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a b s t r a c t

An anodic electrophoretic deposition (EPD) technique is used to create a uniform TiO2 thin film coating
on boiling thin steel plates (1.1 mm by 90 mm). All of the effective parameters except time of the EPD
method are kept constant. To investigate the effect of gamma irradiation on the critical heat flux (CHF),
the test specimens were irradiated in a gamma cell to different doses ranging from 100 to 300 kGy, and
then SEM and BET analysis were performed. For each coated specimen, the contact angle and capillary
length were measured. The specimens were then tested in a boiling pool for CHF and boiling heat
transfer coefficient. It was observed that irradiation significantly decreases the maximum pore diameter
while it increases the porosity, pore surface area and pore volume. These surface modifications due to
gamma irradiation increased the CHF of the nano-coated surfaces compared to that of the unirradiated
surfaces. The heat transfer coefficient (HTC) of the nano-coated surfaces irradiated at 300 kGy increased
from 83 to 160 kW/(m2 K) at 885 kW/m2 wall heat flux by 100%. The CHF of the irradiated (300 kGy) and
unirradiated surfaces are 2035 kW/m2 and 1583 kW/m2, respectively, an increase of nearly 31%.
© 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

The boiling heat transfer is one of the most important modes of
heat transfer in the nuclear power plants. It is also important in both
normal operation and in the safety condition of nuclear power plants.
Therefore, improving or increasing the range of this heat transfer
mode is one of the objects of the researchers over the past years. The
CHF is a limiting factor in the boiling heat transfer and is the
maximum allowable boiling heat flux. Therefore, many studies have
been carried out to increase the CHF over the past years. Among the
various methods, two methods have attracted the most attention;
using the nanofluids and modifying the surface parameters [1e4].

The interactions between the fluid and the heated surface can
change the CHF, and therefore the engineered surfaces can enhance
the CHF. Improved surfaces have been studied extensively in the
micrometer scale in the recent years [5,6]. Studies have shown that
the CHF and the boiling HTC can be increased by increasing the
roughness of the heating surfaces. Recently, researchers have
discovered that the CHF increases due to the nanoparticle deposi-
tion on the heating surface. These changes are made by changing
minejad).

by Elsevier Korea LLC. This is an
the contact angle, porosity, etc [7,8]. Therefore, researchers have
focused more on increasing the CHF using the nanostructured
surfaces. These nanoscale surface coatings are made by various
methods, one of which is the EPD. The EPD is a convenient method
for collecting particles within a suspension. In this process, the
particles are placed in an electric field, and then they deposit on the
opposite electrode. This method makes it possible to create thick
and thin layers on conductive and non-conductive sub-layers [9].

While numerous studies have been conducted on the effects of
engineered surfaces on CHF, its mechanism is still not fully un-
derstood and quantified. Several models including hydrodynamic
instabilities [10], liquid microlayers [11], and surface wettability
[12], have been investigated, but none of them fully predict the
experimental data. However, studies indicate that surface wetta-
bility [12], roughness [13], capillary effects [14], and porosity [15]
significantly affect the CHF. The effect of wettability or contact
angle on CHF can be predicted by Kandlikar [12] correlation.

Materials in nuclear installations are subjected to various types
of irradiations, e.g. neutrons, gamma, beta and alpha. Some of these
can cause significant damage to the crystalline structure of the
materials. Gamma, beta and alpha are classed as ionizing radiation
because they interact onlywith electrons surrounding the nuclei. In
this article, only the gamma irradiation has been investigated.

In order to investigate the effect of gamma irradiation on the
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CHF of nano-coated surfaces, the steel plates were first coated by
the TiO2 using the EPD method. The coated plates were then irra-
diated at various doses in a gamma cell before the boiling tests. The
CHF was then obtained from the boiling curves. One of the ionizing
radiation effects is the changes of pores diameter and porosity in
the materials. Therefore, porosity and pore diameter in materials
can be altered by gamma irradiation. Pore diameter in a porous
layer can change the capillary suctions.

