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Nucleate pool boiling heat transfer coefficients of Al2O3-water and TiO2-water
nanofluids have been experimentally measured on three horizontal tubes with different
materials and similar roughness under atmospheric pressure. Results revealed that the
presence of nanoparticles in the base fluid leads to an increase in pool boiling heat trans-
fer coefficients on stainless steel and brass tubes in contrast to copper tube. The effect of
different materials on excess temperature around the surface of the tubes has also been
investigated. In addition, experimental investigations on the effect of different nano-
particles on nucleate boiling heat transfer have been conducted at volumetric concentra-
tions of 0.1 %, 0.5 %, and 1 % of nanoparticles. Results indicated that the presence of
nanoparticles have no effect on the pool boiling heat transfer coefficient for the copper
tube. Variations of surface excess temperature for the copper tube were higher in com-
parison with that of the other tubes tested.
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Introduction

Recent advances in nanotechnology applica-
tions have allowed development of a new class of
liquids termed nanofluids, first used by a group at
Argonne National Laboratory USA1 to describe liq-
uid suspensions containing nanoparticles with ther-
mal conductivities, orders of magnitude higher than
the base liquids, and with sizes significantly smaller
than 100 nm. The augmentation of thermal conduc-
tivity could provide the basis for a major innovation
for the intensification of heat transfer, which is per-
tinent to several industrial sectors including trans-
portation, power generation, micro-manufacturing,
chemical and metallurgical industries, as well as
heating, cooling, ventilation, and the air-condition-
ing industries.2 Literature findings regarding pool
boiling of nanofluids can be summarized as fol-
lows: The use of nanofluids application in the field
of heat transfer was introduced by Choi.3 Das et al.4

studied nucleate pool boiling heat transfer of
Al2O3-water nanofluids on the surface of a hori-
zontal cylindrical cartridge. The presence of nano-
particles negatively affected the boiling perfor-
mance and the negative impact became more pro-
nounced when the nanoparticle concentration was
increased. Similar results were found in the later
study by Das et al.5 using smaller cartridges. These

authors believed that the lower pool boiling perfor-
mance was related to changes of the heater’s sur-
face characteristics. You et al.6 studied pool boiling
heat transfer of silica-water and alumina-water nano-
fluids at sub-atmospheric pressure. Results showed
that the presence of nanoparticles increased the val-
ues of the critical heat flux (CHF). Witharana7 stud-
ied the effect of gold nanoparticles on boiling heat
transfer of water under atmospheric pressure and
found a noticeable increase in nucleate boiling heat
transfer. Vassllo et al.8 investigated the pool boiling
heat transfer behavior of silica-water nanofluids on
a horizontal Ni-Cr wire under atmospheric pressure.
Although their experiments illustrated a 200 %
CHF increase, no significant heat transfer coeffi-
cient enhancement was observed. Tu et al.9 ob-
tained a significant enhancement in both boiling
heat transfer coefficient and critical heat flux with
Al2O3 water nanofluids. Due to these contradictions,
more research on the effect of nanoparticles on the
pool boiling heat transfer coefficient are required
for better understanding.10–13

Experimental

Experimental setup

As shown in Fig. 1, used were three similar
tubes (in terms of roughness and geometrical sizes)
of dimensions: Length 450 mm; Outer diameter
20 mm. The cubic test chamber was a stainless
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steel made vessel with inside dimensions of
450 mm × 150 mm × 150 mm. The chamber was
heavily isolated using industrial glass wool to pre-
vent heat loss from the sides. To measure the cylin-
der surface temperature, four K-Type thermocouples,
150 mm in length and 2 mm in diameter, were in-
stalled near the surface at 12, 3, 6, 9 o’clock po-
sition of the cross section of each tube. To minimize
the contact thermal resistance, high quality silicon
paste was injected through the thermocouple wells.
Arithmetic average of the four readings was con-
sidered as surface temperature. A regular DC power
source was used to supply power to the central
heater and unit. To prevent the vapor from escap-
ing, a vertical condenser was used. More details
are given in Figs. 1–3, respectively. Noticeably, in
this work, similar to some earlier works,2,7,13 all
the heat generated by the central heater is consid-
ered to be radially transferred to the solution and
no axial or radial heat loss is considered. In this re-
gard, the test chamber was heavily isolated and
therefore no heat loss was considered throughout
the vessel.

