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Abstract

Nucleate boiling due to use latent heat instead of sensible heat has an extra potential for dissipating high heat flux, but it
needs to control critical heat flux. On the other hand, it is well known that nucleate boiling is strongly under the influence
characteristics of surface. One of the methods to control critical heat flux is to change surface characteristics by nanofluid
pool boiling. In this study, nanofluids which contain aluminium oxide nanoparticles with four different levels of con-
centration including 0.002, 0.01, 0.05 and 0.1 vol% were used for pool boiling tests at the atmospheric pressure. Tests
showed that generally to add nanoparticles will cause the critical heat flux increase and at the certain concentrations about
0.01 vol%, critical heat flux has maximum enhancement about 19%. In this research, additionally, the effects of surface
parameters such as wettability, roughness and thickness of deposited nanoparticles on the critical heat flux have been

analysed.
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Introduction

The use of boiling phenomenon, which involves phase
change of fluid and utilizes latent heat of vaporization for
phase change and heat transfer, is an effective method for
dissipating heat in devices with high thermal power. How-
ever, the boiling has inherent limitations, i.e. film boiling.
The reason is the fact that when heat flux coming into the
surface increases and the bubble generation rate on the sur-
face is more than the bubble departure rate from the surface,
a stable layer of bubbles is formed on the surface, that pre-
vents heat transfer from the surface to the fluid; conse-
quently, it excessively raises the surface temperature and
damages the surface. Amount of heat flux at this moment is
named critical heat flux (CHF). Thus, in the many types of
equipment which the boiling is employed for cooling, heat
flux is maintained in a range much lower than the CHF and
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this decreases efficiency of boiling heat transfer in such
systems. Therefore, enhancement of the CHF can increase
efficiency and safety in such equipment [1].

Investigations carried out on enhancement of CHF and
improve boiling performance are include modifying sur-
face characteristics and thermo-physical properties of
working fluid. To change properties of surface by rough-
ening and coating surface by means of micro- and nanos-
tructure material has been extensively studied [2-8].
Another effective method for increasing CHF is to add
nanoparticles to common fluids such as water, ethylene
glycol and refrigerants. Materials used for nanoparticles
can be chemically stable metals (e.g. gold, silver, copper),
metal oxides (e.g. alumina, zirconia, silica, titania) and
carbon in various forms (e.g. diamond, graphite, carbon
nanotubes, fullerene). Contrary to the milli- and microsize
particle slurries explored in the past, that quickly settle and
often clog the flow channels, in the nanofluids, due to the
fact that the size of nanoparticles is relatively close to size
of base fluid molecules, if nanofluids properly dispersed,
they can make very stable suspensions with little erosion
and gravitational deposit over long periods of time [9-15].
Recent studies of nanofluids boiling are summarized in
Table 1. Some of the major studies on this issue are briefly
introduced in the followings.

You et al. [16] measured enhancement in CHF (up to
200%) for water-based 0.005 g L~! alumina (AL,O3)
nanofluid compared with pure water. They also reported
that the CHF enhancement was achieved by increasing
nanoparticle concentration only for relatively small con-
centrations up to 0.1 g L™". Kim et al. [17] studied the pool
boiling characteristics of dispersions of alumina, zirconia
and silica nanoparticles in water and reported that a
remarkable enhancement in CHF can be achieved at rela-
tively low nanoparticle concentrations (low than 0.1 vol%).

Table 1 Summary of reviews on nanofluid pool boiling

CHF enhancement was also reported by Vassallo et al. [18]
who measured 60% increase in CHF using water-based
SiO, nanofluid 0.5 vol%. They also reported that particles
sediment on the heating surface. Kim et al. [19] conducted
pool boiling experiments of nanofluids with different
concentrations of Al,O; or TiO, nanoparticles using a
0.2 mm diameter cylindrical Ni—Cr wire under atmospheric
pressure. Vazquez et al. [20] reported 250-300%
enhancement in CHF using water-based SiO, nanofluid
(0.2-0.4 vol%). Sulaiman et al. [21] measured 150-200%
enhancement in CHF with Al,Oz;, TiO, and SiO,
nanofluids (0.04-1 g L™h.

