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A B S T R A C T

Fluorinated dielectric liquids (e.g., Novec-7100) are critical for electronics cooling applications, for which 
engineered surface textures can dramatically improve pool boiling performance. This study presents a systematic 
comparison between two distinct surface engineering approaches: (1) nanostructured surfaces created via 
chemical vapor deposition and (2) microstructured surfaces fabricated using porous copper foam and copper 
mesh. Through controlled pool boiling experiments, the results showed that the introduction of micro and 
nanostructured surfaces effectively reduced the wall superheat at the onset of nucleate boiling due to the 
coupling between surface structure and bubble evolution, with microstructured surfaces improving heat transfer 
coefficient and critical heat flux by 61.9 % and 65.23 %, respectively, which is superior to the nanostructured 
surfaces due to the improvement in the liquid replenishment. The three-dimensional interconnected pore 
structure of copper foam provides optimal cavity sizes for bubble nucleation while simultaneously enhancing 
liquid replenishment through capillary action. High-speed visualization reveals that copper mesh surfaces exhibit 
2-fold higher bubble departure frequency than plain surfaces, directly correlating microstructural features with 
enhanced bubble dynamics. These findings establish porous metallic structures with multiscale porosity as the 
optimal solution for maximizing both heat transfer coefficient and critical heat flux in dielectric fluid boiling 
applications. The study advances fundamental understanding of structure-performance relationships in phase- 
change heat transfer and offers practical surface engineering solutions for next-generation electronics cooling 
systems.

1. Introduction

With the rapid advancement of cloud computing, the significant 
enhancement in data transmission speed greatly escalates the power 
consumption and heat generation of data center servers when handing 
massive amount of data [1–6]. As reported by Uptime Institute [7], the 
average power consumption per rack in 2010 was within 4–5 kW, but 
reached 20 kW in 2018, approaching the maximum air-cooling capacity. 
The latest data reported in 2022 showed that 50 % of data centers 
consume the power of 50 kW or even higher per rack. The increase in the 
power consumption poses a challenge for the heat dissipation. There is 
an urgent heat dissipation demands for the development of compact and 
efficient solutions to maintain system stability and optimize overall 
energy efficiency [8–13].

For the thermal management techniques, the two-phase immersion 
cooling method stands out prominently due to its excellent heat 

dissipation capabilities [14–18], where the equipment is entirely 
immersed in a dielectric liquid, utilizing phase change of liquids to 
absorb the heat. This approach realizes higher heat transfer perfor
mance, and thus reduces chip temperature [19,20]. The fluorinated 
liquid is highly favored for its outstanding dielectric performance, good 
chemical stability, and thermal transport capabilities, making it a 
promising medium for direct immersion cooling system [21]. It is re
ported that 3M™ Novec series holds a distinct advantage over 3M™ 
Fluorinert series [22,23] because of the significantly lower global 
warming potential (GWP) and zero ozone depletion potential (ODP). 
The performance of immersion cooling essentially depends on the pool 
boiling induced by the heat-generating modules, such as the CPU, GPU, 
etc. Therefore, an understanding of pool boiling is crucial for the design 
and optimization of the immersion cooling systems [24–27].

To meet the growing demand of heat dissipation, many researchers 
are seeking ways to further enhance the critical heat flux (CHF) values 
and boiling heat transfer performance of fluorinated liquids, aiming to 
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address thermal management issues of high-energy density electronic 
components. Recently, developing new surface technologies and mate
rials to enhance pool boiling heat transfer and improving CHF and heat 
transfer coefficient (HTC), is currently the focus of research [28–39]. To 
this end, the studies primarily focused on decorating the heating sur
faces from the following three aspects: microporous structured surfaces, 
nanostructured surfaces and different wettability surfaces.

For the pooling boiling of fluorinated liquids on microporous struc
tured structures, Manetti et al. [40] adopted the nickel and copper metal 
foam to enhance pool boiling, achieving a much higher HTC 12.4 
kW/(m²•K) compared with regular surfaces. Jiang et al. [41] conducted 
a comparative study on sintered copper powder and sintered copper 
mesh microporous surfaces, indicating that the pool boiling heat transfer 
performance on the microporous coated surface was significantly higher 
than that on polished copper surfaces. Besides, they demonstrated that 
the cooper mesh surface of sintered 300 in− 1 exhibited the best perfor
mance, with a CHF of 48.95 W/cm2 and the corresponding HTC of 22 
kW/(m2•K). Amir et al. [42] studied the performance of composite 
extended copper microporous surfaces that can effectively reduce the 
peak temperature of chip surface.

For enhanced surfaces the pooling boiling of fluorinated liquids on 
nanostructured surfaces, Souza et al. [43] explored the nucleate boiling 
phenomena of Novec-7100 with nanostructured surfaces, emphasizing 
the potential of nanostructure in enhancing nucleate boiling heat 
transfer performance. The experimental results indicated that rougher 
surfaces were associated with a higher HTC due to an increased number 
of nucleation sites. Sahu et al. [44] studied the pool boiling of 
Novec-7300 on copper surfaces covered with electroplated copper 
nanofibers, achieving the both higher CHF and HTC. Doran et al. [45] 
explored the impact of increasing the surface area of nanostructured 
surfaces on boiling performance through a combination of experiments 
and analytical models. Experimental results showed slightly degraded 
pool boiling performance from the nanostructured samples relative to 
the baseline samples. Cao et al. [46] modified copper surfaces using 
Cu-Zn (~100 nm) nanoparticles via electrophoretic deposition, and 
found that compared with smooth surfaces, the HTC on modified sur
faces was increased by up to 100 %, while the maximum wall superheat 
was about 20 K lower than that of smooth surfaces, while the CHF did 
not show significant improvement.

