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ABSTRACT

This study examined how surface roughness and nanoceramic coating, influences the boiling heat transfer
coefficient (BHTC) and critical heat flux (CHF) of a conical cylindrical copper test specimen. Three test
specimens exhibiting surface roughness of 0.22 um, 0.14 pm, and 0.04 um were analyzed for comparison.
Two additional test specimens were treated with nanoceramic coatings utilizing silicon carbide as the base
material: one specimen received a single-layer coating and the second was applied with a double-layer
coating. The behavior of the bubbles was closely observed with a high-speed camera to deepen the analysis.
The experimental results showed that the test specimen with higher surface roughness exhibited higher
BHTC and CHF. The 0.22 um surface roughness specimen demonstrated a 55.69% greater BHTC than the
0.04 um surface roughness specimen. In contrast, the 0.04 pm surface roughness specimen had the lowest
CHF, 426.09 kW/m?2. Nanoceramic coating also enhanced the BHTC and CHF. The specimen with a single-
layer coating had the highest BHTC, 40.81% higher than the uncoated specimen. The specimen with a
double-layer coating showed a 60.12% increase in CHF compared to the specimen with a single-layer
coating. The bubble observation results indicated that test specimens with higher BHTC and CHF had more
active nucleation sites. The quantity of active nucleation sites plays a vital role in producing a large number
of bubbles, enhancing heat transfer, and maintaining the surface temperature.

Copyright © 2025. Journal of Mechanical Engineering Science and Technology.
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I. Introduction

High heat flux devices find extensive applications across various industries, including
fuel cells, microprocessors, nuclear power plants, radar systems, aerospace, and defense
sectors [1]-[4]. Cooling systems capable of transferring high heat flux are increasingly
required to ensure the continuous operation of such devices. Many cooling methods have
been developed, such as natural convection cooling, single-phase cooling, immersion
cooling, spray cooling, and jet impingement cooling. Among these methods, it is known that
pool boiling has superior cooling potential compared to other cooling techniques [5]. Pool
boiling also has other advantages, such as simplicity and passive operation. A comparison
of the cooling potential of pool boiling with other cooling methods is shown in Figure 1.

Several techniques have been applied to enhance the heat transfer performance in pool
boiling. Research results indicate that surface structure significantly affects pool boiling
performance [7]. Surface modification involves altering the surface structure, including
adjusting surface roughness, changing the geometry of the heating surface, utilizing porous
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structures, and applying micro and nanoparticle coatings to the heating surface [2],[8]-[13].
Another method employed to improve pool boiling performance involves the utilization of
various working fluids, the implementation of nanofluids, and additional approaches,
including the application of magnetic fields and vibrations [14]-[19]. Other experimental
conditions, such as the effects of microgravity, high pressure, and low pressure on pool
boiling, were also observed [20]-[22].
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Fig. 1. Comparison of cooling methods [6]

Nukiyama conducted the first pool boiling experiment [23]. Based on Nukiyama's
curve, pool boiling is divided into regimes: natural convection boiling, nucleate boiling,
transition boiling, and film boiling. Among these four regimes, the nucleate boiling regime
exhibits the highest transfer performance while keeping the surface temperature at a
relatively low level. The nucleate boiling regime's heat transfer capability arises from the
continuous formation of bubbles that transport heat away from the surface [24]. Many
studies have been conducted to improve boiling heat transfer performance, specifically
increasing the boiling heat transfer coefficient (BHTC) within the nucleate boiling regime.
Researchers have also focused on improving the upper limit of the BHTC, which occurs at
the critical heat flux (CHF) [25]. Figure 2 illustrates the optimal approach for improving
pool boiling performance.
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Fig. 2. Ideal scheme of a pool boiling curve [29]

Cooling processes using the pool boiling phenomenon are undesirable when
approaching the CHF point within the nucleate boiling regime. The BHTC decreases after
the CHF point, even as the surface temperature increases. Moreover, if heat transfer
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continues beyond the CHF point or through the nucleate boiling regime, it can lead to
dangerous phenomenon such as dry-out and burnout in the system being cooled [26],[27].
Therefore, improving heat transfer performance within the nucleate boiling regime
represents the most effective and secure method for advancing heat transfer in pool boiling..

