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a b s t r a c t

Pool boiling heat transfer of a copper microporous coating was experimentally studied in borated water
with a concentration of boric acid from 0.0 to 5.0 vol percent (vol%) to determine the effect of boric acid
on boiling heat transfer in water. A high-temperature, thermally conductive microporous coating
(HTCMC) was created by sintering copper powder with an average particle size of 67 mm onto a
1 cm � 1 cm plain copper surface with a coating thickness of ~300 mm within a furnace in a vacuum
environment. The tests showed that the nucleate boiling heat transfer coefficient (NBHT) of HTCMC
became slightly less enhanced as the concentration of boric acid increased but the NBHT coefficient
values were still significantly higher than those of the plain surface. The critical heat flux (CHF) values
from 0 to 1.0 vol% were maintained at ~2,000 kW/m2, and then, they gradually decreased down to
~1,700 kW/m2 as the concentration increased further to 5.0 vol%. It is believed that the micro-scale pores
of the HTCMC were partially blocked by the high boric acid concentration during the nucleate boiling
such that the small bubbles were not effectively created using the HTCMC reentrant cavities as the boric
acid concentration increased.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nucleate boiling is an effective way of convective heat transfer
by utilizing the latent heat of vaporization, and the heat transfer
coefficient of nucleate boiling is significantly higher than that of
single-phase liquid cooling. In the past several decades, researchers
have investigated ways of further enhancing nucleate boiling heat
transfer and/or the critical heat flux (CHF) without surface modi-
fications. Some of these methods have included the use of surfac-
tants which are soluble in fluids and nanofluids enabling
nanoparticles to stay in a colloidal state in fluids.

A small amount of a surfactant in water decreases the surface
tension of water dramatically, and it causes the enhancement of
boiling heat transfer [1e9]. Yang andMaa [1] studied pool boiling of
water with the surfactants sodium lauryl benzene sulfonate (SLBS)
and sodium lauryl sulfate (SLS) at concentrations of 0e200 ppm on
a copper block and found that both the heat transfer coefficient and
. Jun), juan.godinez@utdallas.
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by Elsevier Korea LLC. This is an
the CHF significantly increase as the surfactant concentration in-
creases due to the reduction in the surface tension. They observed
that the sizes of the vapor bubbles are smaller but have larger
nucleation sites at the same heat flux. Wu et al. [2] experimentally
studied the SLS effect on the pool boiling CHF over a concentration
range of 0e1200 ppm on a 12.7 mm diameter copper sphere with
the quenching method. They reported that the CHF was decreased
by the addition of a surfactant. Tzan and Yang [3] investigated the
effect of the SLS concentration for larger concentrations of
0e2000 ppm on a 3.35 mm outer diameter stainless steel tube
immersed in water and reported that the heat transfer coefficient
increased with the surfactant concentration except for high heat
fluxes with a concentration more than 700 ppm. In other words,
there exists an optimum additive concentration for high heat
fluxes.Wasekar andManglik [4] investigated the boiling of aqueous
surfactant solutions on a gold-plated copper cylinder with sodium
lauryl sulfate (SLS) at concentrations of 200-10,000 ppm. They
found that the heat transfer coefficient increased as the SLS con-
centration increased up to 2,500 ppm, which was near the critical
micelle concentration (c.m.c), and then, the enhancement
decreased as the concentration was further increased. Hetstroni
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et al. [5] studied pool boiling heat transfer at concentrations of
65e1000 ppm for Hebron G on a 1.5 mm diameter stainless steel
tube. They found a similar trend with Tzan and Yang [2] and
Wasekar and Manglik [3]'s results that the heat transfer coefficient
increases up to 530 ppm, and then, it decreases at the higher
concentration due to the higher viscosities. The values of the sur-
face tension decrease as the concentration increases up to 530 ppm,
but it does not change as the concentration increases. This is called
the critical micelle concentration (c.m.c.) of the surfactant. Inoue
et al. [6] investigated the effect of a surfactant (perfluoroalkyl
compound) on pool boiling on a binary mixture of water/ethanol
with a surfactant concentration of 0e5000 ppm on a 0.3 mm
diameter platinumwire and reported that the boiling heat transfer
coefficient increases, but the CHF is not affected by the surfactant.
In summary, the addition of surfactants reduces the surface tension
and enhances the boiling heat transfer coefficient up to a certain
concentration, the c.m.c., and then, the enhancement decreases.
However, the enhancement of CHF is controversial.

