foams with high pore density offer more nucleation sites; however, an excessive 78 
number of active sites can lead to bubble crowding and increased vapor resistance, 79 
leading to boiling deterioration at high heat fluxes. To address this issue, a novel 80 
approach involving metal foams integrated with vapor channels has been proposed to 81 
reduce vapor escape resistance by decoupling the liquid and vapor flow paths. For 82 
example, Sharifzadeh et al. [31] demonstrated that optimized copper foam with a 5 83 
mm diameter vapor channel achieved a maximum heat transfer coefficient (HTC) of 84 
13.56 W/cm²·K. Similarly, Li et al. [32] reported that the HTC at high heat fluxes 85 
could be significantly improved by optimizing both the diameter and number of vapor 86 
channels within the copper foam. In addition, the use of gradient-structured metal 87 
foams has shown considerable promise in facilitating bubble escape and enhancing 88 
boiling performance. For instance, Zhou et al. [33] found that foams with pore-density 89 
gradients significantly influenced the heat transfer enhancement. Huang et al. [34] 90 
further revealed that more heat could be dissipated when bubbles detached upward, 91 
while the frequency of bubble release increased when bubbles escaped laterally. These 92 
studies necessities the optimized design of pore density of metal foams.  93 

Overall, enhancements in pool boiling performance can be achieved through the 94 
use of metal foams with optimized thickness, pore density, surface wettability, vapor 95 
channels, or pore-density gradients. However, the combined effects of foam 96 
wettability and integrated vapor channels have received limited attention in existing 97 
studies. In this work, the pool boiling performance of copper foams with 98 
heterogeneous wetting vapor channels are experimentally investigated. A visualized 99 
experimental setup was employed to observe and analyze the bubble behaviors at 100 



4 
 

different conditions. By examining bubble dynamics on these structured copper foams, 101 
the synergistic enhancement by the interaction of the surface wettability and the vapor 102 
channel design is elucidated.  103 

2. Experimental section 104 

2.1 Materials 105 

The structural parameters of copper foam are 20 mm × 20 mm, 40 PPI pore density, 106 
94.3% porosity and 5 mm thickness. The copper foam’s surface wettability can be 107 
modified using chemical method as follows. 108 

Super-hydrophilic modification: Before super-hydrophilic modification, ultrasonic 109 
cleaning method was used to clean the original copper foams in an acetone solution, 110 
ethanol and DI water for 30 min step by step [35, 36]. Then, clean copper foams 111 
should be dried for 60 min in the vacuum oven. Noting that the chamber was purged 112 
with nitrogen to remove oxygen and prevent oxidation before vacuuming [36]. After 113 
drying process, clean copper foams can be modified in a 100 mL solution (1.25 M 114 
NaOH and 0.05 M (NH4)2S2O8) using chemical immersion method. When finishing 115 
the surface modification on the copper foam, DI water was used to wash the residue 116 
after chemical immersion. Also, these modified copper foams were dried in the 117 
vacuum oven [28, 29, 35, 36]. 118 

Super-hydrophobic modification: To create super-hydrophobic copper foam, above-119 
mentioned super-hydrophilic copper foams can be submerged in a 120 
perfluorodecyltriethoxysilane (PFTS) solution with 1.0 wt% ethanol for 24h. 121 

Copper foam microchannel: As show in Figure 1a and b, copper foam stripes 122 
measuring 3.5 mm width and 2.5 mm depth, as well as the copper foam bottom 123 
measuring 20 mm × 20 mm × 2.5 mm were used to conduct a wettability modification. 124 
As shown in Figure 1c, the spaced lead-free solder layer was paced on the copper 125 
foam bottom, and the copper foam stipes was firmly placed on the spaced solder layer 126 
using a heavy object. This was followed by that solder layer was melt until reaching 127 
its melting point under the effect of a heavy object when heating copper foam bottom. 128 
The spaced copper foam stripes were welded on the copper foam bottom when 129 
cooling to the room temperature. Then, modified copper foam stripes and bottoms 130 
were welded securely together to create a copper foam microchannel with various 131 
wetting properties (Figure 1e and f). According to the previous works [37, 38], for 132 
enhancing pool boiling performance of microchannel, the spacing between the 133 
microchannel must be equal to bubble departure diameter to prevent lateral 134 
coalescence. In these works, the bubble departure diameter obtained from Fritz 135 
equation resulted in a value of 2.21 mm which was in close correspondence to the 136 
critical capillary length of 2.5 mm [38]. 3 Based on this design, four types of 137 
heterogeneous wetting copper foam microchannels can be created using wettability 138 
modification and welding method (Figure 2). Figure 2a and b shows the uniform 139 
super-hydrophilic and super-hydrophobic copper foam microchannels, respectively. 140 
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SHPiW-SHPoB was manufactured by super-hydrophilic copper foam wall stipes and 141 
super-hydrophobic copper foam bottom (Figure 2c), and SHPoW-SHPiB was created 142 
by super-hydrophobic copper foam wall stripes and super-hydrophilic copper foam 143 
bottom (Figure 2d). 144 

 145 

Figure 1. (a) Wettability modification of copper foam wall and copper foam bottom 146 
(b) Weld of copper foam microchannel (c) Welding process (d) Untreated copper 147 

foam microchannel (e) Copper foam microchannel with super-hydrophilic wall and 148 
super-hydrophobic bottom (f) Copper foam microchannel with superhydrophobic wall 149 

and super-hydrophilic bottom. 150 
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 151 

Figure 2. Four types of copper foam channel with wettability modification. 152 

2.2 Surface features 153 

Using a scanning electron microscope (SEM, Gemini 300, ZEISS), the microscopic 154 
morphology of the super-hydrophilic and super-hydrophobic micro/nanostructures on 155 
the copper foam was investigated. A contact angle meter (DSA 25S) was used to 156 
measure the contact angle at 25 °C and atmospheric pressure. The droplet volume for 157 
measuring the CA was 4 μL, and the droplet injection accuracy was 0.01 μL. Given 158 
the structural complexity of the copper foam, particularly its irregular pore 159 
distribution, the reported CA values represent the average of five measurements taken 160 
at different locations on each sample to ensure representative results. 161 

2.3 Pool boiling experimental system 162 

As shown in Figure 3, pool boiling experimental system mainly contains a boiling 163 
chamber, a heating system, a cooling system and a data acquisition system. When 164 
conducting boiling experiment, the 5 mm quartz glass boiling chamber was poured 165 
with DI water. Using the auxiliary heater around the PTFE block, DI water in the 166 
boiling chamber can be maintained at saturation under the atmospheric pressure. A 167 
spiral tube as a condenser, the boiling vapor can be condensed into a liquid. The main 168 
heating system involves the copper block, 3 cartridge heaters, DC power supply and 169 
AC autotransformer. And the head of copper block is 20 mm square and the bottom is 170 
cylindrical. The testing boiling surfaces were welded on the square top, and the 3 171 
cartridge heaters, ranging in power from 0 to 1500 W were positioned in the cylinder 172 
bottom to continuously heat the boiling surface. Using the DC power supply and AC 173 
autotransformer, the heating power of copper block can be controlled. The PTFE 174 
block held the copper block together while maintaining the one-dimensional heat 175 
transfer. 176 