The CHF is the maximum amount of heat that a fluid may transport in pool boiling,
whereas the BHTC is a coefficient that affects how much heat the fluid transfers. Increasing
the BHTC in a pool boiling cooling system can reduce the required size, volume, and energy.
Meanwhile, enhancing the CHF allows the system to be more compact and operate at higher
heat fluxes. A cooling system with a low CHF is very dangerous because it has a dry-out
point at a lower temperature. If this dry-out phenomenon occurs during the cooling process,
the heat flux transfer will not operate effectively [28].

The high potential of pool boiling for heat transfer has not yet been accompanied by
universally accepted physical mechanisms and theoretical predictions. This is primarily due
to the intensity and complexity of bubble dynamics inherent in the pool boiling phenomenon
[30],[31]. Pool boiling studies often focus on the behavior of bubbles as heat carriers. Bubble
observation is conducted by examining the dynamics of a single bubble as well as the
interactions between bubbles [32]. In addition, the performance parameters in pool boiling
are also influenced by surface wettability, pore structure formation, liquid spreadability,
capillarity and wickability, porosity, critical pressure, and Rayleigh-Taylor instability
wavelength [33].

Although surface roughness and nanoceramic coatings have been shown to influence
heat transfer performance in pool boiling phenomenon, the physical mechanisms underlying
this enhancement are not yet fully understood. How surface roughness and the nanostructure
of the coating on the surface affect the formation and release of vapor bubbles and how
surface roughness and nanoceramic coatings influence active nucleation sites and bubble
dynamics still require further exploration. Additionally, while many studies focus on
improving the BHTC, research on how surface roughness and nanoceramic coatings impact
the CHF point remains underexplored. Yet, CHF is a critical parameter that determines the
safe operational limits of cooling systems. A deeper understanding of the physical
mechanisms behind the enhancement of BHTC and CHF through the combination of surface
roughness and nanoceramic coatings could aid in designing more efficient and safer cooling
systems.

This study further investigates the impact of surface modification on the pool boiling
phenomenon, specifically within the nucleate boiling regime. Experiments on pool boiling
will be conducted at atmospheric pressure and saturation temperature utilizing deionized
water as the working fluid. Five test specimens are made of copper in a conical cylindrical
shape, with three variations of surface roughness and three with nanoceramic coating
applications. To comprehend the pool boiling phenomenon, a high-speed camera will be
used to examine how surface alteration affects BHTC, CHF, and bubble behavior.

I1. Material and Methods
1. Test Specimens

This study involved the preparation of five test specimens made from copper, designed
in a conical cylindrical shape. These specimens had a thermal conductivity of 382 W/m-K
and featured a surface cross-section diameter of 30 mm. Figure 3 illustrates the dimensions
of the test specimens (in mm). Each test specimen features three holes, each with a diameter
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of 1.2 mm, designed for the placement of K-type thermocouples to accurately measure the
surface temperature. Furthermore, four holes measuring 6 mm in diameter and 50 mm in
depth have been designated for the installation of the cartridge heaters.
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Fig. 3. Test specimens dimensions

Three test specimens were subjected to surface roughness modification, and two test
specimens were coated with nanoceramics. The surface roughness variations of the test
specimens were obtained by polishing the surfaces using sandpaper and Autosol. The
surface of specimen A underwent polishing with 600-grit sandpaper. The surface of
specimen B underwent polishing with 600, 1000, and 2000-grit sandpapers sequentially. The
surface of specimen C underwent a polishing process utilizing 600, 1000, 2000, and 5000-
grit sandpapers, followed by the application of Autosol in a sequential manner. The surface
modification's roughness results were measured utilizing a Stillo profilometer.

The test specimens subjected to surface roughness modifications, which resulted in the
roughness values, are shown in Table 1. The cross-sectional results of the surface roughness
modification and the contact angle results for test specimens A, B, and C can be seen in
Figure 4 and 5, respectively. For the test specimens with nanoceramic coating, specimens
C-1 and C-2 were first subjected to the same surface roughness treatment as specimen C.
Then, specimens C-1 and C-2 were coated with Bodyguard S36 nanoceramic coating from
TEVO Creation Inc., which has a silicon carbide base material with a thermal conductivity
of 20.7 W/m-K. The coating application involved a single layer for specimen C-1, while
specimen C-2 received two layers. This experiment was conducted within a limited range of
surface roughness values, coating thicknesses, and types of nanoceramic coatings. Different
parameters of surface roughness and nanoceramic coatings may yield different results.

