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This paper presents an investigation of the boiling heat transfer of iron oxide/de-ionized water nanofluid
on a flat copper surface under atmospheric pressure. Measurements were conducted to evaluate the
effects of nanofluid concentration, surface type, surface roughness, sedimentation thickness, and heat
flux on the roughness of the surface after boiling experiments. For this purpose, the effect of sedimenta-
tion of the nanofluid on both the smooth and the rough surfaces on the boiling heat transfer of the nano-
fluid was investigated through some experiments. Results showed that after the boiling test on the rough
surface, boiling heat transfer of nanofluids reduced at low heat fluxes, while it increased in high heat
fluxes. Moreover, after the boiling test on the smooth surface, boiling heat transfer of nanofluids
increased at low heat fluxes, while it did not change in high heat fluxes. Results also indicated that the
effects of surface deposition were more evident at high nanofluid concentrations. Furthermore, for rough
surfaces with high heat flux and smooth surfaces with low heat flux, it was observed that boiling heat
transfer can be increased by making a deposit on the surface.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Boiling is one of the efficient mechanisms of heat transfer
employed in different engineering applications, and its enhance-
ment has been a topic of interest to many researchers in recent
years. Different methods for enhancing of heat transfer are divided
into two categories, namely the active and passive methods. Pas-
sive methods include rough surfaces, extended surfaces, and addi-
tion of materials to the fluid, and examples of active methods
include use of electrostatic fields and inducing vibrations to the
surface or the fluid [1,2].

Nanofluids are known as suspension of solid nanoparticles with
sizes smaller than 100 nm in conventional fluids. Addition of
nanoparticles is considered a passive technique in enhancement
of boiling heat transfer. Numerous researches have been conducted
on heat transfer and thermophysical properties of nanofluids
[3–23].

Review of previous researches shows that nanofluids boiling
heat transfer is performed in different experimental conditions.
Some studies have been done on thin wire and other studies have
been completed on a flat surface as a boiling surface. Boiling heat
transfer on a flat surface is very useful and reliable compared to
that on thin wires [24]. Recent studies of nanofluids boiling on thin
wire and flat surface, respectively, are summarized in
Tables 1 and 2.

According to the literature studies, no consistent results exist
regarding the coefficient of boiling heat transfer when the
nanoparticles increase. Although some researchers reported no
changes in the coefficient of boiling heat transfer, some other
reported its reduction, and other reports indicated its increase.
Hence, in order to achieve consistent results on this matter, further
studies are to be conducted on the parameters affecting the boiling
characteristics of nanofluids including geometry and topology of
the surface [24,30].

With regards to the significance of the changes in the boiling
surface caused by the boiling heat transfer, some of the major stud-
ies on this issue are briefly introduced in the followings.

Suriyawong and Wongwises [43] investigated the boiling heat
transfer of water/titanium oxide on both copper and aluminum
surfaces. The pool boiling heat transfer coefficient of the copper
surface was higher than the aluminum surface. This difference in
the heat transfer coefficient is probably due to the characteristics
of the surface of heaters and nanofluid interfaces affecting the tri-
ple contact line, formation of bubbles, and their separation.

Kim et al. [27] investigated the characteristics of pool boiling
heat transfer for suspensions of nanoparticles of aluminum,
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Nomenclature

Cp specific heat (J/kg K)
Csf coefficient in Rohsenow correlation
d distance (mm)
h heat transfer coefficient (W/m2 K)
hfg fluid’s latent heat (J/kg)
K thermal conductivity (W/m K)
n power in Rohsenow correlation
Pr Prandtl number
q00 heat flux (W/m2)
Ra average roughness of the surface (lm)
T temperature (K)
t time (min)
U uncertainty

Greek symbols
l dynamic viscosity (N/m2)
q density (kg/m3)
r surface tension (N/m)
1 electrical charge
u roughness parameter

Subscripts
l liquid
s surface
sat saturated
v vapor
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zirconium oxide, and silicon in water for low volume concentra-
tions (lower than 0.1 wt%) .A stainless steel wire of 0.381 mm with
a length of 120 mm was used as the heating source. According to
the results, some of the nanoparticles precipitated on the heater
surface. The precipitated layer increases the wettability of the sur-
face by reducing the static contact angle on the heater surface.
Hence, this increase in the wettability of the surface results in
lower chances for the nanoparticles to fill the nucleation cavities,
lower density of nucleation sites, and lower coefficient of boiling
heat transfer.

Das et al. [33,34] investigated the characteristics of pool boiling
heat transfer of water/alumina oxide nanofluid on horizontal cylin-
ders with different surface roughness. Nanofluids of 4–16 weight
percent were used in these experiments. The authors reported a
surface roughness of 0.37–0.45 lm, which was larger than the
nanoparticle sizes by an order of one. The reported results indi-
cated that sedimentation of nanoparticles on the surface caused
filling of the cavities, and consequently, a reduction in the heat
transfer. Moreover, the coefficient of boiling heat transfer
decreased as the concentration of nanoparticles increased. There-
fore, heat transfer was dependent on the surface roughness and
the weight percent of the nanoparticles.

