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High power dense electronic devices demand efficient heat removal and thermal management. Phase change
heat transfer with the application of graphene coating offers superior heat dissipation. In this study, the effects of
sintered copper powders and monolayer graphene coating on flow boiling of HFE-7100 were investigated for a
minichannel. Bare copper surface and surfaces with additional sintered layers of thicknesses of 0.5 mm, 1.0 mm,
and 2.0 mm were compared in terms of flow boiling heat transfer. Additionally, graphene coatings were applied
to each surface, and the effects of graphene coating on flow boiling heat transfer were assessed at atmospheric
pressure. The experiments were conducted at different heating fluxes and two different mass fluxes (120 kg/m?s
and 180 kg/m?s) for each surface. Novec HFE-7100, a dielectric fluid having a high potential for the use in
electronics cooling applications, was used as the working fluid in flow boiling experiments. The results indicated
that the sintered layer improved the flow boiling heat transfer performance. The sintered layer thickness of 0.5
mm offered the best heat transfer performance with an enhancement up to 145 % relative to the bare surface at
high heat fluxes. It was also observed that graphene coatings further enhanced the heat transfer performance of
the sintered surfaces up to 34 %. When 0.5 mm sinter thickness and graphene coating were combined, the
maximum heat transfer enhancement was recorded as 227 % compared to the bare surface. In the light of high-
speed camera images, flow boiling characteristics and effects of graphene coating on flow patterns were dis-
played. Accordingly, the graphene coating increased the nucleation site density, improved the stability of bubble
formation and led to HTC enhancement for the sintered surfaces.

heat can be designed and developed for achieving high heat flux cooling
[3-5].

1. Introduction

Due to the advances in microelectronics, the integration of high-
power electronic miniature devices into very compact and lightweight
designs has become vital. The efficiency and performance of micro
electronic devices are often limited by their inability to effectively
dissipate heat [1]. In this regard, phase change heat transfer has proven
to be highly advantageous for applications involving high thermal loads
and tight packaging constraints [2]. By making use of flow boiling,
cooling systems occupying minimal space and efficiently dissipating

* Corresponding authors.

The performance of phase change heat transfer depends on various
parameters such as the type of working fluid [6], material of heat
transfer surfaces [7], surface roughness [8,9], mass flow rate [10], fluid
velocity [11], system pressure [12-14], and channel dimensions
[15-17].

Common methods for increasing the heat dissipation from a surface
involve the alteration of the surface roughness [18] and wettability
characteristics of the surface [19]. By changing the wettability of the
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surface, the heat transfer characteristics could be altered depending on
the ability of emerging bubbles to remove heat from to the surface [20].
The major aim regarding heat dissipation via boiling heat transfer is to
increase the number of nucleation sites on the surface, to enable bubbles
to depart without any delay and to avoid the formation of a permanent
vapor film layer [21-23]. The modification of the surface wettability
affects the size of bubbles and their tendency to depart from the surface
[24,25]. A delay in the formation of a vapor film layer on a modified
surface could result in the postponement of the Critical Heat Flux (CHF)
condition [26].

Micro-fabrication techniques have been employed to modify surface
wettability by creating precisely defined hydrophobic and hydrophilic
patterns, resulting in notable improvements in both the HTC and CHF
values [27,28]. Although these techniques are effective in enhancing
heat transfer performance, their scalability remains limited. Further-
more, the high costs associated with micro-fabrication methods still pose
significant challenges to their practical implementation in real-world
applications [29].

