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a b s t r a c t
Nucleate pool boiling characteristics were investigated in a reduced graphene oxide (RGO) colloid with a
water base. Critical heat ﬂux (CHF) pool boiling experiments were performed to analyze both the boiling
heat transfer and the CHF on a silicon dioxide plate in colloids with concentrations of 0.0001, 0.0005, and
0.0010 wt.%. The RGO colloid was prepared by chemical reduction of hydrazine from graphene oxide, and
diluted for the experiments. In the boiling experiments, boiling heat transfer and CHF enhancement were
shown to be related to the concentration. Special attention was focused on two phenomena: the
enhanced CHF and improved boiling heat transfer in the RGO colloid. Possible mechanisms for these phenomena were examined from various viewpoints, including the RGO coating layer characteristics, wettability, water absorption by the RGO porous medium, and history of the RGO coating layer development.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Phase-change heat transfer is highly efﬁcient, due to the large
latent heat of the working ﬂuids. Representative applications of
boiling heat transfer (liquid–vapor phase change) include those
found in nuclear power plant energy transfer [1], electronic chip
cooling [2], and various chemical processes [3]. During boiling heat
transfer, the two critical issues are performance (boiling heat
transfer coefﬁcient) and critical heat ﬂux (CHF), which is the limit
of boiling heat transfer in a thermal system such as a nuclear
power plant. Thus, thermal systems of this type require enhanced
boiling heat transfer and increased CHF. Over the past century,
numerous techniques for providing high boiling heat transfer and
CHF have been developed. Most recently, the effects of nanoﬂuids
on boiling heat transfer have been extensively studied; it has been
shown that nanoparticles on a heated surface cause a CHF
enhancement while boiling a nanoﬂuid by changing the wettability
characteristics of the surface [4]. Das et al. [5] reported degraded
boiling heat transfer in a nanoﬂuid, because the nanoparticles ﬁlled
the cavity of the heater surface. Bang and Chang [6] found that the
CHF during alumina nanoﬂuid pool boiling increased, but the
boiling heat transfer decreased. They observed a roughness change
on the heater surface, and hypothesized that the reason for the
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variation in CHF performance was due to the nanoparticle surface
coating on the heater. Kim et al. [7] performed pool boiling experiments with pure water on nanoparticle-deposited surfaces that
were produced while pool boiling water–TiO2 and water–Al2O3
nanoﬂuids. The CHF of the pure water boiling on the nanoparticle-deposited surface was greater than the nanoﬂuid CHF in all
cases. This clearly indicates that the nanoparticles deposited on
the heating surface were the main cause of CHF enhancement.
Kim et al. [8] also conducted pool boiling experiments with nanoﬂuids, and described the CHF enhancement in terms of surface
wettability and absorption of the nanoparticle deposition layer.
They suggested a simple model, consisting of an absorption layer
of nanoparticles, to describe how the nanoparticles changed the
surface wettability. Using results obtained with a thin-wire heater,
Kim and Kim [9] postulated that the wettability and capillarity of
the heating surface could inﬂuence the CHF enhancement. They explained that the CHF increases the liquid supply on the heating surface, due to the capillarity of the absorption layer of nanoparticles.
Recent general conclusions about the effects of nanoﬂuids on
boiling heat transfer and CHF are:
 The CHF increases dramatically during nanoﬂuid boiling
because of the nanoparticle coating on the heater during nucleate boiling [6–13].
 The boiling heat transfer decreases during nanoﬂuid boiling
because the nanoparticle coating reduces the active nucleation
sites [5,6].
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The boiling heat transfer coefﬁcient and the CHF are both
important factors in a thermal system. Thus, the advantages and
disadvantages of nanoﬂuid boiling arise concurrently from the
nanoparticle coating on the heater surface. Recently, a number of
researchers have investigated ways of increasing both factors in
nanoﬂuids. Kwark et al. [14] reported that the boiling heat transfer
coefﬁcient and CHF could be increased simultaneously by controlling the thickness of the nanoparticle coating. They controlled the
heat ﬂux and the coating time as the coating parameters. However,
there appears to be a need for further studies on increasing both
the CHF and the boiling heat transfer.
Graphene has recently attracted considerable attention due to
its high thermal conductivity (900 to 5000 W K1 m1) [15], high
transparency [16], ultra-high electric conductivity [17], and novel
mechanical properties [18]. However, little information about the
thermal characteristics or applications of graphene is available.
Since graphene normally exists in the form of ultra-thin and microscale ﬂakes, a great deal of effort has been expended to synthesize
large-area ﬁlms that retain its superb properties. In particular,
soluble graphene in water solvent has been synthesized via the
oxidation of graphene. Through a chemical process with hydrazine,
graphene oxide (GO) can be changed to a reduced graphene oxide
(RGO), which can exhibit properties similar to graphene. Jang et al.
[19] estimated the thermal conductivity of RGO ﬁlm to be 110 to
1100 W K1 m1 at room temperature. They found that the
measured thermal conductivity of an RGO ﬁlm on a silicon
substrate increased as the ﬁlm grew thicker (from 110 to
1100 W K1 m1 when its thickness increased from 1 to 100 nm
at room temperature). Even though the thermal conductivity of a
graphene ﬁlm is much lower than that of graphene ﬂakes, it is still

