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Abstract

In this work, an analytical study is carried out on the performance of copper-based nanoparticles and water in flat-plate solar
collectors. The effect of copper-based nanoparticles on various thermophysical properties of collectors has been studied and
compared with water under the same conditions. The effects of temperature rise parameter from 0.0018 to 0.025, volume per-
centage of nanoparticles from 0 to 1 and mass flow rate in the range of 0.012 to 0.170 kg/s have been considered. The mass flow
rate range covers both laminar and turbulent flow conditions. A detailed parametric study was carried out by developing appro-
priate MATLAB codes for various performance and energy equations to investigate the effects of volume percentage of nano-
particles and mass flow rate on the basic thermophysical properties and performance parameters, including Nusselt number, heat
transfer coefficient, collector plate factor, heat removal factor, Reynolds number, collector heat gain, fluid outlet temperature
and thermal efficiency. A new number has been introduced to find out the optimal value of mass flow rate for optimizing
collector performance. From the analysis it was found that water collector achieved the maximum thermal efficiency of 53.7%
for the highest value of mass flow rate of 0.1675 kg/s. For the nanofluid collector, the maximum efficiency is 70.5% for
a nanofluid volume fraction of 0.48 and for the highest considered value of mass flow rate of 0.1675 kg/s. The nanofluid collector
is predicted to provide up to 16.8% higher energy efficiency than the water collector.
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nanotechnology in thermal energy conversion systems improves
its performance without any harmful environmental impact.

1. Introduction

The use of different types of non-conventional renewable energy
sources is necessary to fulfill the continuously increasing energy
demands. In order to use and convert solar energy into useful
thermal energy for the various mankind applications, it is essen-
tial that solar thermal energy conversion systems deliver maxi-
mum efficiencies [1]. To improve the performance of thermal
systems nanofluids are also widely used for the heat transfer,
cooling and others applications [2]. The use of nanofluids and

Nanofluid is a colloidal mixture of nano-sized particles in
a host (base) fluid to affect the thermophysical properties and
improve the heat transfer characteristics of base fluids, which
are useful for different practical applications [3]. Nanofluids are
now used frequently as coolants, lubricants, hydraulic fluids and
metal cutting fluids. There are many research works that con-
centrate on nanofluids containing different nanoparticles with
various volume concentrations and sizes [4]. Various base
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Nomenclature

Ac — collector surface area, m?

Cb — bond conductance, W/(m? K)
Cp — specific heat capacity, J/(kg K)
D — diameter of tube, m

Di — inner diameter of tube, m

f —friction factor

F —fin efficiency

F' — collector efficiency factor

Fr — collector efficiency factor

Fr — heat removal factor

h - heat transfer coefficient, W/(m? K)
I —intensity of solar radiation, W/m?
k — thermal conductivity, W/(m K)
L - length of collector, m

Nu — Nusselt number

m —mass flow rate, kg/s

Pr — Prandtl number

Qu — useful heat gain, W

Re — Reynolds number

t - thickness, m

T —temperature, K

Ttm — mean fluid temperature, K

Tpm — mean plate temperature, K

fluids such as ethylene glycol, form amide, water, etc., have
been used by the researchers. The enhancement in thermal prop-
erties is achieved by mixing nano-sized particles, dispersed uni-
formly in the base fluids [5]. Nanoparticles have a larger relative
surface area since particle size is very small, thus providing
higher suspension stability that improves the thermal conductiv-
ity of the mixture [6,7].

Nanofluid is a colloidal suspension of nanoparticles of size
1 to 100 nm (10° m) in the base fluid, and this is the term first
given by Choi in 1995 [8]. Depending on the application,
nanofluids have been made of various materials such as metals,
metal oxides, ceramics and carbon nanotubes (CNT). Alim et al.
[9] carried out a theoretical study, investigating the effects of
4 different nanoparticles (NPs), namely alumina oxide (Al.Os),
titanium oxide (TiO>), silicon dioxide (SiO>), and copper oxide
(CuO), on thermal energy efficiency and entropy generation
(EG), based on the second law of thermodynamics for the flat-
plate collectors. They explored the effects of different concen-
trations and volume flow rates on the efficiencies of the flat-
plate collector and found that CuO nanoparticles deliver the
highest enhancement over the other types of nanoparticles.