As shown in Figure 3b, along the square head of copper block, there were 9 177 
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thermocouples in the holes. Three thermocouples were distributed at 7 mm intervals. 178 
Through data acquisition system (Keysight, DAQ970A), temperature signals of 179 
thermocouples can be recoded every 30 seconds. Through recording temperature 180 
signals of thermocouples (T11, T21, T31, T12, T22, T32, T13, T23 and T33) on the square 181 
head of copper block, heat flux can be calculated (Figure 3b). For measuring melting 182 
temperature of solder layer, thermocouples (T10, T20 and T30) on the top of the copper 183 
block were used (Figure 3c). Using high-speed camera (Phantom VEO 410), bubble 184 
behavior during pool boiling process can be recorded at a resolution of 832 × 600 and 185 
1000 frames per second (fps). As shown in Figure 3d, lead-free solder was used to 186 
weld copper foam microchannel onto the copper block. First, to create a thin coating 187 
of solder, the solder was placed on the top of copper block. Second, the solder layer 188 
on the copper block was melted through manipulating the voltage of the DC power 189 
source. Third, using the heavy object, the copper foam microchannel can be welded 190 
on copper block when cooling to the room temperature again. 191 

 192 

Figure 3. (a). Pool boiling experimental set-up (b). Copper block (c). Top view of 193 
copper block (d). Installation of copper foam microchannel (e). Resistance diagram 194 

for surface temperature calculation. 195 

2.4 Experimental procedures and data reduction 196 

To eliminate dissolved gases, deionized (DI) water was preheated to its saturation 197 
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temperature (Tsat = 100 °C) and maintained for 60 minutes prior to the pool boiling 198 
experiments. The voltage was gradually raised to increase the heat flux. Initially, 199 
following a 15-minute stabilization period, the voltage was increased to 20 V. 200 
Subsequently, the voltage was raised in 5 V increments. Once the onset of nucleate 201 
boiling (ONB) was observed, the voltage increments were increased to 8 V steps.  As 202 
the system approached the critical heat flux (CHF), the voltage was gradually reduced 203 
to 5 V intervals to capture the transition more precisely. CHF was identified by a 204 
sharp and sustained rise in surface temperature, indicating the transition to film 205 
boiling. At this point, the system was promptly shut down to prevent damage to the 206 
PTFE insulation block. To ensure repeatability and accuracy, each boiling test was 207 
performed three times per surface condition, and the average values were reported as 208 
the final results.  209 

As shown in Figure 3e, average temperatures (T0, T1, T2 and T3) at the four planes 210 
can be calculated as follows: 211 

10 20 30
0 3

T T TT + +
=                (1) 212 

11 21 31
1 3

T T TT + +
=                (2) 213 

12 22 32
2 3

T T TT + +
=                (3) 214 

13 23 33
3 3

T T TT + +
=                (4) 215 

Besides, one-dimensional heat transfer needs to be confirmed before calculating the 216 
heat flux. As shown in Figure 4, the temperature distribution at three locations (T1, T2 217 
and T3) along the square head of copper block was illustrated. The R-square values 218 
obtained from the linear temperature distribution across measurement points were 219 
consistently greater than 0.99, indicating strong linearity. This confirms that one-220 
dimensional heat conduction occurs along the square head of the copper block, 221 
allowing the use of the one-dimensional form of Fourier’s law to calculate the heat 222 
flux. 223 

 224 
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Figure 4. Temperature distribution at different heat fluxes. 225 

According to the one-dimensional Fourier’s law, the heat flux q can be calculated 226 
as below: 227 

3 1

31
Cu Cu

T TdTq
dz z

λ λ −
= − =

∆
 (5) 228 

where λCu is the thermal conductivity of the copper, dT/dz is the axial temperature 229 
gradient of the copper block calculated by the three temperatures measured by 230 
thermocouples, ∆z is the distance between the adjacent thermocouple locations. As 231 
shown in Figure 3e, the contact thermal resistance (Rs) of solder layer exists between 232 
the copper block top and the copper foam microchannel bottom. Nevertheless, the 233 
contact thermal resistance with a thickness of 0.1 mm only occupies less than 1% of 234 
the entire resistance and can be neglected [27, 30, 39]. The boiling surface 235 
temperature Tw and the heat transfer coefficient h can be calculated as follows: 236 

1w
Cu

T T q δ
λ
∆

= −  (6) 237 

w sat

qh
T T

=
−

 (7) 238 

where ∆δ is the thickness of the copper foam microchannel; Tw is the boiling surface 239 
bottom temperature; Tsat represents the saturation temperature of the DI water. 240 

2.5 Uncertainty analysis 241 

The absolute uncertainties of the T-type thermocouples were ± 0.2 °C. The thermal 242 
conductivity of copper was 395 ± 5 W/m·K with 0.1 mm uncertainty in thermocouple 243 
locations. The uncertainty of heat flux and heat transfer coefficient can be calculated 244 
using the error propagation law [40]: 245 

31

2 22 2

3 1 3 1 31

Cu lossT qTq z
U U UUU U

q T T T T z q
λ

λ
∆      

= + + + +      − − ∆      
                  (8) 246 

1

2 2 2 2

2
w

Cu

T T
q

w w Cu w Cu w w Cu

U U q qU U U
T T T T Tδ λ

δ δ
λ λ λ∆

       ∆ ∆
= + + +       

      
                                (9) 247 

2 22

w satT Tqh

w sat w sat

U UUU
h q T T T T

    
= + +     − −     

   (10) 248 

There is a 1.2% uncertainty in the thermal conductivity of copper. In this study, 249 
thermal conductivity of PTFE and ceramic insulating material is 0.25 W/(m·K) and 250 
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0.14 W/(m·K), respectively. Through measuring the temperature difference between 251 
internal surface and outside surface of thermal insulating material (PTFE and ceramic 252 
insulating material), the heat loss (qloss) can be calculated by the Fourier heat 253 
conduction equation. And the heat loss in this work is less than 4%. Figure 5 shows 254 
the variation of the uncertainty against the heat flux on the Cu plain surface. It is seen 255 
that as the heat flux increases, the uncertainty gradually decreases [41]. And the 256 
uncertainty decreases from 20.1% to 6.3%. With a CHF of 42.1 W/cm2, the calculated 257 
uncertainty of h and Tw is 9.2% and 6.7%, respectively. 258 

 259 

Figure 5. Variation of the uncertainty against the heat flux. 260 

3. Results and discussions 261 

3.1 Surface characterization 262 

Figure 6a and b shows micro/nanostructures on the copper foam surfaces, 263 
respectively. Due to larger specific surface area and more nucleation sites, copper 264 
foam can enhance pool boiling heat transfer. As shown in Figure 6a, dense nanograss 265 
grows at an incline on the copper foam substrate after 10 immersion minutes, which is 266 
beneficial for capillary pumping improvement. After 30 immersion minutes, the 267 
nanograss tips begin to intertwine with each other and create the new crystal nucleus 268 
(Figure 6b). The hierarchical micro-flower and nanograss structures can provide 269 
more pores during boiling process. Pores of super-hydrophobic micro/nanostructures 270 
can capture more gas, facilitating bubble nucleation during pool boiling process. 271 

Figure 6c – e shows the contact angle of the untreated copper foam, super-272 
hydrophilic copper foam and super-hydrophobic copper foam. As shown in Figure 6c, 273 
the contact angle of untreated copper foam is around 127°. After the surface oxidation, 274 
the contact angle of the copper foam wall and bottom is 0° (Figure 6d and e), which 275 
indicates that the nanograss on the copper foam is super-hydrophilic. Further 276 
increasing 30 immersion minutes and modifying with the PTFS, the hierarchical 277 
micro-flower and nanograss structures becomes super-hydrophobic, resulting in the 278 
contact angle of 150.2° and 150.3° on the copper foam wall and bottom (Figure 6f 279 
and g), respectively. The super-hydrophilic copper foam wall can be welded onto the 280 
super-hydrophobic copper foam bottom (Figure 6d). On the contrary, the super-281 
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hydrophobic copper foam can be welded on the super-hydrophilic copper foam 282 
bottom (Figure 6f). Herein, copper foam channel with heterogeneous wetting 283 
properties can be fabricated with the immersion and weld technologies. Table 1 284 
shows the test copper foam samples investigated in this study. 285 