Kotchaphakdee andWilliams [7] studied boiling heat transfer of
dilute aqueous solutions with low concentrations of hydroxyethyl
cellulose (HEC), polyacrylamide (PA), and acrylamide at a concen-
tration range of 62e500 ppm on a copper plate. They discovered
that the heat transfer was enhanced for all concentrations of the
solutes although the surface tension of PA was not decreased. They
proposed that the increase in heat transfer in a polymeric solution
was due to drag reduction. Zhang and Manglik [8] investigated
boiling teat transfer of Hydroxyethyl cellulose (HEC-QP300) and
polyacrylic acid (Carbopol 934) with awide range of concentrations
from 100 to 3500 ppm on a gold-plated copper tube in water. The
nucleate boiling of HEC-930 was enhanced with the increasing
concentrations up to near the critical polymer concentration
(~600 ppm), and after that, the enhancement decreased consider-
ably. On the other hand, boiling heat transfer continuously de-
creases with Carbopol due to the higher viscosity that tends to
suppress the micro-convection near the wall and the bubble
growth. A more detailed literature survey of surfactants and poly-
mer additives on boiling phenomena is well presented by Cheng
et al. [9].

During the last decade, the effect of nanofluids on pool boiling
heat transfer has been investigated using many kinds of nanofluids.
You et al. [10] studied boiling heat transfer of Al2O3 nanofluid with
concentrations of 0.001e0.05 g/l in water on a flat copper block at
0.2 atmospheric pressure. They reported that the boiling heat
transfer was not changed by having a small amount of nano-
particles, but the CHF gradually increased by about 200% as the
concentration was increased up to 0.005 g/l, and more increases in
the concentration did not enhance the CHF further. Kim et al. [11]
investigated the effects of nanofluids for Al2O3, ZrO2, and SiO2 with
concentrations of 0.001, 0.01, and 0.1 vol% on the CHF and found
that the CHF was enhanced up to 80%, and they claimed that it was
caused by increases in wettability due to the build up of a porous
layer of nanoparticles on the heater surface whereas the boiling
heat transfer coefficient was decreased with the nanofluids due to
the porous layer that acts as thermal resistance. The static contact
angles of the nanoparticle deposited surface were measured to be
8-36� which are much lower than the contact angle of 79� for a
plain surface. They claimed that the increase in wettability was
caused by the increase in the adhesion tension of the oxide layer
and the surface roughness. Coursey and Kim [12] investigated the
effect of surface wettability on pool boiling heat transfer with
nanofluid concentrations of 0.001e10 g/l for water and ethanol.
They reported that the CHF enhancement with water, a poor wet-
ting fluid, was up to 37% at a concentration of 0.5 g/l and did not
enhance the CHF further with the higher nanofluid concentrations,
and the enhancement was similar to an oxidized surface. However,
ethanol, a wetting fluid, with the nanofluids needed a much higher
concentration of 10 g/L to reach 25% of the CHF enhancement. They
concluded that the CHF enhancement mechanism for nanofluids
seemed to improve the ability of a fluid to wet the surface and that
the CHF enhancement of the wetting fluid needs a much higher
nanofluid concentration. Kwark et al. [13] studied boiling heat
transfer of water with Al2O3 nanofluids at concentrations of
0.001e1.0 g/l and reported that the CHF gradually increased up to
~2,000 kW/m2 as the concentration of the nanofluids was increased
to 0.025 g/l, but the nucleate boiling heat transfer was maintained.
However, the CHF was not enhanced further as the concentrations
of the nanofluids was increased to 1.0 g/l, and the nucleate boiling
heat transfer was degraded. They claimed that the CHF enhance-
mentwas attributed to the increase in surfacewettability due to the
nanoparticle coatings on the heater surfaces during the boiling of
the nanofluid. In addition, there was an optimal nanofluid con-
centration that maximizes the CHF while not degrading nucleate
boiling heat transfer and further increases in the concentration
leads to the CHF plateauing and the nucleate boiling heat transfer
degrading due to the increase in the thermal resistance by the
thicker coating on the surface.

