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ARTICLE INFO ABSTRACT

Keywords: The main goal of the current paper is to investigate the effect of advanced heat transfer fluids including ion-

Solar COH‘?Ctor efficiency anofluids and nanofluids with several base fluids (ionic liquid, water and ethylene glycol) on the thermal per-

;;nangflgd formace of a flat-plate solar collector (FPSC). The FPSC under real weather conditions was analyzed. In the
anofiul

current research, the advanced heat transfer fluids investigated are: [Bpim]BF4 (1-butyl-3-methyl imidazolium
tetrafluoroborate), [Bnim]BF4 + graphene, [Bnmim]BF4 + single-wall carbon nanotube with concentrations of
0.005 and 0.01 wt%, [C4mimINTf2 (1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide), [Camim]
NTf, + aluminum oxide, water, water+aluminum oxide, ethylene glycol, and ethylene glycol+aluminum oxide
with concentrations of 0.18, 0.36 and 0.90 vol%. FPSC efficiency is compared to existing correlations for figure-
of-merits (FOMs). Results indicate that the thermal efficiency depends on the base fluid and the type of nano-
particle and varies with the nanoparticles concentration. The use of [C4pimINTfs + 0.9 vol% Al,O3 in FPSC led to
relative enhancement in thermal efficiency by about 54.08%, 26.05% and 17.54% compared to water + 0.9 vol%
Al;03 at Re= 100, 200 and 300. The results also show that not all analyzed FOMs correlations are in agreement
with the collector efficiency. Furthermore, the comparative study carried out emphasized that ionic liquids are a
good alternative to conventional fluids (water) to be used in solar collectors under Romanian weather conditions.

1. Introduction

Romania disposes of rich and varied resources of renewable energy:
solar, wind, biomass, hydro, and geothermal energies. Currently, in
Romania, the thermal systems that used solar energy in buildings for hot
water production, heating swimming pools and heating-cooling repre-
sent an alternative to conventional fuels. According to the renewable
energy barometer, EurObserv’ER, (https://www.eurobserv-er.org
/category/2021/), the installed capacity of thermal solar collectors in
2020 in Romania was 218 910 m? and 153.2 MWth respectively,
recording an increase of 52% compared to 2010. It is estimated that by
2030, Romania will achieve the energy share from renewable sources of
at least 34%, the total energy consumption from renewable sources in
2020 being 24%. The use of thermal systems such as flat-plate solar
collectors (FPSC), evacuated tube solar collectors (ETC), direct absorp-
tion solar collector (DASC) or photovoltaic thermal collectors (PV/T)
can contribute to achieve of this objective.

In flat-plate solar collectors (FPSCs), solar radiation is absorbed,
converted it into heat and transferred to the working fluid. Since they
are easy to use and have reasonably priced, the FPSCs are used for
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heating fluids at temperatures below 80 °C (Twidell and Weir 2006).
Conventional working fluids used in the FPSCs are water, oil, air, and
antifreeze solutions (ethylene glycol or ethylene glycol-water mixture).
There are numerous methods to improve FPSCs performance such as
employing different insert devices [2,3], optimizing the absorber with
new configurations [4], phase change material [5], and improving
working fluids properties [6-24].

In terms of improving of FPSCs performance using insert devices,
Garcia et al. (2018) conducted a comparative analysis on methods of
improving heat transfer in FPSCs. For this, a solar water collector that
uses insert devices (wire-coils and twisted tapes) located in Spain is
considered. The experiments are done at mass flow rates per tube in the
range 9-50 kg/h and fluid temperatures between 15-70 °C. They found
that the use of inserts leads to the decrease in absorber temperature and
also that at higher mass flow rates (Re > 1000), all inserts shows per-
formance comparable. FPSC performance using two heat transfer en-
hancers (rod and tube) is experimental investigated by Balaji et al.
(2019). They noticed that for all Reynolds numbers, the efficiency of the
rod heat transfer enhancer is greater than that of the tube and conven-
tional solar collector. The FPSCs performance using a V-corrugated
absorber was studied by Fan et al. (2019). They concluded the optical
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Nomenclature

A collector area, [m?].

A, surface area of edges, [m?].

Gy specific heat at constant pressure, [J/kg K].

D outer diameter of tube, [m].

D; inner diameter of tube, [m].

F standard fin efficiency.

F collector efficiency factor.

Fr removal heat factor.

G; solar radiation on solar collector [W/m?].

hyq convection heat transfer coefficient in the bottom,
[W/m?K].

heq convection heat transfer coefficient in the edges, [W/m?K].

hg heat transfer coefficient of fluid, [ W/mzK].

hy, heat transfer coefficient of wind, [W/m?K].

ky thermal conductivity of insulators in the bottom, [W/m K].

ke thermal conductivity of absorber plate.

ke thermal conductivity of insulators in the edges, [W/m K].

ko incident angle modifier.

m mass flow rate, [kg/s].

Mo Mouromtseff number.

Ng number of glass covers.

Nu Nusselt number.

Pr Prandtl number.

Re Reynolds number.

Qu absorbed heat by plate [W].

ty thickness of insulators in bottom, [m].
te thickness of absorber plate, [m].

te thickness of insulators in edges, [m].

T, outside temperature, [K].

T} in inlet fluid temperature, [K].

Tom mean temperature of plate, [K].