Bang and Chang [36] studied the boiling heat transfer of the
water/alumina oxide nanofluid on a smooth surface. This experi-
ment was conducted on a rectangular surface of 400 mm2 area.
The surface roughness was 37.22 nm, which was 10 nm smaller
than the average size of the nanoparticles (47 nm). Nanofluids of
2–14 wt% were used in these experiments. According to their
observations, although the roughness of the heater surface
increased, the coefficient of boiling heat transfer decreased with
increases in the concentration of the nanofluid. Moreover, heat
transfer performances of natural convection and nucleate boiling
decreased compared to water. With increases in the concentration,
they reported decreases in the coefficient of heat transfer, and on
the contrary, increases in the critical heat flux.

Chopkar et al. [37] conducted pool boiling heat transfer exper-
iments on a rough heater (0.5–0.7 lm) with suspension of zirco-
nium oxide in water as the nanofluid (nanoparticle diameters of
20–25 nm) at low concentrations (lower than 15 wt%). According
to their observations, although the roughness of the heater surface
decreased during boiling of the nanofluid (with 0.005 wt%), but the
coefficient of heat transfer increased.

Narayan et al. [38] conducted experiments on the boiling of
water/alumina oxide nanofluid (with average nanoparticle diame-
ters of 47 and 150 nm) on vertical pipe heaterswith different rough-
ness (48, 49 and 524 nm as reported). According to their reports, for
high weight percentages of nanofluids (4–16 wt%), the boiling heat
transfer decreased as the nanofluid concentration increased. They
also investigated the nanofluids with low concentrations (0.32–
1.25 wt%). The coefficient of pool boiling heat transfer for an average
nanoparticles size of 48 nm was reduced by up to 70 percent for a
roughness of 524 nm and at a concentration of 0.5 wt%, and up to
45 percent for a roughness of 48 nm and at a concentration of 2 wt
%. They introduced the surface interaction parameter defined as
the ratio of the surface roughness divided by the average size of
the particles. For parameter values larger than 1, they concluded
that the heat transfer increases as the roughness of the surface is
far larger than the size of the particles. In this case, the nanoparticles
deposit on to large cavities, nucleation sites are divided into several
ones, and as their density as well as the number of locations for for-
mation of bubbles increase, the heat transfer also increases. Accord-
ing to their conclusions, in case the particle dimensions are smaller
than those of surface roughness, the number of nucleation locations
significantly decreases, causing occlusions in these location and,
hence, decreases in the heat transfer.

Shahmoradi et al. [24] investigated the pool boiling of water/
alumina oxide nanofluid with concentrations smaller than 0.1 wt
% on smooth surfaces. In their study, different parameters includ-
ing the coefficient of heat transfer, critical heat flux, the changes
in the structure of the boiling surface, and the wettability of the
surface were investigated. For surface interaction parameter values
lower than unity, the coefficient of heat transfer decreased, while
the critical heat flux increased. Reportedly, the main reason for
the decrease in the heat transfer was filling of the nucleation sites
by the precipitated layer of nanoparticles during the boiling pro-
cess, which caused a thermal resistance. Moreover, the increase
in the critical heat flux was attributed to the increase in the wetta-
bility of the surface. The images obtained from atomic force micro-
scopy (AFM) showed that the surface roughness could either
increase or decrease, depending on the initial conditions of the
surface.

Raveshi et al. [2] investigated the pool boiling heat transfer of
water-ethylene glycol/alumina nanofluid with different concen-
trations lower than 1 wt% on a cylindrical heater. The roughness
of the heater surface was twice the size of the nanoparticles,
meaning that the value of the interaction parameter was greater
than one. Unlike other studies where a direct approach was
taken to measure the surface temperature, extrapolation was
used to measure the surface temperature in their study. The
authors reported that with increases in the concentration, the
density of the nucleation sites, the surface roughness and the
coefficient of boiling heat transfer also increased. The heat trans-



Table 1
Literature review on pool boiling on thin wire.

Author Heater type (dimension) Nano fluid (nanoparticle size) Result of Boiling Heat Transfer
Coefficient (BHTC)

Type of surface analysis
(roughness)

Vassolloet
et al. [25]

NiCr wire (D = 0.4 mm) SiO2-water (15,50 nm) Unchanged Nanolayer directly
observed

Kim et al. [26] NiCr wire (D = 0.2 mm) Ti wire
(D = 0.25 mm)

TiO2, Al2O3-water Deterioration Scanning electron
microscope (SEM)

Kim et al. [27] SS grade 316 wire
(D = 0.381 mm)

Al2O3-water (110–210 nm), SiO2-water (20–40 nm),
ZrO2-water (110–250 nm)

Deterioration SEM, contact angle,
profilometer

Golubovic
et al. [28]

NiCr wire (D = 0.64 mm) Al2O3-water (22.6, 46 nm) Bi2O3-water (38 nm) Not reported SEM, contact angles,
element analysis

Taylor and
Phelon [29]

Wire heater (D = 0.255 mm) Al2O3-water (20 nm) Enhancement SEM

Shikhbahae
et al. [30]

Ni wire Fe3O4-water, ethylon gelycol (EG) (50 nm) Enhancement under electric field SEM, contact angle

Hedge et al.
[31]

Ni wire (D = 0.19 mm) Al2O3-water (10–80 nm) Not studied CHF enhancement SEM

Table 2
Literature review on pool boiling on flat plate.