Moghadam et al. [10] carried out experimental research us-
ing the CuO nanoparticles and water as base fluid in the flat-
plate collector. They found an enhancement in the collector ef-
ficiency with increasing the mass flow rate for both types of flat-
plate collectors, i.e. for nanofluid based and water based flat
plate collectors.. Shojaeizadeh et al. [11] carried out a theoretical
study for the exergy performance considering Al,O3—H,0O
nanofluid as the heat transfer fluid (HTF) in a flat-plate collec-
tor. They investigated various parameters, including volume
concentration, solar radiation, plate absorber area, mass flow

TEIF- thermal efficiency improvement factor
AT  —temperature drop, = Tto — Tri, °C

AT/l — temperature rise parameter, °C m?/W
UL - overall heat loss coefficient, W/(m? K)
Vv — velocity of fluid in the collector, m/s
W —riser tube spacing, m

Greek symbols
nn  — thermal efficiency

4 —dynamic viscosity, N s/m?
p  —density, kg/m?
@ — volume fraction

(ra) — effective transmittance-absorptance product

Subscripts and Superscripts

a — ambient
avg - average

bf - base fluid

f — fluid

in  —inlet

ir —inner

out —outlet

nf  —nanofluid
np - nanoparticle
p - plate

rate, ambient temperature, and the fluid inlet temperature, on the
flat-plate collector exergy efficiency.

Mabhian et al. [12] carried out a theoretical study considering
Al,O3 nanofluid in a flat-plate solar collector. They have inves-
tigated the effects of solar radiation and ambient temperature on
the entropy generation in the collector. They took the nanopar-
ticles with different sizes as 25, 50, 75 and 100 nm, volume per-
centages of up to 4 vol% and mass flow rates within the range
between 0.1 and 0.8 kg/s. They reported that, as the nanofluid
concentration enhances, the entropy generation rate decreases.

Said et al. [13] performed theoretical analysis for a flat-plate
collector using single wall carbon nanotubes (SWCNTS) based
nanofluid. They evaluated and compared the 2nd law exergetic
efficiency and pumping power performance of the SWCNT
nanofluid based solar collector with the Al,Os, SiO; and TiO;
nanofluid based solar collectors. Sint et al. [14] carried out the-
oretical analysis using the program developed in MATLAB soft-
ware in order to estimate the thermal performance of the flat-
plate solar collector by using CuO and H-O based nanofluid.
They reported that the collector efficiency is a function of vol-
ume percentage and nanoparticle size. The collector efficiency
was found to be maximum when the values of the total heat loss
coefficient are at a minimum. Furthermore, the collector effi-
ciency was found to be maximum when the collector heat re-
moval factor have its maximum value.

Tong et al. [15] carried out experimental research using H20,
Al>O3 with base fluid H.0, and CuO with base fluid H>O. They
have evaluated the absorber performance for a fixed flow rate of
0.047 kg/s. They have reported that Al,O3 in a H,O base fluid at
a volume percentage of 0.01%, has the highest energy efficiency
of 77.5% while CuO with H,O base fluid has maximum effi-
ciency of 73.9%. They also found that entropy generation was
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the highest for H,O based collector and the lowest for Al,O3
nanofluid with 1.0 %vol. fraction.

Esen et al. [16] reported the modelling of new solar air
heater (SAH) efficiency by using the least-squares support vec-
tor machine (LS-SVM) method. They carried out their research
for the SAH with double-pass channel. They have compared the
predicted and experimental results and after that proposed that
LS-SVM model can be used for estimating the efficiency of
SAHSs with reasonable accuracy. In another work, Esen et al.
[17] carried out their study on SAH system by using artificial
neural network (ANN) and wavelet neural network (WNN)
models. The authors compared the predicted and experimental
results and proposed that WNN model can be used for estimat-
ing some parameters of SAHs with sufficient accuracy.

Ozgen et al. [18] performed an experimental investigation
using aluminium cans as an absorbing plate in the double-pass
channel of a flat-plate SAH. They considered different arrange-
ments of the aluminium cans in the absorber plate. For the first
type (Type ) they were staggered as zigzag and for the second
one (Type Il) they were arranged in order. Type Ill was a flat
absorber plate (without cans). They used two values of air mass
flow rates, 0.03 kg/s and 0.05 kg/s. They obtained the highest
thermal efficiency for the Type | configuration at a mass flow
rate of 0.05 kg/s.

In the study of Esen et al. [19], experiments were performed
to find out how the use of different refrigerants affects thermal
performance of a two-phase thermosyphon solar collector.
Three identical small-scale solar water heating systems, using
refrigerants R-134a, R407C, and R410A, were constructed and
tested side-by-side under various environmental and load condi-
tions. Oflaz et al. [20] carried out experimental study to explore
the thermohydraulic performance of a heat exchanger tube with
the combined use of SiO2-water nanofluids with newly designed
conical wire inserts. The inserts were placed in a tube with five
distances ranging from 0 to 33.6 mm and SiO,-water nanofluids
were used at four volume concentrations (0.5-1.25%). They ob-
tained the best performance evaluation criteria of 1.75 at Reyn-
olds number of 3338 and volume concentration of 1.25% for
conical wire inserts with pitch ratio of 0.

