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Abstract
Enhancement of subcooled and saturation pool boiling is of interest for many applications. The present
study proposes coating heated surface using nanotextured of Cu nanoparticles with carbon nano�bers.
This texture formation on copper substrate surface passes through different chemical stages under
speci�c conditions. Using electrospinning, coating was carried out at different times (5, 15, and 30 min).
After vacuum drying at 60 oC for 24 h, the copper substrates attaching the electrospun mat were calcined
at 850 oC under vacuum. and accordingly, different contact angles were measured as 80o, 115o, and
102o. The coated surfaces are coded by S1, S2 and S3 for the electrospun coated surfaces of (5, 15, and
30), respectively.

All nanostructured coated surfaces showed a good heat transfer enhancement compared to uncoated
copper surface for both HTC and CHF. The results showed an enhancement of HTC by 57.83%, 40.3% for
S2 and S3 respectively and an enhancement of CHF by 13.67%, 17.11% and 48.14% for S1, S2 and S3
respectively.

1. Introduction
Electronic devices and microelectronics are generating high heat �ux, so cooling plays a major role since
the operating temperature affects the performance of these devices. Several cooling techniques of
microelectronics have been applied such as single-phase liquid cooling, spray cooling, jet impingement
cooling, heat pipes, liquid metal cooling, indirect cooling with phase change materials, �ow boiling and
pool boiling[1]{Anderson, 1989 #5}{Anderson, 1989 #5}{Anderson, 1989 #5}. Pool boiling is an e�cient
mechanism for heat transfer due to the associated phase change process, with the demand for meeting
high heat �ux removal in excess of 10 MW/m2. Mouromtseff and Kozanowski[2] early noted the actual
application of boiling in electronics applications.

Boiling heat transfer plays an important role in several thermal devices such as boilers, heat exchangers,
and condensers etc. One of the most important parameters of boiling heat transfer is the critical heat �ux
(CHF) that is very important factor for thermal device safety. Critical heat �ux means that when the heat
supplied for boiling  reaches a certain point , the temperature of the heated surface suddenly increases
and hence a deterioration in heat transfer occurs[3]. Therefore, CHF should be controlled since it has a
signi�cant impact on energy conversion and utilization in thermal systems. Additionally, the
enhancement and augmentation of pool boiling heat transfer can lead to the reduction of the size of
cooling surfaces and compactness (material saving). In general, heat transfer enhancement techniques
can be classi�ed as active, passive, and compound Techniques[4]. In the active technique, an external
power is needed to improve the overall heat transfer of the system, while in the passive technique, no
external power is required. On the other hand, the compound technique includes both active and passive
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techniques at the same time. Passive techniques have higher reliability, as compared to active
techniques, due to the absence of moving components and auxiliary power[5].

During the past few decades, researchers have been focusing their studies in the pool boiling heat
transfer enhancement through treated surfaces methods by coating with micro to nanoscale material.
This is an important passive technique. Different coating techniques for boiling heat transfer
enhancement are found in the literature such as, sintering[6], spraying[7], plasma coating[8] and
electrochemical deposition[9]. They used different materials such as metals, polymers, ceramics, and
composites for complex geometries with different shapes such as 3D porous structures, pyramids,
bumps and pillars in micro-nanoscales. The boiling heat transfer performance is affected by the
properties of the boiling surface such as material, geometry, nucleation sites, porosity, roughness and
orientation.

Three major parameters affecting the enhancement of boiling process are the existence of random micro-
or nano-size cavities, surface irregularities for nucleation initiation, porous surface structure that allows
�uid in�ow to keep nucleation sites active, and surface protrusions that create more active boiling area.

While many of the previous studies on the heated surface structure focused on improving the heat
transfer coe�cient of pool boiling in micro-sized dimensions, the emergence of nanotechnology science
attracts many researchers. The expected advantages of nanoscale modi�cations include �ner control
over porosity and surface roughness, thinner coating layers to reduce the thermal resistance and thermal
stress and ultimately results in higher durability. Most of the studies have focused on CHF enhancement
by using nanostructured surfaces[10].

Recently, there has been an increased interest in evaluating pool boiling performance using nanowire,
nano�ber, and nanotube surfaces[11], which revealed promising results of boiling heat transfer coe�cient
(BHTC) and critical heat Flux (CHF) enhancement.
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Literature showed many coating morphologies of nanostructures that are deposited and coated on
surfaces using different techniques and applied to pool boiling heat transfer enhancement such as
nonporous[12], nanoparticle thin �lm[13], nanowires[14], nano rods[15], nano�bers[16], nano�ns[17],
�ower-like nanostructures[18] and, nano tubes coated surfaces[19].