Table 1. Surface roughness treatment

Test specimens Surface roughness treatment R.(um) Rpyax(um) R;(um)
A Polished using 600-grit sandpaper 0.22 2.74 2.1
B Polished using 2000-grit sandpaper 0.14 1.48 1.18
C Polished using 5000-grit sandpaper and Autosol  0.04 0.32 0.26

Fig. 4. Surface visualization of the test specimen at 100x magnification under the microscope.
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Fig. 5. Visualization of the contact angle on the test specimen

2. Experimental Facilities and Procedures

Figure 6 shows the experimental facilities employed in this study. The test specimens
are heated using cartridge heaters, and their temperatures are measured with three K-type
thermocouples. An immersion heater maintains the working fluid temperature at the
saturation temperature. K-type thermocouples are utilized to measure the temperature of the
working fluid. All temperature measurements from the thermocouples are captured and
processed using data acquisition systems, specifically the NI cDAQ-9174 and NI 9213, with
LabVIEW software. Before the experiments are conducted, all K-type thermocouples are
calibrated using LabVIEW. The observation visualizations are captured using a Phantom
Miro M310 high-speed camera. The visualizations captured by the high-speed camera are
processed using PCC software. The experimental setup also has a lighting system to ensure
good visualization results.
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Fig. 6. Experiment facilities

Before the test specimen is mounted on the insulation base, the sides of the specimen
are coated with an insulant, Threebond High-Temperature RTV Silicone. This is done to
prevent the working fluid from leaking onto the sides of the test specimen, thereby
minimizing the heat absorbed by the working fluid other than from the specimen surface.

Deionized water is used as the working fluid. Prior to conducting the experiment, the
deionized water is preheated to a temperature close to saturation in order to eliminate any
dissolved gases. Throughout the experiment, the temperature of the deionized water is kept
at the saturation temperature. The pressure in the chamber is also kept at atmospheric
pressure.

The test specimen is heated using a cartridge heater, with power gradually increasing
from 5 to 40 watts using a voltage regulator, and monitored using a wattmeter. Temperature
data of the test specimen is taken after 5 minutes of adjusting the cartridge heater power to
ensure that the specimen's temperature reaches a steady state before recording. There is a
copper coil through which water is pumped to condense the working fluid that has undergone
a phase change to vapor.
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3. Data Processing

The experimental setup exhibits a heat loss of 17% in this study. Heat loss is measured
by adjusting the power of the cartridge heater to a specific value and maintaining it for a
certain time interval, which increases the temperature of the working fluid. The calculation
of heat loss is performed using Eq. (1).
mc (Ty—T3)

Qu= Qcn — — ()
The calculation of heat transfer from the test specimen to the working fluid is conducted

using the one-dimensional Fourier equation, applying the slant equation for the conical
cylindrical test specimen as follows:

. dT

s 2 E

Q=—-kmy dx(3)
e C RN )
g = ¢ e (5)

Aujung silinder konis,d=30 mm

The surface temperature (T;,) can be calculated by transforming Eq. (3) into Eq. (6), while

the BHTC calculation can be done using Eq. (7).
ar _ Q

e T my (6)
AT
h = R T TPOOOSs (7)
where AT is the wall superheat temperature, which is obtained from Eq. (8).

In this study, uncertainty analysis was determined by the method of Taylor [34].
From the equations above, it can be determined that the heat flux, g, is a function of k, T,
and T},. Here, T, and T}, represent the temperatures of the test specimens as depicted by the
thermocouples. The uncertainty of the heat flux is expressed in Eq. (9):

Aq _ \/(%_Ak)z + (ﬁ.ATa)2 + ("—"ATb)2 )

lal — N \ak o1, at,

with the assumption that the thermal conductivity of the test specimen, k, is constant, then

%"’l = J(%.ATa)Z + (;TquTb)z (10)

From Eq. (10), the average uncertainty of the heat flux, g, is 0.84%. Using the same method,
the average uncertainty of the surface temperature, T,,,, s 0.76%, and the average uncertainty
of the BHTC, h, is 9.58%.