Plenary experimental procedure

In each experimental run, each tube was pol-
ished several times with wet emery paper (rough-
ness approximately 0.03–0.04 �m) to achieve ap-
parent smoothness. Profilometer images show that
the roughness of each tube’s surface could be con-
sidered smooth at approximately 0.034 �m.20 In this
research, a contact profilometer was used. In brief,
the use of the profilometer proceeded as follows:
A diamond stylus was moved vertically in contact
with a cylinder surface and then moved laterally
across the cylinder for a specific distance at specific
contact force. A profilometer can measure small
surface variations in vertical stylus displacement as
a function of position. The profilometer used in this
research (P6-Roll KLA Tencor) could measure
small vertical features ranging from 10 nanometers
to 1 millimeter in height. The height position of the
diamond stylus generates an analog signal, which is
converted into a digital signal stored, analyzed and
displayed. The radius of diamond stylus ranges
from 20 nanometers to 25 �m, and the horizontal
resolution is controlled by the scan speed and data
signal sampling rate. The stylus tracking force can
range from less than 1 to 50 milligrams. Fig. 4 rep-
resents the surface roughness for copper, stainless
steel and brass tubes. As seen, the surfaces have
closely similar roughness and can be considered
similarly.

To prepare the nanofluid with desired concen-
tration, nanoparticles were homogeneously dis-
persed into pure water. Each time, a magnetic stirrer
was used to mix the nanoparticles uniformly for
about 3.5 hrs. To control the range of pH, simulta-
neous with mixing, a Digital pH meter (Omega,
PHH-830) was employed. Respectively, one hour
before adding nanofluids into the test vessel, an
ultrasonic device (Hielscher) was used to stabilize
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F i g . 1 – Schematic and dimensions of heating section

F i g . 2 – Details of cartridge heater and cross-sectional
view

F i g . 3 – Schematic of the experimental apparatus



and homogenize the particles into the base fluid. A
two-step statistical counting was also done before
running and finishing the experiments in order to
measure the average nanoparticles size. Results of
the two-step counting were almost similar to each
other. Fig. 5 presents the particle size for Al2O3 and
TiO2 nanoparticles.

As shown in Fig. 5, average particle sizes for
Al2O3 and TiO2 were 48 nm and 52 nm respectively.

To calculate the real surface temperature, eq.
(1) was used to mathematically estimate the surface
temperature values.
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Where: Ts is real surface temperature, Tthm is arith-
metic average of four installed thermocouples, U is
heater voltage, and I is current of heater, ro and ri

are outer and inner diameter of tube respectively, L
is effective length, and K is thermal conductivity of
the tube. The boiling heat transfer coefficient � is
calculated by the following equation:

� �
�
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Tb is the saturation temperature of the tested
liquid. To ensure accuracy of thermocouple read-
ings, calibration with pure water was done before
running the experiments. After calibration, the en-
tire system including the central heater and the in-
side of the test vessel were cleaned and the test liq-
uid was introduced. Then the vacuum pump was
turned on and the pressure of the system was kept
low approximately at 10 kPa for about eight hours
to allow all the dissolved gases, especially the dis-
solved air, to escape from the test liquid. Following
this, the vessel band heater was switched on and the

temperature of the system was allowed to rise to
saturation temperature. This procedure presents a
homogeneous condition right through. Then power
was slowly supplied to the rod heater and increased
gradually to a constant predetermined value. Data
acquisition systems were simultaneously switched
on to record the required parameters including the
central heater temperature, bulk temperature, heat
flux. All experimental runs were carried out with
decreasing heat flux to eliminate the hysteresis
effect. To maintain the constant heat flux, as seen in
Fig. 2, a DC voltage regulator was used to prevent
fluctuations in the alternate current. Therefore, the
constant heat flux at each voltage exhibits no fluc-
tuations. Some runs were repeated more than three
times to ensure the reproducibility of the experi-
ments and measured experimental data. After each
run, the tube was changed with a dissimilar tube
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F i g . 4 – Surface roughness of cylinder tubes provided by
profile meter

F i g . 5 – Nanoparticle size distribution of Al2O3 and TiO2

after sonication



and all the steps repeated. Additionally, nanoparticles
were substituted to survey the influence of different
nanoparticles on different tube materials. Notice-
ably, in each experimental run, the height of the
tested liquid was about 15 mm above the upper sur-
face of each tube in order to conserve the pool boil-
ing mode and prevent changing the nanofluid con-
centration due to the base fluid evaporation (water).

Uncertainty prediction

To measure the uncertainty of each experimen-
tal run, the mathematical mean square method was
used. According to heat flux estimating correlation:
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Experimental uncertainty is obtained from the
following equation:
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With regard to Table 1, value for � q will be
estimated.

Accordingly, pool boiling heat transfer coeffi-
cient uncertainty, according to the traditional as-
sumption � � f q T( , ) and obtained � q by eq. (4)
is obtained by the following equation:
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In this research, �T equals ±0.3 K due to accu-
racy of each thermocouple and � q equals 1.25 %
according to eq. (4). Furthermore, uncertainty of es-
timating the heat transfer coefficient equals ± 8.1 %.

