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Abstract— In the present work, the influence of multi-wall carbon nanotubes (MWCNTs) on flow condensation heat 
transfer of R-600a/oil mixture inside a horizontal smooth tube is investigated. The experimental conditions of this study 
include mass velocities from 140 to 328 kg/m2s, inlet vapor qualities from 0.11 to 0.78, heat fluxes from 10.08 to 26.88 
kW/m2 and mass fractions of MWCNTs from 0.1 to 0.4wt%. For this aim, a well-equipped semi-refrigeration test-rig 
including pump, mass flow meter, pre heater, test condenser, by-pass and evaporator is designed, fabricated and installed in 
order to collect the experimental data on flow condensation heat transfer of refrigerant-nano-oil mixture.  MWCNT-oil 
mixture is prepared using a two-step method and then the nano-oil is injected with a syringe into the pure refrigerant through 
the cycle. The results show that, the presence of MWCNTs at maximum nano concentration and mass velocity, causes 
maximum heat transfer coefficient enhancement of up to 67.30% relative to the coefficient of R-600a/oil mixture without 
nanoparticles. 
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I. INTRODUCTION 
 
Nanofluids consist of nanometer-sized additives and 
base fluids. Common base fluids include water, 
ethylene glycol and oil. Nanoparticles used in 
nanofluids are typically made of metals, oxides and 
carbon nanotubes (CNT). Over a decade ago, 
researchers focused on studying of the effective 
thermal conductivity and the viscosity of nanofluids. 
Thermal conductivity enhancement of nanofluids is a 
driving factor that leads to an idea of considering 
nanofluids as refrigerant. A type of nanofluidswhich 
its host fluid is refrigerant is called nano-refrigerant. 
Higher thermal conductivity of refrigerant-based 
nanofluids compared to conventional refrigerants was 
confirmed by many researchers. Jiang et al. [1] 
showed that the thermal conductivity of 1 vol% 
fraction CNT-R-113 nano-refrigerants was up to 82% 
higher than the pure refrigerant. It was also stated that 
the thermal conductivity of CNT-R113 nano-
refrigerants are much larger compared to CNT-water 
nanofluids. In addition, the solubility between the 
lubricant and the refrigerant can be enhanced by 
nanoparticles.  
Studies on nano-refrigerants indicated that mixing 
proper mass fraction of nano-particles and refrigerant 
caused enhancement in the convective heat transfer 
coefficient. Peng.et al. [2] studied the flow boiling 
heat transfer characteristics of CuO nanoparticles in 
R113 and showed that heat transfer coefficient 
enhanced up to 29.7% by applying refrigerant-based 
nanofluid. Park and Jung [3, 4] reported the 
maximum heat transfer augmentation of36.6% in 
pool boiling of CNT nanorefrigerant with the base 
fluids of R22, R123 and R134a. However, according 
to some other studies, utilizing nanoparticles led to 
deterioration in pool boiling heat transfer. Trisaksri 