Up bottom heat loss coefficient, [W/m?K].
U, heat loss coefficient from the collector edges, [W/m?K].
Up overall heat loss coefficient, [W/m2K].
U, top loss coefficient, [W/m?K].

Vi wind velocity, [m/s].

w tube spacing, [m].

Greek symbols

B collector slope.

u viscosity, [Pa s|.

p density, [kg/m®].

& infrared emissivity of glass cover.

& infrared emissivity of absorber plate.

o Stefan— Boltzmann constant, [W/m2K*].
(rea), transmittance-absorptance product.

¢ nanoparticles concentration, [%].
Subscripts

bf base fluid.

np nanoparticle.

wf working fluid.

and thermal efficiencies can be improved by using V-corrugated ab-
sorbers. To evaluate a FPSC using an integrated thermal energy storage
unit with two different phase-change materials (PCMs), Carmona and
Palacio (2019) proposed a thermal modelling strategy. Results indicated
that the inclusion of PCM allows the collector’s operation also at night,
without significantly have an effect on the thermal performance.

In recent years, several theoretical and experimental studies were
conducted to evaluate of the performance of FPSC. The studies indicated
that the use of the advanced heat transfer fluids with improved thermo-
physical properties could improve their efficiency.

1.1. Numerical studies

Mahian et al. (2014) theoretical analyzed the potential of Cu/water,
Al,O3/water, TiOp/water and SiOp/water nanofluids used in a
minichannel-based solar collector, operated in Bangkok, Thailand. The
research is performed at mass flow rates of 0.1 and 0.5 kg/s, a solar
intensity of 830 W/m?, the outside temperature of 308 K, and volume
concentrations up to 4%. The maximum and minimum efficiency are
achieved when SiOy/water and Cu/water nanofluids are used. More-
over, the results of this analysis indicate that the efficiency is reduced
with rising nanoparticles concentration. Sint et al. (2017) performed a
theoretical analysis on the efficiency of FPSC using CuO-water nanofluid
installed in Taunggyi, Myanmar. The experiments are carried out at
different nanoparticles concentrations (0.5-3.5 vol%) and particles sizes
(25-140 nm). They found that the maximum efficiency of 5% is ach-
ieved at 2.0 vol% CuO with a particle size of 25 nm. The results showed
also that the nanoparticle size does not significantly influence the col-
lector efficiency. A theoretically study of the different nanofluids used in
FPSC was carried out by Liu et al. (2020). SiOz, Al,O3, GNPs, and Gr
added into distilled water are analyzed. The analysis was conducted for
various nanoparticle concentrations (0.25-1.0 vol%), fluid inlet tem-
peratures (30, 40, and 50 °C), mass flow rates (0.0085, 0.017, and
0.0255 kg/s) and solar irradiance (500, 750, and 1000 W/m?). The
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results showed that 1.0vol% GNPs and 1.0 vol% Gr nanofluids
enhanced the collector’s efficiency up to 32.64% and 17%, while by use
of 1.0 vol% SiO5 and 1.0 vol% Al,O3 nanofluids in FSCS is achieved a
efficiency of 4.09% and 8.26% respectively. Elcioglu et al. (2020) car-
ried out a theoretically analysis on effectiveness of AlyOs/water,
TiOg/water, SiOy/water, polystyrene/water, GNP/water, and
SWCNT/water nanofluids used in a FPSC under laminar and turbulent
flows, by calculating the number of Figure-of-Merits (FOMs). The ther-
mal efficiency of FPSC using different nanofluids is compared to FOMs
and they concluded that not all FOMs are applicable for to evaluate FPSC
working. Ashour et al. (2022) investigated numerically the thermal
performance of a FPSC using ZnO/water and CuO/ water nanofluids,
located in Egypt. The test was conducted at different nanoparticles
concentrations (0.05, 0.10 and 0.15 vol%) and mass flow rates (from
0.0125 to 0.025 kg/s). They found that the use of 0.15 vol% CuO/wa-
ternanofluid improves the efficiency up to 81.64% at mass flow rate of
0.0125 kg/s, while for 0.15 vol% ZnO/water nanofluid the improve-
ment in efficiency is 77.64% at the same mass flow rate. Geovo et al.
(2023) simulated the performance of FPSC using MgO/water nanofluid
located in Porto Alegre, Brazil, and found that the rise of the mass flow
rate rises the collector thermal efficiency, and also that the thermal ef-
ficiency rises significantly up to 1.0 vol% concentration, whereupon, the
rise in thermal efficiency is less significant. Xu et al. (2022) simulate the
thermal efficiency of FPSC using LS-SVR, ANFIS, MLP, CFF, GR, and RBF
neural networks. Their results indicated that the LS-SVR has higher
accuracy than other correlations to evaluate the thermal efficiency of the
FPSC.