II1. Results and Discussions

1. Effect of Surface Roughness and Nanoceramic Coating

The experimental results regarding the impact of surface modification and nanoceramic
coating application are presented in the curves showing the relationship between heat flux
and surface temperature of the test specimen, the pool boiling curve, and the relationship
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between wall superheat and BHTC, which are displayed in Figure 7-9. Figure 7 shows that
the test specimen with the highest surface roughness can maintain a lower surface
temperature compared to the test specimens with smoother surfaces at the same heat flux
value. Specimen A has the lowest surface temperature, followed by specimens B and C. Test
specimens with nanoceramic coating also show an improved ability to maintain surface
temperature. Specimens C-1 and C-2 have lower surface temperatures compared to
specimen C.
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Fig. 7. Graph of the relationship between heat flux and wall temperature

The difference in surface temperature of the test specimens indicates different BHTC,
as shown in Figure 8. Test specimens with higher surface roughness have higher BHTC, and
vice versa. The results show that specimen A has an average BHTC of 55.69% higher than
specimen C, and specimen B has an average BHTC of 31.98% higher than specimen C. The
application of nanoceramic coating also affects the BHTC value. In this study, the
application of nanoceramic coating increased the BHTC value. Specimen C-1 has an average
BHTC of 40.81% higher than specimen C, and specimen C-2 has an average BHTC of
21.42% higher than specimen C.
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Fig. 8. Boiling heat transfer coefficient

From experiment, it was found that surface roughness affected both the surface
temperature and BHTC of the test specimen. The test specimen with more roughness had a
lower surface temperature because it can form nucleation sites in the nucleate boiling
regime, as is well documented in previous studies [35]-[37]. The scratches on the rough
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surface act as nucleation sites for forming vapor bubbles. Nucleation sites are locations
where vapor bubbles form on test specimen’s surface. In the nucleate boiling regime, vapor
bubbles form easily on surfaces with cavities, gaps, or scratches. The more scratches there
are on the test specimen’s surface, the more available nucleation sites are created. Figure 4
shows the number of scratches on each test specimen. Among the available nucleation sites
on the test specimen’s surface, those that generate vapor bubbles are referred to as active
nucleation sites. The amount of active nucleation sites also affects the frequency of vapor
bubble formation. The more active nucleation sites, the higher the frequency of vapor bubble
formation, which allows heat to be transferred more effectively from the surface [38].
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Fig. 9. Pool boiling curve

Fig. 10. Surface visualization: (a) test specimen A at ¢ = 21.53 kW/m?, (b) test specimen B at § =
25.61 kW/m?, and (c) test specimen C at ¢ = 27.36 kW/m?

A comparison of vapor bubble formation on test specimens A, B, and C is shown in
Figure 10-11. It can be found that specimens A and B have a higher number of vapor bubbles
forming than specimen C. This indicates that the scratches on the rough test specimen affect
the formation of vapor bubbles.

Fig. 11. Surface visualization: (a) test specimen A at ¢ = 37.19 kW/m?, (b) test specimen B at § =
39.89 kW/m?, and (c) test specimen C at ¢ = 37.03 kW/m?
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Test specimens whose higher surface roughness was more easily wetted by the working
fluid, as shown in Figure 5. The contact angle on test specimens indicates the surface wetting
ability. A larger contact angle indicates better wetting ability. Surfaces easily wetted by the
fluid optimize the heat transfer process because the fluid that wets the test specimen surface
will carry heat away from the surface [39]. The fluid that conveys the thermal energy will
then stimulate the forming of bubbles on the test specimen surface.

The application of nanoceramic coating also affected the surface temperature and
BHTC. The heat transfer improvement of the test specimen with the coating is due to the
presence of nanoceramic particles adhering to the test specimen’s surface, which increases
the surface area. Additionally, gaps and voids are formed between the coating particles [40].
An illustration of the formation of gaps and voids on the test specimen surface is shown in
Figure 12. The formation of voids due to coating on a surface is also explained in the
previous study [40],[41].

New gaps are formed

Without Coating With Coating
Fig. 12. llustration of nanoceramic particles on the test specimen surface

The formation of gaps and voids on the test specimen’s surface increases the available
nucleation sites during the experiment. As the amount of available nucleation sites increases,
it can also be expected that the number of active nucleation sites will rise. Therefore, the
existence of gaps on the test specimen surface due to the coating particles will enhance the
formation of active nucleation sites, resulting to more vapor bubbles forming. The enhanced
formation of vapor bubbles will improve the test specimen's heat transfer capability. The
increase of heat transfer performance due to coating particle also reported on previous study
[42]-[44]. The visualization of vapor bubble formation comparing test specimens with and
without coating is given in Figure 13.

Fig. 13. Surface visualization: (a) test specimen C at ¢ = 37.03 kW/m?, (b) test specimen C-1
at ¢ = 37.1 kW/m?, and (c) test specimen C-2 at § = 42.68 kW/m?