Based on the literature review it is found that most of the
studies have been carried out using alumina oxide (Al.O3z) nano-
particles. To the best knowledge of the authors, the effects of
copper (Cu) nanofluid as water-based fluid on the flat plate solar
collector characteristics and the comparison with a water-based
collector for both, i.e. laminar and turbulent flow conditions
have not been studied in detail by any investigator up to now.
The effect of temperature rise parameter and nanofluid volume
fraction in the range of 0-1 have also not been reported by the
researchers. Thermophysical properties, and various energy and
performance parameters for the collectors have been evaluated
by developing suitable MATLAB code.

2. Solar collector system description
and methodology

In the flat collectors, nanofluid and water enters through circular
shape riser tubes (Fig. 1). For the present analysis a single trans-

parent glass cover has been considered. To minimize the losses
proper insulation is provided in the bottom and on the sides of
the collectors.

(W.-D)2 Absorber Glazing Riser

<« > plate tube

W.D t

Insulation

Fig. 1. A schematic of the structure and basic components
of a flat-plate solar collector.

The input data for the performance evaluation of the collec-
tor, including the physical dimensions of the flat-plate collector,
its operating parameters like mass flow rate and inlet tempera-
ture, as well as environmental conditions like the solar irradi-
ance, wind velocity, and ambient temperature, were considered
as given in Table 1. The arrangement of the flat-plate collector
and riser tubes that were considered in the present analysis is
shown in detail in Fig. 1.

Table 1. Specifications of the collector and parameters for
the present analysis.

Parameter Value Unit
. length 2.0

f::f:i:: di- idth 0.95 m
height 0.095

Absorption area, Ac 1.90 m?

Header pipe diameter, Dy 0.022 m

l)l:sbt:sr'\cvevbetween two parallel 0.145 m

Riser pipe diameter, D, 0.01 m

Riser pipe thickness, t 0.9x103 m

Coectr e 009 m

Workng L e

No. of glazing, Ng 1

Thermal emission of absorption

sheet, ep 0.07

Solar absorption of absorption sheet 0.95

Glass cover emissivity, eg 0.88

Collector plate thickness, t 0.005 m

I((::)IIector plate thermal conductivity, 383 W/(m K)

Collector tilt 35 deg

Insulation thermal conductivity, ki 0.05 W/(m K)

Back insulation thickness, t» 0.05 m

Solar radiation, / 900 W/m?

Wind velocity, Vi 3.2 m/s

Ambient temperature, T, 300 K

Inlet temperature, T; 301 K

Mass flow rate, m 0.012-0.170 kg/s
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2.1. Properties of nanofluids

2.1.1. The density of the nanofluid, is evaluated based on the
principle of the mixture rule as follows [20—-22]:

Png = ¢pnp + (1 - ¢)pbf! (1)

where ¢ represents volume fraction of nanoparticles, and sub-
scripts np and bf stand for nanoparticles and base fluid, respec-
tively.

2.1.2. The specific heat of a nanofluid is predicted by using the
thermal equilibrium model:

PPOnp+(1-P)(PCO)pr
Pnf '

CP,nf -

2

2.1.3. The thermal conductivity of nanofluid can be evaluated
as the equation given by Maxwell, which shows a good agree-
ment with the experimental data over the other proposed
models [9,10]:

ka _ knp+2kbf_2¢(kbf_kp)

= @)

kbf knp+2kbf+¢(kbf—kp) ’

The conductivity of the base fluid is evaluated at the average
temperature (Tayg) from the following equation [14]:

ks = 0.6065 [1.488445 +4.12292 (T“—g ) _

298.15
Tavg
163866 (-2 ). (@)
2.1.4. Dynamic viscosity of a nanofluid can be calculated by
the equation that follows from the Brinkman’s model

Bng 1
wop  (1=¢)2S' ®)

where the viscosity of the base fluid is given as

247.8

fpp = 2414 X 1075 x 10Tavg-130, (6)

2.1.5. The energy efficiency of the solar collector is defined
by [23]

— o

Nen = Ac17 (7)
where A is a collector surface area, | is the intensity of solar
radiation, and Qu represents the useful heat gain from available
solar energy and is expressed by [23]

Qu = mCp(Tour — Tin)- (8)
2.1.6. Useful heat gain can also be calculated as
Qu = A Fg[I(za) — U, (Tfm = Ta), )

where Fr denotes the heat removal factor, (za) represents the ef-
fective transmittance-absorptance product, Uy is the overall heat
loss coefficient, Trm is the mean temperature of the fluid and Ta
is the ambient temperature. It can also be calculated in terms of
U, and mean temperature of an absorber plate (Tpm):