Sudev Das et al[20] discussed the effect of nanoparticle thin �lm coating of silicon oxide on copper
surfaces using electron beam physical vapor deposition technique. They experimentally concluded that a
58% enhancement in the boiling heat transfer coe�cient and a reduction of about 36% in the superheat
inception for coated surface was noticed compared to the plain one.

Ali et al.[21] discussed the enhancement of pool boiling heat transfer of distilled water on TiO2

nanoparticles coated copper surface. They used a nano�uid boiling coating technique. An enhancement
of HTC by 38% was recorded. Dareh et al.[22]deposited Al2O3 nanoparticles on polished surface and Cu
machined surface using nano�uid boiling and tested the coated surfaces in pool boiling of water. An
enhancement up to 37% in HTC and 7% in CHF was obtained by coated surface compared to the
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uncoated one. Jaikumar[23] experimentally studied the pool boiling on Cu surface covered with GO and
Cu particles coating using screen printing and electrodeposition technique .An enhancement up to 1.8
times in CHF, and 2.4 times in HTC for coated surfaces was noticed compared to plain one. A. Jaikumar
[24] studied pool boiling of water on cupper surfaces coated with Cu and graphene nanoparticles. The
results showed a HTC enhancement of 82% compared to smooth copper surface. Seo et al.[25]
experimentally studied pool boiling of deionized water stainless steel substrate coated with SWCNT. The
results showed an increase of CHF by 55% on coated surface compared to a polished surface. Pialago et
al.[26] studied pool boiling of R134a on Cu surface covered with Cu–CNT–Sic, Cu–CNT–AlN using
mechanical alloying and cold gas dynamic spraying. It was concluded that a 148% enhancement by The
Cu–CNT coating compared to bare copper surface. Ray et al.[27] investigated the effect of TiO2 Nano
wire arrays coated copper surface on pool boiling of R-134a. The coating was manufactured using E-
beam evaporation technique. It was concluded an enhancement in both HTC and CHF. Jo et al.[28]
experimentally studied the effect of Silver Nano wires sprayed on copper surface, using supersonic
spraying technique, on the enhancement of pool boiling of water. The results showed an enhancement of
CHF and HTC. They studied the bubble dynamics using a high-speed camera. Lee et al.[29] investigated
the pool boiling heat transfer enhancement of water on stainless steel surface covered with
polyethylenimine multi-walled carbon nanotube. The coating was fabricated using layer by-layer
assembly technique. A 147% enhancement of CHF compared to the bare surface was obtained.

Recently, in pool boiling there are many methods for coating nano�bers on surfaces. Metal-plated electro
spun nano�ber mats used to enhance heat removal in pool boiling while rough, metal-plated nano�bers
act as nucleation sites, simultaneously increase the number of bubbles and their growth rate[30]. Another
method known as supersonic solution blowing[31] was used to developing nano�bers even smaller than
the electro spun ones. These nano�bers, being metal-plated, revealed a much better robustness than their
electro spun counterparts and could withstand delamination from the heater surface even after multi-
hour vigorous pool boiling[32]. They also removed higher heat �uxes at lower surface superheats, and
were able to delay the onset of CHF[32].

The objective of this work is to study pool boiling heat transfer performance at atmospheric pressure
using nanostructures coating on the heated surface. Copper nanoparticles incorporated carbon
nano�bers are tested through surface coating. The effects of carbon nano�bers properties are further
investigated with respect to wettability, coating thickness as a function of electro spinning time at
speci�ed voltage, and coating morphology and topography.