The results demonstrated that the critical heat fluxes of
different nanofluids are remarkably over than pure water.
Scanning electron microscopic observation showed that
during the pool boiling of nanofluids, a nanoparticle coat-
ing is deposited on the wire surface. The CHF of deionized
water was measured on a wire which was coated during the
pool boiling experiments of nanofluids. The CHF of pure
water on the nanoparticle-coated wire was close to that of
nanofluids pool boiling test. These results showed that the
modification of the boiling surface by deposited nanopar-
ticles is the main reason for CHF enhancement of
nanofluids.

In this study, nanofluids which contain aluminium oxide
nanopowder with four different levels of concentration
including very low, low, moderate and high concentration
were used for pool boiling test and measuring CHF. Then
by measuring of surface characteristics, the effect of each
one of these characteristics on CHF will be analysed.

References Nanofluids

CHF enhancement

You et al. [16]

Al O3 (0-0.05 g L~", Pressure: 2.89 psia)

200% for copper, 160% for the platinum wire

Substrate: 1 x 1 ecm? polished copper, and platinum wire

Kim et al. [19]
Vazquez et al. [20]

AlLOs, TiO5 (0.00001-0.1 vol%)
Si0, (0.2-0.4 vol%)

AL O3, TiO, and SiO (0.04-1 g L™h
AlLO; (0.001-0.1 vol%)

AlL,O5 (0.001-0.1 vol%)

AlL,O5 (0.001 vol%)

ALO; (107%-0.01 vol%)

ALOj5 (0.01 vol%)

TiO,/water (0.002 wt%)

Al,Oz/water (0.0001-0.01 vol%)

Sulaiman et al. [21]
Vafaei et al. [22]
Shahmoradi et al. [23]
Ahn et al. [24]

Lee et al. [25]

Park et al. [26]
Umesh et al. [27]
Kim et al. [28]

100%
250-300%
150-200%
50%

47%

136%
160%
120%
200%

54%
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Material and method
Preparation of samples

Figure 1 shows a machined aluminium sample, which is
used for the boiling test in this research. Aluminium has
desirable properties such as high thermal conductivity,
good corrosive resistance, low density; thus, it is com-
monly used as material for heat transfer in cooling, air
conditioning and refrigeration systems. The material used
is aluminium alloy 7075. This type of aluminium alloy has
a melting point of 635 °C and a thermal conductivity
coefficient of 130 W (m K)™'.

After machining and dimensional control of all samples,
in order to eliminate any grease and oil remained on the
surface of samples during the machining operation, they
are completely cleaned from oils using acetone and then
washed with deionized water. In order to attain a uniform
initial surface for all samples, the flat surface of all sam-
ples, which has 10 millimetres in diameter, is polished by
using a polisher machine and sand paper 1500.

Preparation of nanofluids

Alumina nanofluid is widely used in heat transfer process
because it is a stable and has uniform suspension, and also
its thermo-physical properties have been well-documented
[29-31].

The procedure used for the preparation of nanofluid in
this research is two-step method. In this method, in order to
prepare nanofluids with four different levels concentration
include 0.002, 0.01, 0.05 and 0.1 vol%, firstly the selected
nanoparticles, that is aluminium oxide nanopowder, type y
with purity of 99% and with the average diameter 47 nm
given from the manufacturer (USNANO), are weighted by
the accurate digital scale and then poured into a certain
volume of deionized water without any additive. An
ultrasonic vibrator, Sonicator ™ Q700, was used to directly
disperse the dry nanoparticles into deionized water for
about 2 h. Amplitude is set 30. (Amplitude or intensity is
controlled from 1 to 100%.)