The maximum pore diameter, pore surface area, pore volume
and porosity changes were determined, and also the contact angle
was measured to indicate the effect of gamma irradiation on nano-
coated surfaces with EPD method. Finally the effect of irradiation
on the boiling heat transfer and CHF of the coated surfaces were
investigated, as well as the heat flux, obtained from the capillary
effects was calculated and compared with the experimental results.
2. Experimental procedure

2.1. The EPD setup

The EPD depends on several parameters such as suspension
concentration, electrophoretic mobility, zeta potential, deposition
time and electrical field. It is possible to control the electrophoretic
mobility and the EPD rate by changing the zeta potential. Zeta
potentials depend extremely on the suspension pH, and it can be
controlled by keeping pH constant. In a specific pH called the iso-
electric point or the zero charge point, the zeta potential is set to
zero. According to Hanaor et al. [16], the zeta potential and the
agglomerate size have reached about 50e60 mV and around
300e400 nm in alkaline environments respectively. Therefore,
alkaline environments (at pH close to 10) are very suitable for TiO2
deposition. In this method, nanofluid with 1 wt% is initially created.
For a homogeneous steady state suspension of nanofluid, the
nanoparticles must first be applied to the deionized water and
mechanically mixed, and then the ultrasonic device is used to ho-
mogenize it. Subsequently, the pH of the suspension is adjusted to
about 10 by adding the sodium hydroxide. The distance between
the plates is 1 cm and the voltages are equal to 20 V.
2.2. Pool boiling setup

The boiling heat transfer coefficient and critical heat flux were
measured for bare and coated steel plates in pure de-ionized water
using the pool boiling apparatus demonstrated in Fig. 1. All boiling
Fig. 1. A schematic diagram of the boiling test.
experiments were conducted at atmospheric pressure. For the
boiling experiments, the plates were heated resistively using a
power supply. While an electric pre-heater brought the isothermal
bath and test fluid up to the saturation temperature, the plates
were maintained at low heat flux in order to remove any non-
condensable gas bubbles stuck to the heater surface. A Data
Acquisition System measured the voltage drop across the plate,
alongwith the voltage drop across a shunt resistor to determine the
current passing through the plate. The temperature of the plates is
measured using the temperature coefficient of resistance method.
The temperature coefficient of resistance is the ratio of the resis-
tance change to the unit temperature change and is shown as
follows:

RðTÞ=RðT0Þ¼ 1þ a DT (1)

By using accurate measurements for stainless steel plates, this
coefficient (a) can be set to 0.00054 ± 0.00006 K1 at a temperature
range of 25e160 �C. Because of the high thermal conductivity of the
plates and its small thickness, the Bi number is less than 0.1;
therefore the lump analysis can be used.

q
00 ¼heff ðTW � TsatÞ (2)

The heat flux can also be calculated by measuring the voltage
and current as follows:

q
00 ¼ IV=A (3)

The tests are conducted in a voltage-controlled mode, in which
the heat flux is increased in small steps and the surface tempera-
ture is recorded. The heat flux of the test samples were increased by
increasing the power supply voltage. The procedure was repeated
until the test samples failed, in other words, the CHF was reached.

To represent the uncertainty in themeasurement of the CHF, the
method proposed by Kline and McClintock [17] is used:
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The uncertainty for voltage and current are typically 1% and for
cross sectional area is 1.1%. Therefore, using Eq. (4), the uncertainty
in the heat flux is 1.8%. Measurement uncertainty for wall super-
heat and HTC are 15% and 16% respectively. Technically, identical
tests are repeated at least twice to ensure repeatability of the
results.

3. Results and discussion

3.1. Characterization of thin film coatings

Contact angles for thin-film coatings on flat stainless steel plates
were measured by the SHARIFSOLAR/CA-500A contact angle
measurement. Fig. 2 shows a 2 mL pure water drop contact angle
with the coated and clean surfaces. As shown, increasing the
thickness of the coating or the EPD time, decreases the contact
angle; in other words, the wettability of the surfaces increases with
TiO2 nanoparticle deposition.