Author Heater type (dimension) Nano fluid (nanoparticle size) Result of Boiling Heat Transfer
Coefficient (BHTC)

Type of surface analysis
(roughness)

You et al. [32] Copper flat square
(1 � 1 cm2)

Al2O3-water (not stated) Unchanged Not analyzed

Das et al. [33,34] Stain steel (SS) cylindrical
cartridge (D = 4, 6.5 mm)

Al2O3-water (38, 58.4 nm) Deterioration Roughness measurement (0.37–
0.45 lm)

Wen & Ding [35] SS disk (D = 150 mm) Al2O3-water (167.5 nm) Enhancement Not analyzed
Bang & Chang

[36]
Rectangular plate
(4 � 100 mm2)

Al2O3-water (47 nm) Deterioration Roughness measurement
(37.22 nm)

Chopkar et al.
[37]

Plane copper plate
(D = 60.5 mm)

ZrO2-water (20–25 nm) Enhanced at low concentration
deteriorated at high concentration

Shows the surface roughness
profile

Narayan [38] Vertical tubular surfaces Al2O3-water (47,150 nm) Enhancement Image processing called
‘‘machine vision” (48, 49,
524 nm)

Liu & Liao [39] Vertical copper bar
(D = 80 mm, H = 120 mm)

CuO (50 nm) and SiO2 (35 nm)
nanoparticle in water and alcohol

Deteriorated Roughness measurement, Atomic
Force Microscope (AFM)

Soltani et al. [40] SS cartridge heater
(D = 25 mm H = 76 mm)

Ƴ-Al2O3 (20–30 nm)-CMC(carbon
methyl cellulose)

Enhancement Not analyzed

Liu et al. [41] Cu cube (40 � 40 mm2) Carbon nanotube (CNT)-water
(15 nm)

Enhancement Transmission Electron
Microscopy (TEM)

Kwark et al. [42] Square Cu plate
(10 � 10 mm2)

Al2O3-water CuO-water diamond-
water

Deteriorated SEM

Suriyawong &
Wongwises
[43]

Cu and Al circle plates TiO2-water (21 nm) Enhancement Not analyzed

Kathirawan et al.
[44]

SS plate heater (30 mm2) Multi walled CNT (MWCNT)-water
(5–8, 10–15 nm)

Enhancement Not analyzed

Sharma et al. [45] Vertically flat SS316 Sheet ZNO-water (<90 nm) Not studied SEM, contact angles
Circular Cu plate
(D = 40 mm)

Al2O3-water, EG (20–30 nm) Enhancement Timer roughness tester

Umesh [46] Flanging SS plates and
enhanced surfaces

Cuo-pentane Enhancement Not analyzed
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fer decreased as the concentration increased from 0.75 to 1 wt%,
hence, there exist an optimal point for the concentration of the
nanofluid.

The surface roughness, the density of the nucleation sites, and
the value of the heat flux are amongst the factors affecting the
coefficient of the pool boiling heat transfer. On the other hand,
the surface roughness after sedimentation of the nanofluid
depends on the concentration and properties of the nanofluid,
the roughness and the material of the initial surface, the thick-
ness and the structure of the precipitated nanoparticles, and the
temperature and heat flux of the surface. Since the precipitated
nanoparticles can change the surface roughness as well as the
density of the active boiling sites, the properties of the layer
under the boiling surface vary with time as the thickness of the
precipitated nanoparticles increase. Nanofluid precipitation dur-
ing boiling process have been examined in some papers [47,48].
According to the literature review, the effects of concentration
of the nanofluid, the amount of heat flux, and the duration of
the boiling process have been rarely investigated. In the present
study, the boiling heat transfer of iron oxide/de-ionized water
nanofluid on a flat copper surface under atmospheric pressure
was investigated. Since the roughness of the surface after sedi-
mentation of the nanofluid depends on the concentration of the
nanofluid as well as the heat flux of the surface, experiments
were conducted to investigate their effects. Two smooth and
rough surfaces were used to investigate the effect of roughness.
To this end, first, the effect of sedimentation of the nanofluid
on both the smooth and the rough surfaces on the boiling heat
transfer of the nanofluid was investigated through some experi-
ments. Then, the surfaces with the sedimentation of the nanoflu-
ids on them were investigated at a fixed concentration for
different heat fluxes. As the next step, the characteristics of the
boiling heat transfer were investigated on a surface with sedi-
mentation of nanofluids on it after undergoing a boiling experi-



Fig. 1. TEM image (up) and DLS diagram (down) in 0.1% volume concentration synthesized nanofluid.
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Fig. 2. XRD pattern of synthesized Fe3O4 nanoparticles.
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ment. Ultimately, the heat transfer of a surface with sedimenta-
tion of nanofluids was investigated at a fixed heat flux for both
a smooth and a rough surface. The results of the experiments
were then compared.