Results and discussions

To validate the apparatus as well as the experi-
mental procedure and operation of temperature mea-
surement system, data for distilled water was com-
pared with nanofluids. Likewise, this comparison was
repeated for various dissimilar tubes. These data are

kept as a reference for further comparisons with ex-
perimental data. For better understanding, experimen-
tal heat transfer coefficients of pure water for three
different tubes are given at Fig. 6. Fig. 6 presents the
pool boiling heat transfer coefficient for stainless
steel, brass and copper tubes. For different tubes, the
results are closely similar. However, copper tube heat
transfer coefficient is the poorest heat transfer coeffi-
cient while the stainless steel tube is the highest.

According to eq. (2), lower superheat wall tem-
perature leads to higher heat transfer coefficient.
Therefore, with a rough comparison between Fig. 6
and 7 and also considering eq. (2), it is found that:

� � �Stainless steel Brass Copper� � (6)

Respecting to eq. (6), for a clear understanding,
the excess temperatures (Surface temperature-satu-
ration temperature which is also called wall super-
heat temperature) of each tube have been compared
in Fig. 7.
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T a b l e 1 – Values for �w, �ro, �L

No. Parameter � Unit

1 �w 6.5 Watt

2 �ro 0.2 mm

3 �L 0.01 mm

F i g . 6 – Comparison of pool boiling heat transfer coeffi-
cients for water

F i g . 7 – Comparison of excess temperature of each tube
for pure water



Results for stainless steel tube show that the
rate of increase of pool boiling heat transfer coeffi-
cient in the presence of nanoparticles is higher than
other tubes. Clearly, increased nanofluids concen-
tration leads to increased heat transfer coefficients,
which is shown in Fig. 8.

Figs. 9 and 10 similarly show the experimen-
tal pool boiling heat transfer coefficient on brass
and copper tube respectively. Unlike stainless steel,
for the copper tube the heat transfer coefficient
deteriorates with increased concentration of nano-
particles.

For clearly representing the influence of differ-
ent nanoparticles on pool boiling heat transfer, TiO2

nanoparticle was selected to be substituted with
Al2O3. Table 2 presents some physical properties of
these nanoparticles.

In general, the contradicting results observed
during the boiling of nanofluids could be due to the
complex nature of boiling heat transfer. During
boiling several parallel mechanisms of heat transfer,
namely phase change, natural convection due to
surface tension, micro convection due to bubble de-
parture, Marangoni convection due to surface ten-
sion gradient along the bubble surface are present.
The presence of solid particles in nanofluid not
only changes the thermal conductivity substantially,
but could also alter the surface tension of the fluid
and the surface properties of the heater. The effect
of nanoparticles could depend on a number of pa-
rameters like composition, shape, size, concen-
tration agglomeration etc. Therefore, it is too early
to predict a generalized heat transfer behavior of
nanofluids. A large number of systematic experi-
ments under controlled conditions are needed to as-
certain the effect of each parameter of the nanofluid
on boiling heat transfer. However, due to the signif-
icant influence of nanoparticles on surface rough-
ness, the excess temperature (wall superheat tem-
perature) decreases. The main reason for this phe-
nomenon refers to the fact that due to increase of
thermal conductivity in result of nanoparticle depo-
sition, especially around the surface, the conduction
heat transfer mechanism is improved and heat
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F i g . 8 – Experimental heat transfer coefficients of Al2O3

nanofluids on stainless steel tube

F i g . 9 – Experimental heat transfer coefficient Al2O3 nano-
fluids on Brass tube

F i g . 1 0 – Experimental heat transfer coefficient Al2O3

nanofluids on copper tube at various concentra-
tions of Al2O3

T a b l e 2 – Physical properties of tested nanoparticles

Nano-
particle

Density,
g cm–3

Molar
mass,

g mol–1

Conduc-
tivity,

W m–1 K–1

Mean
particle

size

Al2O3 4.05 101.96 30 48 nm

TiO2 4.23 79.9 12.1 52 nm



transfer mechanism will occur conveniently. Be-
sides, the presence of deposition particularly around
the heating surface changes surface roughness
locally and helps generate more bubble columns.
Furthermore, the generated heat of the heater
will be transferred to bulk of solution conveniently
in comparison to the case without nanoparticles,
and surface temperature profile is degraded too.
Subsequently, the heat transfer coefficient in-
creases. Additionally, to ensure validation of
obtained results, the experimental results were
cross checked using Cooper proposed correla-
tion:12

� � � ��055 0 12 0 434. . . (log )pr
pr

� � � � � �[ . log ( )] . . .0 434 0 55 0 5 0 67p M qr

(7)

Where pr is reduced pressure, q is corresponding
heat flux, and M is molecular mass. Results of pool
boiling heat transfer coefficient for TiO2 nano-
particles are shown in Figs. 11–13 for stainless
steel, brass and copper tubes respectively. As seen
in Figs. 11 and 12, similar to Al2O3, an increased
concentration of nanoparticles leads to increased
heat transfer coefficient around the stainless steel
and brass tubes. Increased values for stainless steel
are higher than for the brass tube.