1.2. Experimental studies

Said et al. (2015a) investigated the thermal and exergy efficiencies of
FPSC using SWCNTs/water nanofluids. The FPSC is placed to an incli-
nation angle of 22° and tested for weather conditions in Kuala Lumpur,
Malaysia. They found a maximum enhancement in thermal and exergy
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efficiencies of approximately 95% and 26% at a concentration of 0.3 vol
% of SWCNTs and a mass flow rate of 0.5 kg/min. In another study, Said
et al. (2016) studied the impact different sizes of Al,O3 nanoparticles
added into water on the thermal efficiency of a FPSC situated in Kuala
Lumpur, Malaysia. The collector is tested in the time interval 9 a.m. - 5
p-m at an inclination angle of 22°. The experiments were carried out for
two sizes of nanoparticles, 13 nmand 20 nm, three mass flow rates, 0.5,
1.0 and 1.5 kg/min, and a concentration of 0.1 vol% Al;O3. They
concluded that the particle size does not significantly influence the
collector performance. The thermal efficiency of FPSC using Al,O3
(13 nm)-water is 73.7%, while the efficiency of FPSC using Al;O3
(20 nm)-water is 70.7% at a flow rate of 1.5 kg/min. Thermal and
exergetic efficiencies of the FPSC using TiOj-water nanofluids with
Polyethylene Glycol as dispersant are investigated also by Said et al.
(2015b). The FPSC was tested at mass flow rates in the range
0.5-1.5 kg/min, and for 0.1 and 0.3 vol% concentrations of nano-
particles. The test conditions are similar to those in Refs. (Said et al.,
2015b, 2016). The maximum thermal and exergy efficiencies of 76.6%
and 16.9%, respectively were achieved for 0.1 vol% concentration and a
mass flow rate of 0.5 kg/min. With increasing concentration, they found
a decrease in FPSC thermal efficiency. An experimental study on the
efficiency of FPSC using Cu/water nanofluids was conducted by He et al.
(2015). The FPSC is located in Guangdong, China, and is fixed at a
inclination angle of 45°. Two nanoparticles concentrations (0.1 and
0.2 wt%) and two particles sizes (25 and 50 nm) are considered. They
affirmed that increasing both concentration and particle size does not
lead to an improvement in thermal efficiency, the maximum thermal
efficiency being reached for a concentration and particle size of 0.1 wt%
Cu and 25 nm respectively. Sharafeldin et al. (2017) conducted an
experimental research on the use of Tungsten Trioxide (WOg3)/water
nanofluid in a FPSC employed in Budapest, Hungary. The FPSC was
tested in sunny days betweenl a.m. and 4 p.m., at mass flux rates from
0.0156 to 0.0195kg/sem? and nanoparticles concentrations of
0.0167 vol%, 0.0333 vol%, and 0.0666 vol%. They achieved an effi-
ciency of 71.87% at a concentration of 0.0666 vol% and
0.0195 kg/sem?.

Verma et al. (2017) examined the effect of several nanofluids on the
energetic and exergetic performance of FPSC. The tests are conducted
indoors using a solar panel with 8 halogen lights of 500 W. The
following nanofluids with concentrations in the range 0.25-2.0 vol% are
tested: MWCNTs/water, graphene/water, CuO/water, Al,Os/water,
TiOy/water and SiO,/water nanofluids. Results indicated an enhance-
ment in thermal efficiency of 23.47%, 16.93%, 12.64%, 8.28%, 5.09%
and 4.08%, respectively, for MWCNTs/water, graphene/water, CuO/-
water, Al;O3/water, TiOy/water and SiOp/water nanofluids at a mass
flow rate of 0.025 kg/s and a nanoparticle concentration of 0.75 vol%.
For the same mass flow rate and concentration, they found an
enhancement in exergetic efficiency of 21.46%, 16.67%, 10.86%, 6.97%
and5.74% respectively for MWCNTs/water, graphene/water, CuO/-
water, Al,O3/water, TiOy/water and SiO,/water nanofluids. In another
study, Verma et al. (2018) investigated the effect of
CuO-MWCNTs/water and MgO- MWCNTs/waterhybrid nanofluids on
thermal and exergetic efficiencies of FPSC. The tests are carried out at
different hybrid nanoparticles concentrations (0.25 — 2.0vol.%) and
volume flow rates (0.5 —2.0 L/min). They noticed that the FPSC oper-
ates in optimum conditions at concentrations and mass flow rates in the
range 0.75-1.0 vol% and 0.025-0.03 kg/s respectively. The results
indicated an enhancement in thermal efficiency of 70.55% and 69.11%
for MgO-MWCNTs/water and CuO-MWCNTs/water hybrid nanofluids.
The exergetic efficiency obtained is 71.54% and 70.63% for the two
studied hybrid nanofluids. Sundar et al. (2018) investigated experi-
mentally the efficiency of FPSCs with and without twisted tape inserts
using AloO3/water nanofluid. The FPSC is located in Hyderabad, India,
and is tested at three mass flow rates (0.033, 0.05, 0.066, 0.083 kg/s)
and two nanoparticles concentrations, 0.1 vol% and 0.3 vol% respec-
tively. They observed by adding 0.3 vol% Al,O3 nanoparticles in water,
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the efficiency is enhanced up to 76% for the collector with twisted tape
of H/D = 5 and mass flow rate of 0.083 kg/s, compared to the collector
without inserts and using water as the working fluid. In another
research, Mirzaei et al. (2018) focused on optimal working conditions of
the FPSC using 0.1 wt% Al,O3sdispersed in water. The FPSC is positioned
to inclination angle of 45° and is located in Rafsanjan, Iran. The collector
is tested in the time interval 10:00 a.m. - 12:00 a.m., for the following
flow rates: 1.0,2.0 and 4 L/min. The results indicated that using a mass
concentration of 0.1% Al,Os, the thermal efficiency is enhanced by up to
23.6% compared to the base fluid, at a flow rate of2L/min which is
considered the optimum flow rate. Kilic et al. (2018) performed an
experimental research on the impact of using 2.0 wt% TiOy/water
nanofluid with Triton X-100 as surfactant in an FPSC, located in Ankara,
Turkey. They have shown that the nanofluid with the mass flow rate of
0.033 kg/s raises the collector instantaneous efficiency by about
48.67%. A study conducted by Sharafeldin and Grof (2018) investigated
the influence of the concentration of CeO, nanoparticles dispersed in
water and mass flux rate on the efficiency of FPSC, located in Budapest,
Hungary. The tests are performed at concentrations of CeOy nano-
particles of 0.0167%, 0.0333% and 0.0666 vol%, and mass flux rates of
0.015, 0.018 and 0.019 kg/sem2. The results showed that the
improvement in thermal efficiency is 10.74% at a concentration of
0.066 vol% and a mass flux rate of 0.019 kg/somz. Tong et al. (2019)
investigated the thermal and exergetic efficiencies of the FPSC using
Al;O3/water and CuO/water nanofluids, located in Gwangju, Korea. The
tests are conducted between 10:00 a.m. and 5:00 p.m. for a mass flow
rate of 0.047 kg/s and three concentrations, 0.5, 1.0 and 1.5 vol%. The
results revealed that 1.0 vol% Al,Os/water nanofluid exhibits the higher
thermal and exergetic efficiencies compared to CuO/water nanofluid
and water. Elshazly et al. (2022) studied experimentally the thermal and
exergetic efficiencies of FPSC using MWCNT, Al,O3 and MWCNT-Al,O3
(50:50%) nanoparticles dispersed in water. The results indicated that
the maximum improvement in thermal and exergetic efficiency is ob-
tained for MWCNT/water nanofluid.