In the study focusing on surfaces with different wettability 

Nomenclature

pc capillary pressure
k permeability
q heat flux
Tw wall temperature
kCu conductivity of copper
T1 temperature of point 1
T2 temperature of point 2
T3 temperature of point 3
Tsat saturation temperature
ΔT wall superheat
Δx interval of the rod points
h heat transfer coefficient
U uncertainty
cpl specific heat
r latent heat of liquid
ρl density of saturated liquid
ρv density of vapor

ηl viscosity of liquid
Rb radius of bubble
Δp pressure difference
Tb saturation vapor temperature
f bubble departure frequency

Greek symbols
φ receding contact angle
β inclined angle of surface
α half-center angle

Abbreviation
CHF critical heat flux
HTC heat transfer coefficient
PPI number of pores per inch
GWP global warming potential
ODP ozone depletion potential
SEM scanning electron microscope
ONB onset of nucleate boiling

Fig. 1. Experimental setup for pool boiling.
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characteristics, Matic et al. [47] employed fluorosilane for surface 
hydrophobization to enhance pool boiling performance of Novec-649. It 
showed that the application of this coating did not exhibit hydropho
bicity towards dielectric fluids and only slightly increased the contact 
angle. However, they found that the HTC reached a maximum of 13 
kW/(m2•K), which was a 54 % increase compared with the untreated 
surface, and the CHF was not impacted in either structured surface.

In summary, the surface modified techniques can be employed to 
enhance the pool boiling CHF and HTC of fluorinated liquids. However, 
it remains unclear which specific scale (micro or nano) of structures on 
surfaces is more effective in promoting the pool boiling heat transfer 
performance of fluorinated liquids, and the interaction between surface 
structures and bubble birth, growth and detachment is not yet well 
understood, with a lack of systematic experimental validation. In this 
study, pool boiling experiments of Novec-7100 were conducted on three 
kinds of surfaces with nanostructure, copper foam and mesh micropo
rous structures, revealing the relationships between micro-nano struc
tures and bubble evolution based on bubble dynamics, which effectively 
improved the boiling heat transfer performance of fluorinated liquids.

2. Experimental methods

2.1. Experimental setup

An experimental platform for pool boiling of Novec-7100 was built, 
as shown in Fig. 1, which mainly consists of four parts: heating section, 
chamber section, steam cooling section, and data acquisition section. 
The main body of the chamber is made of stainless steel, with a diameter 
and height of 30 cm and 20 cm, respectively. There are four windows 
(φ=156 mm) around the chamber for observing the motions of bubble. 
To maintain a stable pressure inside the chamber, the generated vapor 
steam is condensed back into the chamber after exchanging heat with 
the cooling plate on the top of chamber. The liquid temperature was 
maintained at saturation conditions using a 600 W auxiliary cartridge 
heater immersed in the working fluid. Two calibrated K-type thermo
couples, positioned at 10 mm and 30 mm below the liquid surface, 
provided real-time temperature feedback for manual power adjustment 
of the heating element. The heating system effectively offset both 
thermal losses through the transparent chamber walls and energy 
dissipation due to vapor formation. Experimental measurements 
confirmed the liquid temperature stability within ±0.5 ◦C of the desired 
saturation point (61 ◦C for Novec-7100 at atmospheric pressure). Ver
tical temperature profiling using multiple sensors demonstrated 
consistent thermal uniformity, with maximum spatial variations not 
exceeding ±0.8 ◦C across the fluid volume. Temperature of the fluori
nated liquids and heating elements are recorded using Keysight equip
ment. A high-speed camera and a cold light source are used to capture 
the bubble dynamics.

The design of the heating element made up of a copper rod is shown 
in Fig. 2. The copper rod has a height of 65 mm and a diameter of 25 mm. 
To ensure a one-dimensional heat conduction along the axis of copper 
rod, the polytetrafluoroethylene and alumina-silicate ceramic fiber are 
used around the heating components for insulation, as shown in the blue 
part of Fig. 2(a). To calculate the heat flux along the axis of copper rod, 
three temperature monitor points, T1, T2, and T3, are sequentially 
located on the copper rod, with an interval of 10 mm. The position of T1 
is also 10 mm away from the top surface of the copper rod, as shown in 
the orange part of Fig. 2(a). Three T-type thermocouples with a diameter 
of 1 mm are used to record the variation of temperature. The bottom 
heating plate with a diameter of 120 mm and a thickness of 30 mm, as 
shown in Fig. 2(b), is made up of copper with four heating rods 
(diameter 6 mm × height 50 mm, rated voltage and power of 220 V and 
200 W, respectively) buried inside. The uneven heating rod arrangement 
in Fig. 2(b) was designed to concentrate heat flux toward the copper disk 
center while accommodating spatial constraints. The product of heating 
element is shown in Fig. 2(c). During the experiment, a thermal grease 
with the thermal conductivity > 0.671W/(m•K) is filled in the gap be
tween the heating components and the sample to reduce the thermal 
contact resistance.

