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In this study, the effects of the volumetric flow rate of the nanofluid (250 ml/min, 350 ml/min, 450 ml/
min and 550 ml/min) and the mass fraction of the nanoparticles (0 wt%, 0.2 wt% and 0.5 wt%) on the
energy and exergy efficiencies of an indirect solar cooker with multi-walled carbon nanotube-oil
(MWCNT-oil) nanofluid are investigated. Moreover, the performance of the solar collector and cooking
unit, as the two main parts of the indirect solar cooker, is analyzed from the energy and exergy view-
points. The results reveal that while increasing the volumetric flow rate of the nanofluid enhances the
energy and exergy efficiencies of the solar collector, those of the cooking unit are maximized at the flow
rate of 250 ml/min. Furthermore, using the nanofluid with a higher nanoparticles mass fraction leads the
energy and exergy efficiencies of the solar collector and cooking unit to increase. Based on the results, the
overall energy efficiency of the nanofluid-based solar cooker with 0.5 wt% is 20.08%, and the relative
improvement of the overall exergy efficiency of the nanofluid-based solar cookers with 0.2 wt% and
0.5 wt% compared to that of the cooker with thermal oil is 37.30% and 65.87% respectively.
© 2020 Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
1. Introduction

One of the most reliable renewable energy sources is the sun,
which provides the Earth with 3.85 million exajoules over a year
[1]. Different systems, such as photovoltaic modules [2,3] and solar
collectors [4,5], were manufactured so as to produce electrical and
thermal energies using solar energy. Researchers have also
endeavored to design an optimized solar system which makes
cooking using solar energy possible. This system is called a solar
cooker. One of the main challenges of solar cookers is that a user
has to stay under the sun during the cooking process. This has
affected the popularity of these systems in different countries
especially in which the cost of fossil fuels is not high (such as Iran).
To overcome this drawback, indirect solar cookers were proposed.
. Hosseinzadeh), h.zamani@

icle.

s article under the CC BY license (
An indirect solar cooker is indeed a combination of a solar col-
lector (located outdoors), cooking unit (situated indoors) and heat
transfer medium [6]. In this system, having been heated in the solar
collector, the heat transfer medium is conducted to the cooking
unit. Water, thermal oil or nanofluid can be used as the heat
transfer fluid in the structure of indirect solar cookers. Moreover,
the type of solar collector can be concentrating type, flat plate or
evacuated tube. As mentioned before, the main advantage of the
indirect solar cooker is providing the indoor cooking possibility;
however, it may be placed outdoors. This can be seen in the system
including the solar collector integratedwith heat pipes inwhich the
heat pipes are inserted inside the cooking unit [7,8]. Generally, the
indirect solar cookers can operate in either single-stage or double-
stage modes [9,10]. In the single-stage mode, the heat transfer fluid
is immediately led from the solar collector to the cooking unit, but
in the other mode, the system operation comprises two phases,
charging and discharging. During the charging phase, the gained
energy by the heat transfer fluid is collected in a heat storage tank.
This energy is then applied for cooking in the discharging phase.

Several studies in the literature investigated the performance of
http://creativecommons.org/licenses/by/4.0/).



Nomenclature

A Area (m2)
c Specific heat capacity (J kg�1 K�1)
_E Power (W)
_Ex Exergy rate (W)
G Solar radiation (W m�2)
h Specific enthalpy (J kg�1)
m Mass (kg)
_m Mass flow rate (kg s�1)
P Pressure (Pa)
s Specific entropy (J kg�1 K�1)
T Temperature (K)
t Time (s)
u Specific internal energy (J kg�1)

Greeks
h Energy efficiency (%)
ε Exergy efficiency (%)
r Density (kg m�3)
4 Nanoparticles volume fraction
f Non-flow exergy (J)

Subscripts
a Aperture
amb Ambient
ave Average
bf Base fluid
c Coil
cu Cooking unit
el Electrical
f Heat transfer fluid
fi Final
i Initial
in Inlet
np Nanoparticles
nf Nanofluid
out Outlet
ov Overall
p Pump
r Receiver
sc Solar collector
th Thermal
w Water

M. Hosseinzadeh, R. Sadeghirad, H. Zamani et al. Renewable Energy 165 (2021) 14e24
indirect solar cookers from different aspects. It should be noted that
in the literature survey section, the research studies are categorized
and presented based on the type of solar collector used in the
structure of the indirect solar cooker. Haraksingh et al. [11] exper-
imentally evaluated the performance of an indirect solar cooker
including a double-glazed flat plate solar collector. In their ther-
mosyphon system, the heat transfer fluid was coconut oil. They
observed that when the cooking unit includes two pots with 2 L of
water in each, the maximum oil temperature is 130 �C, whereas in
the no-load condition, that of temperature in the cooking unit was
reported to be 144 �C. Schwarzer and da Silva [12] presented an
experimental procedure in order to examine different solar
cookers. In addition, they experimentally studied the performance
of an indirect solar cooker consisting of a flat plate solar collector.
They achieved that in the average solar radiation of 900 W/m2, the
time taken to boil 8.5 kg of water with the initial temperature of
20 �C is nearly 60 min. Furthermore, about 32 kg of water can be
boiled by the solar cooker over a day.

