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l	� Length of the heater (m)
M	� Molecular mass (kg/k mol)
m.	� Mass flow rate (kg/s)
p	� Pressure (Pa)
n	� Shape factor, n = 3/τ
q	� Heat flux (W/m2)
R	� Heat ratio
Ra	� Arithmetical mean of roughness profile (μm)
Rp	� Maximum roughness peak height (μm)
Rq	� Root mean square roughness average (μm)
Rv	� Maximum roughness valley depth (μm)
Rz	� Irregularities roughness height of ten points (μm)
r	� Radius (m)
ρ	� Density (kg/m3)
σ	� Surface tension (N/m)
T	� Temperature (K)
τ	� Sphericity, τ = 1 for sphere, τ = 0.5 for cylinder
v	� Voltage (V)
φ	� Concentration by volume
ξ	� Enhancement ratio

Subscripts
avg	� Average
bf	� Base fluid
cr	� Critical
i	� Inner
o	� Outer
mr	� Mirror
nf	� Nano fluid
np	� Nano particles
p	� Pressure
s	� Surface
sat	� Saturation
w	� Water

Abstract  The pool boiling of R-134a has been experi-
mentally investigated with an addition of nano particles of 
Aluminum oxide. The experiments were carried out using 
a cylindrical stainless-steel heater. The roughness of the 
heater surface was changed. Different concentrations of 
nano Aluminum oxide particles to the base R-134a were 
tested. Different heat fluxes as well as different boiling 
pressures were considered during the experimental tests. 
The results show that the suspension of Al2O3 nano parti-
cles enhances heat transfer coefficient in the nucleate pool 
boiling zone for concentrations ranging from 0.01 to 0.25% 
by volume. Higher heat flux and pressure result in enhance-
ments of 37.6, 55.4, 90.2 and 167.7% corresponding to 
0.042, 0.84, 1.54 and 2.35 μm surface roughness respec-
tively. The more concentration of Al2O3 nano particles 
deteriorates the heat transfer coefficient. An empirical cor-
relation was deduced to formulate the relation among heat 
transfer coefficient, heat flux, pressure, concentration, and 
surface roughness within a maximum deviation of about 
±9%.

List of symbols
C	� Specific heat [J/(kg K)]
d	� Diameter of the heater (m)
h	� Heat transfer coefficient [W/(m2 K)]
i	� Electric current (A)
k	� Thermal conductivity [W/(m K)]
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1  Introduction

Nucleate boiling exhibits in various engineering fields 
such as nuclear energy, electric power generation, elec-
tronic chips cooling and air conditioning equipment. The 
solid particles that are having nominal size ranges from 1 
to 100  nm are called nano particles. Low-concentration 
of such particles in a base fluid is called nano fluids. 
Nano fluids exhibit higher heat transfer coefficient than 
base fluids, Eastman et al. [1].

The influence of Al2O3 nano particles addition to 
diluted the binary water-glycerol on nucleate pool boil-
ing had been experimentally measured up to 91  kW/m2 
by Sarafraz et  al. [2]. The volumetric concentrations of 
Al2O3 nano particles were 0.5, 1 and 1.5%. The volume 
fractions of glycerol into pure water were varied from 1 
to 5%. The results indicated that the nano particles result 
in increasing pool boiling heat transfer coefficient. With 
increasing the concentration of nano particles, the rate of 
increase of pool boiling heat transfer coefficient increases. 
Nucleate pool boiling of Al2O3–water and TiO2–water 
nano fluids had been experimentally measured over three 
horizontal surfaces (Stainless steel, Brass and Copper) 
with similar roughness under atmospheric pressure by 
Sarafraz and Pyghambarzadeh [3]. The results revealed 
that the presence of nano particles leads to higher increase 
in pool boiling heat transfer coefficients over Stainless 
steel and Brass surfaces than the Copper one. An experi-
mental study for pool boiling of water–Al2O3 nano fluid 
was investigated by Das et al. [4]. The experiments were 
carried out using a Stainless steel horizontal cylindri-
cal heater having 20  mm diameter. The Al2O3 particles 
sizes were from 20 to 50  nm and the concentration was 
changed from 0.1 to 4%. The results were correlated for 
both smooth and rough heaters. Another experimental 
study of pool boiling of water–Al2O3 nano fluid on a hori-
zontal tube having small diameter was carried out by Das 
et al. [5]. The results showed that the pool boiling of nar-
row tubes has less deterioration than the large ones due 
to the difference in bubble sliding mechanism. Pool boil-
ing of nano fluid with of Alumina suspended in water was 
studied experimentally using four concentrations on a flat 
surface by Bang and Chang [6]. The results showed that 
Alumina nano fluid has poor heat transfer enhancement 
compared with pure water. Nucleate pool boiling heat 
transfer of TiO2–water nano fluid was experimentally con-
ducted by Suriyawong and Wongwises [7] with various 
concentrations over horizontal Copper and Aluminum cir-
cular surfaces with different roughness. An enhancement 
in heat transfer coefficient up to 27% was observed rather 
than pure water. Pool boiling heat transfer experiments for 
Silica–water nano fluid over a NiCr submerged wire were 
done by Vassallo et al. [8]. The results showed an increase 