The cooling liquid used in the experiments is Novec-7100, with the 
GWP of 297 significantly lower than that of the FC series [48]. Its 
thermophysical properties of Novec-7100 under the normal pressure 
and temperature conditions (1 atm, 25 ◦C) are listed in Table 1. Note 
that, the surface tension, thermal conductivity, and specific heat are 
72.8 mN/m, 0.59 W/(m⋅K) and 4220 J/(kg•K) for water, respectively, 
while those parameters are much higher than those of Novec-7100, with 
13.6 mN/m, 0.069 W/(m•K) and 1183 J/(kg•K), respectively. These 
dielectric fluids with a low surface tension has a strong wetting property, 
delaying the formation of bubbles.

Fig. 2. Heating elements of experimental system: (a)distribution of temperature monitor positions; (b) arrangement of heating rods; (c) photograph of the heat
ing element.

Table 1 
Thermophysical properties of Novec-7100 under normal pressure and 
temperature conditions.

Property Novec-7100

Surface tension (N/m) 0.0136
Liquid density (kg/m3) 1510
Vapor density (kg/m3) 9.58
Liquid viscosity (kg/(m•s)) 3.61×10− 4

Latent heat of vaporization (kJ/kg) 112
Specific heat (J/(kg•K)) 1183
Thermal conductivity (W/(m•K)) 0.069
Saturation temperature (K) 61
Molecular weight (g/mol) 250
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2.2. Experimental procedure

The experimental procedure began by filling the test chamber with 
Novec-7100 dielectric fluid to a level of 6 cm above the test surface. 
Following established degassing protocols, the system was maintained 
boiling for half an hour to ensure complete removal of dissolved non- 
condensable gases.

With the degassing process completed, the main heating power was 
systematically increased in controlled increments. Throughout the 
testing sequence, the fluid temperature was maintained at saturation 
conditions using the auxiliary heaters. At each heat flux level, the system 
was allowed to stabilize until steady-state conditions were achieved, 
defined as less than ±0.5 ◦C variation in surface temperature within 3 
min. High-speed imaging at 1000 frames per second captured the bubble 
dynamics once steady-state was confirmed.

The experiment proceeded until the onset of CHF conditions, iden
tified by the abrupt temperature rise (>10 K/s). Considering the safety, 
the input power was immediately reduced to 20 % of maximum upon 
CHF detection to protect the test surface. The collected data from mul
tiple experimental runs were used to construct boiling curves charac
terizing the relationship between wall superheat and heat flux for each 
surface configuration.

2.3. Preparation of surfaces

The main focus of this study is to investigate the pool boiling per
formance of the Novec-7100 on the nanostructured surfaces prepared by 
chemical etching and micro-structured surfaces made up of copper mesh 
or copper foam.

2.3.1. Nanostructured surfaces
Studies on water pool boiling have shown that hydrophobic surfaces 

are favor to the bubble generation, while hydrophilic regions can 
improve the ability of water replenishment to increase CHF [49–51]. 
Thus, the hybrid hydrophobic-hydrophilic surface is proposed to 
improve the boiling heat transfer of water. Therefore, to investigate 
whether the hybrid hydrophobic-hydrophilic surfaces are also applied to 
Novec-7100, we fabricated superhydrophobic and hybrid 
hydrophobic-hydrophilic surfaces using the preparation procedure 
illustrated in Fig. 3.

To begin with, the surfaces are sequentially placed in solutions such 
as deionized water, acetone, and isopropanol, and then cleaned thor
oughly using an ultrasonic bath, to remove organic substances and 
contaminants. Subsequently, the solution prepared with NaClO, NaOH, 
and Na3PO4•12H2O is heated to 90 ◦C, and the surfaces are immersed in 
this solution for chemical etching to generate the nanostructure on 
surfaces. Finally, all the surfaces are immersed in chemical vapor 

Fig. 3. Preparation of surfaces with nanostructures.

Fig. 4. SEM image of test surfaces: (a) superhydrophobic surface; (b) magnified view of the superhydrophobic surface; (c) 40 ppi copper foam; (d) 60 ppi copper 
foam; (e) 150 in− 1 copper mesh; (f) 250 in− 1 copper mesh.
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deposition (CVD) system for Shieldex coating, rendering the surface to 
be superhydrophobic. The hybrid hydrophobic-hydrophilic surfaces 
with alternating wettability were fabricated through a selective coating 
process where photoresist-masked 0.2 mm wide stripes maintained the 
original hydrophilic properties, while the unmasked regions were 
rendered superhydrophobic via Shieldex chemical vapor deposition. As 
illustrated in Fig. 3, this precisely controlled patterning created periodic 
0.2 mm wide alternating superhydrophilic and superhydrophobic 
stripes across the surface.

2.3.2. Microstructured surfaces
In this study, porous microstructured surfaces are used as the sample 

for the investigation of pool boiling performance on microstructured 
surfaces. The 150 in− 1 copper mesh, 250 in− 1 copper mesh and different 
number of pores per inch (PPI) of copper foam (40/60 PPI) were bonded 
to the surfaces. The PPI value is a key characteristic that distinguishes 
different porous materials, with higher PPI values indicating smaller 
pore sizes. Capillary pressure pc and permeability k are the primary 
factors influencing the boiling behaviors of porous structures. The 
smaller the pore size, the greater the capillary pressure and the smaller 
the permeability. Generally, the greater capillary pressure and perme
ability are more favorable for enhancing the pool boiling heat transfer 
behaviors.