higher than that of other substrates, and hence graphene remains
attractive for thermal applications. We chose RGO colloid with a
distilled water base as a nanoﬂuid, in anticipation of enhanced heat
transfer performance.
The boiling and CHF experiments with the RGO colloids were
conducted in an orderly manner, to examine the characteristics of
RGO colloid boiling and the surface coating of RGO ﬂakes. The RGO
coating layers were characterized by varying the concentration of
the colloids (0.0001, 0.0005 and 0.0010 wt.%). The effects of the coating layers on the boiling heat transfer and CHF were then revealed
through surface examination of the RGO coating layers, such as scanning electron microscopy (SEM) observation, through consideration
of the effects of the coating thermal conductivity, wettability, and
water absorption, and through parametric experiments on the coating layer history in relation to the heat ﬂux.
2. Experiments
2.1. Experimental pool boiling facility
Fig. 1 shows a diagram of the experimental pool boiling facility,
which was designed to carry out pool boiling experiments for boiling heat transfer and CHF under atmospheric pressure via the electrical Joule heating method. It was composed of a test sample and a
main pool chamber. The test sample consisted of a silicon dioxide
heater (SiO2 surface) and a polyetheretherketone (PEEK) test sample frame. PEEK is a thermoplastic that has high thermal resistance,
and is compatible with an aqueous/chemical environment. The test
samples were waterproofed with adhesive sealant (Permatex clear
room-temperature vulcanizing (RTV) silicone) and ﬁxed with

Fig. 1. Schematic diagram of the pool boiling experimental facility.
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binary epoxy (Duralco 4461). The main pool chamber was a rectangular assembled bath made of 10-mm aluminum plate with a
4-liter capacity. The test sample was placed on the bottom of the
pool chamber. A reﬂux condenser was installed at the top of the
main pool chamber to prevent evaporation of the water.

2.2. Test heater and data acquisition
Fig. 2 shows images of the test heater used in the present work,
consisting of double-polished silicon dioxide (SiO2) backed with a
platinum thin-ﬁlm heater. The test heater was composed of
rectangular silicon wafer plate. The silicon substrate measured
25  20 mm, and had a SiO2 layer to eliminate native oxidation effects on both the top and bottom surfaces. The heating element
was a platinum thin ﬁlm with a thickness of 1200 Å, layered onto
the bottom of the substrate using an electron-beam (E-beam) evaporator. A titanium thin ﬁlm with a thickness of 120 Å was used for the
adhesion layer between the silicon wafer and the platinum ﬁlm. The
complete platinum ﬁlm heater was H-shaped (15  10 mm), and
was the main heating area. Wire electrodes were attached by lead
soldering, so that the resistance of the electrodes was less than 1%
of the total sample resistance. The Joule heating method uses electrical power to heat samples directly via conductor resistance. For the
purpose of calibrating the wall temperature, it is important to know
the exact voltage and current during actual operation, so that the
resistance of each test sample can be correlated as a function of
temperature (calibration chart), as shown in Fig. 3. A direct current
(DC) power supply (120 V/18 A) was used to provide power to the
Joule heating system. The voltage applied to the test sample was
measured directly, using a power measuring line and data acquisition system with a 1-s period. The reference resistance unit (Vishay,
RH02510R00FC02) was immersed in a constant-temperature bath at
10 °C, and used to calculate the exact current passing through the
test sample. The heat ﬂux (q00 ) was estimated from the voltage applied to the test heater (Vheater), the reference resistor voltage load
(Icircuit = Vref/Rref , where Vref and Rref denote the voltage load on the
reference resistance unit and the constant reference resistance,
respectively), and the heating area (Aheater) as follows:

V heater Icircuit
q00 ¼
Aheater

Fig. 3. Calibration charts of the test heaters for the wall temperature
measurements.