SEM images were taken for flat stainless steel plates coated with
thin-films. Images show qualitatively that the coatings are gener-
ally smooth and homogenous on the microscale, Fig. 10. Estimates
of the coating thickness can also be obtained from SEM images,
Table 1.

Gas Adsorption analysis is used for surface area and porosity
measurements. This involves exposing the solid materials to gases
or vapors at a variety of conditions and evaluating either the weight



Fig. 2. The contact angle of (a) clean surface and coated surfaces with (b) 5 min, (c) 10 min, (d) 15 min, (e) 20 min, and (f) 25 min deposition time.

Table 1
Comparison between calculated and measured coating layer thickness by the
EPD method.

Coating time
(min)

Calculated, [18], coating layer
thickness (nm)

Measured coating layer
thickness (nm)

5 49.47 52.73
10 75.06 70.31
15 100.65 82.24
20 126.24 93.93
25 151.83 105.6

Fig. 3. The boiling curve of clean and coated surfaces.
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uptake or the sample volume. The Brunauer, Emmett and Teller
(BET) technique is the most common method for determining the
surface area of powders and porous materials. The BET analysis
determines the pore surface area, pore diameter and pore volume
directly and the surface porosity, indirectly. Porosity is the fraction
of the void volume over the total volume of the structure.

Porosity¼ Volume of void
Volume of solidþ Volume of void

3.2. HTC results

Boiling that only occurs under natural convection or stagnant
fluid is said to be pool boiling and this happens when a heater is
placed under a large liquid container. In this case, the buoyancy
effect is the main factor in the relative motion of the bubbles and its
surrounding liquid. The experimental results of the boiling heat
transfer are expressed specifically by the boiling curve. Fig. 3 shows
the boiling curve of the clean and coated surfaces. These surfaces
are coated using the EPD method.

The slight fluctuations in the data are due to the method used
for measuring the heat flux and the temperature (the temperature
coefficient of resistance). As shown in Fig. 3, increasing the depo-
sition of nanoparticles, the boiling curve shifts to higher superheat
temperatures. In other words, increasing the deposition time, de-
creases the HTC. To compare the results obtained in this study with
those available in the literature, the Rohsenow [19] equation is
used:

Cpf ðTW � TsatÞ
hfg
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Csf depends on the solideliquid combination. In Fig. 4, the HTC is
plotted against the heat flux variations. In addition to the experi-
mental results, the results of the Rohsenow equation are also
depicted. As can be seen, the results of the boiling curve of the clean
surface are close to that of the Rohsenow, and the difference in-
creases with increasing the thickness of the coating layer. This
reduction in HTC could be due to the thermal resistance of the
nanostructure layer. Although the TiO2 nanoparticles have a better
thermal conductivity than many other nanoparticles, but in the
presence of the porosity in the coating layer, the HTC is reduced.

3.3. CHF results

One of the models that includes the surface effects on the CHF is
the Kandlikar [12] model. This model analyses the mechanism of
the CHF phenomenon using the hydrodynamic behavior of a bubble
interface on a heating surface. The Kandlikar model investigates the



Fig. 4. Heat transfer coefficient versus heat flux for clean and coated surfaces.

Fig. 5. CHF ratio versus deposition time.

Fig. 6. Comparison of measured CHF, experimental and analytical results.

Fig. 7. Boiling curve of clean, coated, and irradiated surfaces.
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parallel forces with the heating surface, which is the result of
evaporation at the interface of the liquid-vapor near the heating
surface. In this model, the CHF occurs when the momentum force
due to evaporation at the bubble base exceeds the sum of the forces
holding the bubble, including inertia, pressure and buoyancy
forces.