2.3.3. SEM images of surfaces
In order to better analyze the influence of different structured sur

faces on bubble dynamics from the perspective of microscopic, the test 
surfaces are characterized using the scanning electron microscope 

(SEM). Fig. 4(a) depicts the SEM image of superhydrophobic surface, 
and its magnified view is shown in Fig. 4(b), which exhibited a needle- 
like structure, with a needle tip width of approximately 250.5 nm. Fig. 4
(c) and 4(d) are images of 40 ppi and 60 ppi copper foam, respectively, 
showing that the pore size of 40 ppi is larger than that of 60 ppi, with 
average pore sizes of approximately 488.1 μm and 272.2 μm, respec
tively. Fig. 4(e) and 4(f) are SEM images of 150 in− 1 and 250 in− 1 copper 
mesh, with the average pore sizes of 93.4 μm and 36.6 μm, respectively.

2.4. Computation simplification and uncertainty analysis

In the pool boiling experiment, to evaluate the phase change heat 
transfer performance of different surfaces, it is necessary to calculate the 
heat flux q and the wall temperature Tw of the boiling surfaces. The heat 
flux q can be calculated according to the one-dimensional heat con
duction law: 

q = − kCu
dT
dx

, (1) 

where the thermal conductivity of copper kCu is 387 W/(m•K). The 
temperature gradient along the axis of copper rod can be approximately 
calculated by: 

dT
dx

=
− 3T3 + 4T2 − T1

2Δx
. (2) 

Similarly, Tw can be obtained from T1 and q using Eq. (3). Thus, the 
wall superheat ΔT is calculated as the difference between Tw and the 

saturation temperature Tsat of Novec-7100: 

Tw = T1 − q
(

Δx
kcu

)

, (3) 

ΔT = Tw − Tsat. (4) 

The average heat transfer coefficient (HTC) of surface is determined 
by: 

h =
q

ΔT
. (5) 

In this experiment, the errors introduced by direct measurements, 
including temperature, length, and thermal conductivity measurements, 
result in uncertainties of ±0.2 K, ±0.05 mm and ±8 W/(m•K) (~2 % 
error), respectively. The uncertainties for physical quantities calculated 
from indirect measurements is determined as follows: 

Up =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

(
∂p
∂σi

Uσi

)2
√
√
√
√ . (6) 

Substituting the expression of q from Eq. (1) into Eq. (6) yields 

Uq

q
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
UkCu

)2

k2
Cu

+
(UΔx)

2

Δx2 +
9
(
UT3

)2

α2 +
16(UT2 )

2

α2 +
(UT1 )

2

α2

√
√
√
√ , (7) 

where the coefficient α = 3T3–4T2+T1.
Similarly, the uncertainties of Tw, ΔT, and h can be derived as 

expressed in Eqs. (8–10) respectively:   

UΔT

ΔT
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

UTw

Tw − Tsat

)2

+

(
UTsat

Tw − Tsat

)2
√

, (9) 

Uh

h
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

Uq

q

)2

+

(
UTw

Tw − Tsat

)2

+

(
UTsat

Tw − Tsat

)2
√

. (10) 

3. Results and discussion

3.1. Pooling boiling on polished surfaces

In order to ensure that the data provided by pool boiling experi
mental platform are reliable, and to conduct comparative analysis with 
different structured surfaces, a study on a polished copper surface (with 
a diameter of 25 mm and thickness of 2 mm) was first carried out. In the 
experiment, the copper surface was polished repeatedly with sandpaper 
at first. The next step was to change the heat flux and record the surface 
temperature. Subsequently, the calculated h was compared and 
analyzed against the theoretical model proposed by Rohsenow [52]. The 
expression of Rohsenow formula is as follows 

cplΔT
r

= Cwl

[
q

ηlr

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅σ
g(ρl − ρv)

√ ]0.33(cplηl

λl

)s

, (11) 

where, cpl is the specific heat, and r is the latent heat of liquid. Cwl is a 

UTw

Tw
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⎡

⎢
⎣

UT1(

T1 − q
(

Δx
kCu

))

⎤

⎥
⎦

2

+

⎡

⎢
⎣

Uq
(

kCu
ΔxT1 − q

)

⎤

⎥
⎦

2

+

⎡

⎢
⎢
⎣

UΔx
(

kCu
q T1 − Δx

)

⎤

⎥
⎥
⎦

2

+

⎡

⎢
⎢
⎣

UkCu(
kCu
qΔxT1 − 1

)

⎤

⎥
⎥
⎦

√
√
√
√
√
√
√

, (8) 
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coefficient depending on the combination of surface and liquid. ρl is the 
density of saturated liquid. ρv is the density of vapor. s = 1.7 for Novec- 
7100 and ηl is the viscosity of liquid.