Qu = A.[I(za) — UL(Tpm —Ty)] (10)
2.1.7. The collector heat removal factor is calculated as
_ mCp ULF'Ac
FR = TUL [1 — exp (— —me )] (11)

Here, F ' is the collector efficiency factor which can be calculated
as

1

UL . (12)

= 1 1 1
W{U—L(D+(W—D)F) +C—b+—nth

F

where: W — tube spacing, F — fin efficiency D — diameter of the
tube, Cp, — bond conductance. The fin efficiency can be calcu-
lated as [14]

W-D
tanh(mT)
W-D
2

(13)

2.1.8. New mean temperature of the absorber plate is calcu-
lated as

Ty = Tin + — (1 — Fy).

AcFRUL

(14)
2.1.9. The collector’s heat transfer coefficient can be calcu-

lated as

_ Nuknf

hoy = =52, (15)

where Nu is the Nusselt number and Dj; is the tube’s inner di-
ameter.

2.1.10. The Reynolds number can be calculated as

PnfVDir
R = 1
enf lnf ( 6)
2.1.11. Prandtl number can be calculated as
_ BnfCpny
Prnf = knf . (17)

2.1.12. The average temperature of the flow can be calculated
as

_ TouttTin

Tavg = Tym =~ (18)

2.1.13. The Nusselt number for a flat-plate collector having na-
noparticles is evaluated using the correlation [24—-27]:

g(Re—looo)Pr
1 2 )
1+12.7 (£)2<Pr§—1>

2.1.14. The Nusselt number for a water-based flat-plate collec-
tor is obtained from

Nu,, = (19)

Nup, = 0.023Re%8Pro4, (20)
2.1.15. The friction factor is evaluated using the formula
f =1[0.79In(Re) — 1.64)] 2. (21)
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3. Results and discussion ‘
. . . Fig. 3. Effect of temperature rise parameter on the density for
3.1. Evaluation of thermophysical properties copper-based nanofluids at different volume fractions and water.

The thermophysical properties of various nanoparticles and wa-
ter are provided in Table 2. Figures 2 to 7 show the effect of
different parameters on thermophysical properties of copper-

based nanofluid flat-plate collector and their comparison with s
the properties of water-based collector. 4000
Figure 2 shows the variation of nanofluid density (o, with o0
change in the nanoparticles volume fraction (¢) from 0.02 to 5
0.95 (3 values for the present analysis), which was evaluated us- '}; —
ing EqQ. (1). It can be seen that the density of hanofluid is increas- < -
ing with an increase in ¢. 2 2000 ]
Figure 3 represents the effect of temperature rise parameter € o0
(AT/N) on the nanofluid density, where AT = Tt — Tsi. For the a
present analysis, parameter (AT/I) was taken in the range of ki
0.0018 to 0.026, whereas the value of solar radiation (1) is fixed 500 -
at 900 W/m2. Other system and operating parameters are given i = L o £A s
in detail in Table 1. It can be seen that the density of nanofluid Volume fraction (¢)
with ¢ = 0.95 is the highest as compared to other ¢ values. But
it can also be seen that water has a higher density than the Fig. 4. Variation of specific heat with volume fraction for copper

nanofluid with ¢ = 0.02. nanofluid and water-based collectors.

Figures 4 and 5 show the effect of volume fraction on the
specific heat of nanofluid- and water-based collectors. It can be

5000
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........................
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<
7000 D 3500+
S
-~ 16000 - & 900
£ % 2500
£ 5000 - § ° ° o ° o o
2 & 2000 -
=" 4000 S ——(2)=0.02
s % 1500] | ——(@)=0.48
O 3000 —&— (9)=0.95
10004 | - ¥ Water
2000 -
5004 € hd
T T 1 T T
1000 4 0.000 0.005 0.010 0015 0.020 0.025
T T T T (T-T, °C mW
0.0 0.2 04 0.6 0.8 1.0 o

Volume fraction (¢) . . -
Fig. 5. Effect of temperature rise parameter on specific heat for

copper nanofluid based collectors with different particle volume

Fig. 2. Variation of density with volume fraction for copper-based fractions and water based collector

nanofluids and water.
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seen from Fig. 4 that the specific heat of nanofluid decreases
with the increasing volume fraction of nanoparticles. From
Fig. 5 it can be seen that specific heat shows inversely propor-
tional values as ¢ increases. It can also be concluded from this
figure that water have the highest specific heat compared to the
considered nanofluids.