2.3. Experimental procedure and uncertainties
Prior to the boiling experiments, the working ﬂuid was heated in
the pool for 2 h via a submerged cartridge heater for degassing
purposes. During the experiments, the heat ﬂux was increased in
100-kW/m2 steps after 2 min for steady-state data gathering. At heat
ﬂuxes less than 100 kW/m2, a 10-kW/m2 step was used to observe
the onset of nucleate boiling (ONB). When the CHF occurred during
water boiling, the wall temperature increased rapidly, and the
electric power was immediately shut down to prevent heater failure.
The analysis of the experimental uncertainty was based on the
work of Holman [20]. Using our experimental data, the general formula for heat ﬂux calculation is

q00 ¼

V heater  V ref
Rref  Aheater

ð2Þ

The functional form of Eq. (2) is

q00 ¼ q00 ðV heater ; V ref ; Rref ; Aheater Þ
ð1Þ

The wall temperature was estimated from the calibration chart for
each sample, using the measured resistance of the test heater
(Rheater = Vheater/Icircuit).

ð3Þ

where Aheater is assumed to be constant. The uncertainty analysis
expression becomes

U 2q00 ¼



@q00
@V heater

2

U 2V heater þ

Fig. 2. Test heater (SiO2 substrate and platinum ﬁlm heater).



@q00
@V ref

2

U 2V ref þ



@q00
@Rref

2

U 2Rref

ð4Þ
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where U q00 , U V heater , U V ref , and U Rref represent the uncertainties in q00 ,
Vheater, Vref, and Rref, respectively. Eq. (4) can be simpliﬁed to

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u 2
U2
U2
U q00 u
tU V heater þ V ref þ Rref
¼
q00
V 2heater
V 2ref
R2ref

ð5Þ

The heater surface temperature (wall temperature) is assumed
to be equal to the heater temperature, which is calculated as
following.

T wall ¼



1
1 V heater  Rref
ðRheater Þ ¼
a
a
V ref

ð6Þ

The general expression for the uncertainty of the surface temperature is

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u 2
uU V
U 2V
U 2R
U wall
¼ t 2 heater þ 2ref þ 2ref
DT wall
V heater
V ref
Rref

ð7Þ

Accounting for all instrument errors, the maximum uncertainties of the heat ﬂux and wall temperature were estimated to be less
than 1.8% and 3.0%, respectively, over the expected CHF range. In
addition, we tried to consider the effect of heat spreading (lateral
conduction due to the difference of size between the actual heating
area (10  15 mm) and the surface area (25  20 mm). To include
the effect of heat spreading and heat loss from backside PT heater,
the numerical simulation was conducted as COMSOL 4.0 and Matlab 7.0 in our previous study. [21] Based on measured bottom heat
ﬂux and temperature information, the reduction procedure is progressed with several heat transfer coefﬁcients till the calculated
values match the experimental magnitude. When one used heat
transfer coefﬁcient for numerical simulation satisfy experimentally
obtained target condition’s magnitude, we determined on that heat
transfer coefﬁcient as our result for the evaluation of heat loss
amount. Finally, the heat loss was 6.7–21% regarding to the applied
heat ﬂux, however, the comparison with boiling performance and
critical heat ﬂux of water and RGO colloid boiling could be
reasonable.
2.4. Preparation of the RGO colloid
The procedure for the synthesis of the RGO ﬂakes was as
follows. A mixture of 55 mg of GO [22] in 55 mL of water was
ultra-sonicated in a high-intensity ultrasonic processor (Autotune
Series, 750 W) for 30 min. The solution was then centrifuged
(MF500 centrifuge, Hanil) at 3000 rpm for 30 min. Next, 50 mL of
the GO solution was diluted with 50 mL of distilled water containing 50 lL of hydrazine solution (35 wt.%, Aldrich) and 250 lL of
ammonia solution (30%). After a few minutes of vigorous mixing,
the solution was maintained at 95 °C for 3 h [23]. The solubility of
RGO is approximately 0.3 mg/mL. The amount of RGO in the solution was measured by ﬁltering a known amount of the solution and
weighing the RGO and ﬁlter paper. A photograph of the RGO ﬂakes

Fig. 5. Boiling curve of RGO colloid and water.

Fig. 6. CHF enhancement vs. RGO colloid concentration.

Table 1
Thermal conductivities of RGO colloids.