Another additive is boric acid that is used in nuclear power
plants as a coolant to cool down the nuclear reactor when a severe
accident occurs at a nuclear power plant from a natural disaster or
malfunction. There have been research efforts investigating the
effect of borated water on boiling heat transfer. Lee at al. [14]
investigated the boric acid effect on vertical flow boiling in a cir-
cular 316 stainless steel tube at 50 �C subcooling at concentrations
of 0.2e0.8% and reported that the CHF was enhanced by 12.4% at
100 kg/m2s with a 0.8% concentration of boric acid. The enhance-
ment decreased as the mass flux increased. They claimed that the
CHF enhancement is attributed to the wettability increase. Kwark
et al. [15], studied the effects of boric acid on pool boiling heat
transfer on a plain surface and an Al2O3 nanocoated surface at
concentrations of 0.5e5.0 vol%. They reported for the plain case
that the nucleate boiling heat transfer degraded when the boric
acid was higher than 0.5 vol% whereas the CHF gradually increased
up to 2,000 kW/m2 with increasing concentrations of boric acid.
They also concluded that the CHF enhancement was due to the
wettability increase by the boric acid. For the nanocoated surface,
nucleate boiling heat transfer degraded with the boric acid, but the
CHF was about the same value at 2,000 kW/m2 in the tested boric
acid concentration range. Amaya et al. [16] further studied the ef-
fect of pressure (20-200 kPa) and orientation (0-180�) on pool
boiling heat transfer for a boric acid concentration of 1.0 vol% on a
plain surface. They reported that the 50% CHF enhancement by
borated water was maintained regardless of the pressure and
orientation except for an orientation angle of 180�, in which case it
showed a 200% CHF enhancement. From the previous studies, it can
be concluded that a surfactant enhances the nucleate boiling heat
transfer by reducing the surface tension, and the nanofluids and
boric acid enhance the CHF by increases in the wettability.

Experimental investigations on boiling heat transfer of a copper
microporous coating, so called High-temperature Thermally-
Conductive Microporous Coating (HTCMC) created by sintering,
were performed for the optimization of particle size and coating
thickness [17]. Also, the HTCMC tests were performed to investigate
the effects on heater orientation [18] and subcooling [19], which
showed a remarkable enhancement on nucleate boiling heat
transfer and CHF compared to the plain surface.

In the present study, a boric acid effect on boiling heat transfer
with the HTCMC is experimentally investigated at a concentration
range of 0.0e5.0 vol% and compared with the results of a plain Cu
surface. If the test results show an enhancement of nucleate boiling
heat transfer and CHF like the previous studies [17e19], the HTCMC
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on the reactor vessel outer wall can be considered a possible way to
increase the heat removal rate through the external reactor vessel
cooling.
2. Pool boiling experiments

2.1. Cu-HTCMC fabrication

In this study on the pool boiling heat transfer of HTCMC, an
average particle size of 67 ± 15 mmwas chosen based on Jun et al.‘s
[17] pool boiling study which showed the highest NBHT coefficient
and maximum CHF enhancement. Fig. 1 shows the particle size
distribution measured using optical microscope images of the Cu
powders. The Cu powders were mixed with a thinner, and the
mixture was spread evenly on a 1 cm � 1 cm Cu block. After that,
the mixture of the Cu powders and the thinner was sintered in a
furnace in a vacuum environment. During the sintering process, the
pressure inside of the furnace was kept at a high vacuum of
~10�5 hPa. To minimize the oxidation effects, the sintered copper
block was cooled in the furnace. After the sintering process, the test
sample was sonicated with 5% acetic acid followed by acetone in a
sonication bath and then rinsed with distilled water.

The HTCMC has porous structures including reentrant type
cavities shown in Fig. 2. The porosity (ε) of the HTCMC was
Fig. 1. Particle size distribution with an average size of 67 mm. The sizes were
measured using optical microscope images of the Cu powders.

Fig. 2. SEMs of the sintered copper particles.
calculated from the measured volume of the porous layer (Vt) and
the weight of the copper powders (mcp):

ε¼Vt � ðmcp
�
rcpÞ

Vt
(1)

, where rcp is the density of the copper powders (8.96 g/cm3). The
average porosity was found as 0.65 ± 0.03.

2.2. Experiment setup

A pool boiling chamber made of aluminumwas used to conduct
the pool boiling experiment shown in Fig. 3. Two T-type thermo-
couples were inserted into the chamber to measure the tempera-
tures of the liquid water and vapor, and a pressure transducer
(0e20 psi) was installed in the chamber to measure the chamber
pressure. To maintain a liquid level during the degassing and
boiling tests, an external water-cooled condenser was connected to
the chamber. Two immersion heaters were installed to heat and
degas the liquid water, and two silicon band heaters were attached
to two side walls on the aluminum chamber to maintain the bulk
liquid water at a steady saturation temperature. The test heater
assembly was mounted on an aluminum bracket in the lower part
of the chamber.