In addition to micro-fabrication methods, another approach to alter
surface characteristics is coating the surface with a porous structure.
This allows for changing the surface wettability and for effectively
increasing the nucleation site density through porous structures . Sarwar
et al. [30] coated tube surfaces with Al;O3 to create microporous sur-
faces and conducted flow boiling experiments using water. Their find-
ings showed that the coated surfaces exhibited an enhancement in CHF
compared to smooth tubes. Wong and Leong [31] fabricated
three-dimensional porous metallic structures using an additive
manufacturing technique and performed flow boiling experiments with
FC-72 as the coolant. Their results indicated that porous substrates
achieved superior flow boiling heat transfer performance compared to
plain surfaces, attributed to the increased nucleation site density and
enhanced flow mixing. Lin et al. [32] conducted experiments on a sur-
face treated with the Electroless Plating method, which resulted in
micro-pores with sizes ranging from 1 to 5 ym. The experiments were
conducted at different mass flow rates on this micro-porous surface. It
was highlighted that the super-hydrophobic surface with such
micro-porosity provided a significantly high nucleation site density.
When comparing the copper sample with a porous surface to a plain
surface sample, the porous surface offered a 74.8 % improvement in
boiling heat transfer. The cited studies demonstrate that introducing a
porous structure on a surface enhances heat transfer performance by
increasing nucleation site density. However, the increased nucleation
site density also raises the risk of dry-out formation, as the formation of
numerous small bubbles can coalesce into larger bubbles, potentially
covering the surface and disrupting heat transfer. Li et al. [33] con-
ducted experiments on micro-porous structured copper surfaces and
reported that the porous structures significantly increased nucleation
site density. However, at lower mass fluxes, the intense nucleation
process led to the formation of elongated bubbles, which initiated
dry-out and contributed to an increased pressure drop across the
channel.

rRegarding graphene coatings, Kim et al. [34], conducted experi-
ments on graphene-coated porous surfaces and demonstrated that the
application of graphene coating enhanced the HTC by promoting the
early onset of nucleate boiling. In a study conducted by Sadaghiani et al.
[35], it was demonstrated that coating the surface with a certain
thickness of graphene significantly influenced the vapor column for-
mation and improved the heat transfer performance in pool boiling
experiments. Sia et al. [36] showed that using the graphene nano-
structured surfaces facilitate bubble detachment process and suppress
the formation of dry spot compared to the non-graphene coated surfaces.
It was shown that the application of graphene coating over the porous
structures, could connect the surface pores with a highly conductive
graphene network, thereby enhancing the nucleation site density,
decrease bubble departure diameter and improve growth of the bubble
and consequently improving the heat transfer performance. The
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Table 1
Summary of test samples.

Sample Sample Sintered Layer Surface Condition

No Name Thickness

#S1 Bare 0 mm Bare copper

#S2 Cu_0.5mm 0.5 mm Sintered

#S3 Cu_1.0mm 1.0 mm Sintered

#S4 Cu_2.0mm 2.0 mm Sintered

#85 Bare_Gr 0 mm Graphene coated

#S6 Gr_0.5mm 0.5 mm Sintered + Graphene
coated

#S7 Gr_1.0mm 1.0 mm Sintered + Graphene
coated

#S8 Gr_2.0mm 2.0 mm Sintered + Graphene
coated

mentioned studies show that the heat transfer performance on modified
porous surfaces could be further increased with graphene coatings.

Some studies reported that by coating the metallic porous layer on
the surface with graphene, graphene could act as an oxidation barrier,
which could preserve the heat transfer performance of the surface even
after extended use [37,38]. The ability of graphene coatings to adhere
firmly to the surface and to prevent surface oxidation makes them a
promising method for real-life applications [39]. In a recent study,
Ahmadi et al. [40] performed experiments on graphene-coated sintered
copper surfaces at sub-atmospheric pressures, using a sinter layer
thickness of 0.5 mm and reported that the graphene coating significantly
improved boiling heat transfer under sub-atmospheric conditions,
where larger bubble diameters and an increased risk of dry-out forma-
tion are more pronounced.

The abovementioned literature review reveals that a significant
portion of studies on graphene-coated porous surfaces have focused on
pool boiling. While pool boiling is an effective heat removal mechanism,
it is not practical for systems with packaging constraints or those subject
to motion. Additionally, most surface modification studies have not
explored the sintering process, despite its advantages as a scalable,
robust, and reliable surface modification technique. Although studies on
both pool boiling and flow boiling exist in the literature, only a limited
number have investigated the effects of graphene coatings. Research on
graphene coatings is even more scarce for flow boiling and sintered
surfaces, as well as for next generation working fluids.