Thermal conductivity
(W/m K)

Water

0.0001 wt.%

0.0005 wt.%

0.001 wt.%

0.5786

0.585445

0.59491

0.605808

suspended in deionized water is shown in Fig. 4(a). A transmission
electron microscopy (TEM) image of typical RGO ﬂakes synthesized
by the above method is shown in Fig. 4(b). The inset image of

Fig. 4. Characteristics of the RGO colloid. (a) Optical image of the RGO colloid, (b) TEM image of an RGO ﬂake (inset: SEAD image), (c) AFM image of an RGO ﬂake.
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Fig. 7. Optical images of the test heaters after the CHF experiments with RGO colloids.

Fig. 4(b) shows the selected-area electron diffraction (SAED)
performed over the area indicated by the box in the TEM image.
The region was oriented along the [0 0 1] zone axis. The 24 spots in
the ﬁrst ring, corresponding to reﬂections from the (1 1 0 0) plane, revealed hexagonal symmetry in the [0 0 0 1] diffraction pattern [24].
These 24 bright spots represent four highly crystalline sheets of
graphene that were overlapped. The thickness and size of the suspended RGO ﬂakes in water, characterized via atomic force microscopy (AFM) measurements, were 0.675 nm and 0.5 to 1.0 lm,
respectively. This was in agreement with RGO samples prepared
by other processes [23,25], but exceeded that of a single graphene
layer (0.334 nm). The apparent increase in the height of the graphene on mica was caused by residual epoxy and carbonyl groups that
had not been fully reduced. Water-based RGO colloids were
prepared at concentrations of 0.0001, 0.0005, and 0.0010 wt.%.
3. Experimental results and discussion
Prior to the experiments, the RGO colloids were boiled for 2 h to
remove the dissolved gas. A heat ﬂux was applied to the test heater
in 100-kW/m2 steps, with a waiting time of 2 min to achieve a
steady state. The boiling phenomena were characterized by the applied heat ﬂux and the wall temperature. We veriﬁed the reliability
and repeatability of the boiling heat transfer and CHF during water
boiling on a clean test heater (bare heater) in a previous study [21].
The heat ﬂux and wall temperature at the ONB for every bare heater were 50 to 100 kW/m2 and 10 to 15 °C, respectively. Each point
was calculated by time-averaging at each step. The CHF was deﬁned as the maximum heat ﬂux given by the boiling curve.
3.1. Boiling heat transfer characteristics in the RGO colloids
RGO colloids were prepared at concentrations of 0.0001, 0.0005,
and 0.0010 wt.%. Fig. 5 shows the boiling curves for each of the
RGO colloids, and indicates that the ONB point was slightly earlier
when the concentration of the RGO colloid was higher. Overall, the
boiling heat transfer performance of the RGO colloid was higher
than that of water for all concentrations. The boiling performances
of the 0.0001, 0.0005, and 0.0010 wt.% RGO colloids improved with
decreasing concentration. The CHF is shown in Fig. 6 in relation to
the concentration of the RGO colloid. As the ﬁgure indicates, the
CHF increased as the concentration of the RGO colloid decreased.

Fig. 9. Raman spectroscopy of the BGL, SFG, and TGL.

For the 0.0001 wt.% RGO colloid, the CHF increased by nearly
200%. These results raise three questions. Why did ONB occur
slightly earlier during RGO colloid boiling than during water boiling? Why did the CHF increase? Why did the boiling heat transfer
performance increase with decreasing concentration?
First, we will explain why the ONB of the 0.0010 wt.% RGO colloid was the fastest. According to classical ONB theory [26,27],
bubble nucleation can occur when the liquid temperature near
the heater exceeds the equilibrium temperature DTsat = 2rTsatvg/
hfgr⁄ of the nuclear vapor, where r, Tsat, vg, hfg, and r⁄ are the surface
tension of the liquid, saturated temperature, speciﬁc volume of the
vapor, latent heat, and critical radius, respectively. Han and Grifﬁth
[27] proposed the following formula for the ONB temperature:

Fig. 8. SEM images of the BGL, SFG, and TGL.
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ðT W  T sat ÞONB ¼


1=2
8rq00 T sat v g
hfg kf

ð8Þ

where TW, q00 , and kf are the wall temperature, heat ﬂux, and thermal
conductivity of the liquid, respectively. We measured the thermal
conductivities and heat capacities of the 0.0001, 0.0005, and
0.0010 wt.% RGO colloids using the hot-wire method; the results
are listed in Table 1. The early ONB of the RGO colloids can be
explained by their improved thermal conductivity. For the

quantitative result of ONB, the thermal conductivities of RGO colloids at 373–378 K were needed, because of the superheated liquid
near the heated surface for onset of nucleate boiling. The thermal
conductivity of RGO colloid at only room temperature was
measured, because the amount of test colloid was very small, thus
the temperature of RGO colloid could not be maintained. However,
the thermal conductivities of the RGO colloids were lower than our
expectations, due to the superb thermal conductivity of a single
graphene ﬂake.