The surface tension on the heater surface is a fluid property that
depends on the surface wettability (contact angle). The Kandlikar
model is expressed as follows:

q
00
CHF ¼ r

1 =

2hfg

�
1þcos b
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Here b, is the receding contact angle. As mentioned, the Kandlikar
model introduces the CHF as a function of the wettability or contact
angle. In Fig. 2, it was observed that, as the nanoparticle deposition
time increases, the liquid contact angle is changed and decreases
steadily. Therefore, Fig. 5 and Fig. 6 are plotted to compare the
present results with clean surface, those obtained by the Kandlikar
model as well as Huang et al. [20] experimental results. They show
the variations in the CHF relative to changes in the deposition time
and contact angle. As can be seen, the Kandlikar model and the
results of this study follow a rather similar trend. Huang et al. [20]
deposited TiO2 nano-particles with different concentration on the
nickel wires and measured the CHF at various contact angles. As
shown in Fig. 6, especially at lower contact angles, the present re-
sults are very close to their experiments.
3.4. Effects of irradiation

As already mentioned, one of the important parameters influ-
encing the CHF is the porosity of the heating surface. Therefore, the
study of surface porosity variations at different doses of gamma
irradiation can be useful. One of the most important effects of
gamma irradiation is the pore and porosity changes in the body. For
this purpose, the coated plates were irradiated to different doses
ranging from 100 to 300 kGy, in a gamma cell and then surface
morphology and CHF measurements were made.

Fig. 7 shows the boiling curve of coated plates (with 25min EPD)
at various doses. As can be seen, increasing the irradiation dose
decreases the wall superheat and consequently, increases the HTC.

The HTC of irradiated surfaces is shown in Fig. 8. HTC increases
with increasing the irradiation dose, so that the maximum HTC of
the nano-coated surfaces irradiated at 300 kGy increases from 83 to
160 kW/(m2 K) at 885 kW/m2 wall heat flux by 100%.

Fig. 9 shows the CHF variation with contact angle. As can be
seen, increasing the irradiation dose, increases the CHF.

For accurate examination of capillary effects, the diameter of the
cavities and the porosity of the coating is measured. To investigate
the effects of porosity and the pore size distribution, the irradiated
and unirradiated plates that are coated for 25 min are analysed by
the BET Absorption Technique (Quantachrome Instruments). In all
analyses, the coating conditions are constant, and the only variable
is the irradiation dose.

The BET analysis shows awide range of cavities with diameter of
1 nm to higher values (several hundred nanometers). Since the



Fig. 8. Heat transfer coefficient versus wall heat flux for coated and irradiated surfaces.

Fig. 9. The CHF of coated and irradiated surfaces versus contact angle.
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diameter of the nanoparticles is 20 nm, pore diameter is approxi-
mately above this size. Therefore, in order to calculate the porosity
of the coated layer, the volume of the cavities with a cavity diam-
eter higher than 15 nm is considered. This surface modification due
to gamma irradiation can also be seen by SEM images, Fig. 10. As
shown in this figure, a uniform porous layer with lower pore
diameter was obtained on the irradiated surfaces.

As shown in Table 2, themaximum cavity diameter of the coated
surfaces reach about 510 nm and by increasing the irradiation dose,
the maximum diameter of the cavities is uniformly reduced.
However, porosity, volume and surface area of the cavities increase
with increasing the irradiation dose.

As can be seen from Table 2, the contact angles of the coated
surfaces do not change much by irradiation, whereas the CHF in-
creases. As mention, the porosity and pore volume of the irradiated
surfaces increase while the pore diameter decreases with irradia-
tion. This change in porosity and pore diameter can affect the
capillary and the CHF.