2. Experimental Set-up
The experimental facility shown in Fig.1, consists of a thick, Pyrex glass, boiling chamber of nearly one-
liter capacity. It is 140 mm diameter and 220 mm height. Inside this chamber there is a guard heater of
500 W. A type K thermocouple is attached to a PID controller to control the saturation temperature during
the experiment. There is a glass condenser which is open to the atmosphere to ensure atmospheric
pressure inside the boiling chamber and to condensate water vapor and maintain a constant level of
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water for all experiments. A thick cover of Plexiglass of the boiling chamber with holes for the condenser,
thermocouple and guard heater. Beneath the boiling chamber there is a thick insulated Te�on plate of 210
mm in diameter and 20 mm thickness to carry the tested system. This plate has a 60 mm diameter hole
at the center to facilitate the removal and insertion of the test samples. A copper heating element with
base diameter of 30 mm and height of 105 mm tapered to a diameter of 15 mm and a height of 35 mm
to approximate a dimensional axial heat transfer. A copper substrate of 15mm diameter and 20 mm
height was �tted on the surface. A very thin layer of high thermal conductive grease was placed between
the heater and the tested substrate to minimize thermal contact resistance. Three cartridge heaters, of
500 W each are �tted inside the copper rod. Type-K thermocouples are properly placed as shown in Fig.
1(b). A Te�on ring was �tted around the substrate for sealing. High-temperature thermal insulation
material was used to cover the whole heating system to reduce the heat loss to the surrounding ambient.
All thermocouples were attached to data acquisition system (mini logger GL 240) to instantaneously help
recording required temperature values.

3. Samples Preparation
Electrospinning technique involves the use of a high voltage to charge the surface of a polymer solution
droplet and thus to induce the ejection of a liquid jet through a spinneret. Due to bending instability, the
jet is subsequently stretched by many times to form continuous ultra-thin �bers was used[33].

The electro spun sol-gel is formed by mixing of CuAc solution (20 wt% in water) with a pre-prepared PVA
aqueous solution (10 wt % ). The �nal mixture was adjusted to have 20 wt% of the metallic precursor with
respect to the solid polymer. The mixture was vigorously stirred at 50 oC for 5 h. The �nal prepared
solution was placed in a plastic capillary. The formed polymeric nano�bers were collected on the surface
of the copper specimen. The electrospinning process was carried out at 20 kV with a tip-to-collector
distance of 25 cm. Three polished surfaces were coated with different electrospinning time (5, 15, and 30
min). The samples are labeled as S1, S2 and S3. The specimens holding the formed nano�bers were
initially dried at 60 oC for 24 h under vacuum. Then, the copper substrates were calcined at 850°C for 2 h
under vacuum with a heating rate of 3 °C/min.

The surface morphology was studied by scanning electron microscope (JSM IT 200).  Information about
the phase and crystallinity was obtained by using x-ray diffractometer. High-resolution image and
selected area electron diffraction patterns were obtained with transmission electron microscope.

4. Testing Procedure
The boiling chamber was �lled by a one-liter distilled water, then the guard heater is turned on until water
reaches the saturation temperature. Hence cartridge heaters are turned on at a speci�ed voltage. To
eliminate the effect of non-condensable gases, guard heater is turned on for 1 hour. Voltage is increased
gradually by an increment of 7 volts, then the system is left to reach steady state in each increment.
When approaching CHF, voltage was increased by a small increment. When abrupt increase in
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temperatures of all system occurs, hence the CHF was reached, and the all system must be shut down.
CHF was assumed to be the last quasi steady heat �ux before the occurrence of the abrupt increase of
temperatures.  Steady state takes almost 1.5 hours at each voltage increment. Steady state was reached
when all thermocouples were �uctuating (± 0.2oC) in 10 mins.

Five K-type thermocouples with 1.5 mm in diameter and accuracy of 0.2 K, were imbedded along the
vertical axis of the heated rod to interpolate the boiling surface temperature and linear estimate the heat
�ux. Linear temperature pro�les over the copper rod for different heat �uxes show the heat generated
from the cartridge heater was transferred to the test section through 1D conduction and there is no heat
loss in thermocouple’s block section.

The uncertainty of the measurement parameters are analyzed by the Kline and McClintock method[34],
the Uncertainty of heat �ux is ±14%. Also, Uncertainty of instruments used in this study as follows, K-Type
thermocouple to measure Temperature (°C), (calibrated) range (−50 – 1000°C) is ±0.2°C , DT266 CE
Digital clamp meter to measure voltage (V) is ±1% and DT266 CE Digital clamp meter to measure current
(A) is ±0.1%.

5. Results And Discussion
Fig. 2 displays the SEM image of the collected nano�bers before the calcination process. As shown,
smooth and beads-free nano�bers were obtained.