Given the potential of graphene coatings to enhance flow boiling
heat transfer, further research in this area is essential. However, there is
a lack of studies on flow boiling over graphene-coated sintered porous
surfaces. This study investigates the flow boiling behavior of HFE-7100
on graphene-coated sintered porous copper surfaces under atmospheric
conditions, demonstrating a configuration that is suitable for practical,
robust and reliable real-life applications.

2. Experimental setup
2.1. Surface preparation and characterization

A total of 8 different surface types were prepared, and flow boiling
experiments were conducted. Among these surfaces, one surface was the
bare copper surface, and three surfaces were sintered surfaces. For each
of the prepared surfaces, two types were prepared: one with graphene
coating and one without coating. The details about test surface samples
are shown on Table 1.

Copper powders with sizes ranging from 70 to 100 um (Fig. 1) were
applied to the bare copper surface using the sintering method at high
temperatures (850-900 °C). To obtain the samples with different
thicknesses, copper powders were separately sintered onto a 1 mm thick
bare copper surface with sintered layer thicknesses of 0.5 mm, 1 mm,
and 2 mm during the process (Fig. 1).

Afterwards, both bare copper and sintered samples were coated with
monolayer graphene using the Chemical Vapor Deposition (CVD)
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Fig. 1. SEM images of sintered samples: a) 0.5 mm sinter thickness, b) 1 mm sinter thickness, ¢) 2 mm sinter thickness, d) Top view of SEM image of graphene coated

sinter particles of 1 mm sinter thickness sample.

(a) (b)

Fig. 2. Contact angle measurements: a) Bare copper, b) Non-treated sintered copper, ¢) Graphene coated sintered copper.

method [41]. During the graphene coating process, the copper samples
were placed in a tubular furnace and annealed at 1000 °C for 40 min
under the flow of 500 sccm Ar (Argon) and 70 sccm Hy (Hydrogen).
Then, 65 sccm of CH4 (Methane) was introduced into the furnace for
graphene growth. To achieve full coverage on the surfaces, the graphene
growth phase was continued for 40 min. This process is a well-developed
method, was previously applied to similar samples and was capable of
growing monolayer graphene on the surface with minimal errors. The
details for the graphene coating and characterization can be found in
previous studies [39,40].

To observe how the sintered copper powders and graphene coating
affect the wettability of the surfaces, contact angle measurements were
performed. A ThetaLite Tensiometer (Dyne Technology) was used to
measure the contact angles of 5-microliter water droplets placed on the
surfaces. As shown in Fig. 2, the contact angles were measured as 70° for
bare copper, 124° for non-treated sintered copper, and 93° for graphene-
coated sintered copper.

2.2. Experimental setup and test procedure

For the flow boiling experiments, a closed-loop test setup was

()

prepared as shown in Fig. 3. The test setup consists of a reservoir, an
RPM-controlled high-precision micro annular gear pump, a flow meter,
a preheater, a micro filter, an inlet temperature sensor, the test section,
an outlet temperature sensor, and a condenser. Additionally, a data
logger was used to record the temperature data collected during the
experiments, and a high-speed camera was employed for flow
visualization.

The test section and its details are shown in Fig. 4. Within the test
section, two cartridge-type heaters were placed inside a copper heating
block to form the heat source. Five thermocouples which were posi-
tioned 1 mm below the surface and extended along the surface were
distributed along the surface. To reduce the thermal resistance, the test
specimens were attached to the heating block using a thin layer of
thermal paste (Arctic MX-6). A PTFE (Teflon) clamp was placed over the
test specimen to ensure a good adhesion between the test specimen and
heating block during flow boiling experiments. Additionally, a steel
plate was positioned on top of the clamp to direct the flow, and a
transparent plexiglass plate was placed on top of the steel plate to pro-
vide flow boiling images during the experiments. All components
including the upper and lower steel plates and bolts were sandwiched
together and tightened using bolts. Silicon gaskets were used in between
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Fig. 3. Experimental test setup for flow boiling experiments a) Schematics, b)
Real image.