Figures 6 and 7 display thermal conductivity of a nanofluid
as a function of volume fraction, and the comparison with the
water thermal conductivity. It can be seen from Fig. 6 that the
increase in thermal conductivity of the nanofluid is steeper when
nanoparticle volume fractions exceeds 0.48. The thermal con-
ductivity shows an enhancement which is directionally propor-
tional to the increasing volume fraction of nanoparticles, owing
to their better heat-conducting properties as compared to the
base fluid. As the values of ¢ increase, more nanoparticles are
added to the fluid, which enhances the thermal conductivity of
nanofluid. Figure 7 demonstrates the variations of thermal con-
ductivity with temperature rise parameter for different values of
volume fraction. The thermal conductivity shows a similar trend
as in Fig. 6.

40

35 =) Cu
| —w— Water »
~ 30
X
€
S 254
=
2>
= 29
°
=
T 154
c
8
= 104
E
2 54
=
be >
04" v v
T . T * T T ¥
0.0 0.2 04 06 08 1.0

Volume fraction (¢)

Fig. 6. Thermal conductivity of water and copper nanofluids with
different volume fractions.

50

'S
o
Il

w
o
1

——(9)=0.02
—>—(@)=0.48
—o—(0)=0.95
—o— Water

N
o
1

Thermal conductivity (W/m K)
)
1

T T T x T % T
0.000 0005 0010 0015 0020 0025
(T-TN, °C m’/W

Fig. 7. Effect of temperature rise parameter for copper nanofluid
collector with different particle volume fractions
and water collector.

3.2. Evaluation of Reynolds number

Figure 8 presents the effect of the volume fraction on the Reyn-
olds number (Re) of the nanofluid- and water-based collectors.
The Reynolds number was evaluated using Eq. (16). It can be
seen that while calculating Re, the density, velocity, and viscos-
ity play the important role. It can be seen that the Reynolds num-
ber is decreased by increasing the volume fraction for the
nanofluid-based collector while for the water collector it is con-
stant. This is because when the volume fraction is increased, the
nanofluid becomes more viscous, which makes the fluid more
dense and more resistant to flow. This phenomenon reduces the
fluid velocity, and as the Reynolds number depends on the fluid
flow velocity, hence it results in lower values of Re. Moreover,
as it can be seen from the figure, the highest value of mass flow
rate corresponds with the highest value of the Reynolds number.

Figure 9 is presented to show the effect of the temperature
rise parameter on the Reynolds number for different values of

Cu (M=0.1059 kg's) f0=0.1080 ho%)

Cu (M=0.0442 kg's)
Cu (M=0.0256 kg's)
Cu (M=0.0179 kg's)
_Cum=00138kg's) |

3000 - (M=0.0179 kg's) =3000

mM=0.0138 kg/s)

Kadid

2500 <4 -12500
N

Water (m=0.1675 kg/s)
2000

N
g
L
’
s,
-~
s

g

1500

g
L
/
#
L

1000

Reynolds Number (Re)
’
s
Reynolds Number (Re)

s b A
500 = i 500
TR I —— v
::::ES;::‘\ S S : |
04 SE eSS RaaassaaciZag 4 o0
T T T T T T
0.0 02 08 1.0

Fig. 8. Variation of Reynolds number with volume fraction
for copper nanofluid and water
for laminar and turbulent flow region.

3000 -

2500

8 8 ¢

Reynolds Number (Re)

;

T T T T
0.000 0.005 0.010 0.015 0.020 0.025
(T,-T, °Cm’W

Fig. 9. Effect of temperature rise parameter on the Reynolds
number for nanofluid-based and water solar collectors.
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volume fraction. It can be seen from the figure that Re decreases
with an increase in AT/l. Among all curves, water collector has
higher values of Re over the nanofluid-based collector for all
values of AT/I. Furthermore, the nanofluid-based collector with
the lowest value of ¢ has higher values of Re over the collector
using nanofluid with higher values of ¢.

3.3. Evaluation of Nusselt number and heat transfer
coefficient

Figure 10 shows the Nusselt number (Nu) variations with the
change in volume fraction and for different values of mass flow
rate (m), which has been evaluated using Egs. (19) and (20) for
nanofluid collector (Fig. 10a) and water-based collector
(Fig. 10b), respectively. It can be seen that Nu of nanofluid col-
lector decreases with an increase in ¢. Adding more nanoparti-
cles increases the nanofluid volume fraction, which increases
the nanofluid viscosity and makes nanofluid thicker. Higher vis-
cous fluids have less flowing ability and for the higher viscous
fluid the rate of heat transfer is low, therefore the Nusselt num-
ber (Nu) decreases with an increase in the volume percentages
of nanoparticles. Furthermore, it can also be concluded that the
highest value of 1 shows the highest value of Nu for both types
of collectors.