Esen [7] carried out experimental research to compare the effect
of using different refrigerants in the heat pipes in an indirect solar
cooker including an evacuated tube solar collector integrated with
heat pipes. The investigated refrigerants were Freon 22 (R-22),
Freon 134a (R-134a) and Freon 407C (R-407C). He concluded that
the solar cooker with R-407C takes a lower time to cook different
food namely rice, macaroni, potato, chicken and omelet. For
example, the time required to cook 0.25 kg of rice in 0.4 kg of water
in the system with R-407C was 50 min, while that of the cooker
with R-22 and R-134a was reported to be 55 min and 63 min
respectively. Sharma et al. [13] experimentally evaluated the per-
formance of an indirect solar cooker with two evacuated tube solar
collectors. In their study, the heat transfer fluid was water. More-
over, they used 45 kg of commercial erythritol as phase change
material (PCM) in the cooking unit. They observed that even though
cooking in the noon and evening are possible using the indirect
solar cooker, the evening cooking takes a lower time. Their exper-
imental results in the winter also show that the PCM did not melt
during the experiment, so the solar cooker can be utilized for low-
temperature cooking. In an experimental study, Farooqui [14]
15
analyzed the efficiency of an indirect solar cooker from the energy
and exergy viewpoints. The solar cooker included an evacuated
tube and cooking unit, operating as a thermosyphon system. He
found that the maximum energy efficiency of the solar cooker is in
the range of 25e30%. In addition, its exergy efficiency peaks at 4.7%.

Mawire et al. [15] numerically investigated the charging phase
of an indirect solar cooker which operated in the double-stage
mode. They utilized a parabolic dish solar collector as well as a
heat storage tank, containing oil (the heat transfer fluid) and peb-
bles, in the structure of the system. They achieved that rising the
volumetric flow rate of oil from 12 ml/s to 18 ml/s causes both
energy and exergy efficiencies of the system to increase. Further-
more, the effect of flow rate on exergy efficiency is higher than on
energy efficiency. Kumaresan et al. [16] experimentally examined
the discharge phase of an indirect solar cooker operating in the
double-stage mode. However, they had charged the heat storage
tank using a parabolic trough solar collector before the experiment.
In their system, the heat storage tank included heat transfer fluid
(Therminol 55 oil) and 126 PCM (D-Mannitol) balls. They concluded
that the temperature of olive oil in the cooking unit rockets from
26 �C to its peak, 152 �C, within 15 min. They also reported that the
cooking unit efficiency as well as the overall efficiency of the solar
cooker in the discharge phase are 73.5% and 10.2% respectively.

Oommen and Jayaraman [17] experimentally evaluated the
performance of an indirect solar cooker in which water is evapo-
rated in a compound parabolic solar collector, and steam is then
conducted to cooking unit. They observed that in the fabricated
solar cooker, the time taken to cook 1 kg of rice in 1.5 L of water is
125min. Saini et al. [18] experimentally studied the performance of
an indirect solar cooker consisting of a parabolic trough solar col-
lector. They used 3.5 kg of commercial Acetanilide as the PCM as
well as water and engine oil as heat transfer fluids in their ther-
mosyphon system. They found that in the no-load condition, the oil
temperature is about 10e24 �C higher than that of water. In addi-
tion, using engine oil as the heat transfer fluid enhances the stored
energy in the PCM by 19.45e30.38% in comparison with water.
Therefore, the cooking time in the solar cooker with engine oil is
lower than that of the system with water.
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As reviewed above, the heat transfer fluid in the structure of
indirect solar cookers was commonly oil or water. The use of
nanofluids instead of conventional heat transfer fluids can be a
useful method in order to enhance the performance of indirect
solar cookers. Nevertheless, this matter was seldom examined in
previous studies. In an experimental research effort, Abd-Elhady
et al. [19] investigated the effect of using metallic wires and
nanographene on the performance of an indirect solar cooker with
parabolic trough solar collector in which an evacuated tube was
situated at the focal line. In this study, the mass fraction of nano-
particles in the oil-based nanofluids was 3.4 � 10�4%, 6.7 � 10�4%
and 1.0 � 10�3%. They achieved that using the nanofluid with the
nanoparticles mass fraction of 3.4 � 10�4% slightly enhances the
thermal performance of the indirect solar cooker. However,
increasing the mass fraction of the nanoparticles has an adverse
effect on the system performance. This is owing to the increase of
the nanofluid viscosity, which influences the natural convection in
the thermosyphon system.

The main goal of this study is to improve the performance of an
indirect solar cooker using multi-walled carbon nanotube-oil
(MWCNT-oil) nanofluid. The specific objectives of this research
are expressed in the following:

� The experimental investigation of the efficiency of the solar
collector and cooking unit as well as the overall efficiency of the
indirect solar cooker from the energy and exergy viewpoints.

� The experimental evaluation of the effect of the volumetric flow
rate of the nanofluid as well as the mass fraction of the nano-
particles on the performance of the indirect solar cooker.