According to the state of the art of above-mentioned articles, there is
an increasing trend to use nanofluids in the FPSC. Most studies inves-
tigate water — based nanofluids. Studies on performance of FPSC using
ionic liquids or ethylene glycol are very limited. In this context, the main
goal of the current paper is to investigate the effects of advanced heat
transfer  fluids including ionanofluids ([Bmim)BF4 +  GE,
[Bmim|BF4+SWCNTs and [Camim|NTf2+Al303) and nanofluids (water-
+Al;03 and ethylene glycol+Al,03) with different concentrations on the
performance of a FPSC using a theoretical model. Also, this study uses
experimental data for thermo-physical properties of working fluids in
calculation of FPSC efficiency and FOM’s. The results of this paper
emphasize that working fluid can be used for a high performance of the
collector under real weather conditions.

Table 1
Specifications of the FPSC (Verma et al., 2017).

Specifications Dimensions

Area of collector, 750x500x63 mm?

Absorption area of collector 0.375m?
Absorbing plate emissivity 0.12
Absorptance-transmittance product 0.816

Edge area of collector 0.1572m?
Glass emissivity 0.88

Glazing plate number 1

Inner diameter of tube 8mm

Outer diameter of tube 10mm
Thermal conductivity of back insulation 0.04W/(m e K)
Thermal conductivity of absorbing plate 390W/(m e K)
Thickness of glazing 4mm
Thickness of back insulation 50mm
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2. Empirical correlations for the FPSC efficiency

In the current study, a FPSC with the specifications given in Table 1 is
considered. The analysis is based on real weather data for August in
Brasov, Romania. Table 2 depicts the average values of solar intensity,
outside temperature, and wind velocity for August in Brasov, Romania.

The instantaneous efficiency, defined as the ratio between the energy
actually absorbed and transferred to the working fluid and the total
input solar energy can be written as:

B 0. B U,e (Tf.in — T‘?)
and

Upe(Tp;y —T,
q:FR.{kg.(Toa)e_%} 2

The Eq. (1) is valid for a collector angle of 6 = 90°, and the Eq. (2) for
0 < 90° respectively. The useful energy, Q,, is (Duffie snd Beckman,
2013):
Q. =AcoFre[Go(rea),—U,e (T;;—T,)] 3

The collector heat removal factor, Fg, is the ratio of the actual useful
energy gain and the heat transfer rate at which the temperature differ-
ence between the absorber and environment is minimum. The factor, Fz,
can be expressed as:

. {1_ex;,(_

The incident angle modifier is k, = 1 — bo<

mec,

T UL e A,

FoelU, oA,

Fr ;
nec,

€]

ﬁ — 1) (Duffie snd
Beckman, 2013). For a single glass collector, the incidence angle mod-
ifier coefficient is by = 0.1.

The product of transmittance absorptance is about 1% greater than

the product of T and a (Duffie snd Beckman, 2013):

(req), = 1.02e(req) 5)

The overall heat loss coefficient, U;, takes into account the top,
bottom and edge loss coefficients, thus (Kalogirou, 2013):

U =U+U,+U, (6)

where:
The top loss coefficient is given by Klein correlation (Klein, 1975):

—1
| oo (12, +12) o (T, +T.)
033 T ,Tw + ]

e,,+0‘05-1\1“,.(1—s,7)

U

- (20Ny+/-1)
&

_Ng

NX
()-)

@)
where:

C=3659e (1 —0.00883 e #+0.0001298 .ﬂz)

f=(1-0.04eh,+0.000504 )(1+0.091eN,)

Table 2
Meteorological data for August in Brasov.