(a) - Cu (m=0.1675 kg/s)
-@- Cu (m=0.1059 kg/s)
-A- Cu (m=0.0442 kg/s)
¥ Cu (m=0.0256 kg/s)
@ Cu(m=0.0179 kg/s)
-4 Cu (m=0.0138 kg/s)

Nusselt number, Nu
) S
o o

ol
o

o
o

0.2 04 0.6 0.8 1.0

w
=]

- Water (m=0.1675 kg/s)
@ Water (m=0.1059 kg/s)
(b) 1 | -& Water (m=0.0442 kgls)

=} ¥ Water (m=0.0256 kg/s)
Z 204
8 o . o - Water (m=0.0179 kg/s)
£
2 | 4 Water(m=0.0138 kg/s) |
& 104, i a
3
z
v N v
i < :
0 . . :
0.0 0.2 0.4 0.6 0.8 1.0

Volume fraction (¢)

Fig. 10. Variation of Nusselt number with volume fraction
for copper nanofluid (a) and water (b).

Figure 11 shows the variations of the Nusselt number with
the temperature rise parameter for different volume fractions for
both collectors. It can be seen that the Nu decreases with an in-
crease in volume fraction (¢) from 0.02 to 0.95 for nanofluid
collector. Furthermore, Nu values remain constant for all values
of ¢ corresponding to increase in the values of (AT/I). For water
collector Nu decreases with an increase in the value of AT/l but
the Nu values are higher as compared to nanofluid collector.
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Fig. 11. Effect of temperature rise parameter on the Nusselt number
for copper nanofluid at different volume fractions (a) and water (b).

3.4. Evaluation of heat transfer coefficient

Figure 12 shows the comparison of heat transfer coefficient (h)
for nanofluid and water collectors for different values of volume
fraction. It can be seen that for water collector (Fig. 12b), values
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of h remain constant for all values of ¢, but it is found that they
increase with an increase in the values of m. While on the other
side, it can be seen that for nanofluid collector (Fig. 12a) h is
increasing with an increase in the value of ¢ and m.

Figure 13 shows the comparison of heat transfer coefficients
of the nanofluid and water collectors for different values of tem-
perature rise parameter and mass flow rate. It can be seen that
for both collectors show decreasing values of h with an increase
in the value of AT/I. It can also be concluded from this figure
that for nanofluid collector, the highest value of ¢ shows higher
values of h over the other values of ¢.

3.5. Evaluation of plate efficiency factor and heat
removal factor

Figure 14 depicts a comparison of the collector plate efficiency
factor (Fp) of the nanofluid-based and water-based collectors for
different values of volume fraction and mass flow rate. As it can
be seen, for both collectors Fp shows increasing values with an
increase in m.
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Fig. 14. Variation of plate efficiency factor with volume
fraction for copper nanofluid and water collectors.

Figure 15 shows the effect of temperature rise parameter on
the collector plate efficiency factor for nanofluid- and water-
based collectors for different values of volume fraction. It can
be seen that for both type of collectors Fp decreases with an in-
crease in the value of AT/I.

Figure 16 shows the collector heat removal factor (Fgr) com-
parisons of nanofluid and water collectors for different values of
volume fraction and mass flow rate. It can be seen from the fig-
ure that for nanofluid collector the value of Fr increases up to
the values of ¢ = 0.45 and declines with further increase of ¢.
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Fig. 15. Effect of temperature rise parameter on plate efficiency
factor for copper nanofluid collector with different particle volume
fractions and water collector.
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Figure 17 shows a comparison of the heat removal factor of
the nanofluid- and water-based collectors with changes in the
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temperature rise parameter and volume fraction. For both col-
lectors, it shows decreasing values of Fr with an increase in the
value of AT/I.

3.6. Evaluation of useful heat gain and energy effi-
ciency

Figures 18—22 show variations of useful heat gain (Qu) and en-
ergy efficiency (#m) of the nanofluid- and water-based collec-
tors. It can be seen from these figures that nanofluid collector
has higher values of Qu and #n compared to water. This is be-
cause due to nanoparticles, nanofluid-based collector have
higher thermal conductivity than water-based collector; these
nanoparticles absorb more heat with the same collector surface
area. In result, nanofluid collector has higher rate of heat ex-
change between the flowing fluid and collector surfaces (tubes).