in the critical heat flux for Silica–water nano fluid com-
pared with pure water. The heat transfer of Al2O3–water 
and CuO–water through a serpentine micro channel was 
studied by Sivakumar et  al. [9]. The results showed an 
increase in heat transfer coefficient of nano fluids com-
pared with pure water. The effect of pulsation on heat 
transfer of Al2O3–water under turbulent flow through a 
spiral coil submerged in an isothermal medium was done 
experimentally by Doshmanziari et  al. [10]. The pulsa-
tion increases the heat transfer coefficient up to 23%. An 
increase in the critical heat flux for nano fluid compared 
with pure water was also observed. Nucleate pool boiling 
of TiO2–R-141b was investigated experimentally using a 
cylindrical Copper tube as a boiling surface by Trisaksri 
and Wongwises [11]. The results revealed that the heat 
transfer coefficient decreases with the increase of TiO2 
concentrations. An experimental study of pool boiling of 
Au–R-141b over horizontal plain tubes was done by Liu 
and Yang [12]. The results showed that the heat transfer 
coefficient is more than the twice of pure R-141b. Pool 
boiling of Al2O3–R-141b at different concentrations had 
tested experimentally over a Copper flat surface at differ-
ent heat fluxes by Tang et  al. [13]. The results indicated 
an enhancement in heat transfer characteristics with a 
surfactant of sodium Dodecyl Benzene Sulphonate. The 
effect of the surfactant additive of three ones; Sodium 
Dodecyl Sulfate, Cetyl-Trimethyl Ammonium Bromide 
and Sorbian Monooleate on nucleate pool boiling heat 
transfer of Cu–R-113 was investigated experimentally 
over a horizontal rough surface at different heat flux and 
concentrations by Peng et  al. [14]. The results showed 
an enhancement in heat transfer but deterioration was 
observed at high surfactant concentrations. An experimen-
tal work was carried out to investigate the best coolant for 
heat removal among Alumina, Silica and Zinc oxide as 
nano particles with water as a base fluid by Sayahi and 
Bahrami [15]. It was found that; Zinc oxide in water is the 
best one for heat removal. Pool boiling heat transfer for 
the reduced Graphene oxide with water was investigated 
experimentally by Kamatchi et al. [16]. An enhancement 
up to 245% was observed. Pool boiling heat transfer of 
functionalized Carbon nano tube and non-functionalized 
Carbon nano tube was experimentally tested at high-heat 
flux up to the critical value by Sarafraz et al. [17]. It was 
found that; functionalized Carbon nano tube considerably 
enhances the heat transfer coefficient.

From previous review, it is clear in general that the addi-
tion of nano particles has an enhancement in pool boiling 
heat transfer characteristics. Thus; and as a consequence, 
the present work directs towards measuring of enhance-
ment in pool boiling heat transfer characteristics of a nano 
fluid formed of Al2O3 nano particles suspended in a base 
R-134a at different heat flux, different operation pressure, 
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different roughness of the heating surface and different 
concentration.