From the pool boiling curve in Figure 9, it can be seen that test specimens C and C-2
experience a notable rise in wall superheat temperature. The elevation in wall superheat
temperature is marked by a rightward arrow. For test specimen C, this significant increase
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occurs when the heat flux passing through the test specimen exceeds 426.09 kW/m?.
Meanwhile, for test specimen C-2, the wall superheat temperature significantly increases
when the heat flux passing through the specimen exceeds 682.26 kW/m?2. This phenomenon
occured when the test specimen’s surface was about to reach the CHF point and enters the
transition boiling regime before moving to the film boiling regime. This was indicated by
the formation of vapor microlayers on the test specimen’s surface and the presence of single
bubbles. The significant rise in surface or wall superheat temperature for these two
specimens occured when the surface was encased by a vapor layer or microlayer, resulting
significant decrease in thermal conductivity. The visualization of the vapor microlayers and
single bubbles formation can be seen in Figure 14. From this explanation, it can be
concluded that test specimen C will only optimally transfer heat when the heat flux is below
426.09 kW/m?2, and test specimen C-2 will do so below 682.26 kW/m?. Test specimen C-2
has a CHF point 60.12% higher than test specimen C.

Fig. 14. Visualization of the formation of the vapor microlayer and single
bubble on the test specimen (a) C and (b) C-2

Fig. 15. Visualization of the vapor jet on the test speciment (a) A, (b) B, dan (d) C-1

Due to the power limitations of the cartridge heater, the observation of vapor microlayer
and single bubble formation could not be conducted on test specimens A, B, and C-1.
Additionally, CHF points for test specimens A, B, and C-1 could not be represented in the
pool boiling curve shown in Figure 9. However, continuous columns of vapor, also known
as vapor jets, were still present on each test specimen surface. This phenomenon indicates
that test specimens A, B, and C-1 conditions remain within the nucleate boiling regime. The
visualization of the vapor jet occurring on test specimens A, B, and C-1 shown in Figure 15.
The use of another working fluid with a lower saturation temperature would facilitate easier
observation of the vapor microlayer and single bubble phenomenon.

Figure 9 compares pool boiling curves for each test specimen against the Rohsenow
Equation. From the figure, it can be observed that there are differences between the
experimental pool boiling curves and the predicted curves derived from the Rohsenow
Equation. These discrepancies arise because the Rohsenow Equation does not account for
physical changes on the test specimens’s surface, such as variations in surface roughness
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and the application of coatings, as employed in this study. Moreover, the heat flux
calculations using the Rohsenow Equation exhibit an error margin of +£100% [45].

2. Mechanism of Bubble Formation

The vapor bubbles formation in the pool boiling experiment indicates the shift from the
natural convection boiling regime to the nucleate boiling regime. When the test specimen's
surface temperature exceeds the working fluid's saturation temperature, small vapor bubbles
begin to form on the specimen's surface due to the working fluid undergoes a phase change
from liquid to vapor. This bubble formation predominantly occurs in cavities or scratches
present on the test specimen’s surface, and these areas are referred to as active nucleation
sites [46].

VAPOR BUBBLE

o o

Fig. 16. Illustration of the liquid microlayer [47]

LIQUID MICROLAYER

The vapor bubbles that form in the cavities on the test specimen’s surface will grow as
more of the fluid undergoes phase change [48]. As the vapor bubbles continue to expand, a
thin liquid layer develops between the vapor bubble and the test specimen’s surface [49].
This layer is known as the liquid microlayer. The appearance of the liquid microlayer can
be observed in Figure 16. Rapid evaporation or boiling occurs in the liquid microlayer due
to its very low thermal resistance and extremely small thickness [47]. This rapid evaporation
process causes the vapor bubbles to grow larger. The liquid microlayer enhance heat transfer
coefficient during nucleate pool boiling.

When the bubbles reach a certain size or diameter, they will detach from the test
specimen’s surface and rise upward. The increasing buoyancy force drives this process as
the bubble grows. As soon as the bubble is lifted, the surrounding working fluid will fill the
space left, and the bubble formation process will occur again. This process can be observed
in Figure 17.

Fig. 17 Visualization of vapor bubbles when (a) small in size, (b) large, and (c) detached
due to buoyancy force on test specimen C at ¢ = 37.03 kW/m?