The test heater assembly is shown in Fig. 4. A copper block
(10 mm � 10 mm � 3 mm, k ¼ 401 W/mK) sintered with Cu-
HTCMC on top was soldered to a resistive heater. A T-type ther-
mocouple wire was inserted in the center of the copper block to a
depth of 5 mm from the side which is the center of the copper
Fig. 3. Schematic of the pool boiling chamber.

Fig. 4. Schematic of the test heater assembly.
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block, and two electrical wires were connected by soldering at each
side of the bus bar. The copper block/resistive heater pair was
bonded to a Lexan substrate (k ¼ 0.2 W/mK) using a 3 M epoxy
(k ¼ 0.18 W/mK). Then, the 3 M epoxy was poured and cured
around the copper block/resistive heater pair to provide thermal
insulation from the sides, and the epoxy level was kept flush with
the test surface. The top surface temperature of the test sample
block below the porous layer was calculated from the temperature
measured by the thermocouple assuming a one-dimensional heat
conduction through a copper block with a 1.5 mm thickness.
Fig. 5. Apparent contact angles measured over time with different boric acid con-
centrations right after pool boiling.
2.3. Test procedures

The pool boiling chamber was filled with borated water and
heated to the saturation temperature at atmospheric pressure us-
ing the band and immersion heaters. After the water reached the
saturation temperature, it was boiled vigorously for at least 45 min
to remove any dissolved non-condensable gases. A temperature
controller connected to the band heaters insured that the water
temperature was maintained at the saturation temperature during
the pool boiling tests. All boiling tests were repeated three times to
ensure the consistency and repeatability of the data. A DC power
supply (Agilent Technologies, N5771A) and data acquisition system
(Agilent Technologies, 34980AMultifunction Switch/Measure Unit)
connected to the boiling chamber were controlled using the Lab-
VIEW program installed on a PC. Heat fluxes (W/cm2) were
measured by the applied power (W) to the resistive heater divided
by the cross-section area of the heater which is 1 cm2. An average of
40 measured test sample temperatures taken over 20 s were
compared to the averaged value of the next 20 s after each heat flux
increment. If the temperature difference between two consecutive
averages was less than 0.1 K, a steady state was assumed, and the
average temperature and the applied heat flux values were recor-
ded and moved to the next level of heat flux by programming. Each
instantaneous test sample temperature was compared to the pre-
vious averaged value, and when the temperature difference
exceeded 20 K, the DC power supply was shut down by the pro-
gram, and the CHF was assumed. The previous steady-state heat
flux plus half of the heat flux increment was taken as the CHF value.

To investigate the wetting behavior of the HTCMC surfaces with
the borated water, the apparent contact angles after the boiling
tests at each boric acid concentration were measured with a
goniometer (Krüss, DSA30) by dripping a single water droplet of
11.5 mL (2.8 mm diameter) from a needle onto a HTCMC surface at
room temperature. Measurement of the contact angles showed that
at the low boric acid concentrations up to ~1.0 vol%, the wettability
of the HTCMC surface increased with the concentration, but the
wettability of the HTCMC surface decreased with the concentration
further to ~5.0 vol% (Fig. 5). The reason for this result is believed to
be that the pores in the HTCMC were blocked by the precipitated
boric acid at high boric acid concentrations.
Fig. 6. Pool boiling curves of the HTCMC with 10 runs and plain Cu [15].
2.4. Uncertainty analysis

The experimental uncertainties for this study were estimated
using the Kline and McClintock method [20]. Heat flux measure-
ment uncertainty caused by the voltage, current, and surface area of
the heater was estimated to be less than 5% with a 95% confidence
level. The uncertainty for the temperature measurement was esti-
mated to be ±0.5 K. From a numerical simulation, the heat loss
through the epoxy and the Lexan insulation of the heater was
estimated to be less than 0.5%. CHF uncertainty is 25 kW/m2 which
is the half of the heat flux increment near CHF.
3. Results and discussion

Before investigating the effects of borated water on pool boiling
heat transfer, the repeatability of the HTCMC in pool boiling heat
transfer was tested. A HTCMC with a particle size of 67 mmwith an
~300 mm coating thickness was used which revealed the most
enhanced boiling heat transfer and critical heat flux in our prior
study [17]. The boiling test was conducted by increasing the heat
flux from 0 kW/m2 to until it reaches the CHF, and then, the process
was repeated ten times. The resultant pool boiling curves are pre-
sented in Fig. 6. The boiling curves of the HTCMC were very



Fig. 8. CHF comparison of the HTCMC and plain surface [15] at different concentra-
tions of borated water.
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consistent such that the curves lie on top of each other, and the CHF
showed a slight variation of only 1,980 ± 50 kW/m2. This means the
HTCMC is a sturdy microporous coating of copper powder.