� The comparison of the efficiency of the nanofluid-based indirect
solar cooker with that of the systemwith thermal oil as the heat
transfer fluid.
2. Experimental setup and nanofluid preparation

As shown in Fig. 1, the indirect solar cooker comprises two main
sections being a parabolic dish solar collector and cooking unit. In
the solar collector, a parabolic dish reflector, with an aperture
diameter of 120 cm and depth of 20 cm, concentrates the solar
Fig. 1. A view of (a) solar colle
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radiation on an elliptically curved receiver. The focal length and
concentration ratio of the reflector are 45 cm and 32.55 respec-
tively. A view of the receiver inside is displayed in Fig. 2. According
to the figure, the fabricated receiver consists of spiral blades, with a
thickness of 1.5 mm and height of 12 mm. Moreover, the volume of
the receiver is 400 ml. The heat transfer fluid is conducted into the
receiver from a side with major diameter. The blades extend the
heat transfer surface by leading the heat transfer fluid into a spiral
passage before exiting the receiver from its center. Thus, the heat
transfer fluid in the fabricated receiver absorbs higher thermal
energy compared to in a conventional receiver. The cooking unit
includes a helical coil which is welded around the cooking pot, and
they are insulated by the K-Flex thermal insulation. Both of the
helical coil and cooking vessel aremade of copper. Furthermore, the
internal diameter of the coil is 6 mm. A view of the cooking vessel
along with the helical coil is shown in Fig. 3.

A schematic diagram of the experimental setup is illustrated in
Fig. 4. As can be seen, the heat transfer fluid is conducted from a
tank (located indoors) to the receiver using a pump. After being
heated in the receiver, the heat transfer fluid is led to the cooking
unit, where it conveys the thermal energy to the cooking vessel. In
this study, the indirect solar cooker is utilized to boil 2 L of water.
The experiments were carried out between 6 and July 24, 2019 at
Research Institute of Food Science and Technology, Mashhad, Iran
(Latitude: 36� and Longitude: 59�), commencing at 11:00, when the
solar radiation intensity was high enough. The experimental data
were recorded at intervals of 5 min until water started to boil.
During the experiments, the flow rate of the heat transfer fluid was
regulated and checked by a flow control valve as well as a beaker
and timer. The ambient temperature was measured by a mercury
thermometer which was situated near the experimental setup in
the shade. In addition, solar radiation variations were monitored
using a solar power meter (TES-1333, Taiwan). The water temper-
ature as well as the temperature of the heat transfer fluid at the
inlet and outlet of the receiver and helical coil were measured by
means of K-type thermocouples. Moreover, a pressure transmitter
(Atek, Turkey) was applied to measure the pressure of the heat
transfer fluid.

In this research, the studied heat transfer fluids are Behran
thermal oil andMWCNT-oil nanofluids with the nanoparticlesmass
ctor and (b) cooking unit.



Fig. 2. A view of the receiver inside.

Fig. 3. A view of the cooking vessel along with the helical coil.
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fraction of 0.2% and 0.5% (0.2 wt% and 0.5 wt%). The thermophysical
properties of the thermal oil were presented in the previous studies
Fig. 4. The schematic diagram
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[20,21]. Furthermore, the size and the thermophysical properties of
MWCNT nanoparticles are reported in Table 1 [22,23]. The trans-
mission electron microscope (TEM) image of the nanoparticles is
also shown in Fig. 5. In order to prepare the nanofluids, a specific
amount of the nanoparticles are initially added to the thermal oil
and they are stirred manually. This is followed by stirring the sus-
pension using a high-speed stirrer. The surfactant used in the
preparation of the MWCNT-oil nanofluids is Gum Arabic [24]. To
stabilize the mixture, this is then exposed to ultrasonication with a
constant temperature of 50 �C in an ultrasound vibrator (Elma,
Elmasonic, Germany). It should be mentioned that the ultra-
sonication process is performed in four time periods of 30 min. For
instance, a view of the preparedMWCNT-oil nanofluidwith 0.2 wt%
is displayed in Fig. 6.
3. Thermodynamic analysis

In this section, the energy and exergy analyses are presented so
as to investigate the performance of the solar collector and cooking
unit, as the two main sections of the indirect solar cooker. More-
over, the overall performance of the indirect solar cooker is
of the experimental setup.



Table 1
The size and thermophysical properties of MWCNT nanoparticles [22,23].

Particle size (nm) Density (kg m�3) Heat capacity (J kg�1 K�1) Thermal conductivity (W m�1 K�1)

10e20 2100 735 1500e3000

Fig. 5. TEM image of MWCNT nanoparticles.

Fig. 6. A view of the prepared MWCNT-oil nanofluid with 0.2 wt%.
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evaluated from the energy and exergy viewpoints.
3.1. Solar collector

By considering the solar collector as a control volume, the rate of
input solar energy is calculated by the following equation:

_Esc;in ¼GAa (1)

where G is the rate of total solar radiation, and Aa refers to the
aperture area of the solar concentrator, which is 0.94 m2. The
output thermal power of the solar collector is expressed as:

_Esc;out ¼ _mf cf ðTr;out � Tr;inÞ (2)

In the above equation, _mf represents the mass flow rate of heat
transfer fluid. In addition, cf is the specific heat capacity of the heat
transfer fluid. Tr;in and Tr;out refer to the temperature of the heat
transfer fluid at the inlet and outlet of the receiver respectively. If
the heat transfer fluid of the indirect solar cooker is nanofluid, the
specific heat capacity can be obtained as follows [25]:

cnf ¼
4ðrnpcnpÞ þ ð1� 4Þðrbf cbf Þ

rnf
(3)

in which 4 and rnf indicate the volume fraction of nanoparticles
and the density of the nanofluid in order, which are calculated
18
using the following equations [25]:

4¼ mnp
�
rnp

mnp

.
rnp þmbf

.
rbf

(4)

rnf ¼4rnp þ ð1�4Þrbf (5)

Using Eqs. (1) and (2), the instantaneous energy efficiency of the
solar collector is obtained as follows:

hsc¼
_Esc;out
_Esc;in

¼
_mf cf ðTr;out � Tr;inÞ

GAa
(6)

The exergy rate of the input solar energy can be calculated as
[26,27]:

_Exsc;in ¼ GAa½1� 4Tamb

3Tsun
þ 1
3
ðTamb

Tsun
Þ4� (7)

In the above equation, Tamb refers to the ambient temperature,
and Tsun is the temperature of the sun as a black body (being
5800 K) [28]. The output thermal exergy rate of the solar collector is
obtained by the difference between the flow (stream) exergy at the
inlet and outlet of the receiver, which is expressed as [25,29]:

_Exsc;out ¼ _Exr;out � _Exr;in ¼ _mf ½ðhr;out �hr;inÞ�Tambðsr;out � sr;inÞ�/

_Exsc;out ¼ _mf cf ½ðTr;out �Tr;inÞ�Tamb lnð
Tr;out
Tr;in

Þ�

(8)

where hr and sr represent the specific enthalpy and entropy of the
heat transfer fluid respectively. Based on Eqs. (7) and (8), the
instantaneous exergy efficiency of the solar collector is calculated
by the following equation:

εsc ¼
_Exsc;out
_Exsc;in

¼
_mf cf ½ðTr;out � Tr;inÞ � Tamb lnðTr;outTr;in

Þ�
GAa½1� 4Tamb

3Tsun
þ 1

3ðTamb
Tsun

Þ4�
(9)

3.2. Cooking unit

By considering the cooking unit as a control volume, the input
thermal power which is provided by the helical coil is obtained as
follows:

_Ecu;in ¼ _mf cf ðTc;in � Tc;outÞ (10)

in which Tc;in and Tc;out are the temperature of the heat transfer
fluid at the inlet and outlet of the helical coil in order. The average
output thermal power of the cooking unit is expressed as the
average rate of thermal energy which water absorbs during a time
interval. This is calculated using the following equation [16,27]:

_Ecu;out;ave ¼
mwcwðTw;fi � Tw;iÞ

Dt
(11)

where mw indicates the mass of water, and cw is the specific heat
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capacity of water. Moreover, Tw;i and Tw;fi refer to the water tem-
perature at the beginning and end of the time interval respectively.
Using Eqs. (10) and (11), the average energy efficiency of the
cooking unit during the time interval is expressed as [10]:

hcu ¼
_Ecu;out;ave
_Ecu;in;ave

(12)

In the above equation, _Ecu;in;ave is the average input thermal
power of the cooking unit during the time interval. Similar to Eq.
(8), the input thermal exergy rate of the cooking unit is calculated
by the difference between the flow exergy at the inlet and outlet of
the helical coil:

_Excu;in ¼ _mf cf ½ðTc;in � Tc;outÞ� Tamb lnð
Tc;in
Tc;out

Þ� (13)

The exergy change of water as well as the average rate of the
output thermal exergy of the cooking unit over the time interval are
calculated by the following equations [30,31]:

Dfw ¼ fw;fi � fw;i ¼ mw½ðuw;fi � uw;iÞ � Tambðsw;fi � sw;iÞ�/

Dfw ¼ mwcw½ðTw;fi � Tw;iÞ � Tamb lnð
Tw;fi

Tw;i
Þ�

(14)

_Excu;out;ave ¼Dfw

Dt
¼

mwcw½ðTw;fi � Tw;iÞ � Tamb lnðTw;fi

Tw;i
Þ�

Dt
(15)

in which fw and uw represent the exergy and specific internal en-
ergy of water respectively. Based on Eqs. (13) and (15), the average
exergy efficiency of the cooking unit during the time interval is
obtained as follows:

εcu ¼
_Excu;out;ave
_Excu;in;ave

(16)

In the above equation, _Excu;in;ave is the average rate of the input
thermal exergy of the cooking unit during the time interval.
3.3. The overall performance of indirect solar cooker

The electrical power consumed by the pump so as to circulate
the heat transfer fluid in the system can be calculated as [32]:

_Ep¼
_mfDP
rf hp

(17)

where DP indicates the pressure drop in the system. Furthermore,
hp is the pump efficiency.