2 � Experimental test rig and measuring techniques

A schematic diagram of the experimental test rig is shown 
in Fig. 1. It consists mainly of two parts: an evaporator and 
a condenser. The evaporator is a high Carbon Steel verti-
cal cylinder with a bore of 176 mm, a height of 350 mm 
and a thickness of 12 mm. A horizontal Stainless steel (316 
Alloy) heater having an internal resistance cartridge gener-
ates different heat flux according to an adjustable electric 
power supply, Fig. 2a. Four grooves were cut with 90° apart 
as shown in Fig. 2b. Four K-type thermocouples were fixed 
beneath the boiling surface via the grooves. Two thermo-
couples were used to measure the vapor temperature inside 
the evaporator cylinder. Different surface roughness of the 
heater surface was formed using emery papers with rotating 
the heater at 1200 rpm as provided by Jabardo et al. [18]. 
The roughness (Ra) is 2.35, 1.54, and 0.82 μm. For mir-
ror surface, fine successive polishing processes were done; 

using an emery paper of 300 grits, another emery paper of 
2500 grits, finer grades of emery cloth on a buffing machine 
with Alcohol and hot air cleaning to produce the mirror 
surface. The roughness (Ra) of mirror surface is 0.042 μm, 
as provided by Mitutoy [19]. The roughness parameters for 
the tested heating surfaces are given in Table 1. Nano fluid 
has some requirements; even suspension, stable suspension, 
durable suspension, low agglomeration of particles, and no 
chemical change in the suspension as reported by Xuan and 
Li [20]. In the present study; Al2O3 was used as nano par-
ticles with average diameter 40 nm according to the manu-
facturer (M  K Impex Corp.—Canada). R-134a was used 
as a base fluid. The photograph of Al2O3 nano particles 
obtained from the transmission electron microscope (TEM) 
is shown in Fig.  3. Nano fluid was prepared by addition 
Al2O3 to R-134a with a vibration for 3.5 h to stabilize the 
dispersion of the nano particles. Al2O3 concentrations are; 
0.01, 0.05, 0.1, 0.25 and 0.5% by volume. The properties of 
Al2O3 and R-134a during nano fluid preparation are given 
in Table 2. The thermal conductivity of Al2O3–R-134a nano 
fluid can be calculated using the formula provided by Ham-
ilton and Crosser [21] as follows:

1- Heating surface 2- Evaporator cylinder 3- Condenser coil 4- Sight glass 5- Side view of the heater 6- Glass window 7- Water Tank
8- Chiller 9- Water Heater 10- Water pump 11- Flow meter 12- Pre-cooling coil 13- By-pass 14- By-pass valve 
15- Compressor 16- Condenser 17- Expansion valve 18- Guard room 19- Fan 20- Air heaters 21- DC power 
22- Pressure gauge 23- Pressure cut-out 24- Control panel 25- Selector switch 26- Digital temperature indicator 27- Vacuum pump
28- Charging valve 29- Drain retemmAAretemtloVV

Fig. 1   Schematic diagram of experimental test rig and measuring techniques



2600	 Heat Mass Transfer (2017) 53:2597–2607

1 3

The specific heat and the viscosity of Al2O3–R-134a nano 
fluid can be calculated using the formula provided by Mah-
bubul et al. [22] as follows:

(1)knf = kbf ×

[

knp + (n− 1)kbf − (n− 1)(kbf − knp)φ

knp + (n− 1)kbf + (kbf − knp)φ

]

(2)Cp,nf = φ Cp,np + (1− φ)Cp,bf

(3)µnf = µbf ×
1

(1− φ)0.25

The surface tension of Al2O3–R-134a nano fluid can be 
calculated using the formula provided by Subramani and 
Prakash [23] as follows:

Heating surface 

Heating cartridge 

 Teflon insulator

Dimensions in mm 

  Heating surface 

  Heating cartridge 
                   ThermocoupleInsulator-Teflon

  A 

 A

  Section A-A 

(a)

(b)

Fig. 2   a Isometric view of the heating surface. b Cross-section of the heating surface