interfaces to prevent leakage. Finally, the entire test section was
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insulated with Polyurethane foam to reduce heat losses. The dimensions
of the test sections used in the experiments were 50 mm x 15 mm, and
the channel height was kept constant at 2 mm for all the sections.
Novec HFE-7100 was used as the working fluid in the experiments
due to its excellent dielectric properties and suitability for electronics
cooling, where water may present electrical safety risks. Additionally, its
boiling point of 61 °C makes it ideal for phase change cooling applica-
tions with electronic components operating at maximum temperatures
of 80-90 °C. To examine the effect of flow rate, experiments were per-
formed at two mass fluxes (120 kg/m?s and 180 kg/m?s), representative
of the moderate to high flow rates commonly observed in electronic
cooling applications. During the experiments, the inlet temperature was
maintained at 51 °C (corresponding to subcooling level of 10 °C) with
the assistance of a pre-heater. The heating power was adjusted using an
DC power supply, and the experiments were performed at different heat
input levels for each surface and mass flow rate. All the temperature
measurements were made under steady-state conditions at five different
locations across the surface. To ensure the reproducibility of the results,
all the tests were repeated for three times, and the average of the results
was used for data reduction. Thermophysical properties of HFE-7100

Table 3

Applied Voltage and Currents.
Heat Flux Voltage Current
(W.em™?) w) A)
1.9 40 0.40
2.5 45 0.46
3.0 50 0.50
3.8 55 0.58
4.6 60 0.64
5.3 65 0.68
6.4 70 0.76
7.2 75 0.80
8.3 80 0.86
9.4 85 0.92
10.6 90 0.98
11.9 95 1.04
13.2 100 1.10

Outlet

Flow Inlet (25°C)

Minichannel entry length

Fig. 4. Detailed presentation of the test section.

Table 2
Thermophysical properties of HFE-7100 at atmospheric pressure.

Working liquid Density Dynamic viscosity Specific heat Boiling temperature Surface tension x 103 Vapor pressure Latent heat
(Kg.m™3%) (Pa.s) kg LK (°C) (N.m™ 1) (MPa) (kJ.kg™")
HFE-7100 1515 5.8 x 1074 1172 61 13.6 78.7 x 1072 127
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and Applied voltage and current values shown on Table 2. and Table.3
respectively.

2.3. Data reduction and uncertainty

During the experiments, the obtained voltage, current, and temper-
ature data were processed to obtain the heat transfer coefficient. The
mass flux G was determined using the following expression:

G=— 1
A (€Y)
Here, m is the mass flow rate (kg/s), and A, is the cross-sectional area
of the mini channel (m?). Furthermore, the recorded voltage and current
values during the experiments were utilized to calculate the applied
power as follows:

P=VI 2)

The applied power (P) is given in Watts (W) and was determined
using the measured voltage (V) and current (I) values. Taking the heat
losses into account, the heat flux applied to the surface can be obtained
as:

" P— Qloss

A (3)

q

where Qs is the heat loss, and A, is the area of the heated surface. The
calculation of Q; was based on single-phase flow heat transfer. For
this, single-phase Novec HFE-7100 was introduced into the test section,
and the inlet and outlet temperatures were measured. With the known
mass flow rate and specific heat of the working fluid, the heat loss can be
determined using the following formula:

Qloss =P- mCP(TOHI - T ) (4)

With the use of the curve fitting technique, the heat losses could be
estimated at different electrical powers. Subsequently, the heat transfer
coefficient (HTC) was found using the following expression:

”

q
(Tw—Ty)

To calculate the surface temperature (T,,) in degrees Celsius ( °C), the
temperature measured at the jy, location of the thermocouple and heat
flux were utilized:

h= 5)

LCub
I<Cul7

Ley
+R, + L) 6)

ij - 'I} - q”( KCu

In this context, T,,; represents the surface temperature of the sub-
strate at the jy, location (j = 1-5), and T; corresponds to the temperature
reading from the jy, thermocouple location. Additionally, L, and L,
refer to the thickness of Copper Block (thickness between the thermo-
couple and surface) and Copper sample, respectively, whereas K¢,, and
Kcy, are their thermal conductivities. Furthermore, R, is the thermal
resistance of the applied thermal paste which was used between test
surface and heater block.