The overall energy efficiency of the indirect solar cooker de-
pends on the output thermal power of the cooking unit and input
solar power. It should be noted that in order to calculate the cooker
efficiency, the consumed pumping power is subtracted from the
output thermal power of the solar cooker. For this purpose, the
electrical pumping power is initially converted to an equivalent
thermal power by dividing the pumping power to a factor of hel
which is considered to be 0.33 [33]. Thus, the overall energy effi-
ciency of the indirect solar cooker is calculated using the following
equation:
19
hov ¼
_Ecu;out;ave �

_Ep

hel

Aa

ðt2
t1
GðtÞdt

¼
_Ecu;out;ave �

_Ep

hel

_Esc;in;ave
(18)

In the above equation, _Esc;in;ave is the average rate of the input
solar energy over the time interval. Since electrical energy is
equivalent to available work, the pumping exergy rate is equal to
the pumping power [25]. Consequently, the overall exergy effi-
ciency of the indirect solar cooker is expressed as:

εov ¼
_Excu;out;ave � _Ep

_Exsc;in;ave
(19)

inwhich _Exsc;in;ave refers to the average exergy rate of the input solar
energy during the time interval.

4. Uncertainty analysis

In an experimental study, the uncertainty analysis is imple-
mented to investigate the reliability of the results. For a measured
parameter, the total uncertainty is calculated using the following
equation [6,34]:

dv¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðdvequÞ2 þ ðdvrepÞ2

q
(20)

where dvequ represents the equipment uncertainty, depending
upon the accuracy of the equipment. In addition, dvrep is the repe-
tition uncertainty, which demonstrates the repeatability of the
experimental data. If F is a function of independent linear param-
eters, F ¼ Fðv1; v2; :::; vnÞ, the uncertainty of this function can be
obtained as follows [35]:

dF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð vF
vv1

dv1Þ2 þ ð vF
vv2

dv2Þ2 þ :::þ ð vF
vvn

dvnÞ2
s

(21)

The accuracy of the equipment as well as the total uncertainty of
the parameters measured during the experiments are presented in
Table 2. The analyses also reveal that the maximum uncertainty of
all parameters is less than 4%. This demonstrates the reliability of
the experimental results.

5. Results and discussion

In this research, the effects of the volumetric flow rate of
MWCNT-oil nanofluid as well as the mass fraction of nanoparticles
in the nanofluid on the energy and exergy efficiencies of the indi-
rect solar cooker are presented.

5.1. Effect of volumetric flow rate

In this section, the indirect solar cooker is experimentally
examined so as to study how the variation of the volumetric flow
rate of MWCNT-oil nanofluid with 0.2 wt% can affect the perfor-
mance of the solar collector and cooking unit separately. Further-
more, its effect on the overall efficiency of the solar cooker is
evaluated. The studied flow rates are 250 ml/min, 350 ml/min,
450 ml/min and 550 ml/min. The experiments regarding each flow
rate were accomplished in separate days between 6 and July 18,
2019. For instance, Fig. 7 shows the variation of the solar radiation
and ambient temperature during the experiment in which the
volumetric flow rate of the nanofluid was 250 ml/min. The exper-
iment was performed on July 6, 2019. According to the figure, the



Table 2
The total uncertainty of the measured parameters during the experiments.

Measured parameter Measuring equipment Equipment accuracy Uncertainty

Solar radiation Solar power meter (TES-1333, Taiwan) ±10.0 W/m2 or ±5% (additional ±0.38 W/m2/�C for T � 25 �C) ±3.39 W/m2

Ambient temperature Mercury thermometer ±0.5 �C ±0.54 �C
Fluid inlet temperature (receiver) K-type thermocouple (Wire type) ±1.5 �C or ±0.75% (0 �C � T � 200 �C) ±0.78 �C
Fluid outlet temperature (receiver) K-type thermocouple (Wire type) ±1.5 �C or ±0.75% (0 �C � T � 200 �C) ±0.88 �C
Fluid inlet temperature (helical coil) K-type thermocouple (Wire type) ±1.5 �C or ±0.75% (0 �C � T � 200 �C) ±0.73 �C
Fluid outlet temperature (helical coil) K-type thermocouple (Wire type) ±1.5 �C or ±0.75% (0 �C � T � 200 �C) ±0.74 �C
Water temperature K-type thermocouple (Probe type) ±(0.5 �C þ 0.3% of m.v.)

(-40 �C � T � 900 �C)
±0.46 �C

Fig. 7. The variation of solar radiation and ambient temperature in the experiment
with the volumetric flow rate of 250 ml/min (date: July 6, 2019).

Table 3
The average solar radiation and ambient temperature for different experiment (each
experiment was carried out in a typical day between 6 and July 18, 2019).

Parameter Volumetric flow rate (ml/min)

250 350 450 550

Solar radiation (W/m2) 970.69 968.64 971.33 973.44
Ambient temperature (◦C) 32.77 31.96 32.17 33.19

Fig. 8. The variation of the output thermal power of the solar collector for different
flow rates.

Fig. 9. The variation of the output thermal exergy rate of the solar collector for
different flow rates.
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weather parameters saw a slight variation during the test, with an
increase of 22 W/m2 and 2 �C for the solar radiation and ambient
temperature respectively. Moreover, the average weather param-
eters for the different experiments are listed in Table 3. The table
demonstrates that the experiments were conducted in rather
similar weather conditions.

5.1.1. Analysis of solar collector
The variation of the output thermal power of the solar collector

for the four volumetric flow rates is displayed in Fig. 8. In a constant
flow rate, using Eq. (2), the output thermal power of the solar
collector initially witnesses a sharp rise owing to the increase of
fluid temperature difference between the inlet and outlet of the
receiver. It then levels off over the rest of the test period. In the case
of the volumetric flow rate of 250 ml/min, the collector output
thermal power surges from 307.83 W (at 11:05) to 425.25 W (at
11:35), followed by a slight growth until it peaks at 433.63 W. In a
low flow rate, the receiver temperature and consequently heat loss
from the receiver are more than those of the collector with a higher
flow rate. Hence as shown in Fig. 8, the output thermal power of the
solar collector enhances by increasing the flow rate.