Table 1   Roughness parameters for the tested heating surfaces

Roughness 
parameters

Ra (μm) Rq (μm) Rv (μm) Rz (μm) Rp (μm)

Surface 1 (mir-
ror surface)

0.042 0.027 0.280 0.140 0.105

Surface 2 0.820 0.530 5.460 2.730 2.050

Surface 3 1.540 1.000 10.260 5.130 3.850

Surface 4 2.350 1.520 15.660 7.830 5.870

Fig. 3   TEM (transmission electron microscope) photograph of Al2O3 
nano-particles
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The surface tension decreases slightly with the increase of 
concentration and it reduces the vapor bubble radius which 
enhances the boiling as provided by Raveshi et al. [24].

The thermal conductivity, heat capacity, viscosity and sur-
face tension of Al2O3–R-134a nano fluid are given in Table 3.

Two opposed glass windows facing each other for 
visual observations were welded to the evaporator wall. 
The pressure throughout the experiment was measured 
by a pressure gauge at the top of the evaporator tank. A 
condenser condenses the vapor and the condensate liq-
uid returns to the evaporator vessel for the re-evaporation 
once again. The condensation of the refrigerant takes 
place by cold water at an approximately constant tem-
perature. Two thermocouples were used to measure the 
temperature of the condensed refrigerant coming from 
the condenser coil to the evaporator. Another two ones 
measure the inlet and outlet temperatures of the coolinzg 
water. A guard room consists of a thermostat, a cooling 
coil, an air electric heater and a fan was used to avoid any 
heat exchange between the evaporator and the environ-
ment. One thermocouple was fixed inside the guard room 
to check an approximately constant temperature inside 

(4)σnf = σbf + (σnp − σbf )×

[

Mnp

Mnp +Mbf

]0.5

it. A digital temperature indicator (Manufacturer: BK 
PRECISION, Model: 710, K-type) with 0.1 °C resolution 
was used to record the temperature. In the steady state; 
one can find the heat removal by the condenser equals 
the heat addition by the heater. The power consumed by 
the heater was calculated by measuring both the current 
and the voltage by an ammeter of 0.01 A resolution and 
a voltmeter of 0.1 V resolution. The water flow rate was 
measured using by a rotameter having a range from 0.2 to 
4.9 L/min with a repeatability error of about 0.5%.

In a typical experiment; first of all; a vacuum pump 
was used to evacuate the atmospheric air from the evap-
orator and its attachments. Nano fluid was charged and 
heated to a certain saturation temperature and pressure 
using a higher value of heat flux. The saturation pres-
sure and temperature were kept constant by varying water 
flow rate and heat flux. The experiments were performed 
at four saturation pressures; 4, 8, 12 and 16 bars that cor-
responding to saturation temperatures of R-134a 8.9, 
31.3, 46.3 and 57.9  °C respectively. The experimental 
data were recorded at the steady state which its criteria 
are variations in the saturation temperature of ±0.1  °C. 
At the end of experiments, the heater was cleaned by a 
water jet to remove the sticking particles. The summary 
of the experimental program was provided in Table 4.

3 � Experimental data reduction

Experimental investigations were carried out to observe 
the boiling characteristics using a cylindrical heater. Heat 
flux, q can be calculated as follows:

(5)q =
vi

πdl

Table 2   Properties of Al2O3 and R-134a for preparing nano fluid

Property Al2O3 (d = 40 nm) R-134a (T = 25 °C)

Molecular weight, M 
(kg/k mol)

101 102

Density, ρ (kg/m3) 3700 1199.7

Thermal conductivity, k 
(W/m K)

40 0.0833

Specific heat, Cp (J/kg K) 729 1427

Table 3   Properties of Al2O3–R-
134a nano fluid

Property at different concentrations φ = 0.01 φ = 0.05 φ = 0.1 φ = 0.25 φ = 0.5

k (W/m K) 0.0858 0.0963 0.1108 0.1659 0.3301

Cp (J/kg K) 1359.6 1334.1 1302.3 1206.7 1047.5

μ (Pa s) 1.0025 1.0129 1.0266 1.0745 1.1892

Table 4   Summary of experimental program

Fluid Surface roughness, Ra (μm) Heat flux (kW/m2) Saturation pressure (bar) Al2O3 concentration, φ (%)