In contrast to stainless steel and brass tube, the
boiling heat transfer coefficient significantly deteri-
orated on the copper tube experiments. The main
reason for this phenomenon is the fact that copper
has the highest thermal conductivity compared to
the other materials, and the temperature of copper
surface is also higher than that of stainless steel or
brass tubes. The presence of nanoparticles around
the copper tube surface changes the surface rough-
ness and contact angle clearly exhibiting heat trans-
fer deterioration despite the high thermal conduc-
tivity of copper. Therefore, nanoparticles have a
negative effect on boiling heat transfer around the
copper tube. In this regard, more experiments are
needed to show the influence of nanoparticles pre-
cisely.

It is not recommended to use nanoparticles for
enhancing the boiling heat transfer coefficient
around copper smooth surfaces. For confirmation,
Fig. 14 shows the variations of excess temperature
in comparison with nucleate boiling heat transfer
coefficient for various tubes with the presence of
nanoparticles simultaneously.

Fig. 15 typically represents the excess tempera-
tures (wall superheat temperatures) of used tubes at
pool boiling heat transfer of 1 % volumetric TiO2

nanofluid. Briefly speaking, due to the lower ther-
mal conductivity of stainless steel in comparison
with brass and copper tubes, the heating section
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F i g . 1 1 – Experimental heat transfer coefficient for TiO2

nanofluids on stainless steel tube

F i g . 1 2 – Experimental heat transfer coefficient for TiO2

nanofluids on brass tube

F i g . 1 3 – Experimental heat transfer coefficient for TiO2

nanofluids on copper tube



surface temperature is lower relative to the other
tubes and with regard to eq. (1), the nucleate boil-
ing heat transfer coefficient around stainless steel is
higher than that of brass and copper tubes. How-
ever, for the copper tube, due to very high thermal
conductivity and strict dependence of its conductiv-
ity on temperature, the heat transfer coefficient is
deteriorated and wall super heat temperature around
the copper tube rises in comparison with other ma-
terials.

Although for CHF, in earlier works, the higher
wall super heat temperature, the higher CHF has
been reported but in lower heat fluxes and at initial
steps of boiling, lower wall super heat is desired
owing to the higher heat transfer rates which is
truly observable in this work.

Conclusion

Experimental investigation of pool boiling heat
transfer has been conducted on different tubes with
similar dimensions for different concentrations of
Al2O3 and TiO2 nanofluids. For stainless steel and
brass tubes, the presence of nanoparticles signifi-
cantly enhanced the pool boiling heat transfer coef-
ficients. In contrast, heat transfer coefficients dete-
riorated around the copper tube due to its higher
thermal conductivity in comparison with the other
tubes. Additionally, TiO2 in comparison with Al2O3

enhances the pool boiling heat transfer coefficient
for stainless steel and brass tubes, but decreases the
pool boiling heat transfer coefficient for the copper
tube. Furthermore, based on the experimental re-
sults, it is not recommended to use nanofluids for
enhancing the heat transfer coefficient around the
copper surfaces. In conclusion, in terms of quantity,
for Al2O3 nanoparticles, heat transfer coefficient en-
hancement of about 47 % is reported for stainless
steel tube, and 33 % is reported for brass tube.
However, for TiO2 nanoparticles, heat transfer coef-
ficient enhancement of about 45 % is reported for
stainless steel tube, and 29 % for brass tube. In con-
trast, for copper tube, Al2O3, reduction of about
35 %, and TiO2, reduction of about 48 % is re-
ported.

N o m e n c l a t u r e

A � area, m2

I � current, A

K � thermal conductivity, W m–1 K–1

q � heat, W

ro � outer radius of cylinder, m

ri � inner radius of cylinder, m

T � temperature, K

W � power, J s–1

x � liquid mass or mole fraction

y � vapor mass or mole fraction

S u b s c r i p t s

b � bulk

i � component

id � ideal

l � liquid

s � saturated or surface

th � thermocouples

v � vapor

G r e e k s y m b o l s

� � heat transfer coefficient, W m–2 K–1
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F i g . 1 4 – Excess temperatures of dissimilar tubes at differ-
ent heat fluxes

F i g . 1 5 – Status of heat transfer coefficient, excess tem-
perature and heat flux for different tube mate-
rials
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