For predicting CHF, the commonly adopted empirical models are 
proposed by Kandlikar [53] and Zuber [54]. They are respectively 
represented by Eq. (12) and Eq. (13): 

qCHF = hlvρ
1
2
v

(
1 + cosφ

16

)[
2
π +

π
4
(1 + cosφ)cosβ

]1
2
[σg(ρl − ρv)]

1
4, (12) 

qCHF = 0.149rρ1/2
v [σg(ρl − ρv)]

1/4
, (13) 

where φ is the receding contact angle, which is 8.32◦ for Novec-7100 
[48]; and β is the inclined angle of surface, which is 0◦.

By substituting the physical properties of Novec-7100 and water into 
the above three well-known pool boiling related formulas (Eqs. 
(11–13)), the performance of pool boiling on polished surfaces can be 
obtained, which are then compared with the experimental results, as 
shown in Fig. 5.

The calculated CHF by Kandlikar and Zuber models are 23.9 W/cm2 

and 19.3 W/cm2 for Novec-7100 respectively, which agree well with the 
experimental result 22.78 W/cm2, validating the accuracy and reli
ability of the experimental platform in measuring pool boiling perfor
mance. It can be observed from Fig. 5(a) that, under the same heat flux 
conditions, the values of ΔT obtained from experimental measurements 
are generally lower than those calculated from the theoretical model, 
with the average deviation of 11 %.

While, for the water, the average deviation for ΔT is 11.9 % in Fig. 5
(b). Note that, the CHF of water reaches 100 W/cm2 much higher than 
that of Novec-7100, which is due to the higher thermal conductivity of 
water relative to Novec-7100. Additionally, the wall superheat for the 
onset of nucleate boiling (ONB) is approximately 5 K for water, while 
approximately 10 K for Novec-7100. To explain this phenomenon, we 
conduct the force and thermal balance analysis for the vapor bubble 

surrounded by liquid. According to the force balance condition, the 
pressure difference inside and outside the bubble should be balanced by 
the surface tension acting on the gas-liquid interface, which is described 
by the Laplace equation: 

Δp =
2σ
Rb

(14) 

where Δp is the required pressure difference for the bubble of radius Rb.
Then, using Clausius-Clapeyron equation, the required superheat ΔT 

for a bubble of radius Rb can be obtained by: 

Tb − Tsat =
2σTsat

rρvRb
(15) 

where Tb denotes the saturation temperature of the vapor inside the 
bubble, and Tsat denotes the referenced saturation temperature under 
experimental conditions. ρv and Rb are the vapor density and radius of 
vapor bubble. For the polished surfaces, the wall temperature Tw can be 
reasonably approximated as Tb. This approximation enables Eq. (15) to 
analyze the required wall superheat for generating bubbles of identical 
diameter using different working fluids. Calculations based on the above 
equation show that, the required ΔT to generate bubbles of the same 
radius for Novec-7100 is approximately 2 times that of water, which is 
consistent with experimental observations.

3.2. Pool boiling on nanostructured surfaces

To explore the pooling boiling behaviors of Novec-7100 on the 
nanostructured surfaces, we compare their performances on three 
different nanostructured surfaces: polished copper (S0), super
hydrophobic surfaces (S1), and hybrid hydrophilic-hydrophobic sur
faces (S2). At first, the contact angles of Novec-7100 on these three 
surfaces are measured. Note that although the superhydrophobic surface 
(S1) exactly shows a contact angle of 167.5◦ for water (shown as Fig. 6

Fig. 5. The test results were compared with the correlation curves of Rohsenow and Kandlikar equations by different working fluids: (a) Novec-7100; (b) water.

Fig. 6. Contact angle measurements: (a) water on superhydrophobic surface; (b) Novec-7100 on three kinds of surfaces.
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(a)), it does not work for Novec-7100 due to the low surface tension. The 
average contact angles of Novec-7100 on S0, S1 and S2 surfaces are 
19.6◦, 15.9◦ and 12.9◦, respectively (shown as Fig. 6(b)). Due to the 
existence of nanostructure on S1 and S2 surface, their contact angles are 
lower than that of Novec-7100 on polished copper.

The dependence of heat flux on the wall superheat (ΔT) for the above 
three surfaces is shown in Fig. 7(a). It is observed that the value of ΔT of 
the ONB for the S1 and S2 surfaces are 4.85 K and 5.63 K, respectively, 
which is much lower than that for the S0 surface. It is because the 
nanostructured surfaces exhibit denser cavities for nucleation, which 
significantly reduce ONB. Wettability is a key factor affecting pool 
boiling heat transfer performance. Due to the reduction of contact angle 
of Novec-7100 on the nanostructured surface, the replenishment of 
liquid is enhanced, resulting in a slight increase in CHF compared with 
the polished surface. Moreover, the spatial organization of wetting 

properties and surface structures also dominate boiling performance. 
The smooth S0 surface suffers from limited nucleation sites, while the 
superhydrophobic S1′s needle-like nanostructures promote higher nu
clear site density. Additionally, S2′s precisely patterned 0.2 mm 
hydrophilic-hydrophobic stripes simultaneously enable efficient liquid 
replenishment through hydrophilic pathways and organized vapor 
escape via hydrophobic zones, achieving higher CHF than S1 despite 
their similar contact angles.