2. Materials and methods

2.1. Preparing the nanofluid

The nanofluid was synthetized according to the single-stage
procedure instructed by Berger et al. [49]. All the materials used
in this synthesis was purchased from the Merck Company. The
chemical equation of the nanofluid synthesis is as follows:

FeCl2 þ 2FeCl3 þ 8NH3 þ 4H2O ! Fe3O4 þ 8NH4Cl ð1Þ
First, 1 ml of the FeCl2 solution (solution of 2 M FeCl2 in 2 mol

HCl) was combined with 4 ml of the FeCl3 solution (solution of
1 M FeCl3 in 2 mol HCl). Then, using a syringe pump, 50 ml of
0.7 M ammonia solution was injected to the solution at a speed
of 375 ml/h. During the addition of the ammonia, the solution gets
darker and the particles of Fe3O4 are formed. By centrifuging the
solution, very dark sediments remain in the container. Finally,
8 ml of the 25 percent Tetra-methyl-ammonium hydroxide was
Fig. 3. Zeta potenti
added to the sediments to create the solid-liquid suspensions by
appropriate stirring. By placing the final solution in the stirrer for
30 min, the additional ammonia is separated from the solution
[49].

Fig. 1 shows the results of Transmission Electron Microscopy
(TEM) and Dynamic Light Scattering (DLS) tests. The transmission
electron microscopy (TEM) test was used to investigate the size
of the nanoparticles, the results of which are shown in Fig. 1a for
the nanofluid of 0.1% volume concentration. According to this fig-
al of DI-Fe3O4.
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ure, the average size of the nanoparticles was obtained as 25 nm
using the demonstrated scale and measurement of some of the
nanoparticles. The TEM result was taken in solid state of
nanoparticles (Company Philiphs and Model EM-208). Fig. 1b illus-
trates DLS –for showing the size distribution of magnetic
nanoparticles- has shown an average diameter of 25 nm for
nanoparticles for a 0.1% volume concentration nanofluid.

The X-ray diffraction (XRD) test was employed to identify the
result of the synthesis according to the known patterns of different
particles. Fig. 2 illustrates the XRD pattern for the synthesized iron
oxide (Fe3O4) particles without using any surfactant. The XRD pat-
tern shows that the peaks occur at 220, 311, 222, 400, 422, 511 and
440, which conform very well to the iron oxide (Fe3O4) pattern.
Moreover, this pattern indicates the high degree of purity of the
produced substance.
Fig. 4. Experimental setup, schematic
The zeta potential test was used in order to investigate the sta-
bility of the synthetized nanofluid. The zeta potential measures the
electric charge at the surface of the particles, indicating the phys-
ical stability of the colloid systems. As reported by the previous
studies, the suspension of the nanoparticles is fully stabilized at
absolute zeta values higher than 30 mV [50]. The value of the zeta
potential in the present study for the nanofluid of 0.1% volume
concentration at a pH ranging of 7–8 was �44.1 mV, which is an
indication of the very high stability of the nanofluid (Fig. 3).
2.2. Experiment device

The heat transfer device is generally composed of four seg-
ments: the cylindrical copper block, the main boiling chamber,
view (up), actual image (down).



Fig. 5. Geometry of copper cylindrical block (mm).
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the cooling system, and the power control system. A view of the
device is demonstrated in Fig. 4.

The main boiling chamber, as shown in Fig. 4, is cylindrical
Pyrex with a height of 250 mm, an outer diameter of 55 mm, and
a thickness of 5 mm. Cylindrical Teflon is attached to the end of
the Pyrex glass. The cylindrical Teflon is 90 mm in thickness and
300 mm in diameter, and is used to isolate the copper block. The
Teflon is made of Polytetrafluoroethylene (PTFE).

The thermal conductivity of PTFE was measured to be 0.29 W/
m K using the KD2 Pro device with an accuracy of 0.01, which indi-
cates the its low thermal conductivity. A threaded hole with an
outer diameter of 45 mm was created at the center of this Teflon
cylinder to secure the copper block.

The cylindrical copper block is 45 mm in diameter and 100 mm
in height. The thermal conductivity of copper was measured to be
401 W/m K. Since the thermal conductivity of copper is multiple
times larger than that of the PTFE, the heat transfer in radial direc-
tion is reduced to the minimum. In the center of this Teflon cylin-
der, a hole with outer diameter of 45 mm was tapped for locating
the copper block. Three steel heating elements of 9 mm diameter
and 50 mm length with a power of 800 W were implemented in
the floor of the copper block. Conduction was used as the means
of heat transfer to the copper block.

The geometry of the copper block and the location of the heat-
ing elements are demonstrated in Fig. 5. The surface of the boiling
heat transfer is the upper surface, which is in contact with the
fluid. As can be seen from the figure, three holes are implemented
in the body and another three in the floor. The PT-100 thermome-
ter is implemented in the holes on the body to measure the tem-
peratures. The holes are 22.5 in depth and proceed to middle of
the copper cylinder. Their diameters are 3 mm and they are placed
at 7, 19 and 30 mm (with an uncertainty of 0.1 mm) from the
upper copper surface at 120 degree angles. Moreover, in order to
make sure of the one-dimensional heat transfer, the temperatures
are measured in a 30 mm distance from the surface at several dif-
ferent angles. The depth of the holes is different at different angles.
The temperature difference is lower than 0.1 K. The three holes
under the copper cylinder are implemented for the 800 W heating
elements. The holes are 9 mm in diameters and 50 mm in depth,
and are placed at 120 d angles relative to each other. The lower
part of the copper block is fully covered and isolated with stone
wool.