Time Solar intensity [W/m?] ~ Outside temperature ['C] ~ Wind velocity [m/s]
08:45 393 16.21 2

09:45 565 17.29

10:45 687 18.37

11:45 737 19.24

12:45 729 19.87
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h, = (8.6 010°) /L™
The mean plate temperature, T, is computed as follows:

Qu

A, o Fp

Tpm = Tf.m + .UL

(1—Fx) (€)]

Because for determination of the mean plate temperature, T, it is
necessary to know the quantities of Q,, U, and F, that depends of T}, in
the first stage T, is estimated. With this value, Q,, U, and Fy are
computed. In the second stage, with the obtained values for Q,, U;, and
Fp, the plate the temperature T, is calculated using Eq. (8). This iter-

ative process is repeated until the results are sufficiently accurate:

(Tﬁm) _ (Tﬁm)m,, "

(Tf’m ) calculated

100 <107 (©)]

The bottom loss coefficient is given by:

i (10)

hba

e
+

b
The edge loss coefficient is expressed as:
1 A,

Ue=r—7
PR
w . A

an
The heat transfer coefficients in the bottom and the edges can be
7] (Mahian et al., 2014).

assumed as 5[
The collector efficiency factor, F, is obtained by:

1

F = UL 12)
We [U,.[D+(;v70)-F] + lnDl,o/zﬁ:|
The standard fin efficiency, F, can be determined as:
tanh e |:m-(V;/—D):|
F= me(W—D) 13)
2
where m =  /z%-[1] — parameter.

The internal heat transfer coefficient, hg, can be obtained by Nusselt
number as follows:

7NM.ka

hy
7 D,

(14)

where k, is the thermal conductivity of the working fluid.
The Nusselt number in turbulent flow is described by the Gnielinski
correlation (Bejan, 2013):

(g) (Re — 1000)Pr

Nu = . (15)
1+ 12.7«/f/8<Pr? - 1)
where:f = [0.79In(Re) — 1.64] 2 - friction factorRe = mglfﬁw - Reynolds

— HrComf
="

The Eq. (15) is valid for Reynolds number within the range3 e 103 —
5e10°.

In laminar flow, the Nusselt number is (Bejan, 2013):

numberPr - Prandtl number.

1.953 e (x,) 3 for x.<0.03

4364 + 0.0 for x,>0.03
Xy
where x, = ];‘e/ Fpir.

Based on the theoretical model, a computational routine to
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estimation of the FPSC efficiency under Romanian weather conditions
was developed in Mathcad software (Fig. 1).

3. Thermo-physical properties of the working fluids

Ionanofluids and nanofluids with several base fluids (ionic liquid,
water, water and ethylene glycol) are considered for the study of the
FPSC. In order to get valid results, the experimental data concerning
thermal conductivity, viscosity, density, and specific heat are extracted
from the available literature. The studied working fluids are given in
Table 3:

The thermo-physical properties of ionic liquids are taken from Zhang
et al. (2016) and Paul et al. (2015) and those for water+Al,O3 and
ethylene glycol+Al,O3 are evaluated using the following correlations
based on experimental data (Maiga et al., 2004):

water+Al;O3

kW
f =497’ +2720¢+1

Imput data:

a7)
Key(r)

Geometrical dimensions of FPSC
Weather conditions

Properties of working fluids
Reynolds number

Inlet temperature

Estimate of mean plate temperature , Tpm,e

Calculate
UL, Nu, hfi, E F, FR, Qu

Calculate
Tpm,c

Check:

No

Tom,e-Tpm,c
{#} 100<10°
Tpm,c

Yes

Calculate
Thermal efficiency

End

Fig. 1. — Flowchart for calculating FPSC efficiency.
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Table 3

Studied working fluids.
Working fluids Concentration Reference
[Bin |BF's 0 Zhang et al. (2016)
[Bmim]BF4 + GE 0.005 and 0.01 wt% ang et al.
[Bmim|BF4 + SWCNTSs 0.005 and 0.01 wt%
[Camim|NTf2 0 -
[Camim]NTf2 + AlO3 0.18; 0.36 and 0.90 vol% Paul et al. (2015)
Water 0

Incropera et al. (2007)
Water 4 Al,03 0.18; 0.36 and 0.90 vol% .
Maiga et al. (2004)
Ethylene glycol 0
Y gy Incropera et al. (2007)
Ethylene glycol + AlyO3 0.18; 0.36 and 0.90 vol% .
Maiga et al. (2004)

H

S 236> +73ep+1 (18)
Hof(r)

ethylene glycol+Al,03

K 989054 P +28273ep+1 19)
Kuy(ry

Ry 2

D —306e¢” —0.19e ¢+ 1 (20)
Hap(r)

The densities and specific heats of working are computed using the
equations for the two-phase mixture:

Pur = ¢°Pnp+(1 -¢) ® Py (21)
Pe (P'Cp)n,, +(1—g)e (p°cp);;f

W = : 22

o peop,+(1—¢)ep, @2)

The values of density and the heat specific of Al;03 NPs are 3900kg/
m® and 880J/ (kg e K) respectively (Heyhat et al., 2013).