and Wongwises [5] showed the nucleate pool boiling 
heat transfer of HCFC-141b declined with 
increasingTiO2 nanoparticles concentrations, 
especially at higher heat fluxes. Tang et al. [6] carried 
out an experimental investigation on nucleate pool 
boiling heat transfer characteristics of Al2O3/R-141b 
nanofluids on a horizontal flat square copper surface 
under atmospheric pressure and heat fluxes between 
10 and 200 kW/m2. The Al2O3 nanoparticles at 
various concentration of 0.001 vol%, 0.01 vol% and 
0.1 vol% with and without SDBS surfactant were 
utilized. As such, pool boiling heat transfer of R141b 
enhanced at 0.001 vol% and 0.01 vol% of 
nanoparticles with and without the SDBSsurfactant. 
However, at 0.1 vol% of nanoparticles without the 
SDBS surfactant, pool boiling heat transfer of R-141b 
decline due to large deposition of nanoparticles. 
Most of the available literature on heat transfer 
characteristics of nano-refrigerants was focused on: 
(i) pool boiling [5, 6]; and (ii) boiling heat transfer 
characteristics of nano-refrigerants [7, 8]. However, 
to the best knowledge of the authors, no study has 
been done so far to investigate the condensation 
characteristics of a nano-refrigerant inside a channel. 
The only study related to condensation of nanofluids 
in open literature, Wang et al. [9], was focused on the 
effects of nanoparticles on condensation of R410a in 
an air conditioner. Refrigerant properties affect 
thermal characteristics of the two-phase flow and 
they have environmental impact. The use of CFC, 
HCFC and HFC refrigerants outlawed in Montreal 
protocol (1987) and Kyoto protocol (1997)due to 
their ozone depletion and global warming potentials, 
respectively  
[10]. However, natural refrigerants such as ammonia 
(R717), hydrocarbons (R600a), water and CO2 were 
introduced as alternatives[11].  
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In the present study,hydrocarbon refrigerant, 
Isobutene (R600a), was chosen due to its appropriate 
thermodynamic features, high energy efficiency, 
negligible ozone depletion, and global warming 
potentials[12–14].In commercial systems, 
compressors are usually lubricated using oil in 
different parts of the device and a small portion of the 
oil might leak into the working fluid. However, in 
most previous studies, nanoparticles were added 
directly to refrigerants without presence of oil [2, 15]. 
To address such deficiency in literature, in this study, 
nanoparticles are dispersed into the lubricant oil and 
then are mixed with the refrigerant. The main 
objective of the present study is to experimentally 
investigate the condensation heat transfer 
characteristics of nano-refrigerant flow inside a 
horizontal plain tube. As such, the convective heat 
transfer coefficient of R600a/oil/MWCNTnano-
refrigerant condensing in a horizontal smooth tube is 
measured experimentally for a wide range of 
operating parameters: (i) mass fluxes from 140 to 328 
kg/m2s; (ii) vapor qualities between 0.11 to 0.78; (iii) 
heat flux from 10.08 to 26.88 kW/m2; and (iv) 
condensation pressure from 5.1 to 6.2 bar. The 
obtained results for the heat transfer characteristics of 
nano-refrigerants are then compared with those of the 
pure refrigerant, and the baseline mixture (R600a/oil).  
 
II. EXPERIMENTAL DETAILS 
 
2.1. Description 
The schematic diagram of the experimental 
apparatus, for testing the heat transfer coefficient and 
the heat transfer of refrigerant-nanooil mixture, 
includingthe variable frequency gear pump, Coriolis-
effect mass flow meter, preheaters, test condenser,sub 
cooler,    by-pass section and evaporator is shown in 
“Fig. 1”. The preheaters and evaporator were 
installed upstream of the test condenser to obtain 
desired vapor quality at the inlet of the test condenser 
so as to cover the entire ranges of vapor qualities. The 
test condenser was a smooth horizontal copper tube 
with inside diameter of 8.70 mm and thickness and 
length of 0.4 mm and 120 cm, respectively. Electrical 
resistance heaterswere wrapped around the preheaters 
and evaporator uniformly and they were insulated by 
glass wool pad to reduce the heat loss to the 
surroundings. 
The inlet temperature of the test section was 
monitored by a data logger with an accuracy of 0.1. 
The preheaters and evaporator were copper tube with 
an outer diameter of 9.52 mm and were heated 
uniformly with the electrical heaters wrapped around 
them. The input power for each heater was controlled 
by a 2 kW dimmer. Although, the evaporator and the 
preheaters were completely insulated to prevent any 
heat leakage, the insulation efficiency was calculated 
to consider heat loss; thus, the net heat rates were 
used to calculate the vapor qualities and heat transfer 
coefficients.  

 
Figure 1. Schematic of the experimental apparatus 

 
A variable frequency gear pump of 373 W and the 
maximum pressure of 1000 kPa was used to circulate 
the refrigerant into the cycle and compensate the 
pressure drop. Water was used as a coolant for 
condensation of refrigerant. The sub-cooler was a 
shell and tube cross flow heat exchanger with coiled 
tube of 10 m long and shell tube of 0.6 m long. It was 
used to ensure that refrigerant has been changed to 
the compressed liquid before entering the pump and 
to adjust the saturation temperature at the inlet of test 
condenser. 
The flow meter was a Coriolis mass flow meter 
(Danfoss- MASS/2100/6000) with the accuracy of 
0.1% of the full scale. It measuresthe mass flow rates 
up to 0.07 kg/s within the temperature ranges from -
150 to 180 °C. ISO-Butane (HR-600a) with the purity 
of 99.5% was used as the working fluid. During each 
test run, three sets of data were taken at intervals of 
10 mineach after the system reached to steady state 
condition. An average of three readings was used for 
further analysis. The mass velocity was controlled by 
an inverter which was coupled with the variable 
frequency pump. Moreover a bypass section is used 
to control the mixture flow rate (to the main loop) and 
to inject the nanooil into the refrigerant. In by-pass 
loop, the remaining portion of liquid mixture enters to 
condenser. To inject the nanooilin the system, the 
following steps are performed.   
1.  The initial and terminal valves are closed (marked 
with valve A and valve B in “Fig. 1”). 
2. The bypass path is vacuumed by vacuum pump. 
3. The oil and nano oil is injected to the bypass line 
by syringe from the valve that is located in the middle 
of the bypass line. 
4. The middle valve (in the “Fig. 1”) is closed and 
two other valves are opened. 
 