During subcooled boiling experiments, the single phase fluid tem-
perature was determined using the energy balance. The saturation
temperature was assumed to remain constant along the channel. At a
constant heat flux applied to the system, the fluid temperature could be
calculated as:

A
Tpo=Ti+ L & Tjx< T
Tix = T Saturated Boiling )

In this equation, T; is the inlet temperature and Cp is the specific heat
capacity of the fluid. Additionally, A, is the heated area starting from the
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Table 4

Uncertainty in major parameters.
Parameter Uncertainty
Voltage +1V
Current +0.01 A
Temperature +0.1°C
Mass flow rate +2 %
Height of the channel +0.01 mm
Width of channel +0.01 mm
Heat transfer coefficient +5 %

inlet to the point of interest.

The uncertainties in voltage and current measurements were deter-
mined based on the specifications provided in the datasheet of the
embedded multimeter (MSC-7203) in the power supply, as well as the
variations observed during the experiments to account for potential
changes caused by the increased temperature of the heating elements.
For temperature measurements, thermocouples were validated prior to
use, and the input values of the data logger were corrected to ensure
accuracy. The uncertainty in mass flow rate was quantified by validating
the flow meter against known flow rates under varying pressure con-
ditions. Additionally, the dimensions of the channels were measured
using a CMM after machining to confirm that the tolerances met the
desired specifications.

By applying the uncertainty analysis proposed by Coleman and
Steele [42], the average uncertainty in the heat transfer coefficient
(HTC) was determined and listed in Table 4 along with uncertainties in
other parameters.

High-speed video recordings of the boiling process were captured
using a Phantom VEO-710 L camera with a full pixel resolution of
1920x1080 at a frame rate of 3200 fps. The resulting images were post-
processed using MATLAB image processing scripts, where the grayscale
pixels were reclassified to black and white. To accurately define the
bubble boundaries, the darkest pixels, corresponding to the shades of
bubbles on the surface, were first ignored. Then, a range for the bubble
boundaries, which appeared darker than the fluid and vapor phases, was
defined. Finally, the pixels within these boundaries were excluded,
assuming them to be vapor inside the bubbles. This reclassification
enhanced the clarity of the vapor-liquid boundaries and made the
bubble edges more distinct.

3. Results and discussion
3.1. Single phase validation

To ensure the proper operation and reliability of the experimental
setup, single phase heat transfer tests were conducted on the bare copper
sample. Initially, the heat flux was applied, and the temperatures were
measured at the inlet and outlet of the test section. Simultaneously, the
temperatures at various locations on the surface were also measured.
Using the obtained temperatures at the inlet and outlet, the heat transfer
rate was calculated as: Q = mcp(Tour —Tin). Subsequently, the average
heat transfer coefficient was determined as:

Q

he_ <=
A(Tyar — Tf)

(8)

where the Ty and T, are the average temperatures of the fluid and
surface, respectively. With the known heat transfer coefficient (h),
Nusselt number (Nu) was calculated using the formula Nu = hDy/k,
where Dy is the hydraulic diameter of the channel, and k is the thermal
conductivity of the fluid. The obtained Nusselt numbers were then
compared with the correlations provided by Shah and London [43]:

Nu = 1.953 (Re.Pr.Dy/L)*® where (Re.Pr.Dy /L) > 33.3 9)
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Fig. 5. Comparison between experimental results and predictions of the cor-
relation of Shah and London [43].

Nu = 4.364 + 0.0722 (Re.Pr.Dy /L) where(Re.Pr.Dy /L) < 33.3
10

The comparison of the results with the predictions of the correlation
of Shah and London [43] is depicted in Fig. 5. As can be observed, the
obtained experimental results are in a satisfactory agreement with a 5 %
average deviation from the predictions of the correlation provided by
Shah and London [43].
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3.2. Boiling curves

Fig. 6 presents the boiling curve. Among the non-graphene coated
surfaces (#S1-#S4), the sample with a 0.5 mm sintered layer (#S2)
exhibits a smaller increase in surface temperature as the applied heat
flux increases, compared to the other samples. Specifically, at a heat flux
of 9.4 W/cm?, the surface temperature of #S2 is 11.9 °C lower than that
of the thickest sintered layer (#S4). This superior performance can be
attributed to the reduced thermal resistance and enhanced heat transfer
efficiency of the thinner sintered layer, which likely promotes more
effective bubble formation and detachment.