4. Results and discussion

In order to evaluate of the thermal efficiency of the FPSC located in
Brasov, Romania, several working fluids are studied. The analyses are
carried out for different types of nanoparticles with various NPs con-
centrations (0.005 wt% GE, 0.01 wt% GE, 0.005 wt% SWCNTs, 0.01 wt
% SWCNTs, 0.18, 0.36 and 0.90 vol% Al;0s, adding into [Bm] BF4 and
[C4mim] NTf3 ionic liquids, water and ethylene glycol. The impact of type
of working fluid, concentration of nanoparticles, Reynolds number (100,
200, 300), ambient temperature (16.21; 17.29; 18.28; 19.24; 19.97 °C)
and solar intensity (393, 565, 687, 737, 729 W/m?2) on thermal effi-
ciency are analyzed. The inlet temperature of the working fluids is 20 °C.
The flat-plate solar collector is kept at an inclination angle of 37°.The
thermal efficiencies are computed by the average values of outside
temperature and solar intensity for August in Brasov.

4.1. Validation of FPSC model with experimental and numerical data

The first stage, the theoretical model for the FPSC using water was
validated with the experimental and numerical data from Refs. (Verma
et al., 2017, Geovo et al., 2013). The validation was performed in
following conditions: the ambient temperature, T = 296.15 K, the mass
flow rate, m = 0.0167kg/s, and the solar irradiance, G, = 900W /m?.
The inlet temperature of the water was variable.

The Relative Error (RE) and Mean Relative Error (MRE) were
calculated by comparing the current results with numerical and exper-
imental data.

The RE and MRE are computed as:
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N
y ('/Iexp/num — Newrrent resulls)
RE == 5  100[%] (23)
; Nexp /num
RE
MRE = — 24
N (24)

The thermal efficiency of the FPSC as a function of the reduced
temperature values [(T; —T,) /G, ] is shown in Table 4.

As shown in Table 4, the model accurately predicts the experimental
and numerical data and can be used to estimation of FPSCs efficiency
with various working fluids under Romanian weather conditions.

4.2. Thermal efficiency of FPSC using ionic liquids

In Fig. 2(a-c), the FPSC efficiency is plotted as a function of reduced
temperature parameter (Ti, —T,)/G; for [Bmim] BF4 with two different
types of nanoparticles, GE and SWCNTs, at different weight concentra-
tions and Reynolds numbers. As seen, the efficiency of [Bym] BF4 is
higher than that of [B,;m] BF4+GE and [Bm] BF4 +SWCNTs indif-
ferent of concentration. The efficiency of [B,,] BF4 +GE has a opposite
trend compared to [Bim] BF4 + SWCNTs. For [Bym] BF4 + GE, the
efficiency decreases with increasing the concentration, while for [Byinm]
BF4; + SWCNTs, the efficiency increases with increasing concentration,
the concentration, but not exceeding the efficiency of the base fluid.
When [Bin] BF4 +GE is used in FPSC, the mean temperature of the
plate increases with the adding of nanoparticles, the useful energy, Q, is
smaller and the efficiency is reduced. In the case of [Buyim] BF4 +
SWCNTs, the mean temperature of plate decreases with the adding of
nanoparticles, which leads to an increase in both useful energy and ef-
ficiency. This behavior could be explained by the fact that the useful
energy, Q, depends on the properties of the working fluids. Thus, the
viscosity of [Buim] BF4 +GE decreases with increasing concentration,
while for [Bim] BFs + SWCNTs, the viscosity increases with increasing
concentration. Another reason for the reduced efficiency of [Bpim]
BF; ionic liquids with nanoparticles can be the relatively low con-
centration. A higher concentration of SWCNTs could probably lead to a
higher efficiency than the base fluid. With an increase in Reynolds
number, the mean temperature of the plate is reduced and can be seen as
an improvement of the efficiency of FPSC.

Since the studied [B,m] BF4 ionic liquid with nanoparticles did not
emphasize an improvement in FPSC thermal efficiency, and another
type of ionic liquid is analyzed. Fig. 3(a-c) depicts the thermal efficiency
of FPSC using [Csmim] NTf2 with different Al,O3 concentrations. As can
be seen, the addition of nanoparticles in the ionic liquid, in this case,
leads to an improvement in the thermal efficiency. The maximum
relative increase in thermal efficiency compared to the base fluid is
achieved to Re= 100for all studied concentrations. With the increase in
Reynolds number, the FPSC efficiency increases, but the presence of
nanoparticles in the ionic liquids has a smaller contribution to increasing
efficiency. This behavior can be explained by the heat removal factor,
Fr, which depends of the solar collector characteristics, the type of
working fluid, and the flow rate in collector. Thus, Fr increases with

Table 4
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both increasing in the Reynolds number and concentration. At Re= 100
and 0.9 vol% Al,O3 NPs, the relative increasing in Fg is 4.71%, while at
Re= 300, the increase is 2.79%, for the same concentration.

4.3. Thermal efficiency of FPSC using water

Fig. 4(a-c) illustrates the thermal efficiency of the FPSC using water
with Al,O3 NPs as the working fluid for different nanoparticles con-
centrations and Reynolds numbers. Compared to ionic liquids, a sig-
nificant decrease in FPSC efficiency using water can be observed.
However, the adding Al,O3 NPs to the water, as well as increasing the
Reynolds number leads to a more significant improvement in FPSC ef-
ficiency. With the increase of the Reynolds number, the same effect of
the concentration on the efficiency of the collector can be observed as in
the case of using ionic liquids. Although the influence of nanoparticles is
lower with increasing Reynolds number, an increase in efficiency can
still be observed compared to the base fluid.