Fig. 10. Detailed SEM images of the BGL, SFG, and TGL.

Fig. 11. Contact angle measurement on (a) BGL, (b) SFG, (c) TGL, (d) interface between BGL and SiO2 substrate, and (e) interface between BGL and SFG.
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Second, we will explain why the CHF increased during RGO colloid boiling. From the answer to the ﬁrst question, we can conclude
that the thermal conductivity of RGO colloid increases with
increasing concentration. In a number of CHF models, such as those
of Zuber [28], Haramura and Katto [29] and Kandlikar [30], the
thermal conductivity of the working ﬂuid is not carefully considered. Their models incorporate only the physical meaning and relationships between properties of the working ﬂuid and the CHF
phenomena, so that the small increase in the thermal conductivities of the RGO colloids cannot be examined as the main parameter
of CHF enhancement. We will carefully examine the CHF enhancement during RGO boiling in Section 3.3.
Third, we will explain why the boiling heat transfer performance
of the RGO colloids during nucleate boiling improved with decreasing concentration. As the working ﬂuids, the RGO colloids had a
distilled water base. Even though the thermal conductivities of the
RGO colloids were slightly improved, the improvement was not sufﬁcient to explain the boiling heat transfer phenomena that occurred
during nucleate boiling. We considered the additional effect of the
surface characteristics on the boiling heat transfer, including possible nucleation sites, since a number of previous studies indicate that
nucleate boiling of nanoﬂuids creates surface modiﬁcations via
nanoparticle deposition [5–14,31]. We will examine the boiling heat
transfer performance more thoroughly in Section 3.4.

3.2. Surface investigation following the CHF tests
Fig. 7 shows the test heaters after the CHF experiments with the
RGO colloids. RGO ﬂakes were deposited on the heater surfaces.
According to Kwark et al. [14], the thickness of the nanoparticle
layer deposited during nucleate boiling is controlled by the applied
heat ﬂux and the coating time. As Fig. 6 indicates, the CHF value
was highest for the 0.0001 wt.% RGO colloid, and lowest for the
0.0010 wt.% RGO colloid. Having the highest CHF implies a high applied heat ﬂux and long coating time. However, the coating of the
0.0001 wt.% RGO colloid was the thinnest, contrary to [14]. This
means that the RGO coating needs to be carefully investigated.
Fig. 7 shows that the gray levels of the RGO coatings deposited
on the test heaters spanned a range from light gray to dark gray
and black. As the concentration of the RGO colloid increased, the
gray level of the RGO coating became darker. Accordingly, we
investigated three points, (a)–(c), of Fig. 7 via SEM observation.
Fig. 8 shows the SEM images at each point. In accordance with
our previous study of self-assembled foam-like graphene structures via nucleate boiling [32], the light gray, dark gray, and black
layers of the RGO coating were referred to as the base graphene
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layer (BGL), the self-assembled foam-like graphene structure
(SFG), and the thickly aggregated graphene layer (TGL).
Before investigating the characteristics of the RGO coating, we
clariﬁed the material characteristics of these three layers via Raman spectroscopy, as shown in Fig. 9, since double carbon–carbon
bonds lead to high Raman intensities at certain wavelengths. The
three highly ordered RGO coating layers exhibited similar peak
positions in the G and D bands, at 1346 and 1598 cm1, respectively. Thus, we may infer that the characteristics of the RGO ﬂakes
were nearly same, regardless of the layer.
For further insight into the effects of the RGO coating layers on
the CHF enhancement, we examined representative SEM images of
the test heaters, shown in Fig. 10, after the CHF experiments with
the 0.0001, 0.0005, and 0.0010 wt.% RGO colloids. Based on these
layers, we studied the CHF enhancement via examination of the
surface wettability changes [8]. In previous studies of CHF
enhancement in nanoﬂuids, the improved surface wettability due
to nanoparticle deposition had a strong effect on the CHF. Accordingly, we measured the contact angle of a 1-lL water droplet on
representative RGO coating layers, including the BGL + baby-SFG,
SFG, and TGL. Unfortunately, we were unable to isolate a section
of the BGL layer large enough to accommodate a 1-lL water droplet, since the RGO coating layers were formed by nucleate boiling.
In Fig. 11, the contact angles show the different characteristics
of the RGO coating layers. On the BGL + baby-SFG layer, the contact
angle revealed a hydrophilic nature, similar to that of the bare SiO2
substrate (62°). However, on the SFG and TGL layers, the contact
angle revealed a highly hydrophobic nature. The TGL appeared to
be more hydrophobic than the SFG. It is possible that the roughness of the RGO coating layers affected the hydrophobic wetting
according to Wenzel’s relationship [33]:

cos ha ¼ rðcos hi Þ

ð9Þ

where ha, r, and hi are the apparent contact angle, roughness ratio
(deﬁned as the ratio of the true area of the solid surface to its projected area), and intrinsic contact angle, respectively. The improved
roughness merely ampliﬁes the intrinsic wettability of the original
substrate material, since r is always greater than 1. From Eq. (9), it is
clear that ha will be greater than hi if the surface is originally hydrophobic. In other words, the roughness of the TGL layer is greater
than that of the SFG layer, and hence the contact angle of the TGL
layer should be greater than that of the SFG layer. In addition, contact angle hysteresis can be observed at the interfaces between the
layers in Fig. 11(d) and (e), which show the contact angles at the
interfaces between BGL/SiO2 substrate and the BGL/SFG, respectively. This raises a question. Why did the BGL and BGL + baby-

Fig. 12. TEM images of (a) BGL and (b) junction of SFG.
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SFG layers exhibit hydrophilic wettability, even though the other
layers were hydrophobic?
We reconsidered the basic characteristics of the RGO ﬂakes to explain this dual wettability of the RGO coating layers. The RGO ﬂakes
consisted of a few layers of graphene combined with the carboxyl
group for increased water solubility, since the original graphene
was hydrophobic [34]. Liang et al. [35] reported that few multilayered graphene layers (fMG) exhibited a contact angle of nearly 90°,
with hydrophobic and hydrophilic characteristics according to the
respective vertical, horizontal, and mixed directions of the fMG. They
also considered the effect of the carboxyl group (hydrophilic functionalization on fMG) on the wetting phenomena, which could be
responsible for the reduced contact angle, due to water absorption

in the numerous microchannels of the fMG layer. Accordingly, we
examined the alignment of the RGO ﬂakes in the hydrophilic BGL
and hydrophobic SFG using TEM, as shown in Fig. 12. Well aligned
RGO ﬂakes were observed on the BGL, in good agreement with the
previous report of Liang et al. [35]. The RGO ﬂakes at the SFG junction
were also well aligned. However, this was contrary to expectation, in
view of the results for the BGL. Since the SFG consisted of several
pores with numerous junctions, and was also comprised of a few layers of RGO ﬂakes, water droplets could not meet along the direction
of these well-aligned junctions. Thus, the SFG exhibited a hydrophobic nature. However, in both the BGL and SFG, there was a functional
part of the well-aligned RGO ﬂakes and the carboxyl group for
attracting water.

Fig. 13. Water absorption phenomenon on the SFG.

Fig. 14. The schematic of boiling on porous media [39].
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Finally, we investigated the water absorption phenomena using
environmental scanning electron microscopy (E-SEM). At 0.6 bar
and room temperature, water droplets were formed on the SFG. As
the size of the water droplets increased, the droplets were immediately absorbed into the SFG, as shown in Fig. 13. In nature, it is well
known that a hydrophobic material cannot absorb water, because it
repels water. In addition, hydrophobic micro/nanoscale structures
are absolutely unable to absorb water because of the air packing between the structures. Nevertheless, the hydrophobic SFG was able to
absorb water, as shown in Fig. 13. This could prove to be reliable evidence in favor of the dual wettability of the SFG, due to the presence
of the carboxyl group. For further consideration, the SFG and BGL
could be fully saturated with water during nucleate boiling.

3.3. Effects of the RGO layers on CHF enhancement
We now attempt to answer the following unanswered question
from Section 3.1: Why did the CHF of the RGO colloid increase? In
Section 3.2, we investigated the characteristics of the three RGO
coating layers (BGL, SFG, and TGL). First, we considered the relationship between the concentration of the RGO colloid, the
dominant RGO layer, and the CHF enhancement. After the CHF
tests of the 0.0001, 0.0005 and 0.0010 wt.% RGO colloids, the CHF
enhancement and dominant RGO coating layers differed. For the
0.0001 wt.% RGO colloid, the CHF enhancement had the maximum
ratio, and the dominant RGO layer was the BGL and the baby-SFG.
For the 0.0005 wt.% RGO colloid, the dominant layer was mostly
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the SFG, and the TGL was only partially deposited. For the
0.0010 wt.% RGO colloid, the CHF enhancement had the minimum
ratio, and the dominant layer was entirely the TGL. Thus, the dominant RGO coating layer was different for each RGO colloid concentration, and seemed to affect the CHF enhancement. Generally
speaking, an RGO coating layer with low contact angle (hydrophilic), such as the BGL, is favorable for CHF enhancement. The
CHF enhancement during pool boiling can be estimated with
respect to the wettability via Kandlikar’s model [30]:

q00CHF ¼ hfg q1=2
g



1=2 h
i1=4
1 þ cosb 2 p
þ ð1 þ cos bÞcos /
rgðql  qg Þ
16
p 4
ð10Þ

where qg, ql, b, and / are the gas density, liquid density, angle of
inclination, and contact angle, respectively. The improved wettability
of the BGL could explain some degree of the CHF enhancement. However, it seems inadequate to fully explain a CHF enhancement of
200%. Moreover, it is also insufﬁcient to fully explain the CHF
enhancement while boiling 0.0005 and 0.0010 wt.% RGO colloids,
since the SFG and TGL exhibited highly hydrophobic characteristics.
Therefore, we reconsidered the water absorption phenomenon on
the SFG, as shown in Fig. 13. We inferred that the SFG played the role
of a porous medium, which could be saturated by the water. As the
wetted area increases, the water (liquid) has a greater chance of
encountering liquid between the pores of the porous medium. The
role of water absorption by the BGL and SFG could adequately
explain the CHF enhancement in terms of the supplementary liquid

Fig. 15. Structure of the deposited layer of RGO ﬂakes. (a) Dominant TGL after the CHF test in 0.0010 wt.% RGO colloid, (b) dominant SFG after the CHF test in 0.0005 wt.% RGO
colloid and (c) simple schematic diagram of the stacked layers of RGO ﬂakes.
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obtained from the capillary ﬂow [36–38]. According to Kaviany [39],
the vapor thickness (dg) and the two-phase length (dgl) in the porous
medium are the main parameters that determine the CHF for boiling
on a liquid-saturated porous medium, as shown in Fig. 14. He proved
that dgl tends to inﬁnity when the viscous and gravitational forces exactly balance. The capillary pressure and saturation gradients in the
porous medium then become zero, and ﬁnally the CHF occurs. This
means that the balance between the drag and the capillary forces
in a liquid-saturated porous medium could affect the CHF enhancement. According to Liter and Kaviany [38], the CHF could increase
the viscous-drag liquid choking limit by ﬁve times. Taken together,
the following factors would provide a reasonable explanation for
the CHF enhancement on the BGL, SFG, and TGL layers during the
RGO colloid boiling experiments with the various concentrations:
the improved surface wettability, the dynamics of the contact angle
during water absorption, and the liquid-saturated porous medium
resulting from water absorption by the BGL and SFG.
Finally, there are some additional points of interest regarding
the BGL, where the RGO ﬂakes appeared to be well aligned, as

shown in Fig. 12. Here, the alignment of the RGO (graphene)
ﬂakes in the layer (thin ﬁlm) is important for determining
characteristics such as the electric and thermal conductivities
(the thermal conductivities of in-plane and out-of-plane graphene ﬂakes are signiﬁcantly different – 5000 and 5 W/m K,
respectively) [15]. Even though the edges of the RGO ﬂakes induce thermal/electric resistance [40], there are a number of
published reports on the improved thermal conductivity (111
to 1000 W/m K) of a well-aligned RGO ﬁlm, such as the BGL
[19,41,42]. Thus, we considered the improved thermal conductivity of the BGL on the heater surface, which affected the CHF
enhancement. According to Arik and Bar [43] and Bang et al.
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
[44], improved thermal activity (S ¼ d qh ch kh , where S, d, qh,
ch, and kh denote the thermal activity, thickness of the layer,
density of the layer, heat capacity of the layer, and thermal
conductivity of the layer, respectively) on a heater surface could
increase the CHF by delaying the hot/dry spot growth. However,
since SFG is a porous material, the effective thermal conductivity of the SFG could not be assumed to have a high value, even