The surface with a 0.5 mm sintered layer and graphene coating (#S6)
demonstrates the best overall performance, achieving a surface tem-
perature reduction of 4.9 °C compared to the non-coated counterpart
(#82) at a heat flux of 13.2 W/cm?. This improvement is likely due to the
better bubble formation and departure effect of the graphene coating,
which facilitate better heat dissipation and nucleation site activity.

The results also reveal that thicker sintered layers introduce greater
thermal resistance, leading to higher surface temperatures at equivalent
heat fluxes. This trend suggests that optimizing the sinter layer thickness
is critical for balancing mechanical strength and thermal performance.
These findings are particularly relevant for practical applications, such
as cooling systems in electronic devices or high-performance thermal
management systems, where minimizing thermal resistance is essential
for efficient operation.

As shown in Fig. 6, the effect of mass flux appears limited within the
studied range (120-180 kg/m?s). This is likely due to the interplay be-
tween mass flux, subcooling, and bubble dynamics. At higher mass flux,

16
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Fig. 6. Boiling curves for the (a) mass flux of 120 kg/m?s and (b) mass flux of 180 kg/m?s.
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Fig. 7. Bubble nucleation and growth inside copper pores under flow boiling condition.
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Fig. 8. Heat transfer coefficients (HTC) for (a) mass flux of 120 kg/mzs, (b) mass flux of 180 kg/mzs.

the subcooled liquid promotes local condensation at bubble tops,
reducing the bubble size and prolonging detachment. Furthermore, for
the wetting liquid HFE-7100, higher mass flux can suppress bubble
growth and delay detachment from the surface, collectively contributing
to the observed trend. It should be noted that the selected mass flux
range (120-180 kg/m?3s) offers a balance among enhanced nucleate
boiling, liquid replenishment, avoidance of boiling instabilities, and
high performance under operating conditions.

Asillustrated in Fig. 7, the combination of the porous structure of the
surface with a highly conductive graphene coating leads to enhanced
heat transfer, bubble formation and boiling performance. Highly
conductive graphene coating between pores improves the formation of
vertical vapor columns and results in more effective heat transfer be-
tween surface and coolant which is particularly dominant in nucleate
boiling.

Considering the significant impact of liquid superheat on bubble
nucleation within nucleate boiling region, the graphene coating serves
as a conductive network, which facilitates the rise of the liquid tem-
perature to the necessary temperature to initiate nucleation. The dura-
tion for the liquid to achieve this superheated state is called the waiting
period. The presence of the graphene network decreases the waiting
period, resulting in improved conduction heat transfer across the porous
medium and consequently leading to enhanced flow boiling heat

transfer.
3.3. Heat transfer performance

Fig. 8 shows the heat transfer coefficient profiles. Among the non-
graphene-coated surfaces (#S1-#S4), the HTC values for #S2 and #S3
are higher compared to those of #S1 and #8S4, with #S2 exhibiting the
highest HTC across the applied heat flux range. On the other hand, the
sintered surface with the thickest layer (#S4) shows only a slight
improvement in HTC relative to the bare surface (#S1), indicating that
increasing the sintered layer thickness further does not significantly
enhance heat transfer. This behavior suggests that excessive thickness
may introduce additional thermal resistance and hinder effective heat
dissipation.