Fig. 9 illustrates the variation of the output thermal exergy rate
of the solar collector for different cases. In a constant flow rate, not
20
only ðTr;out �Tr;inÞ but also ðTr;outTr;in
Þ rises during the test period; the

latter increase, nevertheless, has an adverse effect on the collector
output thermal exergy. Using Eq. (8), the results demonstrate that
the output thermal exergy rate of the solar collector improves over
the test period. In the experiment with the volumetric flow rate of
250 ml/min, the enhancement of the output thermal exergy rate is
59.27 W. Based on Fig. 9, similar to the output thermal power, the
output thermal exergy rate of the solar collector goes up by rising
the flow rate. The analyses show that the average output thermal
exergy rate of the solar collector is 61.96 W, 71.47 W, 78.05 W and
82.67 W for the volumetric flow rates of 250 ml/min, 350 ml/min,
450 ml/min and 550 ml/min respectively. These values are
noticeably lower in comparison with the corresponding output
thermal powers, which proves the low quality of the output ther-
mal power in the solar collector.



Fig. 10. The average energy and exergy efficiencies of the solar collector for different
flow rates.
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Fig. 10 provides information regarding the average energy and
exergy efficiencies of the solar collector for the four volumetric flow
rates. As mentioned before, the experiments were performed in a
similar weather condition. Moreover, the output thermal power
and output thermal exergy rate of the solar collector enhance by
increasing the flow rate. Thus, according to Eqs. (6) and (9), rising
the volumetric flow rate from 250 ml/min to 550 ml/min improve
the energy and exergy efficiencies of the solar collector by 15.60
and 2.39% points in order.
Fig. 11. The variation of (a) water temperature in the cooking unit and (b) output
thermal power of the cooking unit for different flow rates.

Fig. 12. The variation of the output thermal exergy rate of the cooking unit for
different flow rates.
5.1.2. Analysis of cooking unit and indirect solar cooker
The variation of water temperature in the cooking unit for the

four cases is shown in Fig. 11 (a). During the experiments, the water
temperature was recorded until it reached the boiling point. The
data indicate that the time required to boil 2 L of water in the test
with the volumetric flow rate of 250 ml/min is 58 min, and rising
the flow rate increases the time, being 64 min, 68 min and 75 min
for the flow rates of 350 ml/min, 450 ml/min and 550 ml/min
respectively. Hence, increasing the flow rate from 250 ml/min to
550 ml/min raises the time taken to boil water by 17 min (29.31%).
This is attributed to the reduction of the absorbed energy by water.
To investigate this matter, the variation of the output thermal po-
wer of the cooking unit for the four volumetric flow rates is illus-
trated in Fig. 11 (b). Based on Eqs. (11) and (15), in the cooking unit,
the energy and exergy outputs are obtained over a time interval of
5 min, represented at the end of the time interval in the figures. For
instance, the maximum output thermal power of 228.73 W which
is displayed for the casewith the flow rate of 250ml/min at 11:15 in
Fig. 11 (b) is indeed the average output thermal power of the
cooking unit from 11:10 to 11:15. In a constant flow rate, using Eq.
(11), the output thermal power of the cooking unit initially rises to
reach its peak. The variation of water temperature difference dur-
ing the time intervals demonstrates that the output thermal power
then experiences a declining trend until the end of the experiment.
As mentioned before, in the indirect solar cooker, the nanofluid is
conducted to the cooking unit after it has absorbed thermal energy
from the receiver. Therefore, in a low flow rate, the nanofluid
temperature at the inlet of the helical coil is more than that of the
solar cooker with a higher flow rate, which causes the output
thermal power of the cooking unit to grow. According to the results,
the average output thermal power of the cooking unit is 145.66 W,
134.93 W, 125.95 W and 113.46 W for the volumetric flow rates of
250 ml/min, 350 ml/min, 450 ml/min and 550 ml/min in order.
Thus, using the flow rate of 250ml/min in preference to 550ml/min
in the indirect solar cooker enhances the average output thermal
21
power of the cooking unit by 32.20 W (28.38%).
Fig. 12 indicates the variation of the output thermal exergy rate

of the cooking unit for different cases. The experimental data
represent that apart from an initial growth over the first three in-

tervals, both ðTw;fi �Tw;iÞ and ðTw;fi

Tw;i
Þ values decrease over the rest of

test period in the experiments with a constant flow rate. Further-
more, these values diminish by rising the flow rate. Using Eq. (15),



Table 4
The average energy and exergy efficiencies of the cooking unit and indirect solar
cooker for different flow rates.