 286 

Figure 6. SEM images of (a) Super-hydrophilic micro/nanostructures (b) Super-287 
hydrophobic micro/nanostructures; Contact angles of (c) Untreated copper foam (d) 288 
Super-hydrophilic copper foam wall (e) Super-hydrophilic copper foam bottom (f) 289 
Super-hydrophobic copper foam wall (g) Super-hydrophobic copper foam bottom. 290 

Table 1. Characterizations of test copper foam samples (40 PPI, 5 mm). 291 

Sample name Structure Channel depth 
(mm) 

Channel width 
(mm) Surface wettability 

UTP Plain 0 0 Untreated 

SHPiP Plain 0 0 Super-hydrophilic 

SHPoP Plain 0 0 Super-hydrophobic 

UTM 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 – 
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super-hydrophobic bottom 

SHPoW-SHPiB Microchannel 2.5 2 Super-hydrophobic wall – 
super-hydrophilic bottom 

3.2 Experimental system verification 292 

The pool boiling experiments of copper plain surface were carried out in 293 
comparison with earlier correlations and literatures to assess the verification of the 294 
pool boiling experiment system [42-48]. Typically, pool boiling performance can be 295 
estimated by three correlations. The Rohsenow’s correlation can be expressed as 296 
follows: 297 

( )

0.33
'

, ,

n

p f sat p f f
sf

fg f fg ff g

c T cqC
h h kg

µσ
µ ρ ρ

   ∆
 =   −    

 (11) 298 

where Cs,f = 0.0152 and n = 1, and Pioro’s correlation can be expressed as: 299 

( ) ( )

2/3
' '

,
1/41/2

m

p f f
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sat f ff g fg g f g

cq qC
T k kg h g

µσ
ρ ρ ρ σ ρ ρ

+

    =     ∆ −  −     

 (12) 300 

where Csf+ = 1228 and m = -1.1. The Zuber’s correlation is usually estimated for the 301 
CHF value, which can be expressed as follows: 302 

( ) 1/4

'
224

f g
CHF g fg

g

g
q h

σ ρ ρπ ρ
ρ

 −
=  

  
 (13) 303 

Figure 6 presents the boiling curves obtained in this study, alongside established 304 
empirical correlations and data from the literature. At heat flux levels below 10 W/cm², 305 
the experimental results align well with the predicted values from the correlations. 306 
However, the smooth copper surface tested in this work exhibits a noticeably lower 307 
critical heat flux (CHF) compared to the values predicted by the correlations. 308 
Traditionally, Zuber’s correlation has been used to estimate CHF around 100 W/cm² 309 
without accounting for surface characteristics. In practice, parameters such as surface 310 
wettability, roughness, morphology, and thermal conductivity play a critical role in 311 
determining CHF. To address the influence of surface wettability, Kandlikar proposed 312 
a modified correlation that incorporates these effects. This correlation is expressed as 313 
follows [49]: 314 

( ) ( )

0.5
1 4' 0.5 1 cos 2

16 4 1 cosCHF fg v l vq h g θ πρ σ ρ ρ
π θ
 +

= − +     + 
  (14) 315 

As shown in Figure 7, the boiling curves on the plain copper surface exhibit good 316 
repeatability, and the average CHF value from the three repeated experiments is used 317 
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as a benchmark. When incorporating a contact angle of 109° into Kandlikar’s 318 
correlation, the predicted CHF is 47.7 W/cm², which is slightly higher than the 319 
experimentally measured average value of 42.1 W/cm². For comparison, previous 320 
studies have reported CHF values for similar surfaces ranging from 20 to 65 W/cm². 321 
In this study, the discrepancy between the predicted and measured CHF values can be 322 
attributed to variations in surface wettability and roughness. However, the consistency 323 
of the repeated experiments validates the reliability of the data obtained from the 324 
experimental setup. 325 

 326 

Figure 7. Boiling curve of this work and references with DI water (plain copper 327 
surfaces) [42-48]. 328 

3.3 Wettability effect on boiling performance 329 

Figure 8 illustrates the boiling curves, heat transfer coefficient and ONB of various 330 
plain, untreated copper foam (UTP), super-hydrophilic copper foam (SHPiP) and 331 
super-hydrophobic copper foam (SHPoP) in three repeated experiments, respectively. 332 
As shown in Figure 8a, three boiling curves of plain, UTP and SHPoP surfaces have a 333 
good repeatability, which indicates that pool boiling performance of plain and UTP 334 
can be used as a benchmark. Due to extended surface area and increased nucleation 335 
sites, UTP exhibits a better pool boiling performance comparing to that of plain 336 
surface. The average CHF of UTP in three repeated experiments is 66.3 W/cm2, which 337 
is 57.4% higher than that of plain surface. In comparisons, the average CHF of SHPoP 338 
is approximately 72.1% higher than that of plain surface, reaching approximately 72.1 339 
W/cm2. It is noted that three repeated boiling curves of plain surface have a slightly 340 
low slope (HTC), maintaining nearly unchanged, when wall superheat is lower than 341 
7.3 K (Figure 8a). However, when wall superheat is higher than 7.3 K, the slope of 342 
plain surface begins to rise sharply, which suggests that HTC of plain surface 343 
increases sharply. This is attributed to the fact that heat transfer on the plain surface 344 
has started to enter the nucleate boiling regime. During two-phase nucleate boiling, 345 
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bubbles nucleating and departing from the plain surface can remove significantly 346 
more heat compared to single-phase heat transfer, particularly when the wall 347 
superheat is below 7.3 K. Herein, the ONB of plain surface is around 7.3K. Different 348 
from the plain surface, UTP, SHPiP and SHPoP has a sharp rise (HTC) at the 349 
beginning, which indicates that nucleate boiling happens on UTP, SHPiP and SHPoP 350 
nearly without any waiting time (Figure 8a).  351 

As shown in Figure 8b, both SHPiP and SHPoP surfaces exhibit significantly 352 
higher heat transfer coefficients (h) compared to the untreated plain surface (UTP). 353 
Notably, SHPoP achieves the highest heat transfer coefficient at low heat fluxes 354 
(below approximately 35 W/cm²) across all three repeated experiments. This 355 
enhancement is attributed to the increased number of nucleation sites and more 356 
frequent bubble departure on the SHPoP surface, which facilitates efficient heat 357 
removal [30]. However, at higher heat fluxes, bubble coalescence on SHPoP leads to 358 
the formation of larger vapor bubbles that tend to blanket the surface. Due to its lower 359 
surface energy, SHPoP inhibits bubble detachment, thereby increasing interfacial 360 
thermal resistance as a vapor film forms. Consequently, the heat transfer coefficient 361 
on SHPoP declines sharply at elevated heat fluxes.  362 

However, unlike UTP and SHPoP, SHPiP has a large variation of boiling curves in 363 
three repeated experiments (Figure 8a). Moreover, h of SHPiP in three repeated 364 
decreases slowly at a high heat flux when heat flux is higher than 35 W/cm2, as shown 365 
in Figure 8b. Also, the CHF value decreases step by step after each test (Figure 8a). 366 
This phenomenon can be explained by the fact that SHPiP exhibits the spontaneous 367 
hydrophilicity degradation to influence bubble behaviors, resulting in the weakened 368 
pool boiling performance [50]. After being tested in second and third time, SHPiP has 369 
lost its super-hydrophilicity and become hydrophobic [51]. Herein, h of SHPiP 370 
sharply decreases similar to that of SHPoP at a high heat flux when heat flux is higher 371 
than 35 W/cm2. Therefore, the surface wettability of SHPiP plays a critical role in 372 
sustaining effective pool boiling performance.  373 