The enhanced heat transfer performance compared to the bare cop-
per surface can be attributed to several key factors inherent to the
porous structure. First, the sintered layer significantly increases the
density of active nucleation sites, facilitating earlier bubble formation
and more efficient boiling inception. Second, the porous network pro-
motes capillary wicking, which ensures continuous liquid replenishment
at the heated surface. Third, the porous structure increases the effective
heat transfer surface area, enhancing the overall heat transfer coeffi-
cient. Finally, the structured surface influences bubble departure
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Fig. 9. Variation of heat transfer coefficients (HTC) of different surfaces for mass flux of 120 kg/m?s with respect to the exit vapor quality (X).
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Fig. 10. Flow visualisation images on different samples for the mass flux of 120 kg/m?s.

dynamics, leading to more frequent bubble detachment and reduced
bubble coalescence. These combined mechanisms outweigh the added
thermal resistance from the sintered layer, ultimately resulting in a
better boiling heat transfer performance. It is also worth noting that
there exists an optimal sintered layer thickness, beyond which the
benefits may diminish due to excessive thermal resistance or bubble
entrapment. In the case of the 2 mm sintered layer shown in Fig. 6, the
combination of these enhancement mechanisms still provides better
performance than the bare copper surface.

The HTC profiles of the graphene-coated sintered surfaces
(#S5-#88) are also shown in Fig. 8. Consistent with the trend observed
in the non-coated surfaces, the surface with a 0.5 mm sintered layer
(#56) delivers the highest HTC among the coated surfaces. The addition
of graphene coating leads to a notable enhancement in heat transfer,

evident from the onset of boiling. This enhancement can be attributed to
the graphene coating’s superior thermal conductivity between pores and
its ability to promote nucleation site density, resulting in more efficient
heat transfer mechanisms.

The comparison between coated and uncoated surfaces reveals that
graphene coating significantly enhances HTC values, particularly for
optimized sintered layer thicknesses. These findings emphasize the
critical role of layer thickness and surface modification in maximizing
heat transfer performance. Such improvements have potential implica-
tions for applications requiring efficient thermal management, such as
electronics cooling or high-power density systems.

When comparing the HTC results for mass fluxes of 120 kg/m?s and
180 kg/m?s, the effect of mass flux is minimal at lower heat fluxes. At
higher heat fluxes, the lower mass flux (120 kg/m?s) performs better,
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Fig. 11. Flow visualisation images on different samples for the mass flux of 180 kg/m?s.

likely due to the dominance of nucleate boiling. When comparing the
HTC results for mass fluxes of 120 kg/m?s and 180 kg/m?s, the effect of
mass flux is minor at lower heat fluxes. At higher heat fluxes, the lower
mass flux case (120 kg/m?s) performs better, likely due to the domi-
nance of nucleate boiling. For the graphene-coated surface, the coating
enhances the nucleation site density at lower mass flux, further
improving boiling heat transfer by promoting smaller bubble formation
and earlier nucleation. For uncoated sintered surfaces, larger bubbles
observed at the lower mass flux reflect longer residence time and more
developed nucleate boiling, which also enhances heat transfer.

Fig. 9. shows the heat transfer coefficient profiles with exit vapor
quality (Xe) for tested heat fluxes for mass flux of 120 kg/m?%s. The
variation of heat transfer coefficients with exit vapor quality reveals that
the heat transfer coefficient generally increases as vapor quality rises,

both in the subcooled and boiling regions. This increase is particularly
more significant for graphene-coated surfaces. Kim and Mudawar [44]
developed a correlation to predict the dryout incipience quality by
synthesizing data from various studies with different boundary condi-
tions. To give an idea about how close the experimental conditions are to
the permanent dryout condition, the dryout incipience quality, as esti-
mated from the correlation, is also presented in Fig. 9.