The cooling systems are used to maintain the fluid level inside
the chamber. As shown in Fig. 4, this system includes a glass con-
denser of 150 mm length, placed on a Pyrex glass. The pipe at the
end of the condenser, which is placed on the Pyrex glass, is conical
in shape, ranging from 30 mm to 60 mm in diameter. Hence, using
the Teflon strip wrapped around this part, the area between the
glass chamber and the condenser is fully wrapped. The coolant
water for the condenser is pumped from the cooling container to
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Table 3
Uncertainty of the measured parameters.

Measured quantity Uncertainty

Distance 0.1 mm
Temperature 0.1 K
Voltage 1 V
Amperage 0.1 A
Roughness (SJ210 model) 0.05 lm
Roughness (AFM) 1 nm
Thermal conductivity 0.01 W/m K
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the condenser after passing through the rotameter. The cold water
condenses the vapors arising from the boiling process, which is
then returned to the boiling chamber. The outgoing water from
the condenser is also returned to the cooling chamber. Since the
vaporing end of the condenser opens to the atmospheric pressure,
the pressure of the boiling chamber is equal to the atmosphere. By
comparing the input power and the increase in the energy of the
cooling system, the dissipation of energy was calculated to be
lower than 10 percent.

In order to obtain the different points of the boiling diagram,
the power control system demonstrated in Fig. 4 was used. The
system includes a voltage controller (autotransformer) responsible
for changing the voltage direction as well as supplying different
input powers, an ammeter to measure the electric current, a volt-
meter to measure the voltages, and a conductor to control the elec-
tric flow to the heating elements.

In order to obtain the temperature of different points at the cop-
per block, the saturation temperature of the fluid, and the input
and output temperatures of the coolant water in the condenser,
the PT-100 resistant thermometer was used. All the PT-100 ther-
mometers were calibrated in the considered temperature range,
providing and accuracy of 0.1 K. The AUTONICS TC4Y displays were
used as the temperature indicators.

The boiling surface in each experiment was polished with the
sandpaper 320 for rough surfaces, and the sandpaper 2400 with
the alumina polish was used to prepare the smooth surface. In
order to have similar conditions in each experiment, the boiling
surface in each experiment was cleaned using deionized water
and acetone. The average roughness of the boiling surface for
rough surfaces were measured by the roughness tester device
(SJ210 model) to be Ra = 480 nm. The uncertainty of the standard
measurements was 10 percent (Fig. 6a). The average of the rough-
ness for the smooth surfaces was measured using the AFM device
manufactured by Bruker to be 7.3 nm (Fig. 6b).
2.3. Measurement

In order to obtain the boiling curve, we need to read the boiling
surface temperature and fluid saturation temperature and then
calculate the heat flux transferred to the fluid. Table 3 represents
the uncertainty of all the measured parameters. Reading the boil-
ing surface temperature using a thermocouple directly connected
to the surface creates an additional nucleation site, which ulti-
mately results in a significant error in measurements. Most
researchers have directly measured the temperature, and there
are few studies that used extrapolation to measure the surface
temperature [1]. As shown in Fig. 7, two PT-100 resistance ther-
mometers are embedded on the vertical axis on the copper blocks



Fig. 8. Heat flux versus wall superheat of the deionized water compared with
Rohsenow’s correlation.

Fig. 7. Arrangement of the PT-100 type thermometers.
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at different distances from the boiling surface. In this study, the
boiling surface temperature was measured indirectly through
extrapolation. The resistance thermometer No. 3 (T3) was used to
control the temperature by a thermostat to prevent damage to
the system.

In each experiment, 200 cc of nanofluid with desired concentra-
tions was entered in the main boiling chamber. The nanofluid was
then heated at various powers to reach the steady state condition.
Temperatures were recorded after 10 min dT

dt ¼ 0:01 K
min

� �
.

As previously mentioned, since the copper block is made of
high-grade copper, and PTFE Teflon was used at its surroundings,
the thermal conductivity of copper is multiple times greater than
PTFE. Therefore, radial heat loss can be completely ignored. The
heat flux transferred on the boiling surface can be assumed com-
pletely one-dimensional. According to Fig. 7, the heat flux trans-
ferred to the boiling surface is as follows:

q00 ¼ K
T2 � T1

d2 � d1
: ð2Þ

Boiling surface temperature is obtained using extrapolation and
the heat flux in Eq. (2). Therefore, the temperature difference
between boiling surface and saturation temperatures is obtained
using Eq. (3):

DTS ¼ TS � Tsat ¼ T1 � q00d1

K

� �
� Tsat: ð3Þ

The heat transfer coefficient is calculated using heat flux and
wall superheat temperature according to Eq. (4).

h ¼ q00

DTS
: ð4Þ
3. Results and discussion

3.1. Boiling curves and experiment repeatability

Fig. 8 shows the repeatability of experimental heat flux results
in terms of temperature difference between heat flux excess tem-
perature for deionized water at atmospheric pressure and Rohse-
now empirical relationship (Eq. (5)) [24,35]:

DTS ¼ hfg

Cp;l
Csf

q00

llhfg

r
gðql � qvÞ
� �0:5

" #1=3
Prn: ð5Þ
where hfg is latent heat, r is surface tension, ql and qv are liquid and
vapor density, Pr is Prandtl number, Csf and n are constants that are
considered 0.013 and 1 for polished copper surface.