210

or

(@ (b)

Fig. 1 a Dimensions of aluminium sample in millimetre, b picture of
sample

The most common problem associated with utilizing
nanofluids as the working fluid is sedimentation. In this
research firstly, the used nanofluid has very low concen-
tration. Secondly, for such dilute suspensions, the distance
between particles is much larger than the particle size; thus,
the forces and the interactions between particles at/near the
liquid/gas interface have little impact on the surface
energy. Thus, the van der Waals force between particles is
weak. Additionally, it can be observed that turbulent during
boiling due to formation, growth and collapse bubbles
prevents the clustering and sedimentation of the nanopar-
ticles [32-35].

Experimental set-up

Pool boiling experimental set-up has a cylindrical tank with
a volume almost 700 cubic centimetres. As it is shown in
Fig. 2, the wall of tank is made of Pyrex glass; thus, it is
possible to observe the boiling phenomenon. The upper lid
is made of aluminium and the lower lid from polyte-
trafluoroethylene (PTFE). The connection of upper and
lower lids with the Pyrex tank is enabled by four long bolts
and nuts.

In order to supply high heat flux, a copper heater is used
and six cartridge heaters, each one with a diameter of
8 mm, a length of 4 cm, a power of 200 W, capable of
generating a thermal power of 1200 W in total, are inserted
into the holes made in the copper heater. In order to control
heat flux, a power supply with voltage variation capability
is used along with a multi-metre for measuring voltage or
current.

As shown in Fig. 3, the aluminium sample is in contact
with the copper heater from one end, which has a diameter
of 20 mm, and is in contact with the fluid inside the tank
from the other end, which has a diameter of 10 mm. At the
contact location of the aluminium sample with the PTFE at
the bottom of the tank, heat-resistance washers with com-
mercial name of Green Great are used for sealing. Four
type K thermocouples, namely 7,, T, 75 and T,, are
employed for temperature measurement in different points.
T, is used for measuring the fluid temperature, 7, for
surface temperature, and 75 and T, for heat flux. Each of
these thermocouples has an exclusive sensor with 1 mm
diameter. The wires of both ends of sensors are connected
to a data logger device branded Lutron™, TM-947SD
(Taiwan), which can display data on LCD and record data
on a SD card.

Operating procedure and measurement
In the beginning of the experiment, almost 500 cubic cen-

timetres of prepared nanofluids was poured into the Pyrex
cylindrical tank. The auxiliary heater was then turned on in
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Fig. 2 a A schematic diagram
of experimental set-up for pool
boiling test, b copper block and
aluminium sample

——> Cooling water
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Pyrex glass
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PTFE lid
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Power supply
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Fig. 3 Detail design of the test heater

Green great washer

Copper block

order to increase the fluid temperature more quickly and to
arrive at saturation temperature. Simultaneously, the main
heater of the device was turned on and the voltage value was
set on the minimum value possible for keeping the fluid at
saturation temperature. After a while, the sample surface
temperature increased and reached saturation temperature.
As aresult, vapour bubbles gradually started to appear on the
surface of sample. When fluid temperature reached satura-
tion temperature, auxiliary heater was turned off and in order
to exit air bubbles from liquid, it was maintained at saturation
temperature for 2 h. Then, the data logger system was
switched on, so that the temperatures of Ty, T,, T5 and T,
would be recorded in the memory. Data collection speed

@ Springer
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could be set on the device. This value was equal to one data
per second in this experiment.

Voltage was gradually increased at several stages. Ateach
stage, once voltage had changed, 15 min was considered as
the waiting period, so that steady-state conditions would be
achieved. As voltage or heat flux was increased, the boiling
regime gradually changed and a column of bubbles formed
on the surface of sample. In the vicinity of the critical heat
flux point, voltage variation had to be done very smoothly,
otherwise excessive increase in the temperature of surface
could damage to the sample. In the critical heat flux point,
surface temperature abruptly increased over 100 degrees
centigrade in less than three seconds, with a stable film of
bubbles formed on the surface. Thus, as soon as the abrupt
increase in temperature was observed, heat flux was stopped
and the heater was turned off. The results of measured critical
heat flux at various concentrations of nanofluids are shown in
Table 1. These results are average three times run for boiling
test in each concentration. In order to prevent heat losses and
to measure the CHF more accurately, around the heater was
covered by insulation and heat resistant material so that heat
losses could be assumed negligible. All tests were carried out
in atmospheric pressure and environment temperature
(86 k Pa and 27 °C).