4.4. Thermal efficiency of FPSC using ethylene glycol

The thermal efficiency of the FPSC using ethylene glycol with AloO3
NPs is shown in Fig. 5(a-c). In contrast to the FPSC using water+ AloO3
and [Cymim] NTf3 +Al203, from Fig. 5(a-c) it can be seen that the addi-
tion of Al;O3 NPs to ethylene glycol does not contribute to the
improvement in the FPSC efficiency. There is a slowly increase in effi-
ciency, but this is insignificant and cannot justify the use of nano-
particles. An increase in FPSC efficiency can be observed with increasing
Reynolds number, its values being close to FPSC efficiency values using
[C4mim] NTf2 ionic liquid.

Fig. 6(a-c) illustrates the effect of solar intensity on the thermal ef-
ficiency of FPSC using various working fluids. It is seen that the effi-
ciency increases with increasing solar intensity up to 7290W/m? for all
fluids. At a solar intensity of 737W/m?, a slight decrease in thermal
efficiency can be observed, that could be explained by the increase the
heat loss to the surrounding. Table 5 shows the absorbed energy by the
solar collector, Fr(ta), and the heat loss to the surrounding, FrUp at
various Reynolds numbers. The absorbed energy by the solar collector,
Fr (ta) gradually increases as the Reynolds number increased. Generally,
the heat loss values, Fr UL, show the same tendency for all the Reynolds
numbers, the increase in flow rate leading to more heat loss to the sur-
rounding. As can be seen, the Fg (ta) values for 0.01 wt% GE and 0.01 wt
% SWCNTs ionanofluid were lower than using only [Buim] BF4 for all
Reynolds numbers, while the Fg(ta) values for 0.9 vol% Al,O3 were
higher than those for [C4minINTf2 and water, except the value of the
water+ 0.9 vol% AlyO3 nanofluid at Re = 200 and G, = 737W/m?2. The
Fr (tar) values for the EG+ 0.9 vol% Al;O3 nanofluid were very close to
those of EG.

Analyzing Fig. 6 it can be stated that [Campim] NTf3 +0.9vol.%Al;03
ionic liquid have the highest thermal efficiency at any Reynolds number
and solar intensity, while water+ 0.9 vol% Al;0O3 nanofluids have the
lowest values of efficiency. Moreover, it can be seen that the addition of
nanoparticles in the base fluid is only beneficial for [Cmim] NTf ionic
liquid and water. For the other studied working fluids, the addition of

Comparison of the FPSC efficiency with the experimental (Verma et al., 2017) and numerical data (Geovo et al., 2013).

(T —Ta) /G Nexp Ref. (Verma et al., 2017) Num Ref. (Geovo et al., 2013)
0.00571 60.26 62.41

0.01023 59.24 60.78

0.01467 57.82 59.14

0.02363 55.30 55.69

0.02808 54.28 53.93

0.03071 53.50 52.87

0.03553 52.16 50.89

MRE (%)

Neurrent results

RE compared to
Ref.(Verma et al., 2017)

RE compared to Ref. (Geovo et al., 2013)

61.416 1.918 1.593
60.224 1.661 0.915
58.832 1.75 0.521
56.048 1.353 0.643
54.503 0.411 1.062
53.708 0.389 1.585
51.657 0.964 1.507

1.207 1.118

1950
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Fig. 2. — Thermal efficiency of [Byim] BF4 with various NPs at different Reynolds number.
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Fig. 6. — Thermal efficiency as a function of solar intensity.

Table 5

. FrUL and Fr(ta) for all working fluids.
Reynolds number 100 300
Solar Intensity 729 737 737 729 737
Parameters FrUL Fr(tat) FrUL Fr (Tat) FrUL Fr(tat) FrUL Fr(ta) FrUL Fr (Tat) FrUL Fr (tat)
[Bmim] BF4 8.431 0.754 8.549 0.753 8.472 0.77 8.633 0.769 8.457 0.777 8.646 0.776
[Bmim]BF4 + 0.01wt.%GE 8.292 0.733 8.378 0.733 8.444 0.757 8.569 0.756 8.471 0.767 8.621 0.766
[Bmim]BF4 + 0.01wt.% SWCNTs 8.407 0.75 8.518 0.749 8.472 0.768 8.625 0.767 8.463 0.775 8.645 0.775
[Camim] NTf 8.247 0.728 8.327 0.727 8.414 0.751 8.526 0.750 8.458 0.761 8.592 0.760
[C4mim] NTfz + 0.9v0l.% Al,O3 8.463 0.762 8.601 0.762 8.463 0.775 8.645 0.775 8.434 0.781 8.644 0.781
Water 4.924 0.459 4.931 0.459 6.539 0.587 4.816 0.652 7.282 0.643 7.314 0.643
Water+ + 0.9vol.% Al,O3 5.37 0.495 5.379 0.494 0.614 6.925 0.613 7.549 0.665 7.589 0.664
EG 8.104 0.713 8.171 0.713 8.302 0.735 8.39 0.737 8.454 0.76 8.585 0.759
EG+ + 0.9vol.% Al,O3 8.119 0.715 8.187 0.714 8.314 0.736 8.404 0.735 8.457 0.76 8.589 0.759

nanoparticles reduces or does not influence the efficiency of the col-
lector. However, it can be concluded that the ionic liquids and ethylene
glycol are beneficial in flat plat solar collectors, because they ensure a
higher efficiency compared to water.