Fig. 16. Development of the RGO ﬂake layer with applied heat ﬂux.
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though the SFG junction exhibited well-aligned RGO ﬂakes, as
shown in Fig. 12.
3.4. Relationship between RGO layer development and boiling heat
transfer
Next, we attempt to answer the following unanswered question
from Section 3.1: Why did the boiling heat transfer performance of
the RGO colloids during nucleate boiling improve with decreasing
concentration? From the ONB, the boiling heat transfer performance
changes smoothly and gradually with increasing heat ﬂux. Our boiling curves had no inﬂection points, but exhibited a continuous tendency. Accordingly, we investigated the history of the RGO coating
layer development in relation to the applied heat ﬂux. First, we obtained side view SEM images of the RGO coating layers of the test
heater after colloid boiling, as shown in Fig. 15. After 0.0010 wt.%
RGO colloid boiling (Fig. 15(a)), all three RGO layers appeared,
stacked in the following order: BGL, SFG, and TGL. On the other hand,
after 0.0005 wt.% RGO colloid boiling (Fig. 15(b)), only the SFG and
BGL appeared, and the TGL was absent. According to the SEM observations, the BGL, SFG, and TGL were stacked in order. This means that
each layer affected the boiling heat transfer in common with the CHF
enhancement. Thus, we investigated the relationship between the
heat ﬂux and RGO coating layer development by observing the
RGO ﬂake coatings at heat ﬂuxes of 50, 100, 400, 800, and
1200 kW/m2. The representative RGO colloid concentration was
0.0005 wt.%. Fig. 16 shows the RGO coating layer development in
relation to the applied heat ﬂux. At a heat ﬂux of 800 kW/m2, SFG formation was observed. As the heat ﬂux increased, the SFG had more
uniform pores and smaller pore sizes, which could lead to increased
boiling heat transfer resulting from more activated nucleation sites
and hydrophobic properties [45]. In the 0.0001 wt.% RGO colloid,
the formation of the RGO coating layer could be slower than in the
0.0005 wt.% RGO colloid, whereas in the 0.0010 wt.% RGO colloid, it
could be faster. The TGL layer, which was observed in 0.0010 wt.%
RGO colloid boiling, seemed to be an aggregation of RGO ﬂakes.
The SFG would provide better enhancement of the boiling heat
transfer and CHF, since the TGL could contribute to the thermal resistance. In addition, because of the early ONB resulting from the enhanced thermal conductivity of the working ﬂuid, the enhanced
boiling heat transfer over the entire boiling curve could also be explained by the surface deposition of RGO ﬂakes.

4. Conclusions
We studied the pool boiling heat transfer characteristics of RGO
colloids. Through CHF pool boiling experiments, the effect of colloid concentration on the boiling process was estimated quantitatively. The results showed that the CHF and boiling heat transfer in
the RGO colloids were both increased in comparison to plain water,
and that as the concentration increased, (1) the ONB occurred at an
earlier stage, (2) the rate of CHF enhancement increased, and (3)
the coefﬁcient of boiling heat transfer decreased. Based on the
experimental results, we focused on the effect of the concentration
on the working ﬂuid itself and the RGO ﬂake layer characteristics,
and postulated possible mechanisms for the CHF and boiling heat
transfer enhancement.
 As the colloid concentration increased, the thermal conductivity
of the ﬂuid also increased, as shown in Table 1. The increased
thermal conductivity of the working ﬂuid could explain the
early occurrence of ONB at relatively low wall temperatures.
 Nucleate boiling of the RGO colloid formed unique structures on
the heater surface, namely the RGO ﬂake layers, BGL, SFG, and
TGL. Even though these layers consisted of the same material
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(RGO ﬂakes, as demonstrated by the Raman spectroscopy analysis), contact angle measurements revealed signiﬁcant differences between the dominant RGO layers remaining on the
heater surface: The BGL was hydrophilic, while the SFG and
TGL were hydrophobic. TEM analysis identiﬁed wall-aligned
RGO ﬂakes in both the BGL and SFG, but the hydrophilic and
hydrophobic characteristics were determined by how the water
contacted the layers. On the other hand, water absorption phenomena were observed in the BGL and SFG layers. This dual
wettability of SFG could be explained by carboxyl group
activation.
 The CHF enhancement was examined in terms of the water
absorption phenomena in the porous medium of the RGO ﬂake
layers. The concentration of the colloid directly affected the
dominant RGO layer on the surface, which determined the characteristics of the porous medium. Another possible mechanism
was the improved thermal activity of the well-aligned RGO
ﬂake layers due to delayed hot/dry spot growth.
 The decreased boiling heat transfer with increasing concentration was explained by the RGO ﬂake layer formation mechanism. By controlling the heat ﬂux, we were able to observe
how the RGO ﬂakes formed the layers, and found that the SFG
could contribute to better boiling heat transfer and CHF, while
the TGL could contribute to thermal resistance.
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