Pure R-134a 0.042 (mirror) 15, 35, 55 and 70 4, 8, 12 and 16 –

Al2O3–R-134a 0.042 (mirror) 15, 35, 55 and 70 4, 8, 12 and 16 0.01, 0.05, 0.1, 0.25 and 0.5

Al2O3–R-134a 0.82 15, 35, 55 and 70 4, 8, 12 and 16 0.25

Al2O3–R-134a 1.54 15, 35, 55 and 70 4, 8, 12 and 16 0.25

Al2O3–R-134a 2.35 15, 35, 55 and 70 4, 8, 12 and 16 0.25
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The surface temperature, Ts can be calculated as follows:

The boiling heat transfer coefficient, h can be calculated as 
follows:

The ratio between the heat removal rate by the condenser 
and the heat addition rate by the evaporator, R can be calcu-
lated as follows:

0.921 ≤ R ≤ 0.962. During the experimental program.

3.1 � Uncertainty analysis

The uncertainty in heat transfer coefficient is as follows as 
provided by Holman [25]:

(6)Ts = Ti,avg + v i
ln
[

ro
ri

]

2πkl

(7)h =
q

Ts − Tsat
=

vi

πdl(Ts − Tsat)

(8)R =
m.
w Cp,w �Tw

v× i

(9)

�h =

√

[

∂h

∂v
δv

]2

+

[

∂h

∂i
δi

]2

+

[

∂h

∂d
δd

]2

+

[

∂h

∂l
δl

]2

+

[

∂h

∂T
δT

]2

The recorded experimental data from one experiment are:

Therefore;

Thus;

Thus; the uncertainty percentage in calculating heat trans-
fer coefficient from measurements is ±0.812%.

v = 187V, δv = 0.1V,

i = 2.8A, δi = 0.01A,

l = 45mm = 0.045m, δl = 0.1mm = 0.00001m,

d = 25mm = 0.025m, δd = 0.1mm = 0.00001m, and

Ts = 53.8 ◦C, Tsat = 36.1 ◦C, δT = 0.1 ◦C.

(10)

�h =

√

[20.018+ 892.858+ 1120+ 345.679+ 2234.349]

= 67.9W/

(

m2 K

)

(11)
h =

187× 2.8

π × 0.025× 0.045× (53.8− 36.1)

= 8366.6W/

(

m2 K

)

(12)

[

�h

h

]

% =
67.9

8366.6
× 100 = 0.00812× 100 = 0.812%

Fig. 4   Variation of heat transfer 
coefficient with heat flux at 
different concentrations of 
Al2O3 and different operating 
pressures
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Fig. 5   Variation of heat transfer 
coefficient of R-134a with heat 
flux at different surface rough-
ness and different operating 
pressures

Fig. 6   Variation in the enhance-
ment ratio of heat transfer coef-
ficient with heat flux at different 
surface roughness and different 
operating pressures at the same 
concentration



2604	 Heat Mass Transfer (2017) 53:2597–2607

1 3

4 � Results and discussions

The addition of Al2O3 nano particles increases heat 
transfer coefficient as shown in Fig. 4. This is due to the 
increase in the thermal conductivity of the nano fluid. 
The suspended nano particles decrease the surface ten-
sion of the fluid significantly which decreases the radius 
of bubbles and as a consequence more active nucleation 
sites on the heating surface occurs. Therefore, the boil-
ing heat transfer coefficient enhances. As the nano parti-
cles concentration increases, the heat transfer coefficient 
of nano fluids decreases. This deterioration is due to the 

deposition of nano particles on the heating surface which 
covers the surface and the heating surface becomes 
locally isolated and subsequently the rate of heat trans-
fer from the surface toward the nano fluid decreases 
significantly.