To summarize, SHPoP demonstrates the highest heat transfer coefficient at low heat 374 
flux, while SHPiP achieves superior peak performance during the initial test. After 375 
being tested in the repeated experiments, SHPiP exhibits a pool boiling performance 376 
similar to SHPoP due to hydrophilicity degradation. 377 
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 378 

Figure 8. Wettability effect on copper foam’s boiling performance in three repeated 379 
experiments (a) Boiling curves (b) Heat transfer coefficient h vs heat flux q.  380 

3.4 Combined effects of wettability and microchannel 381 

Figure 9 shows the three repeated boiling curves and HTCs for the UTP, UTM, 382 
SHPiM, SHPoM, SHPoW-SHPiB and SHPiW-SHPoB surfaces. Unlike UTP surface, 383 
UTM, SHPiM, SHPoM, SHPoW-SHPiB and SHPiW-SHPoB have better pool boiling 384 
performance. As shown in Figure 9a, similar to above-mentioned UTP surface, at the 385 
beginning, UTM, SHPiM, SHPoM, SHPoW-SHPiB and SHPiW-SHPoB have a sharp 386 
rise without any waiting time for bubble nucleation. With further increasing of the 387 
heat flux, the wall superheat of UTP, UTM, SHPiM and SHPoM copper foams 388 
continues to increase step by step. Nevertheless, SHPoW-SHPiB and SHPiW-SHPoB 389 
exhibit a sharp rising boiling curve with a small superheat. This may be caused by the 390 
fact that sufficient bubble nucleation sites on SHPoW-SHPiB and SHPiW-SHPoB can 391 
maintain nucleate boiling for a longer time. With full development of nucleate boiling, 392 
wall superheat has no significant rise as the heat flux increases, which indicates that 393 
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heat can be efficiently dissipated using SHPoW-SHPiB and SHPiW-SHPoB with a 394 
small temperature rise. 395 

As shown in Figure 9a, the UTP, UTM, and SHPoM surfaces exhibit good 396 
repeatability across repeated experiments, with average critical heat flux (CHF) 397 
values of 66.3 W/cm², 75.2 W/cm², and 80.2 W/cm², respectively. The presence of a 398 
vapor channel in UTM effectively reduces bubble escape resistance, leading to 399 
significant improvements in both CHF and heat transfer coefficient (HTC). Figure 9b 400 
illustrates that SHPoM demonstrates a sharp increase in HTC at heat fluxes below 401 
25 W/cm². This enhancement is attributed to the increased number of bubble 402 
nucleation sites resulting from the combined effects of vapor channels and 403 
superhydrophobic surface modification. However, at heat fluxes above 25 W/cm², a 404 
pronounced decline in HTC is observed due to the formation of an insulating vapor 405 
film.  406 

As shown in Figure 9a, in the initial experiment, tailoring the wettability patterns of 407 
copper foam microchannel surfaces resulted in further improvements in critical heat 408 
flux (CHF), reaching 96.1 W/cm² for the SHPoW–SHPiB configuration and 409 
106.3 W/cm² for the SHPiW–SHPoB configuration. As reported, bubble expansion 410 
and bubble coalescence can be manipulated by the micro-posts with mixed-wettability 411 
[52]. For the SHPiW-SHPoB copper foam surface, the super-hydrophilic wall in this 412 
work plays a role similar to the micro-posts performed by Jo et. al [52], delaying the 413 
bubble coalescence at a high heat flux to further increase the CHF. However, similar 414 
to SHPiP surface, SHPiM, SHPoW-SHPiB and SHPiW-SHPoB also have a large 415 
variation of boiling curves in three repeated experiments. As shown in Figure 9a, the 416 
CHF value of SHPiM, SHPoW-SHPiB and SHPiW-SHPoB also decreases step by 417 
step after each test. As aforementioned, this decline in CHF may be attributed to the 418 
spontaneous degradation of surface hydrophilicity. The CHF of SHPiM decrease from 419 
84 W/cm2 to 74 W/cm2 after three repeated experiments. And the CHF of SHPoW-420 
SHPiB decreases from 96.1 W/cm2 to 82 W/cm2, while the CHF of SHPiW-SHPoB 421 
decreases from 106.3 W/cm2 to 90.4 W/cm2.  422 

As shown in Figure 9b, in the first experiment, the SHPoW-SHPiB and SHPiW-423 
SHPoB exhibit homogeneous wetting properties, allowing for a significant increase in 424 
the HTCs when compared to SHPiM and SHPoM. The maximum HTC of SHPoW-425 
SHPiB and SHPiW-SHPoB is significantly higher (5.40 W/cm2·K and 6.14 W/cm2·K). 426 
As a result, SHPoW-SHPiB and SHPiW-SHPoB can enhance boiling heat transfer by 427 
strengthening micro-convection between the released bubbles and the rewetting liquid 428 
[53-55]. There is no significant decrease in the HTC on the SHPiW-SHPoB copper 429 
foam, suggesting the nucleate boiling can be maintained on this copper foam structure. 430 
Meanwhile, the SHPiW-SHPoB can display a higher HTC compared wtih SHPoW-431 
SHPiB. This indicates that heterogeneous wettability can remarkably affect boiling 432 
heat transfer, and heterogeneous wettability with different patterns can further 433 
increase the HTC of copper foam microchannels. As shown in Figure 9b, h of SHPiM 434 
decreases sharply in the third experiment. Besides, as shown in Figure 9b, SHPoW-435 
SHPiB and SHPiW-SHPoB also exhibits a sharp decline of h when heat flux is higher 436 



17 
 

than about 60 W/cm2 in the second and third experiment. This is also attributed to the 437 
fact that spontaneous hydrophilicity degradation on SHPoW-SHPiB and SHPiW-438 
SHPoB increase bubble escape resistance, resulting in decreased h at a high heat flux. 439 

For evaluating pool boiling performance of copper foam with vapor channels in this 440 
work, some similar works with pool boiling enhancement using enhanced copper 441 
foam structures are listed in Table 2. Besides, HTCfoam/HTCplain and CHFfoam/CHFplain 442 
are defined to evaluate pool boiling heat transfer comparing to the previous studies. 443 
Here, HTCfoam, HTCplain, CHFfoam and CHFplain represents the HTC of copper foam, 444 
HTC of smooth surface, CHF of copper foam and CHF of smooth surface, 445 
respectively. Due to the hydrophilicity degradation, the CHF and HTC decreases after 446 
repeated experiments. As a result, we conducted the same pool boiling experiments on 447 
three SHPoW-SHPiB surfaces and SHPiW-SHPoB surfaces with one time test to 448 
illustrate the effect of copper foam with different wetting vapor channels on pool 449 
boiling performance. As shown in Figure 10, the average CHF of SHPoW-SHPiB and 450 
SHPiW-SHPoB is 96.7 W/cm2 and 108.2 W/cm2, respectively. And the average 451 
maximum HTC of SHPoW-SHPiB and SHPiW-SHPoB is 5.56 W/cm2·K and 6.25 452 
W/cm2·K. As listed in Table 2, comparing with the plain surface, treated copper foam 453 
structures can enhance the CHF and HTC dramatically. Through wettability 454 
modification, the CHF and HTC can be improved to a certain extent [28-30]. Using 455 
copper foam manufactured with Magnetron sputtering and electrodeposition, the CHF 456 
and HTC can also be improved [56, 57]. Moreover, using copper foam with 457 
multilayer pore density gradient, CHF can be increased and the CHFfoam/CHFplain 458 
increases to 2.13 [34]. Using copper foam with vapor channel, the HTC can be 459 
dramatically improved and the HTCfoam/HTCplain is 2.5 [57]. Comparing with the 460 
previous works, through copper foam with heterogeneous wetting vapor channels, the 461 
CHF and HTC simultaneously have a significant improvement. In this work, on 462 
SHPoW-SHPiB, the CHFfoam/CHFplain is 2.3, while the HTCfoam/HTCplain is 2.9. 463 
Furthermore, on SHPiW-SHPoB, the CHFfoam/CHFplain increases to 2.57 and the 464 
HTCfoam/HTCplain reaches 3.34. Therefore, pool boiling performance can be improved 465 
significantly using copper foam with heterogeneous wetting vapor channels, 466 
especially using SHPiW-SHPoB structure. 467 
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 468 