After injection of the nanooil, the pump works for 
three hours to make the mixture homogenized. The 
used lubricating oil is a naphthenic refrigeration 
compressor oil with commercial name “Gulf Eskimo 
68”, nominal kinematic viscosity of 68cStat 40 ºC 
and density of 921 kg/m3at 15ºC, as reported by the 
manufacturer. The oil is completely miscible with 
ISO-Butane (HR-600a) refrigerant.In this study, 
multi-wall carbon nanotubes with average inner and 
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outer diameters of 4 and 10 nanometer, respectively, 
length of 50 µm and density of 2.1 gr/cm3 were used. 
“Table 1” shows the the ranges of operating 
parametersfor the present study. The error values of 
essential parameters are presented in “Table 2”. 
 

Table 1: The ranges of operating parameters 

 
 

Table 2:Measurement errors for different 
parameters 

 
 
2.2. Data reduction 
For evaluating the percentage of oil in mixture, 
nominal oil concentration is defined as: 
 
휔 =                                                           (1) 
 
Where,mo and mR are the mass flow rates of oil and 
refrigerant, respectively. Local oil concentration is 
determined as the percentage of oil in liquid phase of 
mixture. 
 
휔 =

,
=

,
                                          (2) 

 
where,mR,L,xR,oand ωlocare the mass flow rate of 
refrigerant liquid, thevapor quality of oil/refrigerant 
mixture, and local oil concentration,respectively. 
Vapor quality of the mixture can be determined by 
calculating the mixture enthalpy at each point along 
the test condenser. 
 
푥 , = ( ) , ,

( )( , , )
																																(3) 

in which,xR,0,hR,o, ho,hR,land hR,V are the vapor quality 
of the mixture,enthalpy of the mixture, enthalpy of 
oil, enthalpy of the refrigerantliquid, and enthalpy of 
the refrigerant vapor, respectively.  
 
The local flow boiling heat transfer coefficients for 
refrigerant-oil mixture is defined by Eq. (4). 
 

 
where, 

, ,tp R o  is the two phase heat transfer 

coefficient of refrigerant-oil mixture, W/m2K; 
.

testq  is 
the heat flux of test evaporator, W/m2;  

,w iT  is the 
inner tube wall temperature which was calculated 
based on averaged  thermocouple readings at 6  
positions located on the outer surface of the tube 
considering the temperature loss due to radial heat 
conduction. The average of the thermocouple 
readings at top, bottom and both sides of each section 
was considered as the temperature of that station.  

bubT is the bubble point temperature of the refrigerant-
oil blend. The boiling point temperature of lubricant 
oil is higher than isobutene refrigerant, so adding oil 
to the pure isobutene refrigerant, caused the bubble 
point of the blend to be increased. The bubble point 
temperature of the refrigerant-oil blend for a given 
saturation pressure and oil concentration of R-22/oil 
mixtures is calculated based on the correlation 
proposed by Takaishi and Oguchi [16].The same bulb 
point temperature is also used fornano-0il-refrigerant 
mixtures. 
 
III. RESULTS AND DISCUSSION 

 
Fig. 2 shows the effect of mass velocity on the 
condensing heat transfer coefficient of the applied 
working fluids against the vapor quality for the 
obtained experimental data. It can be seen that the 
heat transfer coefficient increases with the increase of 
both vapor quality and mass velocity. This happens 
due to the decrease in the thickness of the liquid film 
on the inner tube wall which in turn reduces the 
thermal resistance and increases the turbulent 
interaction between the vapor and liquid phases in 
liquid–vapor interface. These trends are also similar 
to the previous conducted studies, see [3, 17].Fig. 3 
depicts the condensation heat transfer coefficient of 
different working fluids versus the vapor quality at 
mass velocity of 233 kg/m2s. For evaluating the effect 
of nanoparticles on condensing heat transfer 
coefficient, experiments are conducted for two 
different working fluid types including: (i) 
refrigerant/oil (R600a/oil); and (ii) 
nanoparticle/lubricant/refrigerant 
(R600a/oil/nanoparticle). The nanoparticles with 
fourdifferent weight fractions of 0.1%, 0.2%,0.3 % 
and 0.4% were dispersed in the baseline mixture and 
added to R600a to form the nano-refrigerants. From 
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Fig. 3, it is found that, the heat transfer coefficient 
increases with the increase of vapor quality due to: (i) 
elevation of the vapor quality which leads to 
developing the flow  
 