Assuming heat transfer in the top of the copper heater is
one dimensional, and by measuring temperatures 73 and 7y,



An experimental study of the nanofluid pool boiling...

1757

the heat flux can be calculated using Fourier’s law of heat
conduction as follows:

Ty — T3
1
l (1)

Here, [ is distance between thermocouples 7, and T3 and
is equal with 7 mm.

The surface temperature T, of aluminium sample can be
extrapolated by measuring the temperature 7, that is
10 mm lower than the surface of heater and using Fourier’s
law of heat conduction.

q//:K

A
TW = T2 — q//— (2)
k
Here, A is 10 mm.
ATsat = Tw - Tsat' (3)
Uncertainties

The uncertainty of the measurement parameters is analysed
by Kline and McClintock [36] method.

Uy U\ 2 U 2 UM
Cm () () (2 (4)
q k T, —T; AX

2o g 2 /1 g Ax 2 AU
l?—M(Ur) (o) +(m T u) ()

(5)

where the parameters Uy, Uar, Uax and Uy are the
uncertainties of the heat flux, 7, — T3, Ax and thermal
conductivity, respectively [37].

The error in the temperature and heat flux dissipated by
the heater was estimated to be 0.5 °C and 4%, respectively.
The error in the wall temperature and boiling heat flux with
the copper block heater was estimated to be 0.5 °C and 5%,
respectively. The maximum uncertainties in the wall tem-
perature and heat flux measurements were within 4.7% and
6.8%, respectively.

Results and discussion
Calibration of set-up

In 1959, Zuber [4] developed a hydrodynamic model for
prediction of the CHF on an infinite horizontal and smooth
flat surface as follows:

denr = 0‘131hfgpg.5 [O'g (pl _ pg)]().zs ©)

where hg, is latent heat of vaporization, ¢ is surface ten-
sion; p; and p, are liquid and vapour density, respectively.

Zuber’s model has good accuracy for DI water pool boiling
test on the smooth flat surface. Therefore, this model is
used for calibrating set-up by DI water. In order to calibrate
pool boiling set-up, preliminary tests were performed using
deionized water and a sample with smooth plate surface.
Then, results were compared with Zuber’s well-known
correlation at Eq. 6. Measured CHF from the test was
1034.2 kW m 2, and the calculated amount using Zuber’s
correlation was 1029.42 kW m™>. This comparison
showed that the amount of measured CHF was in a good
agreement with Zuber’s correlation. Furthermore, this
validation showed that experimental data obtained from
pool boiling set-up could be reliable.

Boiling curves

One of the weaknesses of Zuber’s model was that, he did
not consider the effect of surface properties. Following
him, Kandlikar [38] proposed a model with considering the
effect of surface wettability. It is for horizontal plate as
follows:

" os(1+cosO\[2 = 05 0.25
dour = higpy 16 po + 1 (1+4cos0) [ag(pl - pg)]
(7)

Measured results of CHF and correlated by Kandlikar’s
model are shown in Table 2. It is well known that wetta-
bility has significant effect on the CHF, but as will
explained, in addition to wettability other parameters such
as roughness, thickness and porosity of deposited layer are
effective in the critical heat flux. Therefore, results
obtained from Kandlikar’s model in Table 1, due to don’t
consider effect each of these parameters, are different from
measured results.

As shown in Fig. 4, at very low concentration,
0.002 vol%, due to very thin thickness of deposited
nanoparticles, contact angle is almost same surface of
initial sample, and therefore, CHF is almost same DW
boiling test. At boiling test with the very low concentration
of nanoparticles due to deposit very little nanoparticles and

Table 2 Measured critical heat flux at different concentrations of
nanofluids

Concentration/vol% CHF/W cm™2
Measured Kandlikar’s correlation
0 (DW) 103.42 78.82
0.002 107.1 88.56
0.01 121.18 138.4
0.05 114.6 145.74
0.1 115.8 152.78
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Fig. 4 Heat flux versus superheat temperature of surface for DW
water and nanofluids

do not fill nucleation sites therefore, nucleation sites will
activate earlier and superheat temperature of the surface is
lower. But at higher concentrations due to fill nucleation
sites and reduce number of them, superheat temperature of
surface will be higher.