Then, the pool boiling experiments of the HTCMC surface were
conducted in borated water at concentrations of 0.0e5.0 vol% at
one atmospheric pressure to observe the effect of the HTCMC on
the nucleate boiling heat transfer and CHF. The highest heat flux
value in each curve of Fig. 7 indicates the CHF point, and the CHF
values are numbered. The results show that the nucleate boiling
heat transfer of HTCMC was significantly enhanced compared to
those of a plain surface for all the tested boric acid concentrations.
For example, the wall superheat (DTsat) of the HTCMC at 1,000 kW/
m2 is about 4e5 K, but those of the plain surface are about
20e23 K for all the boric acid concentrations; thus, the wall su-
perheat of the HTCMC is about 15e20 K lower than that of the
plane copper surface at the same heat flux. This is due to the
micron scale pores with reentrant cavities within the HTCMC that
create numerous active nucleation sites during the nucleate
boiling as shown in Fig. 9 [17,21]. The boiling heat transfer is
slightly degraded as the concentration of boric acid increases for
both the HTCMC and the plain surface. On the other hand, the CHF
values of the HTCMC were maintained at ~2,000 kW/m2 up to a
1.0 vol% of boric acid, and then, they started to decrease gradually
down to ~1,700 kW/m2 at a 5.0 vol% of boric acid shown in Fig. 8.
The opposite trend was observed for the plain surface for which
the CHF increased sharply from ~1,000 kW/m2 to ~1,900 kW/m2

for the boric acid concentration range of 0.0e1.0 vol%, and then, it
increased slowly to ~2,000 kW/m2 at a boric acid concentration of
5.0 vol%. The enhancement of the CHF for the plain surface in the
borated water was due to the increase in wettability [14e16].
However, the CHF of the HTCMC did not increase further although
the wettability increased as the boric acid concentration was
increased to 1.0 vol% (Fig. 5). This means that the HTCMC is
insensitive to the wettability, and the CHF enhancement of the
HTCMC is due to the microporous structures [17e19] not to the
wettability of boric acid. The CHF rather decreased slightly as the
concentration was even further increased from 1.0 vol. However, it
should be noted that the boric acid concentration is typically
maintained below 4,400 ppm (0.44 vol%) in case of a severe
Fig. 7. Boiling curves of the HTCMC and the plain Cu surface [15] at different con-
centrations of borated water.

Fig. 9. Nucleate boiling images of plain copper and HTCMC at different heat fluxes [21].
accident for nuclear power plants (shown by the red dashed line
in Fig. 8). The CHF of the HTCMC was not degraded at all within
the typical concentration range used so that the CHF of the HTCMC
was still maintained much higher than that of the plain surface at
the same boric acid concentration.
4. Conclusions

The effect of boric acid on pool boiling heat transfer was studied
experimentally with boric acid concentrations from 0.5 to 5.0 vol%
for HTCMC by comparison with a plain surface for the nucleate
boiling heat transfer and CHF. The results show that the nucleate
boiling heat transfer was slightly degraded with the boric acid
concentration for both the HTCMC and plain surface. The CHF of the
HTCMC was maintained at 2,000 kW/m2 up to a 1.0 vol% of boric
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acid, and then, it gradually decreased down to 1,700 kW/m2 at a
5.0 vol% of boric acid. It was believed that the micro-scale pores
were partially blocked by the boric acid during the nucleate boiling
process at the high boric acid concentrations; therefore, smaller
bubbles were not effectively created. However, for normal opera-
tional boric acid concentrations, it appears that HTCMC effectively
enhances the CHF and nucleate boiling heat transfer compared to
the plain Cu case.
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Nomenclature

h boiling heat transfer coefficient [W/m2K]
k thermal conductivity [W/mK]
L latent heat [J/kg]
R Radius [m]
q00 heat flux [W/m2]
T temperature [K]
DTsat wall superheat [K]
V volume [m3]
v specific volume [m3/kg]

Greek Symbols
s surface tension [N/m]

Subscripts
c cavity
cp copper powder
l liquid
lv liquid-vapor
m microporous coating
p plain
sat saturated conditions
t total
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