The capillary effect is a parameter that greatly affects the CHF of
the improved surfaces. Kim and Kim [21] showed that increasing
the capillary, the solid-liquid-steam line moves in the lateral di-
rection. As shown in Fig. 11, the fluid is flowing in the microscopic
coating area, and rewetting occurs more quickly. In other words,
this asymmetric fluid flow penetrates into the dry area under the
bubbles and delays the CHF (Fig. 11). The capillary force is a driving
force for fluid flow on the surface and the CHF increases by liquid
suction of porous nanostructure on the heating surfaces, expressed
as follows:
Capillary Force e s cos q
r

(9)

Therefore, the pore diameter and the wettability affect the capillary
force of a surface with the nanostructure layer. Bosanquent [22]
proposed the velocity of the spontaneous diffusion of liquid along
the thin porous layer beneath the dry region as follows:

U¼
ffiffiffiffiffiffiffi
Lcg

p
(10)

The flow rate of supplied water underneath the bubble is
expressed as follows:

Q ¼ εAcrossU¼ ε

	
2prb sin q*dporous


 ffiffiffiffiffiffiffi
Lcg

p
(11)

Here rb, ε and Across are the radius of bubble, the porosity and the
cross-sectional area of the coating layer, respectively. This amount
of water injected by the capillary effect evaporates near the solid-
liquid-gas contact line and the rate of heat transfer obtained from
evaporation of this liquid is expressed as follows:

q
00
Capillary ¼hfgrQ

.
4r2b

(12)

Kim and Kim [21] proposed that CHF can be well predicted by
including the heat flux obtained from evaporation of penetrated
liquid underneath the bubble (Eq. (12)) and CHF increment ob-
tained from wettability effects.

In this study, the CHF of an irradiated nono-coated surface is
calculated from the CHF of the unirradiated surfaces, as well as the
heat flux obtained from the capillary effect from the following
equation.

q
00
CHF ¼ q

00
unirradiated þ q

00
Capillary (13)

Therefore, Eq. (13) calculates the CHF by considering thewettability
and capillary penetration effects. The capillary heat fluxes and CHF
values for the irradiated surfaces are shown in Table 3. As can be
seen, the heat flux obtained from the capillary wicking for irradi-
ated surfaces is of the same order of magnitude as the measured
CHF of the coated base surface.

Kim and Kim [21] showed that CHF was increased for hydro-
philic porous surfaces by capillary wicking. Now, if this phenomena
is the only effective parameter that improves the CHF, according to
Washburn's law, increasing the cavities diameter, increases the
liquid flow rate by the wicking effects. Therefore, CHF is enhanced
with increasing the cavities diameter.

Tetreault-Friend et al. [23] shown that the capillary effect is not
the only factor, and there are two heat transfer regions, the
conduction-dominated and the wicking-dominated in porous
coated layer. They investigated that the wicking-dominated is
located at the upper parts of the coated layer, which is close to the
fluid, and the conduction-dominated is located at the lower part of
the coated layer, which is close to the heating surface. In other
words, in the upper area of the porous layer, the velocity of the fluid
penetration is greater due to the capillary effects, and the time that
the fluid fills the cavities is as twickeL=Vwick. Tetreault-Friend et al.
[23] also assumed that the evaporation occurs at the liquid-vapor
interface in the cavities and the velocity of the fluid through the
capillary effect is given by:

Vwick ¼
_M
00

evap

rl
¼ 4rvLy

rl r2p

24� 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ s cos q r3p

rvL28y
2

s 35 (14)

Eq. (14) has two asymptotic processes and shows different



Fig. 10. SEM images of (a) unirradiated and (bed) irradiated at 100, 200, and 300 kGy nano coated surfaces (with 25 min EPD).

Table 2
Porous layer physical properties of irradiated and unirradiated surfaces.

Coating parameters unirradiated Irradiated at 100 kGy Irradiated at 200 kGy Irradiated at 300 kGy

Max pore Diameter (nm) 510.99 295.32 277.51 76.41
Pore surface area (m2/g) [Pore Dia >15 nm] 0.015 0.0245 0.0282 0.141
Pore volume (cc/g) [Pore Dia >15 nm] 0.1755 0.1890 0.2152 0.2709
Porosity (ε) 0.62 0.67 0.70 0.77
Contact angle (�) 35.05 35.10 35.29 35.28

Fig. 11. Effect of capillary wicking on rewetting of a dry spot.
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results for different diameters and lengths of the cavities. This ve-
locity is affected by the competition between the capillary pressure,
viscous fluid pressure drop and variation in vapor flow rate (rv V

2
v ).