Relative variations of CHF of nanofluids to deionized
water versus concentration are shown in Fig. 5. As shown
in this figure, very low concentrations of nanoparticles
have not effect on the CHF. On the other hand, the use of
nanofluids with high concentrations reduces relative CHF.
Only at certain concentrations, around of 0.01 vol%,
enhancement of the CHF up to 19% can be seen. This trend
of CHF variation was further confirmed by the experi-
mental studies of Kim et al. [39], Golubovic et al. [40] and
Liu et al. [41, 42] with fairly difference due to experi-
mental parameters such as the nanoparticle materials and
shape of heater.

As shown in Fig. 6, pool boiling heat transfer coefficient
of nanofluids at all concentrations except very low con-
centration, 0.002 vol%, is less than deionized water. At
high concentrations due to the significant effects of
deposited nanoparticles on the surface characteristics, it
causes the heat transfer coefficient decrease. A layer of

1.2
1.18+
1.164
1.14+
1.124

1.1
1.08 -
1.06 4
1.04 1
1.024

(CHF of nanofluid)/(CHF of water)

0 002 004 006  0.08 0.1 0.12
Concentration/vol%

Fig. 5 Curve of relative variations of CHF of nanofluid to water
versus concentration
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Fig. 6 Variations of pool boiling heat transfer coefficient with heat
flux at different concentrations

nanoparticles deposited on the surface can decrease heat
transfer coefficient. Because, firstly when nanoparticles
deposit, they fill cavities on the surface and reduce nucle-
ation site density. Secondly, thermal conductivity of
deposited layer is very lower than aluminium sub-layer.
Thickness of deposited layer is depended on concentration
of nanofluid. Therefore, as shown in the Fig. 6 with
increasing concentration, the heat transfer coefficient
decreases. At very low concentration (0.002 vol%),
because deposited nanoparticles are negligible and the
effect of nanoparticles in the fluid is more dominant than
deposited nanoparticles in the heat transfer, it has heat
transfer coefficient higher than deionized water.

As shown in Fig. 5, extent of the variations in concen-
trations of less than 0.01 vol% is remarkable. Therefore,
boiling phenomenon is more influenced by low concen-
trations of nanoparticles. In order to analyse these changes
in boiling parameters, two factors can be considered: first,
the change in chemical and thermo-physical properties of
fluid due to adding nanoparticles and second, the change in
geometrical properties of the surface due to deposit of
nanoparticles on the boiling surface.

Dispersed nanoparticles in the deionized water are in the
form of a suspension solution, and no reaction occurs
between the nanoparticles and the base fluid. In addition,
due to not using surfactants as well as the low volume
fraction of nanoparticles, it can be concluded that the
chemical composition and thermo-physical properties of
nanofluids are approximately equal to the base fluid and
will not change. This is confirmed in many tables and
researches on properties of alumina nanofluid at low con-
centrations [34]. As shown in Fig. 7, Kwark et al. [43]
measured thermo-physical properties of Al203 nanofluid
as thermal conductivity, surface tension and viscosity at
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low concentrations. Figure 7 summarizes these experi-
mental results, and it can be concluded that nanofluids do
not affect the thermal properties of base fluid (water) at the
low concentrations (< 1 g Lfl) tested.

Two factors have effect on the surface tension of
nanofluid, surfactant and change in concentration due to
evaporation of nanofluid. In this research because of, firstly
don’t use of surfactant and secondly use of condenser in
order to the prevention of nanofluid vaporization and keep
constant of concentration, surface tension will be constant
[35]. Furthermore, at low particle concentrations, because
for dilute nanofluids, the distance between particles is
much larger than the particle size; thus, the forces and the
interactions between particles at the liquid interface have
little impact on the surface energy [34].