System Parameter Volumetric flow rate (ml/min)

250 350 450 550

Cooking unit Energy efficiency (%) 61.58 54.72 50.34 43.93
Exergy efficiency (%) 40.74 36.35 34.06 29.52

Solar cooker Overall energy efficiency (%) 15.93 14.79 13.78 12.39
Overall exergy efficiency (%) 1.73 1.60 1.49 1.29
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the average output thermal exergy rate of the cooking unit in the
case with the volumetric flow rate of 250 ml/min is 14.71 W, being
about 1.11 W, 2.03 W and 3.66 W higher than that of the systems
with the volumetric flow rates of 350 ml/min, 450 ml/min and
550 ml/min respectively. Moreover, the comparison of the output
thermal exergy rate of the cooking unit with its output thermal
power implies that the quality of the output thermal power in the
cooking unit is low. This is also inferior to the quality of the output
thermal power in the solar collector.

The average energy and exergy efficiencies of the cooking unit
and indirect solar cooker for the four volumetric flow rates are
presented in Table 4. The results reveal that the energy and exergy
efficiencies of the cooking unit decline about 17.65 and 11.22%
points by increasing the volumetric flow rate from 250 ml/min to
550ml/min. Based on Eq. (17), the consumed power to circulate the
nanofluid in the indirect solar cooker is approximately negligible
compared to the output thermal power of the cooking unit for the
different cases. Table 4 also indicates that in the case with the flow
rate of 250ml/min, the overall energy and exergy efficiencies of the
indirect solar cooker are 15.93% and 1.73%, which are by 3.54 and
0.44% points higher than those of the cooker with the volumetric
flow rate of 550 ml/min respectively.
Fig. 13. The variation of (a) the energy efficiency and (b) exergy efficiency of the solar
collector for different heat transfer fluids.
5.2. Effect of nanoparticles mass fraction

In this section, the effects of using MWCNT-oil nanofluids with
0.2 wt% and 0.5 wt% as the heat transfer fluids on the performance
of the solar collector and cooking unit as well as the overall per-
formance of the indirect solar cooker are evaluated from the energy
and exergy viewpoints. Moreover, the nanofluid-based indirect
solar cookers are compared with the cooker with thermal oil. It
should be mentioned that the results presented in section 5.1
demonstrate that the solar cooker with the volumetric flow rate
of 250 ml/min has higher overall energy and exergy efficiencies in
comparison with the other cases. Therefore, this flow rate was
utilized in the experiments. The average solar radiation during the
experiments was 970.69 W/m2, 964.91 W/m2 and 969.19 W/m2 for
the test with the heat transfer fluids of MWCNT-oil nanofluids with
0.2 wt% and 0.5 wt%, and thermal oil respectively. In addition, the
corresponding values for the ambient temperature were 32.77 �C,
32.27 �C and 34.94 �C in order. These indicate that the experiments
were performed in rather similar weather conditions.
Fig. 14. The variation of water temperature in the cooking unit for different heat
transfer fluids.
5.2.1. Analysis of solar collector
Fig. 13 (a) and (b) illustrate the variations of the energy and

exergy efficiencies of the solar collector for the three heat transfer
fluids. Since increasing the mass fraction of the nanoparticles im-
proves the heat transfer characteristics, the output thermal power
and consequently the energy efficiency of the solar collector rise.
According to Fig. 13 (a), the average energy efficiency of the solar
collector is 37.46%, 44.24% and 48.05% for the heat transfer fluid of
thermal oil and MWCNT-oil nanofluids with 0.2 wt% and 0.5 wt%
respectively. The results also indicate that both ðTr;out �Tr;inÞ and
22
ðTr;outTr;in
Þ grow by rising the mass fraction of the nanoparticles. Based

on Eq. (9), the increase of nanoparticles mass fraction also improves
the output thermal exergy rate and thus the exergy efficiency of the
solar collector. As shown in Fig. 13 (b), the use of the nanofluids
with 0.2 wt% and 0.5 wt% raises the exergy efficiency of the solar
collector by 1.44 and 1.85% points compared to the system with
thermal oil. Fig. 13 (a) and (b) also represent that the exergy effi-
ciency of the solar collector is considerably lower than its energy



Fig. 15. The average output thermal power and exergy rate of the cooking unit for
different heat transfer fluids.
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efficiency because of the low quality of the output thermal power in
the solar collector.

5.2.2. Analysis of cooking unit and indirect solar cooker
Fig. 14 displays the variation of water temperature for the three

cases. As mentioned before, the volumetric flow rate of the heat
transfer fluids was 250 ml/min in the experiments. According to
experimental data, 73 min is required to boil 2 L of water in the
indirect solar cooker with thermal oil. However, the use of MWCNT-
oil nanofluids with 0.2 wt% and 0.5 wt% reduces the time to 58 min
and 50min respectively. Therefore, the use of the latter nanofluid in
preference to thermal oil decreases the time taken to boil water
about 23 min (31.51%).

The average output thermal power and exergy rate of the
cooking unit for the three heat transfer fluids are shown in Fig. 15.
The fluid temperature at the inlet of the helical coil as well as the
heat transfer characteristics improve by rising the mass fraction of
the nanoparticles, which cause the output thermal power of the
cooking unit to increase. The average output thermal power of the
cooking unit for the nanofluid with 0.5 wt% is 182.64 W. This is
about 36.98 W (25.39%) and 65.52 W (55.95%) higher than that of
the nanofluid with 0.2 wt% and thermal oil respectively. As seen in
Fig.15, increasing the nanoparticlesmass fraction also enhances the
output thermal exergy rate of the cooking unit, being 10.71 W,
14.71 W and 17.71 W for the heat transfer fluid of thermal oil and
MWCNT-oil nanofluids with 0.2 wt% and 0.5 wt% in order.