Uncertainty analysis was conducted based on the method pro-
posed by Moffat according to Eqs. (6)–(8) [51].

Uq00

q00 ¼ UT2�T1

T2 � T1

� �2

þ Ud2�d1

d2 � d1

� �2

þ Uk

k

� �2
 !1=2

: ð6Þ

UDTs

DTs
¼ UT1�Tsat

T1 � Tsat

� �2

þ Ud1

d1

� �2

þ Uq00

q00

� �2

þ Uk

k

� �2
 !1=2

: ð7Þ

Uh

h
¼ Uq00

q00

� �2

þ UDTs

DTs

� �2
 !1=2

: ð8Þ

Uncertainty for temperature measurement was 0.1 degree Kel-
vin, and uncertainty for distance measurement is 0.1 mm. Results
show that the greatest uncertainty in the calculation of heat flux
and boiling heat transfer coefficient are 12% and 15.6%, respec-
tively. As seen in Fig. 8, experimental results matched very well
with the Rohsenow empirical relationship. Due to heat dissipation
at higher values of the surface heat flux is more than the lower
value, leading to a larger error in higher value. Considering the
importance of reproducibility, experiments were performed three
times with similar conditions in different days. Results indicate
that the main characteristics of boiling heat transfer experiment
remained unchanged in the next times. In this figure, uncertainty
is only shown for heat flux.

3.2. Nanofluid boiling heat transfer on the deposition created on rough
surface

To study the effect of surface roughness caused by deposited
nanoparticles on the boiling parameters, a series of boiling heat
transfer experiments was designed and conducted (Table 4).
Roughness values before each experiment were measured by the
roughness measuring device (Model: SJ210) for the rough surface
and by the AFM for the smooth surface.

As seen in Fig. 9 corresponding to results of experiments 1 and
2, these experiments were conducted on nanofluids with two vol-



Table 4
Nanofluid sedimentation tests with 0.5% volume concentration and average surface roughness before tests.

Specifications of surface Test No. Test title The average roughness
before the test (nm)

Rough surface 1 Boiling of nanofluid on sanded surface by sheet number 320 480
2 Boiling of nanofluid on surface obtained from Test No. 1 1528
3 Boiling of nanofluid on surface obtained from Test No. 2 1824
4 Boiling of nanofluid on surface obtained from Test No. 3 1912
5 Boiling of nanofluid on surface, after boiling of surface under the heat flux of 180 kW/m2 for an hour 490
6 Boiling of nanofluid on surface, after boiling of surface under the heat flux of 180 kW/m2 for two hours 495
7 Boiling of nanofluid on surface, after boiling of surface under the heat flux of 600 kW/m2 for an hour 1612
8 Boiling of nanofluid on surface, after boiling of surface under the heat flux of 600 kW/m2 for two hours 1790

Smooth surface 9 Nanofluids boiling on smooth surface with alumina polishing 7.3
10 Boiling of nanofluid on surface obtained from Test No. 9 340
11 Boiling of nanofluid on surface obtained from Test No. 10 347
12 Boiling of nanofluid on surface obtained from Test No. 11 354
13 Boiling of nanofluid on surface, after boiling of surface under the heat flux of 180 kW/m2 for an hour 280
14 Boiling of nanofluid on surface, after boiling of surface under the heat flux of 600 kW/m2 for an hour 47
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ume concentration of 0.1 and 0.5 percent. Results showed that the
effects of surface deposition are more evident at high nanofluid
concentrations. The difference between heat transfers experiments
of N.1 and N.2 was found to be more adequate at 0.5 vol.% concen-
tration, compared to 0.1 vol.%. Therefore, in order to keep the
presentation of results simple, all tests from N.1 to N.2 were
reported for 0.5 vol.% concentration only. Thus, to better illustrate
the results, the results of the experiments are presented for the
concentration of 0.5% by volume.

As seen in Fig. 9, the effect of nanofluid concentration at low
heat fluxes is negligible on boiling heat transfer coefficient. While
only large cavities are activated at low fluxes, small cavities are
activated at high heat flows and heat transfer coefficient is reduced
as concentration is increased which is probably due to the small
cavities being filled with precipitant nanoparticles. Considering
what was said, large cavities are activated at low heat flows in
order to compare 0.1 and 0.5 vol.% concentrations and the effect
of nanofluid on boiling heat transfer coefficient is negligible.
Hence, increasing concentration from 0.1 to 0.5 vol.%, the change
in heat transfer is very small. But only small cavities are activated
at high heat fluxes. With small cavities being filled by precipitant
nanoparticles, heat transfer is reduced by increasing concentration
from 0.1 to 0.5 vol.% [52].
Fig. 9. Heat flux versus wall superheat for tests No. 1 and 2 with two different
volume concentrations of the nanofluid.
Fig. 10 shows the results of experiments 1–4 for concentration
of 0.5% by volume. As can be seen, conducing experiment 2 on the
surface obtained on experiment 1 increases the heat transfer. The
increase may be due to increased roughness and increased nucle-
ation sites described in test No. 2. Another point seen in the figures
is the increased heat transfer in higher heat fluxes that can attrib-
uted to relocation of boiling region from the free convection region
to the nucleation boiling region. Since fluid properties are constant
in the free convection region (low fluxes), heat flux values do not
vary much in this region. In the nucleation boiling region (high
fluxes), surface shape, number of nucleation sites, and how bubble
separate from the surface are very important factors; therefore, the
boiling heat transfer coefficient increases significantly due to the
increased roughness and nucleation sites.