 
Fig. 2. The effect of mass velocity on heat transfer coefficient 

for pure refrigerant  
 

regime toward the annular flow; and (ii) decrease in 
the thickness of the liquid film on the inner tube wall 
which in turn causes heat transfer enhancement [2]. 
The heat transfer coefficient of nanoparticle/R600a 
nanofluid is significantly higher than that of pure 
refrigerant. Since there is no relevant study on the 
effect of oil and nanoparticles on condensing heat 
transfer of R600a, the results of this study cannot be 
compared quantitatively with the literature. However 
the present working fluids show similar trends to that 
of boiling heat transfer of R600a/oil/nano mixture [7]. 
Adding nanoparticles enhanced the heat transfer at 
low and intermediate vapor qualities. At the higher 
vapor quality the effect of nanoparticles on heat 
transfer enhancement decreases. It probably is related 
to a dominant factor that influences heat transfer rate 
when the vapor quality varies. In fact, oil viscosity is 
much higher than the refrigerant. Therefore, by 
increasing the vapor quality the local oil 
concentration in the liquid phases of the refrigerant 
increases. As a result, for the vapor qualities more 
than about 0.5, the viscosity of the mixture increases; 
this leads to a decrease in the Reynolds number and 
the rate of convective heat transfer enhancement.The 
most important reasons for this phenomenon are 
mainly caused by the following: 
(i) Nanoparticle disturbance leads to decreasing the 
boundary layer thickness which in turn reduces the 
thermal resistance and enhances the heat transfer 
coefficient [18, 19]. 
(ii) The liquid molecules are absorbed by 
nanoparticles which in turn increase the heat transfer 
rate of the fluid flow [20]. 
(iii) Deposition of a molecular layer of the 
nanoparticles on the inner tube surface increases the 
heat transfer coefficient.  

(iv) Adding nanoparticles enhance the surface tension 
of the mixture in comparison with that of pure 
refrigerant, resulted in increasing the wettability 
which  leads to heat transfer enhancement. 
(v) Nanofluids have higher thermal conductivity 
compared to the base fluid; one of the most important 
parameters enhancing the heat transfer coefficient. 
Fig. 4 shows the average local heat transfer 
coefficient for nano-refrigerants against mass velocity 
for different vapor qualities. As it can be seen in this 
figure, the heat transfer coefficient for all cases 
increases with the mass velocity. Increasing the 
Reynolds number is the main consequence of 
increasing the mass velocity which in turn leads to a 
decrease in the thickness of the boundary layer at the 
inner tube wall. This phenomena augments the 
thermal gradient near the tube wall and consequently 
increases the heat transfer coefficient. The general 
trend is the fact that adding nanoparticles lead to 
increase in heat transfer coefficient. However, at the 
same conditions, the heat transfer coefficients of 
nano-fluids at low vapor qualities may be less than 
that of the baseline mixture (oil/refrigerant).  
 

 
Fig. 3. Condensing heat transfer coefficients of different 

working fluid types (pure refrigerant, refrigerant oil mixture, 
and three different weight fractions of nanoparticles) versus 

vapor quality at mass flux of 233 kg/m2 s 
 

Finally, the maximum heat transfer coefficient 
enhancement of 67.30% was achieved at highest mass 
velocity of 327.089 kg/m2s  and oil nanoparticles 
mass concentration of 0.4 wt.%.. 
 

 
Fig. 4. The average local heat transfer coefficient for 

nanorefrigerant versus mass velocity 
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CONCLUSIONS 
 
The effect of the MWCNTs nanoparticles on the flow 
condensation characteristics of refrigerant R-600a 
was experimentally investigated. For the feasibility of 
nanoparticle dispersion into the refrigerant, lubricant 
oil was used. The results for nano oil/refrigerant show 
that adding MWCNTs increase the heat transfer 
coefficient at all mass concentrations and mass 
velocities. Besides, with the increasing of vapor 
quality, the heat transfer coefficient increases up to 
vapor quality of about 0.5 and then decreases. 
Finally, the maximum enhancement of heat transfer 
coefficient of 67.30% was obtained at the highest 
mass velocity and nanoparticles mass concentration. 
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