Figure 9. Effects of wettability and microchannel on copper foam’s boiling 469 
performance (a) boiling curves (b) Heat transfer coefficient h vs heat flux q 470 
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 471 

Figure 10. CHF and Max HTC of three SHPoW-SHPiB and SHPiW-SHPoB samples 472 
(a) CHF of SHPoW-SHPiB (b) HTC of SHPoW-SHPiB (c) CHF of SHPiW-SHPoB 473 

(d) HTC of SHPiW-SHPoB. 474 

Table 2. Pool boiling performance comparisons on copper foam structures with 475 
previous works. 476 

Ref. Structure Working fluid CHFfoam/CHFplain Max HTCfoam/Max 
HTCplain 

Shi et.al [30] Super-hydrophilic copper 
foam DI water 1.05 1.18 

Hu et. al [29] Hydrophobic copper foam DI water 1.11 1.3 

Huang et. al [34] Multilayer gradient copper 
foam DI water 2.13 / 

Sharifzadeh et. al 
[31] 

Copper foam with one 
channel DI water 1.5 2.5 

Yao et. al [56] Magnetron sputtering 
copper foam DI water 1.1 1.25 

Sharifzadeh et. al 
[57] 

Electrodeposited copper 
foam DI water 1.22 1.84 

Hu et. al [28] Hydrophilic copper foam DI water 1.46 1.3 
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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 477 

3.5.1 Bubble nucleation 478 

Figure 11 shows wall superheat at ONB in the first and third boiling tests. In the 479 

first test, the order of ∆TONB is as follows: Plain ˃ UTP ˃ UTM ˃ SHPiP ˃ SHPiM ˃ 480 
SHPoP ˃ SHPoM ˃ SHPoW-SHPiB ˃ SHPiW-SHPoB. Figure 12 illustrates the 481 
number of bubbles attached to the copper foam surfaces at ONB during the first test. 482 
Compared to UTP (Figure 12a), more bubbles are observed on SHPoP (Figure 12c). 483 
The micro/nano-structured surface of SHPoP effectively traps gas (Figure 12c), 484 
facilitating the activation of more nucleation sites. Consequently, SHPoP exhibits 485 
significantly higher heat transfer efficiency than UTP (Figure 8b). In contrast, the 486 
super-hydrophilic nature of SHPiP allows liquid to readily penetrate its porous 487 
structure, reducing residual gas pockets. This results in a higher energy barrier for 488 
bubble nucleation [30]. These observations are consistent with Hsu’s theory [58], 489 
which is depicted as: 490 
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where δt, θ, σ, ρv, and hfg are the thermal boundary layer thickness, contact angle, 492 
surface tension, vapor density and latent heat of vaporization, respectively. Tsat and Tw 493 
are the saturated temperature and wall superheat. The active nucleation sites size 494 
range can be expanded by increasing the contact angle according to Eq. (15). Hence, 495 
except more captured gas, more pores with suitable size can be used as active 496 
nucleation sites on the SHPoP. In contrast, UTP exhibits fewer bubbles since only its 497 
original pores function as effective nucleation sites (Figure 12a). With super-498 
hydrophilic modification, numerous pores created by micro/nano structures act as 499 
active nucleation sites on SHPiP. As a result, tiny bubbles are observed on SHPiP, 500 
indicating the formation of many effective, small-sized nucleation sites (Figure 12b).  501 

Furthermore, researches exhibit that the bubbles can be easily nucleated at the 502 
corners of the microchannels [59]. This is attributed to the fact that cavitation can be 503 
easily formed at the corner. This finding is in agreement with the bubble nucleation 504 
shown in Figure 12d, e, f, g and h. As shown in Figure 12f, similar to the SHPoP, 505 
more captured gas can be obtained on the SHPoM, resulting in abundant bubble 506 
nucleation. Besides, combining above-mentioned cavitation, more bubble nucleation 507 
can be obtained on the SHPoM compared with the SHPoP. For the UTM and SHPiM, 508 
corner bubbles can be obtained due to the cavitation phenomenon. Therefore, 509 
compared to UTP and SHPiP, UTM and SHPiM offer more opportunities for bubble 510 
nucleation due to a greater number of effective nucleation sites (Figure 12d and e).  511 



21 
 

Beyond the influences of wettability and microchannel corners, researchers have 512 
observed that bubbles tend to nucleate more readily along hydrophobic boundaries 513 
[60]. On the SHPoW-SHPiB and SHPiW-SHPoB surfaces, various bubble types, such 514 
as corner bubbles, tiny bubbles, and bubbles formed from trapped gas, are commonly 515 
observed. Consequently, due to the combined effects of microchannel corners and 516 
heterogeneous wettability, these copper foams promote faster bubble nucleation 517 
(Figure 12g and h), requiring lower wall superheat for onset of nucleate boiling 518 
(ONB). It is noteworthy that the ONB values for SHPiP, SHPiM, SHPoP, SHPoM, 519 
SHPoW-SHPiB, and SHPiW-SHPoB are similar. This similarity arises because 520 
numerous bubbles nucleate at pores of suitable size, which serve as effective 521 
nucleation sites. Additionally, as heat flux increases, more heat is absorbed at these 522 
active nucleation sites, leading to comparable ONB values across these surfaces. 523 

 524 

Figure 11. Wall superheat at ONB in the first and third boiling test. 525 
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 526 

Figure 12. Bubble dynamics at ONB in the first test (a) UTP (b) SHPiP (c) SHPoP 527 
(d) UTM (e) SHPiM (f) SHPoM (g) SHPoW-SHPiB (h) SHPiW-SHPoB. 528 

As aforementioned, due to hydrophilicity degradation, the pool boiling 529 
performance of SHPiP, SHPiM, SHPoW-SHPiB, and SHPiW-SHPoB changes 530 
noticeably after three repeated boiling tests. Figure 13 presents the bubble dynamics 531 
at ONB for these surfaces during the third test. In contrast, bubble dynamics on UTP, 532 
SHPoP, UTM, and SHPoM remain relatively consistent between the first and third 533 
tests (as shown in Figures 12 and 13), which can be attributed to the stable 534 
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wettability of these surfaces and no occurrence of hydrophilicity degradation, 535 
resulting in unchanged nucleation behavior. As illustrated in Figures 13b, 13c, 13e, 536 
13f, and 13h, similar to the SHPoP surface, more trapped gas is observed on SHPiP, 537 
SHPiM, SHPoW-SHPiB, and SHPiW-SHPoB in the third test. This contributes to the 538 
activation of additional nucleation sites due to reduced surface wettability. 539 
Furthermore, the microchannel corner geometry offers favorable sites for cavitation, 540 
facilitating bubble nucleation. As a result, more bubbles are observed on SHPiM, 541 
SHPoW-SHPiB, and SHPiW-SHPoB compared to SHPiP (Figures 13b, 13e, 13f, and 542 
13h). According to the equation as follows: 543 