When the bubbles are still of a certain size before detaching from the test specimen’s
surface, it was observed that two or more bubbles merge. This process of merging bubbles
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is called bubble coalescence, as shown in Figure 18. The closeness of active nucleation sites
leads to bubble coalescence. The existence of bubble coalescence results in vapor bubbles
detaching from the test specimen’s surface, which is more significant compared to those
where bubble coalescence does not occur.

Fig. 18. Visualization of vapor bubbles when (a) before, (b) during, and (c) after bubble
coalescence on test specimen B at ¢ = 44.02 kW/m?

With an increase in the heat flux, the vapor bubbles formed becomes more numerous
and faster along with the rising wall superheat temperature. The increasing amount of
bubbles spreading across the test specimen’s surface indicates that more available nucleation
sites are becoming active nucleation sites. Moreover, the increasing amount of active
nucleation sites results in a heightened frequency of bubble coalescence.

As the heat flux increases further, the vapor bubbles, which initially detach from the test
specimen's surface as isolated or discrete bubbles, transform into vapor columns and vapor
mushrooms, as showed in Figure 15. The formation of vapor columns and vapor mushrooms
represents the first transition in nucleate pool boiling [50]. This first transition marks the
change in the nucleate pool boiling condition from partial to fully developed nucleate pool
boiling. The increase of heat flux and wall superheat temperature during fully developed
nucleate boiling causes almost the entire surface to be covered with large vapor mushrooms.
Subsequently, dry patches form on the test specimen’s surface. These dry patches are areas
of the surface that are not covered by the liquid working fluid because blocked by the vapor
layer. This condition represents the second transition in nucleate pool boiling [50].
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Fig. 19. The formation of vapor bubbles throughout the experiment on test specimen C
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As the heat flux continues to increase, the surface eventually becomes fully covered by
dry patches, where a vapor layer covers the entire test specimen’s surface. At this point,
single bubbles also begin to form. This condition signifies that the pool boiling is
approaching the CHF. The approach to CHF indicates that the pool boiling regime is
transitioning from nucleate boiling to transition boiling. This condition can be observed in
Figure 14. From the experiments conducted, the visualization of vapor bubbles on the test
specimen’s surface, ranging from low to high heat flux, and from the formation of vapor
bubbles as discrete bubbles to the formation of vapor mushrooms and single bubbles, can be
seen in Figure 19.

IV. Conclusions

In this study, the effect of surface modification, including surface roughness and
nanoceramic coating application on a copper conical cylinder, on the pool boiling
phenomenon using deionized water as the working fluid was examined in detail. Three test
specimens with different surface roughness were used for comparison: 0.22 um (speciment
A), 0.14 um (speciment B), and 0.04 um (speciment C). Additionally, three test specimens
with different nanoceramic coating applications were compared: specimen C without
coating, specimen C-1 with a 1-layer coating, and specimen C-2 with a 2-layer coating. A
high-speed camera was used to capture pool boiling visualizations for further analysis.

Based on the discussion above, test specimens with higher surface roughness values
have higher BHTC and CHF values. Specimen A has a higher average BHTC 55.69%
compared to specimen C, and specimen B has an average BHTC 31.98% higher than
specimen C. Specimen C has the lowest CHF compared to specimens A and B, with a value
of 426.09 kW/m?2. Test specimens with higher surface roughness promote more active
nucleation sites. The higher amount of active nucleation sites on specimens with greater
roughness allows the specimens to maintain surface temperature more effectively, resulting
in lower surface temperatures.

Test specimens with nanoceramic coatings show increased BHTC and CHF values.
Specimen C-1 has an average BHTC of 40.81% higher than specimen C, and specimen C-2
has an average BHTC of 21.42% higher than specimen C. Specimen C-2 has a CHF value
of 60.12% higher than specimen C. The increase in BHTC and CHF for specimens with
nanoceramic coating is due to cavities caused by the coating particles, which enhance the
active nucleation sites and vapor bubble formation. The increase in active nucleation sites
and vapor bubbles facilitate heat removal from the surface, resulting in improved heat
transfer performance of the test specimens.

In this study, the power limitations of the cartridge heater prevented the observation of
the single bubble and vapor layer phenomenon on test specimens A, B, and C-1. A higher-
power cartridge heater or a working fluid with a lower saturation temperature could be
implemented in future research to observe single bubble and vapor layer phenomena. Further
studies on test specimens with different surface roughness parameters and nanoceramic
coatings, as well as observations above the CHF point, are necessary to expand the
understanding of boiling heat transfer performance and vapor bubble dynamics on surfaces
with varying roughness and nanoceramic coatings.
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