Therefore, first factor cannot be the reason for changing
specifications of boiling and the main reason for changing
is deposition of the nanoparticles on the surface. The effect
of deposited nanoparticles on the surface can be deter-
mined by measuring the parameters of boiling surface such
as roughness, wettability and coating thickness. The results
obtained from the measurement of the surface parameters
and their effects on the critical heat flux will be explained
in the following.

Parameters of surface
After the boiling tests, all samples were analysed accu-

rately. At the first glance, it was observed that a thin layer
of aluminium oxide nanoparticles was deposited on the

A @22°C
O @60°C
O @95°C
A Kimetal. [12]
12 } et |
=] - I
= \
9iw0 00 000 A8 4
= " (a) l ‘
0.8 L—. . el ]
12 — , |
g s | A
gb‘é 105 A ‘A OO O A —
Sy L
08 (bn)n |||||l ol ol L 1 1
12 } I
- L I
g . !
ER 1083 B 0 00000 x
103 102 10! 100 10!

Concentration/g/1

Fig. 7 Thermo-physical properties of Al,O3; nanofluids at various
concentrations and temperatures. a Thermal conductivity, b surface
tension and ¢ kinematic viscosity [43]

surface uniformly. It must be noted that deposition of
nanoparticles at this state is not gravitational deposition or
sedimentation because if tank has been upside-down,
nanoparticles could not be separated from surface and back
to fluid, because they are bonded to surface. Deposition of
nanoparticles is due to vaporize liquid in the microlayer
region beneath the bubble. As liquid in the microlayer
vaporize, bubble grows and concentration of nanoparticles
in this region increases. Nanoparticles come closer, and
regard to high temperature of the surface, they bond to the
hot heater surface [43]. In this layer of deposited
nanoparticles on the boiling surface, due to porosity and
high absorbency of alumina nanoparticles, wettability
increases and also owing to porosity of this layer, capillary
wicking flow within this layer increases too. Both of these
factors will prevent to dry out surface and will delay CHF
[44, 45].

The effect of contact angle

As shown in Fig. 8, static contact angle of samples was
measured by drop shape analysis (DSA) method. The
video-based optical contact angle measuring system, Dat-
aphysics ™, OCA 15 EC (England) was used for measuring
contact angle. The contact angle was measured five times
for each sample. Tests were carried out at an ambient
laboratory temperature 27 °C and at relative humidity
55%. Angle between the baseline of the drop and the
tangent at the drop boundary is measured.

At the nucleate boiling, maximum heat flux is limited to
CHF by the mechanisms of liquid supply to and vapour
escape from the phase-change interface [46]. Many nano-
fluid boiling studies have shown that the improvement of
surface wettability by depositing nanoparticle can increase
the CHF [47].

CA left: 76.9°
CA right: 73.1°

Fig. 8 Measurement of contact angle by drop shape analysis method.
Uncertainty is about £+ 0.1°
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Deposition of nanoparticles is due to vaporize liquid in
the microlayer area under the bubble. As liquid in the
microlayer vaporize, bubble grows and concentration of
nanoparticles in this area increases. Nanoparticles come
closer, and regard to high temperature of the surface,
nanoparticles bond to the hot heater surface [43]. In this
layer of deposited nanoparticles on the boiling surface, due
to high absorbency of alumina nanoparticles, wettability
increases and also owing to porosity of this layer, capillary
wicking flow within this layer increases too. Both of these
factors will cause surface immediately rewets, and thus, it
will prevent to dry out surface and will delay CHF.

As shown in Figs. 9 and 10, in very low concentration
of nanoparticles, 0.002 vol%, due to deposit a very thin
layer of nanoparticles, contact angle changes a little. But
with increasing concentration to low concentration,
0.01 vol%, the thickness of deposited layer increases
remarkably and this will cause contact angle to decrease
significantly. Therefore, in this condition CHF will
increase remarkably. Furthermore, it is noticeable that in
this situation, roughness increases too and this can be
effective in more enhancement of the critical heat flux. At
concentrations more than 0.01 vol%, although thickness
has increased, roughness and CHF have decreased unex-
pectedly and this needs more investigations.