1/2

cos 2 1sγθ ξ
σ

 = − 
 

 (16) 544 

where θ is contact angle, ξ is a constant, σ is the liquid surface tension, and γs is 545 
surface energy. After undergoing repeated boiling tests, hydrophilicity degradation 546 
occurs on these surfaces, leading to an increased contact angle and reduced surface 547 
energy. As a result, SHPiP, SHPiM, SHPoW-SHPiB, and SHPiW-SHPoB exhibit 548 
hydrophobic behavior during the third boiling test. Consequently, the ONB (onset of 549 
nucleate boiling) for these surfaces becomes closely aligned with that of the SHPoP 550 
surface.  551 
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 552 

Figure 13. Bubble dynamics at ONB in the third test (a) UTP (b) SHPiP (c) SHPoP 553 
(d) UTM (e) SHPiM (f) SHPoM (g) SHPoW-SHPiB (h) SHPiW-SHPoB. 554 

3.5.2 Bubble growth period 555 

As shown in Figure 14, when the heat flux is approximately 4 W/cm², all copper 556 
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foam surfaces exhibit isolated bubbles during the bubble growth phase. In general, 557 
bubble growth on the UTP is influenced by multiple forces, including contact pressure 558 
from the copper foam, surface tension, bubble escape resistance, heat flux-induced 559 
driving force, buoyancy, and bubble expansion force. Once a bubble reaches a critical 560 
radius, it detaches from the copper foam. As illustrated in Figure 14a, bubble 561 
departure on the UTP is followed by a waiting period of about 40 ms before the next 562 
bubble nucleates. In contrast, the super hydrophilic micro/nanostructures on SHPiP 563 
reduce the surface tension, allowing bubbles to detach more rapidly. Additionally, the 564 
next bubble nucleation occurs sooner (Figure 14b), due to the lower amount of 565 
captured gas and easier liquid rewetting. Compared to SHPiP, the SHPoP surface 566 
captures more gas, supplying more nucleation sites. However, the higher surface 567 
tension on SHPoP hinders the bubble detachment, resulting in a longer departure time 568 
of approximately 65 ms (Figure 14c). Despite of this, SHPoP demonstrates a shorter 569 
waiting time before the next bubble forms. This may be due to residual portions of 570 
previous bubbles acting as micro-nucleation sites, facilitating quicker subsequent 571 
nucleation [61]. 572 

For the copper foam microchannels, UTM can nucleate more bubbles at the corner 573 
of the microchannels, while the waiting time for the next bubble nucleation is shorter 574 
comparing with the UTP (Figure 14d). This is attributed to the fact that the bubbles 575 
can be nucleated more easily at the sharp corners of  microchannels [59]. Comparing 576 
with the UTM, SHPiM has faster bubble departure. Nevertheless, the next bubble 577 
nucleation requires longer waiting time of 25 ms because the microchannel can 578 
facilitate the liquid to cool nucleation sites driven by the capillary pressure (Figure 579 
14e). Therefore, next bubble nucleation requires more energy, leading to the longer 580 
waiting time. Herin, SHPoP also has longer waiting time for neat bubble nucleation 581 
(Figure 14f). Moreover, due to higher surface tension on SHPoM, difficult bubble 582 
departure appears.  583 

As shown in Figure 14g and 14h, SHPoW-SHPiB and SHPiW-SHPoB have shorter 584 
waiting time for the next bubble nucleation. However, as comparisons, SHPoW-585 
SHPiBhas longer bubble growth period ranging from bubble nucleation to bubble 586 
departure and larger bubble size, leading to the worse pool boiling heat transfer. 587 
Overall, through using mixed wettability modification, shorter bubble growth period 588 
and waiting time through this method to enhance boiling heat transfer at low heat flux 589 
[62]. Moreover, combining mixed wettability and microchannel structures, boing heat 590 
transfer performance could be significantly due to easier bubble nucleation, shorter 591 
bubble growth period, faster bubble detachment and effortless next bubble nucleation. 592 
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 593 

Figure 14. Bubble dynamics at q ≈ 4 W/cm2 (a) UTP (b) SHPiP (c) SHPoP (d) 594 
UTM (e) SHPiM (f) SHPoM (g) SHPoW-SHPiB (h) SHPiW-SHPoB. 595 
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3.5.3 Bubble departure 596 

Figure 15 shows the bubble growth diameter (Db) for the various copper foam 597 
samples under heat fluxes of approximately 4, 7, and 10 W/cm². Bubble grows rapidly 598 
in the initial stage due to surface tension. Subsequently, the bubble diameter growth 599 
rate decreases with time because of thermal diffusion. Here note that using the super-600 
hydrophilic micro/nanostructure or microchannel structure can decrease the bubble 601 
departure diameter (Figure 15b and d). This is due to that super-hydrophilic 602 
micro/nanostructure or microchannel can improve capillary pressure to facilitate the 603 
bubble detachment. Thus, SHPiM copper foam can significantly increase bubble 604 
diameter growth rate (Figure 15e). As comparisons, with super-hydrophobic 605 
modification, bubble diameter growth rate on the SHPoP is significantly reduced due 606 
to larger surface tension (Figure 15c). Meanwhile, SHPoM exhibits the slightly 607 
higher growth rate. This is attributed to the fact that faster bubble detachment could 608 
be driven by strengthened capillary wicking resulting from the microchannel (Figure 609 
15f). As shown in Figure 15g and h, due to the synergistic effects of microchannel 610 
and different wetting properties, SHPoW-SHPiB and SHPiW-SHPoB can 611 
significantly increase bubble diameter growth. The SHPiW-SHPoB exhibits the 612 
highest bubble diameter growth rate and smallest bubble departure diameter. 613 
According to the equation as follows: 614 
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 (17) 615 

where ρl and hfg is the liquid density and latent heat of vaporization, respectively. 616 
HTC increases with Db (bubble diameter) decreases. Therefore, the SHPiW-SHPoB 617 
exhibits the best boiling heat transfer at a low heat flux. 618 

Figure 16 shows bubble departure frequency increases with an increase of heat flux. 619 
Also, owing to increased nucleation sites and shorter waiting period, SHPiW-SHPoB 620 
exhibits the highest f. Herein, when using SHPiW-SHPoB, through manipulating 621 
bubble growth period and continuous small bubble nucleation and departure, boiling 622 
heat transfer at low heat flux can be significantly improved. 623 
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 624 

Figure 15. Bubble diameters during growth period at various heat fluxes (a) UTP (b) 625 
SHPiP (c) SHPoP (d) UTM (e) SHPiM (f) SHPoM (g) SHPoW-SHPiB (h) SHPiW-626 