Fig. 3 shows SEM images of the copper specimen surfaces after the calcination process. Fig. 3A shows
the SEM image of the specimen surface coated for 5 min; S1. As shown, small amount of nano�bers
appeared and a microporous nanostructure. Fig 3B and 3C show the morphology of S2 and S3 samples,
respectively. As it can be concluded, increasing the electrospinning time leads to an increase in the
nano�bers density on the surface. Fig 4 displays the EDX analysis of the surface S3. The copper
identi�cation peaks clearly appear.

Compared to many polymers, the carbon content in the PVA is relatively high. However, it is not
commercially used as a precursor of carbon nano�bers fabrication due to the problem of breaking down
to volatile compounds before the graphitization process. However, presence of metal nanoparticles can
distinctly overcome this dilemma[35, 36]. Fig. 5 demonstrates the XRD pattern for the obtained nano�bers
after the calcination process. The obtained results con�rmed formation of pure copper due to appearance
the standard peaks representing (111), (200), (220), (311) and (222) crystal plans (JCDPS # 04-0836).
Moreover, the appeared broad peak at 2theta value ~ 26o is attributed to formation of graphite phase.
The results indicated that the obtained nano�bers composed of zero valent copper (Sp.Gr Fm3m (225)).
The inset demonstrates the TEM image of the obtained nano�bers. The image indicates that the obtained
nano�bers compose of amorphous nano�ber matrix embedded crystalline nanoparticles. Accordingly, it
can be con�dently concluded that the �nal product is copper nanoparticles-incorporated carbon
nano�bers.
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In order to validate the accuracy and reliability of the experimental set up, experiments were carried out on
coated and noncoated surfaces to compare pool boiling behavior. Pool boiling experiments were �rst
conducted on the polished copper substrate. The plain copper surfaces were �nally polished with a 2500
grit sandpaper successively. In this study, nanostructured surfaces is to be compared with a smooth
surface.

The degree of superheat , ΔT, and heat �ux (q) were compared with the commonly popular used
Rohsenow correlation [37] which considers the in�uence of the liquid solid combination on boiling heat
transfer.

Fig. 6 compares the present results and Rohsenow correlation in case of smooth copper surface. The
results showed a good agreement between the experiments and correlation with a small deviation.

There are many proposed models to predict CHF such as Zuber [38], and  Kandlikar’s model [39]. Zuber's
model is based on the hydrodynamic instability theory but doesn't consider the effect of surface structure
and wettability. He predicted the critical heat �ux for water as 110 W/cm2 in atmosphere pressure.
Equation 5 shows Zuber's model:

The Prediction of this model [38] is slightly higher than the results for the polished surface measured in
the present study. This is attributed to the fact that the models based on the hydrodynamic instability
theory does not consider the surface wettability and heater size effect. Kandlikar’s[39]  model considered
the hydrodynamic instability theory by including the wettability effect and  surface inclination factor, as
follows:

In fact, Polymer nano�bers have lower thermal conductivity[40]. Through the boiling of water on polymer
electro spun nano�bers coated surfaces, detachment of nano�bers occurs [16]. So, in present study,
calcination process was applied on the test samples to convert electro spun polymer nano�bers to
carbon nano�bers which have higher thermal conductivity and to make self-sintering to nano�bers and
thus enhance the mechanical stability of the coating. The copper nanoparticles which are embedded in
the carbon nano�bers are sintered with the original copper surface that enhances the mechanical stability
and this prevents the detachment of nano�bers from the heating surfaces through vigorous boiling.
Wettability effect on the heating surfaces in the boiling phenomenon has a great effect in the
enhancement mechanism. In the present study contact angles are measured using a contact angle
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goniometer. For a contact angle of the smooth surface of 70o. The nanostructured surfaces in this study
revealed hydrophilic structure for S1 and hydrophobic structures for S2 and S3 with a contact angles of
80.65o, 115o, 102o for the three samples respectively. Fig. 7 shows the contact angles for the samples.
Smooth surface and S1 have higher wettability but Surfaces S2 and S3 have lower wettability. The
hydrophobicity of surfaces S2 and S3 is due to the combined effect of copper Nano particles and carbon
nano�bers. Fig. 8 shows the effect of electro spinning time on contact angles.

Fig. 9 shows the boiling curves of heat �ux (q) versus wall superheat ( ) for a smooth surface baseline
compared to nanostructured surfaces. The nanostructured surfaces showed a noticeable enhancement in
the heat transfer coe�cient (HTC) and Critical heat �ux (CHF) compared to the smooth surface. Surface
S3 showed a 48.14% enhancement in the CHF which is higher compared to S1 and S2.