The effect of coating thickness

Thickness of deposited nanoparticles layer on the surface
of sample was measured by a Thickness-metre device
Elcometer™, 456. Thickness of deposited layer is depen-
ded on concentration and boiling duration. As regards,
boiling duration for all samples has been same; therefore, it
can be concluded that thickness is depended on concen-
tration of nanoparticles. Results in Table 2 confirm this
subject. On the other hand, with increasing thickness,
wettability of surface will increase, and at high thickness,
variation in the wettability will be less. Based on experi-
ments done by Kwark et al. [43] at the certain thickness,

80
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60 -

le/°

e 50 -

an,

= 40
30 4

Contac

20 A
10
0

0 0.02 0.04 0.06 0.08 0.1 0.12
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Fig. 9 Curve of contact angle versus concentration
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Fig. 10 Curve of thickness versus contact angle

wettability will be the maximum value and after that with
increasing thickness, wettability will remain constant. In
order to determine the optimum thickness, more experi-
ments must be done.

The effect of roughness

After boiling test, roughness of all samples was measured.
Results obtained from the measurement of surface rough-
ness using atomic force microscopic device NT-MDT ™,
NTEGRA (Russia) are shown in Fig. 11. As shown in this
figure, the highest roughness of the surface is related to the
sample tested by nanofluids with a concentration of
0.01 vol%. This sample has highest critical heat flux.
Therefore, it can be concluded that surface roughness has a
direct effect on the critical heat flux. Because regard to
Young’s equation that was modified by Wenzel [48] as
follows:

Cos) = v — st (8)
o

This equation shows relation contact angle, 0 to surface
tension, o, adhesion tension, 7y, —yq and roughness.
Wenzel defined a roughness factor, r, as the ratio of the
effective contact area to the smooth contact area. Accord-
ing to the above equation with increasing surface rough-
ness, contact angle decreases. It is well known that
decrease in contact angle will increase critical heat flux
[49].

According to the results obtained in Figs. 5 and 9, in the
concentrations of average and above, although wettability
increases, critical heat flux reduces; therefore, it can be
concluded that in addition to wettability, another parameter
is effective on the critical heat flux. As shown in Figs. 4
and 12 with the exception of very small concentration,
0.002 vol%, the trend of changing of roughness is similar
to the trend of changing of critical heat flux at different
concentrations. In other words, by increasing or decreasing
the concentration, the critical heat flux and roughness
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(b)

Fig. 11 Three-dimensional pictures and amounts of roughness of
surface. a Boiling by nanofluid 0.002 vol%. R, = 0.147 pm, R
= 0.2 pm, b boiling by nanofluid 0.01 vol%. R, = 0.326 pm, R
=0.433 um, c¢ boiling by nanofluid 0.05 vol%. R, = 0.228 pm,
Rims = 0.335 pm, d boiling by nanofluid 0.1 vol%. R, = 0.221 pm,
Rins = 0.313 pm
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Fig. 12 Curve of roughness versus concentration

changes similarly. Therefore, it can be concluded that the
critical heat flux in addition to being directly influenced by
wettability it is affected by roughness.

Conclusions

In this paper, it was shown that during nanofluid pool
boiling process, a layer of nanoparticles is deposited on the
boiling surface. The effect of deposited nanoparticles on
the surface was determined by measuring the parameters of
boiling surface such as roughness, wettability and coating
thickness. It was founded that deposited nanoparticles can
change morphological and chemistry characteristics of
surface such as roughness and wettability. This will cause
main parameters of boiling change significantly. It was
concluded that deposition of nanoparticles increases

wettability and this is main reason enhancement of CHF.
Furthermore, very low concentrations of nanoparticles
have no effect on the CHF and at certain concentrations;
around 0.01 vol%, maximum enhancement of the CHF up
to 19% was seen.
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