SHPoB. 627 
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 628 

Figure 16. Bubble departure frequency for the whole samples. 629 

3.5.4 Bubble coalescence 630 

At high heat flux conditions, bubble coalescence can lead to the formation of a 631 
vapor film that hinders liquid replenishment, thereby deteriorating boiling heat 632 
transfer performance. Figure 17 illustrates the bubble coalescence behavior on 633 
different copper foam surfaces under heat fluxes of approximately 30, 50, and 60 634 
W/cm². As shown in Figure 17a, when the heat flux is 30.9 W/cm2, aggerated large 635 
bubbles are detaching from UTP. At heat flux of 50.5 W/cm2, vigorous lateral 636 
coalescence easily forms before detaching from UTP copper foam, leading to a 637 
decrease in boiling heat transfer. At heat flux of 60.2 W/cm2, the mushroom bubble 638 
forms at the center of UT close to the CHF. With the super-hydrophilic modification, 639 
discrete large bubble and isolated bubble can still be observed on SHPiP at similar 640 
heat flux of 28.4 and 50.6 W/cm2 (Figure 17b). At high heat flux of 65.4 W/cm2, 641 
lateral bubble coalescence appears first at the edge of SHPiP. Meanwhile, discrete 642 
large bubbles still exist at the center of SHPiP, indicating that the liquid replenishment 643 
has been began to be inhibited. As shown in Figure 17c, when the heat flux is 27.6 644 
W/cm2, lateral bubble coalescence easily forms due to the bubble pinning resulted 645 
from larger surface tension on SHPo. The oblate-shaped bubbles can be observed at 646 
heat flux of 53.4 W/cm2, indicating that bubbles grow rapidly in lateral direction than 647 
that in vertical direction. At heat flux of 62.2 W/cm2, a large mushroom vapor bubble 648 
can be observed, and the remaining vapor beneath the mushroom vapor can be 649 
continuously nucleated for bubble coalescence. This behavior signifies the formation 650 
of a sustained vapor film, further degrading boiling heat transfer efficiency.  651 

Unlike the above-mentioned plain copper foam surfaces, more distributed and 652 
discrete bubbles appear on copper foam microchannels. As shown in Figure 17d, 653 
distributed bubbles and discrete large bubbles exist on UTM at heat flux of 33.3 and 654 
54.4 W/cm2, while conical bubble can be formed at high heat flux of 63.3 W/cm2. As 655 
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comparisons, no significant bubble coalescence exists on SHPiM at heat flux of 29.9, 656 
50.9 and 63.4 W/cm2 (Figure 17e), respectively. This can be attributed to the 657 
synergistic super-hydrophilic modification and the microchannel structures. As shown 658 
in Figure 17f, comparing with SHPo, bubble pinning which can result in the difficult 659 
bubble departure can be also observed on SHPoM, while no continuous lateral bubble 660 
coalescence appears due to liquid supply from the channel. At heat flux of 63.7 661 
W/cm2, discrete conical bubbles can be observed due to the channel segmentation, 662 
indicating that liquid supply from the channel forbids the bubble coalescence. 663 

With respect to the SHPoW-SHPiB and SHPiW-SHPoB (Figure 17g and h), more 664 
distributed bubbles and discrete bubbles can be formed due to the combined effect of 665 
heterogeneous wettability and microchannel structures. It is worth noting that bubble 666 
vapor finally escapes from super-hydrophobic copper foam microchannel top on 667 
SHPoW-SHPiB (Figure 17g). At heat flux of 64.3 W/cm2, discrete large bubble can 668 
also be formed on SHPoW-SHPiB, indicating the tendency of the lateral bubble 669 
coalescence with an increase in heat flux. However, on SHPiW-SHPo (Figure 17h), 670 
more distributed small bubbles escape from the microchannel at heat flux of 34.1 and 671 
51.2 W/cm2, respectively. This is due to that liquid replenishment from super-672 
hydrophilic microchannel top can make bubbles distributed. At heat flux of 61.6 673 
W/cm2, discrete bubbles are still formed using this type copper foam, indicating that 674 
the nucleate boiling has been delayed for enhancing boiling heat transfer. Although 675 
SHPiM also exhibits the discrete bubble phenomenon (Figure 17e) at high heat flux 676 
(63.4 W/cm2), less bubble can be continuously nucleated. Therefore, less heat can be 677 
carried away on SHPiW. Herein, comparing with SHPiM, SHPoW-SHPiB and 678 
SHPiW-SHPo demonstrate superior boiling heat transfer. Meanwhile, through 679 
delaying nucleate boiling, SHPiW-SHPoB has better boiling heat transfer than that of 680 
SHPoW-SHPiB. 681 

 682 
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Figure 17. Bubble behavior at different heat fluxes on the samples. (a) UTP (b) 683 
SHPiP (c) SHPoP (d) UTM (e) SHPiM (f) SHPoM (g) SHPoW-SHPiB (h) SHPiW-684 

SHPoB. 685 

3.6 Boiling enhancement mechanism 686 

The incorporation of heterogeneous wetting vapor channels in copper foam 687 
significantly influences pool boiling performance. These structures combine regions 688 
of differing wettability to optimize bubble nucleation, growth, and departure. By 689 
creating a controlled vapor escape pathway, the mixed-wettability design enhances 690 
liquid replenishment and delays vapor film formation, thereby improving heat transfer 691 
efficiency and increasing the critical heat flux (CHF). As previously discussed, the 692 
pool boiling performance of copper foam surfaces can be affected by repeated testing 693 
due to changes in surface properties. To better understand the boiling enhancement 694 
mechanism associated with copper foams featuring heterogeneous wetting vapor 695 
channels, a single round of pool boiling experiments was conducted on three identical 696 
surfaces. This approach isolates the initial performance characteristics and highlights 697 
the effects of the heterogeneous wetting design. Figure 18 illustrates average boiling 698 
heat transfer coefficient ratio of modified copper foam to untreated copper foam (h/h0). 699 
With increase of heat flux, h/h0 of SHPiP and SHPoP exhibit a trend slight increase 700 
and then decrease, while h/h0 of UTM, SHPiM and SHPoM exhibit a trend of 701 
significant increase and then decrease. However, as heat flux increases, h/h0 of 702 
SHPoW-SHPiB and SHPiW-SHPoB constantly increases. According to the above-703 
mentioned analysis in Figure 17b and c, increased vapor resistance resulting from 704 
significant lateral bubble coalescence and partial vapor layer on SHPiP and SHPoP 705 
can slow bubble escape at a high heat flux. As heat flux increases, distributed or 706 
discrete bubbles can be maintained for longer time using UTM, SHPiM and SHPoM 707 
(Figure 17d, e and f). This is achieved by lowering the bubble escape resistance, 708 
which causes a rapid bubble release at low heat flux. The h/h0 drops sharply for the 709 
UTM and SHPoM because the lateral bubble coalescence can still be observed at high 710 
heat flux. Bubbles are difficult to run away quickly due to increased vapor resistance. 711 
However, due to the abundant liquid replenishment, more discrete bubbles still exist 712 
on SHPiM at high heat flux, h/h0 slightly decreases. As shown in Figure 17g and h, 713 
continuous bubble release can be obtained on SHPoW-SHPiB and SHPiW-SHPoB 714 
(Figure 17g and h), leading to h/h0 of 3. Developed nucleate boiling is maintained to 715 
cause h/h0 to continuously rise.  716 
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 717 

Figure 18. Boiling heat transfer ratio (h/h0) of all the copper foam surfaces at 718 
different heat fluxes. 719 

As shown in Figure 19c, heterogeneous wettable copper foam microchannels can 720 
separate liquid-vapor phases, which lowers the resistance to release bubbles and 721 
strengthens the capillary pumping to drive liquid rewetting [31, 32]. In addition, 722 
further modified with the heterogeneous wettability, more nucleation sites can be 723 
provided by the microchannel conner and hydrophobic areas, while super-hydrophilic 724 
copper foam can invoke a large positive pressure for improving liquid replenishment 725 
[30]. Using heterogeneous wettability and copper foam microchannel, separation of 726 
liquid supply and vapor removal can be formed to enhance boiling heat transfer. 727 
Nevertheless, bubbles escape from SHPiW-SHPoB copper foam microchannel 728 
(Figure 19a) and from SHPoW-SHPiB copper foam top (Figure 19b). This is 729 
attributed to the fact that bubbles can easily nucleate at the foam microchannel corner 730 
and super-hydrophobic foam bottom on the SHPiW-SHPoB, and super-hydrophilic 731 
foam can facilitate bubble departure due to liquid replenishment (Figure 19a). On 732 
SHPoW-SHPiB copper foam, vapor remaining can promote next bubble nucleation to 733 
improve nucleate boiling. Nevertheless, too more vapor remaining can be captured by 734 
super-hydrophobic foam wall can prevent the liquid replenishment to further improve 735 
boiling heat transfer (Figure 19b). Noting that bubble escape resistance increases on 736 
SHPoW-SHPiB copper foam because of higher surface tension, resulting in the slower 737 
bubble release than that of the SHPiW-SHPoB copper foam.  738 
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 739 