Figure 18 shows a comparison of a collector useful heat gain
between the nanofluid and water collectors for different values
of volume fraction and mass flow rate. The results indicate that
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Fig. 18. Variation of useful heat gain with volume fraction
for copper nanofluid and water-based collectors.

for water collector, Qu value increases with an increase in the
values of m and it remain constant when ¢ increases, but for the
nanofluid collector, it increases up to ¢ = 0.45. The Qu values
for the nanofluid-based collector are higher compared to the wa-
ter-based collector for all values of m and ¢.

Figure 19 depicts a comparison of the useful heat gain vari-
ations with the temperature rise parameter between the water-
based collector and nanofluid-based collectors with different na-
noparticle volume fractions. For both collectors, Qu decreases
with an increase in the values of AT/I. It can also be seen from
this figure that values of Qu for nanofluid collector are higher
compared to the water based collector for all values of ¢ which
used for the present nanofluid collector.

In Fig. 20 a comparison of a collector energy efficiency ()
between the nanofluid and water collectors as a function of vol-
ume fraction and mass flow rate. From the analysis it was found
that water collector has attained maximum value of 5 = 53.7%
for the highest value of m. Furthermore, the nanofluid collector
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Fig. 19. Effect of temperature rise parameter on the useful heat gain
for copper nanofluid collector with different particle volume
fractions and water collector.
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has maximum # of 70.5% for ¢ = 0.48 and the highest consid-
ered value of m. Thus the nanofluid collector was found to have
16.8% higher energy efficiency than the water collector.

Figure 21 presents the variation of collector energy effi-
ciency (nn) with the temperature rise parameter for the
nanofluid-based collectors with different volume fractions of
nanoparticles and the water based collector. It can be seen that
for both types of collectors the value of # decrease with increas-
ing values of AT/I. It can also be found from the figure that water
has values of nn lower than those predicted for the nanofluid
collector for all ¢ values considered.
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Fig. 21. Effect of temperature rise parameter on the collector
energy efficiency for copper nanofluids with different particle
volume fractions and water.

3.7. Evaluation of fluid outlet temperature

Figure 22 shows a comparison of the outlet fluid temperature
(Tro) between the nanofluid- and water-based collectors, chang-
ing with the volume fraction and for different values of mass
flow rate. It can be seen that for both collector types T, de-
creases with an increase in m. From Fig. 22a it can be seen that
for the water collector, Ty, is constant for all values of ¢, i.e. no
effect of ¢ is visible due to no presence of nanoparticles. Fur-
thermore, from Fig. 22b it can be seen that Ty, for the nanofluid
collector is increasing with enhancing the values of ¢ from 0.02
to 0.95. This is due to the fact that nanoparticles increase the
surface area so that more solar energy is absorbed by the collec-
tor plate. Nanoparticles in the fluid also improve the convective
heat transfer, which accelerates the heat absorption rate. So, fi-
nally the nanofluid based solar collector can extract more heat,
which delivers the high fluid outlet temperature over the without
nanoparticles based collector.

Figure 23 presents a comparison of the changes in the outlet
fluid temperature with the temperature rise parameter between
the nanofluid-based collectors at different volume fractions of
nanoparticles and the water-based collector. It can be found that
for both collector types, values of Tt increase as the value of
AT/l increase. It can also be seen from the figure that water col-
lector exhibits lower Ty, values compared to the nanofluid col-
lector for all considered ¢ values.
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Fig. 22. Variation of the fluid outlet temperature with volume
fraction for water (a) and copper nanofluid (b).
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4. Optimal thermal and thermodynamic
performance of collector

4.1. Evaluation of thermal efficiency improvement
factor

In order to evaluate the enhancement of thermal performance of
the thermal system after application of any technique and for
comparison to the reference (base) system Sahu et al. [27] pro-
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posed the parameter, called as thermal efficiency improvement
factor (TEIF), which can be calculated as

TEIF = Mtr)nf- (nth)bf.

22
(Mendvs (22)

Figure 24 shows the change of thermal efficiency improve-
ment factor of a nanofluid collector with the volume fraction and
for various values of mass flow rate. It can be seen from the fig-
ure that ¢ = 0.48 delivers the highest value of TEIF = 64.6% for
the lowest value of m, while for the highest value of m the value
of TEIF for ¢ = 0.48 is 31.1%.

Figure 25 demonstrates the variation of thermal efficiency
improvement factor with the temperature rise parameter and vol-
ume fraction. It can be seen that ¢ = 0.48 shows the highest val-
ues of TEIF, while ¢ = 0.95 shows the lowest values of all ¢
considered for all values of AT/I. Furthermore, TEIF values in-
crease when the value of AT/I increases for all values of ¢.