In the small diameter cavities, the capillary velocity is determined
by the competition between the capillary pressure and the fluid
viscous pressure drop, and in the wider cavities the change in the
vapor momentum flow rate is dominant. Tetreault-Friend et al. [23]
also assumed that the highest evaporation rate occurs when cav-
ities are full of fluid, based on Eq. (14).

According to the results of Tetreault-Friend et al. [23] the



Table 3
Capillary heat flux and CHF values for irradiated surfaces.

Capillary effects Irradiated at 100 kGy Irradiated at 200 kGy Irradiated at 300 kGy

Capillary length (mm) 2.82 3.45 4.41
q

00
Capillary (kW/m2) 240 318 368

Measured CHF (kW/m2) 1832 1891 2035
q

00
Capillary þ 1583 1823 (�0.8%) 1848 (�2%) 1951 (�4%)

Fig. 12. Cross SEM images (a) before gamma-irradiation (82.24 nm) (b) after 300 kGy gamma-irradiation (54.27 nm).
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present results can also be justified. The reason for the reduction of
CHF at the maximum thickness of the coating is that the outer re-
gion has a higher pore diameter. Therefore, the fluid velocity in the
wicking-dominated region is reduced, based on Eq. (14), and ulti-
mately the CHF is decreased. Gamma irradiation, however, causes
the reduction of the cavities diameter and hence increased fluid
velocity in the wicking-dominated region, which consequently
increases the CHF. Increase of CHF at higher irradiation dose can be
attributed to increase of porosity and decrease of the cavities
diameter.

The cross SEM images before gamma-irradiation and after
300 kGy gamma-irradiation were also captured and presented in
Fig. 12. These SEM images emphasize the reduction of coating layer
thickness after the gamma-irradiation.

Due to the layer reduction thickness and greater coherence of
the coating, the thermal resistance decreases, and by improving the
capillary suction and increasing its fluid motion, the convection
heat transfer also increases in the upper coated sections which
consequently improves the HTC.
4. Conclusion

In this study, the TiO2 nanoparticles are deposited on steel plates
by an anodic EPDmethod. All variables affecting the electrophoretic
deposition, except the coating time are kept constant. The coated
surfaces with deposition time of 25 minwere irradiated at 100, 200
and 300 kGy dose range. From the results obtained in this inves-
tigation the following conclusions are made:

� At low coating thicknesses, the measured thickness of the
nanoparticles is close to the results of the Hamaker correlation.

� As the deposition time increases, the receding contact angle
decreases steadily. Therefore, the TiO2 nanoparticle deposition
improves the surface hydrophilicity.
� The HTC decreases with increasing time of the nanoparticle
deposition. The decrease is higher than that predicted by the
Rohsenow correlation.

� The results obtained in this study show that the Kandlikar cor-
relation underpredicts the CHF for nano-coated surfaces.

� The BET analysis shows that increasing the irradiation dose,
increases the porosity, pore surface area and pore volume. Also
irradiation reduces the maximum pore diameter and increases
the capillary wicking.

� The heat transfer coefficient of the nano-coated surfaces irra-
diated at 300 kGy increased from 83 to 160 kW/(m2 K) at
885 kW/m2 wall heat flux by nearly 100%.

� The CHF of the nano-coated surfaces irradiated at 300 kGy
increased from 1583 to 2035 kW/m2 by 31%. The increase in CHF
can be attributed to the increase of capillary effects.

The present results also clearly demonstrate the role of
gammairradiation and capillary effect on the enhancement of the
CHF of the nano-coated surfaces.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2020.04.002.
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C: concentration (g/cm3)
d: diameter (m)
E: electric field (V/cm)
I: ampere (A)
q

00
: heat flux (W/m2)

R: resistance (U)
V: voltage (volt)
Z: thickness (cm)

Greek letters

g: surface energy
q: contact angle (radian)
h: suspension viscosity
z: zeta potential

Subscripts

CHF: critical heat flux
W: wall
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