The influence of surface roughness on the pool boil-
ing heat transfer coefficient at a concentration 0.25 vol% 
alumina is shown in Fig.  5. The results show that the 
heat transfer coefficient increases by increasing the sur-
face roughness. This result agrees the results of Narayan 
[26], where; the increase in the surface particle interac-
tion parameter; which is the ratio between the average 
surface roughnesses to the average particle diameter, gen-
erates several smaller active cavities and consequently 
an enhancement in heat transfer coefficient has been 
achieved.

The enhancement ratio is defined as follows:

where h is the heat transfer coefficient of nano fluid 
and hpure is the one for pure R-134a at the same condi-
tions. Based on the measured data, the enhancement ratio 
reaches up to 150% as shown in Fig. 6.

An empirical correlation was deduced to formulate the 
relation among h and the parameters (p, q, φ and Ra) for 
pool boiling of R134a-Al2O3 using EUREQA FORM-
LIZE software within a maximum deviation of about 
±9% as follows:

(13)ξ =
h− hpure

hpure
× 100

Fig. 7   Deduced data versus experimental ones

Present work, Ts= 8.9 0C

Cooper, [27], Ts= 8.9 0C

Present work, Ts= 46.3 0C

Cooper, [27], Ts= 46.3 0C

Heat transfer coefficient, h, W/m2 oC

Heat flux, q, W/m2

Fig. 8   Validation of the experimental results for mirror surface
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(14)
h∗ =

h

hmr
=

�

1.22× 45

�

q
qcr

�

× 1.08

�

Ra
Ramr

�

× 0.669φ
�





�

p
pcr

�

×





3.12φ×1.05

�

Ra
Ramr

�

�

Ra
Ramr

�





�

p
pcr

�





which had been deduced by Cooper [27] at the same oper-
ating conditions;

Referring to Fig. 8, one can find a fair validation has been 
established.

(15)

h

q0.67
= 55×

[

p

pcr

](0.12−0.2 log Rp)

×

[

− log
p

pcr

]

−0.55

×M−0.5

Fig. 9   Comparison among pre-
sent work and previous ones

Heat transfer coefficient, h, W/m2 oC

Heat flux, q, W/m2

The calculated heat transfer coefficient from the deduced cor-
relation versus the experimental one was illustrated in Fig. 7.

5 � Comparison among present work and previous 
ones

The current experimental results for pure R-134a were vali-
dated by comparing the results by the following correlation 
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The heat transfer coefficient reaches twice that of pure 
R-141b by addition of nano Au particles as provided by Liu 
and Yang [12]. The effect of the addition of carbon nano 
tubes (CNTs) on boiling heat transfer of refrigerant R-22 
and water was investigated by Park and Jung [28]. Test 
results showed that CNTs increase heat transfer coefficients 
at low heat fluxes. Also, the addition of (CNTs) to R-123 
and R-134a shows an increase in heat transfer coefficient 
at low heat fluxes as reported by Park and Jung [29]. Refer-
ring to Fig. 9, about 48% enhancement was observed due 
to the addition of nono-Al2O3 in the present work rather 
than those from the addition of nano CNCs either to R-22 
or R-141b.

6 � Conclusions

The effect of addition of nano particles of Aluminum oxide 
to a base R-134a on pool boiling heat transfer at different 
concentrations had been experimentally investigated using 
a horizontal stainless steel cylindrical heater having differ-
ent surface roughness. The tests were carried out at differ-
ent operating pressure and different heat fluxes. The results 
can be systemized as follows:

The heat transfer coefficient can be doubled with the 
increase of the nano particles concentration up to 0.25%. But 
it comes down with exceed of nano particles concentration.

An enhancement in heat transfer coefficient up to 37.6, 
55.4, 90.2, 167.7% corresponding to 0.042, 0.84, 1.54, and 
2.35 μm surface roughness, respectively, were recorded.

An empirical correlation was deduced to describe the 
variation of heat transfer coefficient with heat flux, pres-
sure, surface roughness and nano particles concentrations 
within a deviation of ±9%.

In a comparison with previous works, about 48% 
enhancement was observed due to the addition of nono-
Al2O3 to R-134a in the present work rather than those from 
the addition of nano CNCs either to R-22 or R-141b.
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