5.1. Evaluation of Sahu number

Figure 26 shows the effect of mass flow rate on the collector
outlet fluid temperature (Ts) for all values of volume fraction
which were considered in the present analysis. It is clear from
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Fig. 24. Variation of thermal efficiency improvement factor
of a nanofluid collector with the volume fraction and flow rate.
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this figure that for both collector types, outlet temperature de-
creases with an increase in the mass flow rate. For mass flow
rate exceeding 0.06 kg/s, Tt decreases at a higher rate. At mass
flow rates larger than m = 0.12 kg/s, for water collector and for
the nanofluid collector of ¢ = 0.02 and 0.48, the values of Ty, are
almost close to the collectors inlet temperature Ts (shown by
horizontal dotted line), i.e. both collector types show negligible
temperature rise. Furthermore, it can also be concluded that as
the mass flow rate increases, the outlet fluid temperature of the
nanofluid collector is higher than that for the water collector.
From the present analysis, it was found that the trends of chan-
ges in collector outlet fluid temperature and energy efficiency
with mass flow rate are opposite.

It can be seen from Fig. 26 that collector outlet fluid temper-
ature decreases with the increasing mass flow rate and at higher
values of mass flow rate, the values of the collector outlet fluid
temperature (Ty) are very close to the inlet fluid temperature
(Ts). As per the authors’ knowledge, any dimensionless number
has been suggested to date by any investigator to evaluate the
percentage of collector outlet fluid temperature with its operat-
ing mass flow rate. So, this manuscript fourth author suggested
the following formula to evaluate this:

Sahu Number = 100 — (Tf:j "Tﬁ). (23)
Figure 27 shows the variation of Sahu number with the mass
flow rate for both collector types using Eq. (23). It can be seen
from the figure that Sahu number is decreasing with m for both
types of collectors. Furthermore, it can be concluded that for wa-
ter and for nanofluid for all values of ¢, after certain values of m
Sahu number goes below zero (shown by vertical dotted lines
for water and nanofluid solar collectors) to the negative values;
this means after this value of m collectors are not able to deliver
the temperature rise (AT = Ty, — T) significantly. For example,
from Fig. 27 we can obtain the critical value of m = 0.07 kg/s for
water by simply putting the vertical line towards the horizontal
coordinate (flowrate—axis). Similarly, for nanofluid collector of
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¢ = 0.02 the critical value of m is 0.095 kg/s. Thus, it can be
seen that the Sahu number is an effective number to obtain the
optimal value of m for both types of collectors.

100
80
60

40—
20
0
-20

40

Sahu Number

——¢=0.02
604 | —e— ¢=0.48
-80 —A— ¢=0.95
—&— Water

-100
-120 For Water

-140 4

T T T T T T
000 002 004 006 008 010 012 014 016 0.18
Mass flow rate (kg/s)

Fig. 27. Variation of Sahu number with the mass flow rate
for nanofluid and water collectors.

6. Conclusions

In the present work the performances of the copper water-based
flat plate solar collectors were examined theoretically using
MATLAB. The effects of the temperature rise parameter,
AT/l = 0.0018-0.025, volume fraction ¢ = 0-1 and mass flow
rate, m = 0.012-0.170 kg/s, were considered in the investigation.
Then a detailed parametric study was carried out to investigate
the effects of volume fraction and mass flow rate, thermophysi-
cal properties, Nusselt number, heat transfer coefficient, collec-
tor plate factor, heat removal factor, Reynolds number, collector
heat gain, fluid outlet temperature, and thermal efficiency. The
Sahu number was introduced to find the optimum values of mass
flow rate for both collector types. The main findings of the pre-
sent work can be summarised as follows:

1. With increasing nanoparticles’ volume fraction, the den-
sity and thermal conductivity of nanofluids based flat-plate
collector improves, while the specific heat decreases.

2. Withincreasing volume fraction, the Reynolds number and
Nusselt number of a nanofluid collector decreases.

3. With increasing volume fraction, the heat transfer coeffi-
cient, useful heat gain and collector fluid outlet tempera-
ture increase, but their values are higher compared to water
(H20)-based collector for all values of volume fraction.

4. From the analysis it was found that the water collector has
attained a maximum value of »n = 53.7% for the highest
value of mass flow rate. Furthermore, for the nanofluid col-
lector, the maximum thermal efficiency is 70.5% for
¢ = 0.48 and for the highest value of mass flow rate, thus
a maximum of 16.8% higher efficiency compared to a wa-
ter collector was obtained.

5. The highest value of the thermal efficiency improvement
factor equal to 64.6% was obtained for ¢ = 0.48 and for the

lowest value of the mass flow rate, while for the highest
value of mass flow rate, the value of thermal efficiency im-
provement factor for ¢ = 0.48 is 31.1%.

6. The Sahu number is an effective number to obtain the op-
timal value of mass flow rate for both types of collectors.
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