Besides, superhydrophobic surface has a higher heat transfer coef
ficient h, as shown in Fig. 7(b). For example, when q = 12.38 W/cm2, the 
HTC is 0.67 W/(cm2⋅K) for the S0 surface. In contrast, the HTC is 
increased to 1.07 W/(cm2⋅K) and 0.89 W/(cm2⋅K) for surfaces S1 and 
surfaces S2, respectively, indicating a significant enhancement in heat 
transfer. The superficial explanation is that the liquid is more disturbed 
by the higher nucleation site density on nanostructured surfaces. While 
hybrid wettability-patterned surfaces S2 typically performs better than 
superhydrophobic surfaces S1 in conventional pool boiling, our exper
iments with Novec-7100 reveal an inverse trend due to some coupled 
mechanisms. The dielectric fluid’s ultralow surface tension (13.6 mN/ 
m) and inherent high wettability (contact angle <20◦) diminish the 
benefit of hydrophilic patterning. Additionally, S1′s nanostructures 
enhance nucleation site density and bubble departure frequency (110 Hz 
vs 100 Hz for S2) through optimized vapor trapping, as quantified by 
high-speed imaging. This fluid-specific behavior, validated through 
bubble dynamics analysis, suggests that nanostructured super
hydrophobic surfaces may be preferable for low-surface-tension dielec
tric fluids, whereas hybrid patterning excels mainly in high-surface- 

Fig. 7. The boiling curves for different nanostructured surfaces.

Fig. 8. Bubble morphology on heater surface showing microlayer 
and meniscus.

Fig. 9. The experimental results for different microstructured surfaces:(a) boiling curves; (b) relationship between HTC and q.
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tension liquids like water.
For further explain the mechanism of enhanced heat transfer, many 

recent studies can be cited. It has been demonstrated that microscale 
heat transfer mechanisms play more important roles than the enhanced 
convection by the bubble motion [55–57]. The evaporation process at a 
single bubble’s interface occurs primarily in two distinct zones (Fig. 8): 
the intrinsic meniscus zone governed by macroscopic force equilibrium, 
and the ultrathin microlayer adjacent to the three-phase contact line. As 
the microlayer is very thin, the thermal resistance between the heater 
surface and the vapor-liquid interface becomes negligible. Conse
quently, area-specific evaporation rates in the microlayer substantially 
exceed those in the meniscus zone. Nanostructured surfaces that expand 
the microlayer area while minimizing its thickness prove effective for 
nucleate boiling heat transfer.

3.3. The pool boiling on microstructured surfaces

This study investigates pool boiling performance of Novec-7100 on 
four representative microstructured surfaces: 150 in− 1 and 250 in− 1 

copper mesh, as well as 40 ppi and 60 ppi copper foam. The boiling heat 
transfer performances of Novec-7100 on these four microstructured 
surfaces are shown in Fig. 9.

From Fig. 9(a), it can be observed that all tested microstructured 
porous surfaces reduce the ΔT of the ONB. For microporous surfaces, 
nucleation sites have been activated at the heat flux of ~1.53 W/cm2 

and wall superheat of ~5 K, which is comparable to the nanostructured 
surfaces and much lower than that of polished surfaces. This is because 
the porous structures on surfaces are suitable for the bubble nucleation, 
thus allowing for a lower ONB compared with polished surfaces. 
Microporous surface has abundant pore structures and substantial 

internal surface areas, which significantly increase the number of po
tential nucleation sites. A higher ratio of surface area per unit volume 
enables more molecules to adsorb at the interfaces, thereby enhancing 
the nucleation probability. Notably, the porous structure is particularly 
suitable for bubble nucleation, as its microscopic cavities can trap gas, 
serving as stable nucleation sites that lower the energy barrier for bubble 
formation. Furthermore, the porous surfaces can serve as substrates for 
heterogeneous nucleation, effectively reducing the critical free energy 
required for nucleation. Additionally, within micrometer-sized pores, 
high wick ability promotes liquid enrichment, thereby triggering 
nucleation. The interconnected pore structure facilitates rapid energy 
transport, mitigating nucleation delays caused by diffusion limitations.

For the polished surfaces, the wall temperature Tw can be reasonably 
approximated as Tb. This approximation enables Eq. (15) to analyze the 
required wall superheat for generating bubbles of identical diameter 
using different working fluids. However, for the surfaces with micro- 
pores, the bubble growth process can be characterized as illustrated in 
Fig. 10 shown below. By the half-center angle α that reaches 90◦, at 
which the bubble curvature attains its maximum and the maximum Tb is 
achieved. The maximum Tb for different micro-pores exhibits an inverse 
dependence on the pore diameter.

The experimental investigation by Liu et al. [58] revealed that when 
the micro-pore diameter reaches or exceeds 75 μm, the wall temperature 
at ONB exceeds the maximum Tb, meaning bubble growth is possible in 
the heat transfer-controlled stage, with pressure equilibrium achieved 
before the bubble extends beyond the micro-pore. Thus, when the 
diameter reaches or exceeds 75 μm, the conventional monotonic 
decreasing relationship between wall temperature at the onset of 
nucleate boiling (ONB) and pore diameter no longer holds under these 
conditions. The most pore sizes of microstructured surfaces in our 
research are exceeds 75 μm, therefore the conventional inverse rela
tionship between nucleation superheats and pore radius cannot be 
established under these conditions.