Fig. 10 shows the variation of heat transfer coe�cient against the heat �ux for nanostructured surfaces
compared to the smooth surface. The nanostructured surfaces revealed a signi�cant enhancement in the
effective heat transfer coe�cient at each heat �ux. Surface S2 and S3 have 57.83% and 40.3%
enhancement. While surface S1 has a wall superheat reduction of 4.8 oC compared to smooth surface at
low heat �ux. The enhancement mechanism of the nanostructured surfaces can be attributed to that the
structure surfaces of the copper Nano particles incorporated carbon nano�bers having more surface area
to volume and tremendous Nano-size cavities. A more active nucleation site at the nanotextured surfaces
compared to the smooth surface contributed to the overall heat transfer enhancement. This enhancement
can be expected because of the departure frequency of bubbles which were generated from
nanostructured surfaces. This frequency is signi�cantly higher than those from the bare surface due to
the increase of contact angle and hydrophobic characteristics of the nanostructured surfaces.

Bubble release is more e�cient for hydrophobic Surfaces[41-43]. Early onset of boiling is obtained for
nanostructured samples compared to the smooth copper sample due to higher nucleation density. This
effect is due to the hydrophobicity and high relative roughness for nanostructured surfaces.

This means that at a certain time interval more bubble will generate and depart from the nanostructured
surfaces and leads to heat transfer enhancement. Although S3 has the larger time of collected �bers and
expected larger roughness but the increase of coating thickness as a function of electrospinning time
cause the intermediate thermal resistance to slightly increases compared to S2 and hence S2 has higher
heat transfer coe�cient enhancement than S3. Due to the increase of electrospinning time and the
accumulation of collected nano�bers with copper Nano particles, more roughness and more increase in
the surface area is expected, hence S3 recorded the highest enhancement in critical heat �ux CHF
enhancement of 48.14% compared to smooth surface.

Fig. 11 shows the relation between CHF and electrospinning time. As shown, CHF increases with
increasing coating thickness as a function of electrospinning time. Also, SEM images revealed that the
three coated surfaces have micro porous surfaces which is a good environment structure for bubble
nucleation.
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6. Conclusion
An experimental study was conducted to investigate the pool boiling heat transfer performance when
using copper nanoparticles incorporated carbon nano�bers coated surfaces. Electrospinning time is the
effective parameter in this study that shape the surface, and hence affects its wettability. Nanostructured
surfaces showed a noticeable enhancement compared to smooth surface. An enhancement in heat
transfer coe�cient by 57.83% and a 17.15% enhancement in CHF was obtained for S2 surface.  Surface
S1 showed an enhancement of 13.67% in CHF. Surface S3 indicated 48.14% enhancement in CHF and an
enhancement of 40.3% in the heat transfer coe�cient. This means that the increase of electrospinning
time leads to a slight deterioration in the heat transfer coe�cient because of the increase of intermediate
thermal resistance between the Nano coating and the original surface. Copper nanoparticles embedded in
carbon nano�bers signi�cantly improves the mechanical and thermal stability of the nanostructured
coatings.
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Figure 1

A schematic of the experimental setup, (a) along with Locations of thermocouples, (b) and heaters
distribution in the copper rod, (c).
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Figure 2

SEM image for the CuAC/PVA electrospun nano�bers.

Figure 3

SEM image for the copper disc surfaces coated by CuAc/PVA nano�bers for 5 min (A), 15 min (B) and 30
min (C) after the calcination process.
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Figure 4

EDX analysis for a randomly selected area from the sample S3 surface

Figure 5
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XRD analysis results the powder obtained from calcination of CuAC/PVA electrospun nano�bers (sample
S3) at 850 °C. The inset displays TEM image.

Figure 6

comparing the present results to Rohsenow correlation for smooth copper surface.
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Figure 7

Contact angles of the nanostructured surfaces: (a) for smooth surface, (b), (c) and (d) for S1, S2 and S3
respectively.
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Figure 8

Effect of electro spinning time on contact angles
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Figure 9

Boiling curves of heat �ux versus wall superheat for a smooth surface baseline compared to
nanostructured surfaces.
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Figure 10

Variation of heat transfer coe�cient (h) against heat �ux (q) for nanostructured surfaces compared to
smooth surface



Page 23/23

Figure 11

Relation between CHF and electrospinning time