By considering the characteristics of the indirect solar cookers,
the energy and exergy efficiencies of the cooking unit and indirect
Table 5
The comparison of the characteristics and performance of indirect solar cooker in the pr

Ref. System mode Heat transfer fluid

Present study Single-stage/With pump Oil
Present study Single-stage/With pump MWCNT-oil (0.2 wt%)
Present study Single-stage/With pump MWCNT-oil (0.5 wt%)
[7] Single-stage/Thermosyphon Water and refrigerants (R-22, R-13
[10] Double-stage/With pump Therminol 55 oil
[11] Single-stage/Thermosyphon Coconut oil
[12] Single-stage/Thermosyphon Oil
[13] Single-stage/With pump Water
[14] Single-stage/Thermosyphon Oil
[16] Double-stage/With pump Therminol 55 oil
[18] Single-stage/Thermosyphon Water and engine oil
[19] Single-stage/Thermosyphon Graphene-oil
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solar cooker in the present study are compared to those in previous
researches. Based on Table 5, few studies investigated the efficiency
of the cooking unit and indirect solar cooker based on both energy
and exergy viewpoints. The results of this study demonstrate that
using MWCNT-oil nanofluid with 0.5 wt% instead of thermal oil
raises the energy and exergy efficiencies of the cooking unit by
12.56 and 9.13% points in order. It should be noted that during the
experiments, themaximumpumping power is about 0.27W,which
is negligible compared to the output thermal power of the cooking
unit. Thus, the pumping power has been ignored in the analyses.
Moreover, the nanofluid-based indirect solar cookers have higher
overall energy and exergy efficiencies in comparison with the
cooker with thermal oil due to the superior output thermal power
and output thermal exergy rate of the cooking unit. Table 5 in-
dicates that the overall energy efficiency of the solar cooker with
thermal oil and the nanofluids with 0.2 wt% and 0.5 wt% is 12.85%,
15.93% and 20.08% respectively. Furthermore, the relative
enhancement of the overall exergy efficiency of the nanofluid-
based solar cookers with 0.2 wt% and 0.5 wt% compared to that
of the cooker with thermal oil is 37.30% and 65.87% in order.
6. Conclusions

In this study, the overall performance of a nanofluid-based in-
direct solar cooker is analyzed from the energy and exergy view-
points. Moreover, the efficiencies of the solar collector and cooking
unit, as the two main parts of the indirect solar cooker, are evalu-
ated. The investigated parameters in this research are the volu-
metric flow rate of MWCNT-oil nanofluid (ranging from 250ml/min
to 550ml/min) and the nanoparticlesmass fraction in the nanofluid
(in the range of 0 wt% to 0.5 wt%). The main conclusions are
summarized in the following:

� Increasing the volumetric flow rate of MWCNT-oil nanofluid
from 250 ml/min to 550 ml/min improves the performance of
the solar collector based on both energy and exergy viewpoints.
In the case of energy and exergy efficiencies, the corresponding
enhancements are 15.60 and 2.39% points respectively.

� Contrary to the solar collector, among the studied flow rates, the
maximum energy and exergy outputs of the cooking unit as well
as the maximum overall energy and exergy efficiencies of the
indirect solar cooker are achieved in the system with the volu-
metric flow rate of 250 ml/min, in which the output thermal
power and output thermal exergy rate of the cooking unit are
145.66 W and 14.71 W in order.

� The performance of the solar collector and cooking unit as well
as the overall efficiencies of the indirect solar cooker increase by
esent study with those in previous researches.

Using PCM Cooking unit
efficiency (%)

Solar cooker
efficiency (%)

Energy Exergy Energy Exergy

No 56.86 35.29 12.85 1.26
No 61.58 40.74 15.93 1.73
No 69.42 44.42 20.08 2.09

4a, R-407C) No N/A N/A N/A N/A
Yes (D-Mannitol) 41 N/A 9 N/A
No N/A N/A N/A N/A
No N/A N/A N/A N/A
Yes (Erythritol) N/A N/A N/A N/A
No N/A N/A 20e30 4e6
Yes (D-Mannitol) 73.5 N/A 10.2 N/A
Yes (Acetanilide) N/A N/A N/A N/A
No N/A N/A N/A N/A
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rising the mass fraction of MWCNT nanoparticles. The overall
energy efficiency of the solar cooker with thermal oil and the
nanofluids with 0.2 wt% and 0.5 wt% is 12.85%, 15.93% and
20.08% respectively.

� The use of MWCNT-oil nanofluid with 0.5 wt% in preference to
thermal oil reduces the time taken to boil 2 L of water about
23 min (31.51%).

According to the results, the use of MWCNT-oil nanofluid is an
appropriate method to improve the performance of the indirect
solar cooker from the energy and exergy viewpoints. Furthermore,
PCM-based indirect solar cookers can provide the possibility of
cooking in the evening or at night. Thus, future research can be
focused on the effect of the simultaneous use of nanofluids and
PCMs on the energy and exergy efficiencies of indirect solar
cookers.
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