Microporous surfaces exhibit higher wickability, enhancing liquid 
supply to the heated regions [59,60], reducing the risk of drying out, and 
thus results in a higher CHF than that of the nanostructured surfaces and 
polished surfaces. Due to the higher porosity and permeability on 150 
in− 1 copper mesh compared with that of 250 in− 1 copper mesh, the 
replenishment capability is better for 150 in− 1 copper mesh, resulting in 
the CHF being 15.25 % and 65.23 % higher than that of surface 250 in− 1 

and the polished surfaces, respectively. Similarly, the CHF of 40 ppi 
copper foam surface exhibits a 6.09 % and 52.99 % improvement over 
surface 60 ppi and the polished surface, respectively.

As for the HTC, it can be improved by 61.9 % and 60.95 % for the 250 

Fig. 10. Schematic diagram of the bubble growth on the micro-pore.

Fig. 11. Bubble dynamics captured by high-speed cameras on S0, S1 and S2 with the increase of heat flux.
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in− 1 copper mesh and 60 ppi copper foam relative to the polished sur
face, respectively, as shown in Fig. 9(b). A smaller pore size corre
sponding to a larger specific surface area leads to the increase of 
nucleation sites, making their HTCs higher than those of 150 in− 1 copper 
mesh and 40 ppi copper foam. Note that, when the heat flux is higher 
than a threshold value ~22 W/cm2, the HTC of 60 ppi copper foam 
shows a decreasing trend with the heat flux. Such threshold value is 
lower than that of 40 ppi copper foam because of the weaker replen
ishment capability. Consequently, the HTC decreases when the heat flux 
exceeds the threshold one, where a low thermal conductivity of vapor 
tends to cover the surfaces.

3.4. Bubble dynamics behaviors

3.4.1. Bubble nucleation site density
As obtained using a high-speed camera, the images of the bubble 

dynamics at three different heat-flux intervals of the nanostructured 
surfaces are shown in Fig. 11. Simultaneously, the bubble behavior 
under the second heat flux condition was magnified here. At high heat 
flux, the aggregation of vapor bubbles complicates the observation of 
bubble dynamics. Conversely, at lower heat flux (in the isolated bubble 
regime), the high-speed camera can effectively capture the processes of 
bubble formation, growth, and detachment. Therefore, bubble obser
vation was conducted at the heat fluxes of approximately 1 W/cm² to 4 
W/cm².

Compared with the polished surface, the nanostructured surfaces 
provide more nucleation sites for the bubble formation. Additionally, on 
the S2 surface where hybrid hydrophilic-hydrophobic regions exist, 
since the contact angle of Novec-7100 on the hydrophilic region is 
smaller than that on hydrophobic region, it is more difficult to generate 
bubbles on the hydrophilic region. Consequently, during the initial stage 
of boiling, the non-bubble zones corresponding to the hydrophilic re
gions appear, as indicated in the blue box in Fig. 11. Similar to the 
nanostructured surfaces, the introduction of the two kinds of 

microstructured surfaces, copper mesh and copper foam, significantly 
increase the number of nucleation sites, thereby greatly enhancing the 
boiling heat transfer coefficient. Due to the similarity between the 
microporous structures and the bubble detachment diameters (approx
imately 0.4 mm), it is easier to form stable nucleation sites and achieve 
lower ONB.

With the increase of heat flux, bubbles on the surface begin to 
aggregate before detaching from the surface, forming the bubble col
umn, as illustrated in Fig. 12. However, some small isolated bubbles can 
still be observed on the modified surfaces until reaching CHF, as shown 
in Fig. 12(b).

3.4.2. Bubble departure frequency
The high-speed camera is used to record the entire process of bubble 

generation, growth, and eventual departure from the heated surface. 
The bubble departure frequency f is defined as the number of bubble 
cycles occurring per unit of time at a specific cavity location [61]. At a 
heat flux of approximately 2 W/cm², the bubble departure frequencies of 
various modified surfaces are shown in Fig. 13. Compared with polished 
surfaces, microporous surfaces provide more nucleation sites due to 
trapped residual gases in their cavities and pores. However, the higher 
bubble departure frequency primarily results from smaller bubble de
parture sizes and faster bubble growth rates. In the initial phase, bubble 
expansion is governed by inertial forces, with fast vaporization being the 
dominant mechanism. Later, it transitions to a heat-transfer-controlled 
regime, where the porous structure enhances local heat flux, acceler
ating vapor generation. The constrained pore morphology prevents 
bubble coalescence while encouraging the generation of smaller bub
bles, which demonstrates increased detachment rates under the influ
ence of both buoyancy and inertial forces.

During the initial stages of boiling, the presence of residual gases 
promotes rapid bubble formation, leading to increased bubble coverage 
on the surface. This enhanced interaction between the liquid and bub
bles improves heat transfer efficiency. Even though both are micro
structured surfaces, there is a significant difference in bubble departure 
frequency in the Fig. 13. This discrepancy is due to the thickness of the 
copper mesh being 0.2 mm, while the copper foam has a thickness of 2.5 

Fig. 12. Bubble columns under high heat flux situation: (a) polished surface; (b) modified surface.

Fig. 13. Bubble departure frequency for different surfaces.

Table 2 
CHF and HTC of different surfaces and their improvement compared with pol
ished surfaces.