4.5. Comparison of the FPSC thermal efficiency with various FOMs

In this study, the numbers of figure-of-merits (FOMs) are considered
for comparison of the FPSC efficiency. A first FOM considers the ratio
between the relative increases in viscosity against the relative increase
in thermal conductivity and is defined as:

G _ (g = tay) [ty
Co  (kur —kiy) Koy

Fig. 7 depicts a comparison of C,/C; values for the studied working
fluids. It can be seen that, the working fluids based on water, ethylene
glycol and [Cypm] NTfy ionic liquid, excepting [Camm] NTfy +
0.9vol.%Al,03, have ratios lower than 4, which means that they are
advantageous for to be used in FPSC. Moreover, it can be noticed that the
[Bmim] BF4  ionic liquid with nanoparticles recorded negative values of
ratio C,/Cy. This is due to their reduced viscosity compared to the base
fluid. Comparing to the FPSC efficiency, it can be concluded that, the C,/

(25)

1955

Cy ratio provided results quite close and could be used as merit criterion
to establishment the effectiveness of the working fluid.

Another merit criterion investigated is Mouromtseff number (Mo),
defined as Mo = ky,¢/kys > 1. If only the thermal conductivity is taken in
the evaluation of the efficiency of the working fluids, then it can be
observed from Fig. 8 that all studied fluids have values of the Mo ratio
higher than 1. This criterion provides results comparable to those found
for FPSC efficiency, excepting the working fluids based on [Bim]
BF, ionic liquid.

Performance evolution criterion (PEC,s/PECy; > 1), defined as the
ratio between the transferred heat and the pumping power, PEC =
mec,e (Tou — Tm)/(V e Ap), is shown in Fig. 9. It is seen that PEC ratio
has higher values than 1 for the working fluids based on [Bim]l
BF,4 ionic liquid, and lower values than 1 for the other working fluids.
These results are in opposite with FPSC efficiency results. The achieved
results for the working fluids based on [Byim] BFs ionic liquid can be
explained by the fact that their viscosities are lower than those of the
base fluid, the pressure losses are lower and consequently, the required
pumping power is reduced compared to the base fluid. For the other
working fluids, the viscosities are higher than those of the base fluid,
which means that the pressure losses are higher and implicitly the
required pumping power is higher, thus leading to PEC ratios lower than
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1.
Fig. 10 compares the values of overall energetic efficiency

(tyy/mps > 1), defined as i = (Nuyyy @ Appy) /(N ® Apyr). This criterion
takes into account the Nusselt number and pressure drop. The results
illustrated in Fig. 9 exhibit the same trend with PEC criteria. Although
the heat transfer is improved by adding nanoparticles, the increase in
pressure drop due to the increase in viscosity is more significant. This
leads to lower values than 1 for the overall energetic efficiency,
excepting the working fluids based on [Byn] BF4 ionic liquid.

5. Conclusions

The current study provides a comparative study on the performance
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of flat-plate solar collectors using several working fluids in real weather
conditions. The studied advanced heat transfer fluids have as base fluid:
Bmim] BF4 and [Cymim] NTf2 ionic liquids, water and ethylene glycol.
The study is carried out for different values of solar intensity, Reynolds
number, and nanoparticles concentrations. The findings of this study are
summarized below:

1. Thermal efficiency depends on the base fluid, the type of nano-
particle, and varies with the nanoparticle concentration. Thus, the
efficiency of [Byim] BF4 ionic liquid is higher than that of [Byim]
BF; +GE and [Bm] BF4 + SWCNTs. Adding GE and SWCNTSs to the
base fluid does not improve FPSC efficiency. In contrast, [Camim]
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NTf, ionic liquid with different Al,O3 concentrations in the FPSC
enhances the thermal efficiency. The addition of Al;O3 NPs to water
leads to a significant improvement in FPSC efficiency, while the
addition of Al;03 NPs to ethylene glycol does not contribute to the
improvement in the FPSC efficiency.

. The FPSC efficiency increases with increasing solar intensity for all
fluids. [Camim] NTf2 +0.9v0l.%Al203 ionic liquid have the highest
thermal efficiency at any Reynolds number and solar intensity, while
water+ 0.9 vol% Al,03 nanofluids have the lowest values of
efficiency.

. [Ca4mim] NTf2 +0.9v0l.%Al>03 exhibit C,/Cy > 4. This result is not
in agreement with the FPSC efficiency. Except for this ionanofluid,
all working fluids exhibit C,/Cy < 4.

. All studied fluids have values of Mo > 1. These results are in agree-
ment with the FPSC efficiency, except the[Bpin ] BF4  ionic liquid for
which the addition of solid particles does not improve the collector
efficiency.

Pyt /Por and 1, /1, criteria have similar trend. Pys/Pye> 1 and /0, >
1 for the working fluids based on [Bm] BF4 ionic liquid and < 1 for
other working fluids. These results are in opposite to FPSC efficiency
results.

Following the analysis carried out in this paper, it can be emphasized
that the ionic liquids are a good alternative to conventional fluids (e.g.
water) to be used in solar collectors for Romanian weather conditions.
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