3.4. Flow visualisation

Flow patterns were recorded using a high-speed camera during the
experiments and are shown in Fig. 10 and Fig. 11 at different heat fluxes
for all the surfaces and the mass fluxes of 120 kg/m?s and 180 kg/m?s.
Real images captured from the high speed camera recordings are post
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processed to increase the resolution and shown one under the other with
the real images. It can be observed that graphene coating increases the
nucleation site density on all the surfaces. The graphene coating accel-
erates the formation of bubbles between the sinter particles, which
triggers bubble generation over a larger region. It can be observed that
the bubble diameters on graphene-coated surfaces are larger compared
to those on non treated surfaces. Graphene accelerates the vertical vapor
column formation, leading to the creation of larger bubbles on the sur-
face. In summary, enhanced bubble formation from multiple locations at
low/medium heat flux values contributes to the heat transfer perfor-
mance. At high heat flux values (>10 W/cmz), it can be seen that the
bubbles forming on graphene-coated surfaces are more regular and
uniform. This suggests that the graphene network within the sinter layer
distributes the thermal load evenly across the entire surface and dis-
perses the nucleation sites more uniformly. On graphene-coated sur-
faces, during flow boiling, dry spot regions are repeatedly rewetted with
liquid at frequent intervals. At high heat fluxes, a comparison of bubble
diameters on bare copper and sintered surfaces underscores the impact
of reduced wettability. On sintered copper surfaces, reduced wettability
weakens liquid-solid adhesion, limiting the lateral spread of the bubble
base and promoting greater vertical growth. Consequently, bubbles
grow to larger diameters and remain attached to the surface longer until
buoyancy and drag forces overcome the weakened adhesion. The com-
bination of this effect and the increased nucleation site density enhances
the overall heat transfer performance of the sintered surfaces.

In single-phase flow, HTC generally increases with mass flux due to
enhanced convective heat transfer. However, in flow boiling, while an
increase in the mass flux can enhance convective heat transfer, under the
specific experimental conditions of our study, it actually leads to a
deterioration in HTC. This counterintuitive behavior can be attributed to
several factors. One possible explanation is the inlet subcooling. As the
mass flux increases, the subcooled liquid can cause local condensation at
the tops of bubbles, leading to a reduction in bubble diameter. This is
evident in Fig. 10 and Fig. 11, which show that bubble sizes are larger at
lower mass flux in the low heat flux region. This shrinkage of bubbles
can prolong bubble detachment and reduce the effective heat transfer
coefficient. Another contributing factor could be bubble suppression.
Since HFE-7100 is a wetting liquid, an increase in the mass flux can
suppress bubble growth and delay detachment from the superheated
surface. It is important to note that these trends are observed specifically
for the two tested mass fluxes (120 and 180 kg/m?s). The enhancement
or deterioration behavior may shift outside of this range, and further
investigation is needed to fully characterize the broader trend.

4. Conclusion

This study investigates the effect of copper sintered layers and gra-
phene coating on flow boiling in a minichannel using the working fluid
Novec HFE-7100, whose saturated temperature is 61 °C at atmospheric
pressure. Heat fluxes up to 13.2 W/cm? could be obtained for surface
temperatures below 80 °C at low mass fluxes (<200 kg/m? s). The key
findings obtained from the conducted study are summarized as follows:

o Sintering copper powder with dimensions of 70-100 ym onto the
copper surface improved boiling heat transfer. The sintered layer
thickness of 0.5 mm led to the best performance. At the heat flux of
13.2 W/cm?, 0.50 mm sintered layer (#S2) lead to 145 % enhance-
ment compared to the bare copper surfaces(#S1). Increasing the
sinter layer thickness negatively affected boiling heat transfer.
Graphene coating improved heat transfer for all the surfaces.
Maximum heat transfer enhancement (at a heat flux of 13.2 W/crnz)
was recorded as 227 % compared to bare copper (#S1).

Graphene coating increased the nucleation site density and pro-
moted bubble formation. Bubbles forming on graphene-coated sur-
faces were more spherical and evenly distributed across the surface.
The film layer forming on graphene-coated surfaces detached from
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the surface and was continuously replenished by the liquid flow,
preventing the formation of dry spots. This phenomenon could be
observed at high heat flux values (>10 W/em?).

This study demonstrates the potential of graphene coatings on
porous structures to enhance flow boiling heat transfer. The method
employed is applicable to a wide range of thermal applications involving
both flow boiling and porous structures. Since most electronic compo-
nents have an operating temperature limit around 80 °C-100 °C,
combining 0.5 mm sintered surfaces with graphene coatings ensures
reliable surface temperatures even at a heat flux of 13.2 W/cm?. Future
research could explore surfaces with varying particle sizes and thinner
sintered layers (0.2-0.3 mm) to further expand the scope and applica-
bility of these findings.
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