Test 
surfaces

CHF 
(W/ 
cm2)

CHF 
improvement

Maximum HTC 
[W/(cm2•K)]

HTC 
improvement

Polished 
surface

22.78 / 1.05 /

150 in− 1 

mesh
37.64 65.23 % 1.44 37.14 %

250 in− 1 

mesh
32.66 43.37 % 1.70 61.90 %

40 ppi foam 34.85 52.99 % 1.30 23.81 %
60 ppi foam 32.85 44.21 % 1.69 60.95 %
S1 24.21 6.28 % 1.38 31.43 %
S2 24.90 9.31 % 1.25 19.05 %
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mm. The increased thickness of the copper foam contributes to larger 
bubble evacuation resistance and a longer detachment time. Addition
ally, the detachment time on the nanostructured surface is not signifi
cantly improved when compared with the polished surface.

3.5. Comparison between nano and microstructured surfaces

To clearly demonstrate the influence of nanostructures and micro
structures on the boiling performances of Novec-7100, in this work, we 
summarize the pool boiling performances of the above seven surfaces 
(polished surface, two nanostructured surfaces, and four micro
structured surfaces), as shown in Table 2.

According to Table 2, it can be observed that the modification of 
surfaces all leads to an enhancement in HTC and CHF. Among them, the 
250 in− 1 copper mesh with microporous structures exhibits the highest 
enhancement ratio of HTC, reaching 61.9 %. However, the HTC of S2 
surface with nanoporous structures only marginally increases 19.05 %. 
As for the CHF, the CHF of 150 in− 1 copper mesh shows an increase of 
65.23 % compared with polished surfaces, while the nanostructured 
surfaces only increase up to 9.31 % since they only slightly enhanced the 
liquid replenishment via the improved wettability for the Novec-7100.

Below, a summary of recent literature on enhancing boiling perfor
mance of Novec-7100 with different structured surfaces is provided and 
compared with the experimental results in this study [41,62–67], as 
shown in Fig. 14. The upper-right corner of figure denotes the region 
(Region I) with higher CHF and HTC, and thus it is the ideal approach for 
improving the boiling heat transfer. Whereas the lower-left region (Re
gion II) represents areas where the enhancement of heat transfer is less 
pronounced. Intriguingly, we found that the structured surfaces located 
in Region I, such as copper mesh, copper foam, and micro-fins, generally 
have pore sizes of several hundred micrometers, indicative of micro
structured surface design, can effectively improve the CHF and HTC 
simultaneously. While surfaces in Region II generally with a surface 
roughness of only a few hundred nanometers are not as efficient as the 

microstructured surfaces.
The above comparative analysis reveals that for Novec-7100 fluori

nated liquid, the microstructured surface design is superior to the 
nanostructured surface design. Table 3 provides a detailed listing of the 
processing methods for the aforementioned modified surfaces and their 
pool boiling properties.

4. Conclusion

This study investigates the pool boiling behaviors of Novec-7100 on 
nanostructured and microstructured surfaces. Nanostructured surfaces 
contain superhydrophobic and hybrid hydrophobic-hydrophilic sur
faces, while microstructured surfaces include 150 in− 1 copper mesh, 250 
in− 1 copper mesh, 40 ppi copper foam, and 60 ppi copper foam. The 
main conclusions are as follows: 

(1) Nanostructured and microstructured surfaces both have more 
nucleation sites, and can effectively reduce wall superheat of 
ONB compared with the polished surfaces. Specifically, 
compared with the polished surface, the HTC of the super
hydrophobic and hydrophobic-hydrophilic surfaces increased by 
31.43 % and 19.05 %, respectively. Since these nanostructured 
surfaces can only slightly enhance the wettability of Novec-7100, 
the CHF has improved marginally when compared with polished 
surfaces. For microstructured surfaces, 150 in− 1 copper mesh, 
250 in− 1 copper mesh, 40 ppi copper foam, and 60 ppi copper 
foam, relative to polished surface, respectively increase the HTC 
by 37.14 %, 61.90 %, 23.81 % and 60.95 %. The CHF of these 
surfaces increased by 65.23 %, 43.37 %, 52.99 % and 44.21 %, 
respectively.

(2) Through the comparison of the nanostructured and micro
structured surfaces, it was found that microstructured surfaces 
can attract more liquid through capillary action, increasing the 
replenishment of liquid, and thus significantly improving CHF. 

Fig. 14. CHF and HTC of Novec-7100 on different structured surfaces from literatures.

Table 3 
A literature review on methods to enhance the pool boiling of Novec-7100 in recent years.

References Publication year Processing method Surface structure CHF (W/cm2) HTC at CHF [W/(cm2•K)]

This study / CVD Nano needle. 24.21 1.35
This study / Bonding Micro pores 32.66 1.68
[47] 2022 Sintering Copper mesh 38.56 1.26
[62] 2023 Grinding/Milling Surface roughness 28.16 0.81
[63] 2021 Microtextured surface Microfin array 33.33 1.95
[64] 2019 Sintering Surface roughness 28 1.05
[65] 2024 Femtosecond laser Microgroove 22.44 1.16
[66] 2025 Additively-manufactured Surface roughness 28.2 1.98
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Microstructured surfaces are superior to the nanostructured sur
faces in enhancing boiling heat transfer performance of Novec- 
7100, thus offering crucial guidance for designing more effi
cient and reliable electronics immersion cooling.
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