Heat transfer increases with conducting the test No. 3, which is
due to increased number of nucleation sites and separation of bub-
bles at high heat fluxes. No significant increase was observed in
test No. 4 compared to Test No. 3. Therefore, we can conclude that,
no significant change in the heat transfer will be observed by
repeating the experiment. The average results of the boiling sur-
face roughness before tests No. 1–4 in Table 4 show that the sur-
face roughness significantly changed before test No. 2 compared
Fig. 10. Heat flux versus wall superheat for tests No. 1–4 with 0.5% volume
concentration of the nanofluid.



Fig. 11. Heat flux versus wall superheat for tests No. 5 and 6 with 0.5% volume
concentration of the nanofluid.
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to Test No. 1; surface roughness increased in test No. 2 compared
to before test No. 3; however, it did not change significantly in test
No. 3 compared to before test No. 4.

Therefore, boiling heat transfer coefficient shows a significant
increase in test No. 2. The value increased in test No. 3; however,
the heat transfer coefficient in test No. 4 was quite similar to that
of test No. 3. It should be noted that repeating the experiments will
not make a significant change in heat transfer because the effect of
increased roughness, which results in increased heat transfer, is
offset by the increased deposition thickness that leads to increased
thermal resistance and reduced heat transfer. Therefore, the subse-
quent repetitions of the experiment are not included in the graph.

Fig. 11 shows the results of tests No. 5 and 6 compared with
results of test No. 1 for 0.5% volume concentration. N.5 to N.6 tests
were carried out by first boiling with a heat flow of 180 kW/m2 on
the boiling surface for 1 and 2 h without changing heat flux, then
Fig. 12. Heat flux versus wall superheat for tests No. 7 and 8 with 0.5% volume
concentration of the nanofluid.
the nanofluid was removed from the precipitation surface and
fresh nanofluid was recharged on the same surface. The boiling test
in heat flux range of 0–800 kW/m2 was carried out with the new
nanofluid. No significant change was observed in the surface
roughness in tests No. 5 and 6. In this case, thermal resistance
increases with increasing the deposition of nanoparticles on the
surface. Boiling at low heat fluxes increased the heat resistance
and decreased the boiling heat transfer in both regions of free con-
vection and nucleation boiling. The figure shows that surface boil-
ing at low flux reduces heat transfer at one hour and two hours in
the same degree. Therefore, it seems that the same results are
obtained at boiling more than two hours.

Fig. 12 shows the results of tests No. 7 and 8 compared with
those of test No. 1 for volume concentration of 0.5%. As shown in
Table 4, roughness varies significantly using test No. 7, and
increased roughness increases the number of nucleation sites and
bubble formation, as well as the heat transfer coefficient. On the
other hand, increased deposition thickness increased the thermal
resistance, reducing the heat transfer rate. However, increased
roughness and heat transfer offset the increased thermal resistance
and the consequent reduced heat transfer, increasing the heat
transfer.

Therefore, in test No. 7, which is after the deposition of
nanoparticles in surface boiling with high heat flux, heat transfer
increased significantly in the nuclear boiling regions due to
increased number of nucleation sites and bubbles formation. Over
time, roughness before the experiment 8 increases to that before
test No. 7, which enhances the heat transfer; however, by increas-
ing the deposition thickness, thermal resistance is again increased,
reducing the heat transfer. Here again, the increase in heat transfer
caused by roughness is greater than the reduction in heat transfer
due to increased deposition thickness, increasing the heat transfer
rate.

Since roughness values in tests No. 7 and 8 are not considerably
different, much of the increase in roughness and heat transfer is
used to overcome increased deposition thickness and reduced heat
transfer, and the amount of heat transfer is not very high. Fig. 12
shows that results of tests No. 7 and 8 is are not much different;
therefore, it can be concluded that, same increase in heat transfer
will be observed in boiling surface heat at flux of 600 kW/m2 in
more than two hours. Since in concentrations higher than 0.1%,
heat transfer decreases with increasing concentration [53], such
decrease can be offset by deposition in the surface at high heat flux.
In order to investigate the effect of heat flux on nanofluid precipi-
tation, a few tests were carried out at low heat fluxes with some
other at high heat fluxes. But given that similar results were
achieved at low heat fluxes and at high heat fluxes, the 180 kW/
m2 heat flux offered better results in the lower range of heat flux
and 600 kW/m2 for the higher range. Therefore, the two heat fluxes
were selected to be reported in order to keep the presentation
simple.

3.3. Nanofluid boiling heat transfer on the deposition created on
smooth surface

In order to better understand and evaluate the effect of surface
roughness caused by the deposited nanoparticles on boiling
parameters, a series of experiments was designed as shown in
Table 4 for a smooth surface (tests N.9 to N.14). The roughness val-
ues before each experiment was measured by AFM. Since for the
rough surface depositions at higher concentrations are more dis-
tinct, for the smooth surface, deposition experiments were con-
ducted at nanofluid volume concentration of 0.5%.