Figure 19. (a) bubble escape on the SHPiW-SHPoB (b) bubble escape on the 740 
SHPoW-SHPiB (c) schematic of liquid-vapor separation on the SHPiW-SHPoB and 741 

SHPoW-SHPiB copper foams. 742 

Hydrophilicity degradation refers to the gradual loss of surface wettability after 743 
repeated boiling cycles. This degradation leads to an increase in contact angles and a 744 
reduction in surface energy, transforming initially super-hydrophilic surfaces into 745 
hydrophobic ones. As a result, bubble dynamics change and nucleation becomes 746 
easier due to more trapped gas, but liquid replenishment is hindered, which can lower 747 
boiling performance and reduce critical heat flux (CHF) over time. In this section, 748 
three repeated experiments using the same boiling surface were conducted to explore 749 
the hydrophilicity degradation effect on pool boiling performance. As aforementioned, 750 
after three repeated pool boiling experiments, SHPiP, SHPiM, SHPiW-SHPoB and 751 
SHPoW-SHPiB suffer destruction to lose their hydrophilicity, resulting in weakening 752 
pool boiling performance. As shown in Figure 20, SHPiP exhibits worse and worse 753 
h/h0 after each pool boiling test due to the above-mentioned hydrophilicity 754 
degradation. Comparing with SHPiP, SHPiM exhibits better h/h0 than that of SHPiP 755 
every time. This is attributed to the fact that microchannel on the SHPiP can provide 756 
liquid replenishment to some extent, leading to the higher h/h0. Also, after first pool 757 
boiling experiment, h/h0 of SHiP exhibits a significant trend of decrease when the heat 758 
flux is higher than 20 W/cm2 in the second and third experiment. According to the 759 
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measurement of contact angle after pool boiling experiment in Figure 20, SHPiP and 760 
SHPiM transfer its hydrophilicity to hydrophobicity after 3rd pool boiling experiment. 761 
The contact angle of SHPiP and SHPiM is 142° and 136°, respectively. As 762 
aforementioned, vapor film formation resulting from increased bubble escape 763 
resistance weakens pool boiling performance.  764 

Different from SHPiP and SHPiM, SHPiW-SHPoB and SHPoW-SHPiB exhibit an 765 
increased trend of h/h0 range from 0 to 60 W/cm2. This is attributed to the fact that 766 
above-mentioned heterogeneous wettability and microchannel corner can facilitate the 767 
bubble nucleation for enhancing nucleate boiling. After three repeated pool boiling 768 
experiments, the partial super-hydrophillic areas can transfer to the hydrophobic areas, 769 
while a few areas may maintain hydrophilicity. Therefore, SHPiW-SHPoB and 770 
SHPoW-SHPiB can also facilitate bubble generation at a low heat flux and promote 771 
liquid replenishment at a high heat flux on these areas with heterogeneous wettability, 772 
resulting a continuous growth of h/h0 after three repeated experiments.  773 

However, SHPoW-SHPiB exhibits worse pool boiling performance than that of 774 
SHPiW-SHPoB. As aforementioned, using the hydrophilic microchannel wall of 775 
SHPiW-SHPoB, liquid replenishment can be offered timely for rewetting dry-spot 776 
resulting from bubble departure. After 3rd pool boiling experiment, the contact angle 777 
of SHPiW is 125°, which also exhibits the hydrophilicity degradation phenomenon. 778 
Some partial areas of SHPiW-SHPoB’s wall may also maintain hydrophilicity, and 779 
capillary liquid can flow through these hydrophilic areas for rewetting the remaining 780 
nucleation sites to enhance pool boiling performance. Comparing with SHPiW-781 
SHPoB, super-hydrophobic wall of SHPoW-SHPiB can always act as nucleation sites 782 
for bubble generation. After three repeated pool boiling experiments, vapor film has 783 
covered SHPoW-SHPiB at a high heat flux, preventing bubble release and liquid 784 
replenishment. Therefore, h/h0 has started to decrease at a high heat flux in the 3rd 785 
experiment. As shown in Figure 21, after three repeated experiments, partial vapor 786 
film can be formed on SHPiW-SHPoB at a high heat flux, while entire vapor film can 787 
be formed on SHPoW-SHPiB at a high heat flux. Liquid-vapor separation can still 788 
exist on SHPiW-SHPoB to promote liquid replenishment and facilitate bubble escape 789 
for continuously enhancing pool boiling performance. Comparing with SHPiW-790 
SHPoB, faster formation of entire vapor film contributes to faster decrease of 791 
SHPoW-SHPiB’s pool boiling performance. 792 
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 793 

Figure 20. h/h0 of SHPiP, SHPiM, SHPiW-SHPoB and SHPoW-SHPiB at different 794 
heat fluxes with three repeated experiments. 795 

 796 

Figure 21. Boiling mechanism on SHPiW-SHPoB and SHPoW-SHPiB at a high 797 
heat flux after three repeated experiments. 798 

4. Conclusions 799 

Pool boiling heat transfer and bubble dynamics of copper foam with heterogeneous 800 
wetting vapor channels were systematically investigated. The following conclusions 801 
can be drawn: 802 

(1) For the copper foam with uniform wettability, in the first pool boiling experiment, 803 
SHPoP can promote bubble nucleation, while SHPiP can improve capillary 804 
pumping and delay the maximum heat transfer coefficient at high heat flux. The 805 
average CHF of SHPoP is 72.1 W/cm2 after three repeated experiments, 806 
hydrophilicity degradation can weaken pool boiling performance of SHPiP after 807 
three repeated experiments. 808 

(2) For the copper foam microchannel with uniform wettability, UTM has an average 809 
CHF of 75.2 W/cm2, which is 15% higher than that of UTP. The average CHF of 810 
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the SHPoM is 80.2 W/cm2. The CHF of SHPiM decreases from 84 W/cm2 to 74 811 
W/cm2 after three repeated experiments. 812 

(3) For the copper foam microchannel with heterogeneous wettability, after three 813 
repeated experiments, the CHF of SHPoW-SHPiB decreases from 96.1 W/cm2 to 814 
82 W/cm2, while the CHF of SHPiW-SHPoB decreases from 106.3 W/cm2 to 90.4 815 
W/cm2. 816 

(4) In the first, pool boiling heat transfer of SHPoW-SHPiB and SHPiW-SHPoB can 817 
be significantly enhanced by promoting bubble nucleation sites, facilitating bubble 818 
release, delaying bubble coalescence and separating vapor-liquid paths. SHPiW-819 
SHPoB has the maximum h/h0 of around 3, indicating that nucleate boiling can be 820 
maintained due to the vapor escape from super-hydrophobic foam microchannel 821 
and liquid supply from the super-hydrophilic foam wall. 822 

(5) After three repeated pool boiling experiments, due to hydrophilicity degradation, 823 
liquid-vapor separation can still exist on SHPiW-SHPoB to promote liquid 824 
replenishment and facilitate bubble escape for continuously enhancing pool 825 
boiling performance. And faster formation of entire vapor film contributes to 826 
faster decrease of SHPoW-SHPiB’s pool boiling performance. 827 
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