Fig. 13 shows the results of tests 9–12 in Table 4 for volume
concentrations of 0.5% on the smooth surface. As seen in this figure,
heat transfer increases by conducting the test No. 10 on the surface



Fig. 13. Heat flux versus wall superheat for tests No. 9–12 with 0.5% volume
concentration of the nanofluid.
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obtained by test No. 9. This increase may be due to increased
roughness and increased number of nucleation sites. By conducting
the test No. 11, although roughness increases compared to test No.
10, the increase was not significant, and increase in surface resis-
tance is more pronounced compared to increase in roughness,
reducing the heat transfer in test No. 11 compared to test No. 10.
No significant decrease was observed in test No. 12 compared to
test No. 11. Therefore, it can be concluded that repeating this
experiment will not significantly change the heat transfer.

The average boiling surface roughness results before the tests
No. 9–12 in Table 4 shows that surface roughness changed consid-
erably before test No. 10 compared to test No. 9. Surface roughness
before test No. 11 did not increase compared to test No. 10 and sur-
face roughness did not changed considerably before test No. 12
compared to test No. 11. Therefore N.11 does not show a consider-
able change with respect to N.10. Given that roughness did not
Fig. 14. Heat flux versus wall superheat for tests No. 13–14 with 0.5% volume
concentration of the nanofluid.
change (Table 4), and considering that nanoparticle precipitants
and surface resistance increase in N.11 and N.12, heat transfer
decreases. Therefore, boiling heat transfer coefficient was signifi-
cantly increased in experiment 10. Heat transfer coefficient was
decreased in test No. 11 compared to test No. 10, and heat transfer
coefficient in test No. 12 was similar to test No. 11. Therefore, it is
predicted that repeating these experiments will not result in a sig-
nificant change in the heat transfer.

Fig. 14 shows the results of tests No. 13 and 14 compared with
results of test No. 9 for volume concentration of 0.5% for the
smooth surface. As shown in Table 1, test No. 13 did not change
the roughness value significantly. Increased number of nucleation
sites and bubble formation increase the heat transfer. In addition,
increased thickness of deposition increases the heat resistance,
reducing the heat transfer. However, increased roughness and heat
transfer offset the increased thermal resistance and reduced heat
transfer, increasing the heat transfer. Thus, in the test No. 13,
which was conducted after nanoparticle deposition on the surface
boiling with high heat flux, heat transfer is substantially increased.
But as can be seen in Fig. 14, roughness before the test No. 14 is not
significantly different from that of before test No. 9. Therefore, heat
transfer is not considerably increased.

3.4. Comparison of nanofluid boiling heat transfer driven by deposition
on smooth and rough surfaces

Figs. 15 and 16 show the results of boiling heat transfer on
deposited surfaces for volume concentration of 0.5% for smooth
and rough surfaces. As seen in Fig. 15, by comparing the heat trans-
fer coefficient for smooth and rough surfaces, it can be concluded
that, after deposition, heat transfer rate increases both for smooth
and rough surfaces after consecutive experiments. After these
experiments, roughness increases the number of nucleation sites
and formation of bubbles and results in an increased boiling heat
transfer rate.

As seen in Fig. 16, by comparing the heat transfer coefficient for
smooth and rough surfaces, it can be concluded that, after deposi-
tion by high heat flux, heat transfer to the rough surface is greater
than the smooth surface. However, for deposition by low heat flux,
heat transfer to the smooth surface is greater than the rough sur-
face. In the case of deposition by high heat flux, roughness
Fig. 15. Heat flux versus wall superheat for tests No. 1, 4, 9 and 10 with 0.5%
volume concentration of the nanofluid.



Fig. 16. Heat flux versus wall superheat for tests No. 1, 6, 8, 9, 13 and 14 with 0.5%
volume concentration of the nanofluid.
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increases on the rough surface, increasing the heat transfer. On the
other hand, since roughness is not increased on the smooth sur-
face, thermal resistance increases, reducing the heat transfer. For
the deposition created by low heat flux on rough surface, thermal
resistance increases, reducing the heat transfer, while roughness
increases on the smooth surface, increasing the heat transfer rate.
4. Conclusion

In this study, the boiling heat transfer of iron oxide/de-ionized
water nanofluid on a flat copper surface under atmospheric pres-
sure was presented. Experiments were conducted to investigate
the effects of nanofluid concentration, surface type, surface rough-
ness, sedimentation, and heat flux on the roughness of the surface
after boiling experiments. Two smooth and rough surfaces were
used to investigate the effect of roughness. Important results are
as follows:

� After the boiling test on the rough surface, boiling heat transfer
of nanofluids reduced at low heat fluxes, while it increased in
high heat fluxes.

� After the boiling test on the smooth surface, boiling heat trans-
fer of nanofluids increased at low heat fluxes, while it did not
change in high heat fluxes.

� The effects of surface deposition were more evident at high
nanofluid concentrations.

� At high concentrations, with increasing volume fraction boiling
heat transfer decreased.

� For rough surfaces with high heat flux and smooth surfaces with
low heat flux, boiling heat transfer can be increased bymaking a
deposit on the surface.
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