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ABSTRACT

Hybrid thermal/photovoltaic systems associating a solar concentrator with using water—Al,O3; nanofluid
as a coolant are an effective way to improve solar energy conversion yield. We present here an analysis of
the effect of the mass flow rates, hydraulic diameter and concentration ratio in such a collector. A
numerical simulation of the performance of the thermal/photovoltaic sensor with a heat exchanger using
water—Al,O3; nanofluid as a coolant is presented. A thorough analysis of the external parameters on the
efficiency and the working of a thermal/photovoltaic collector are presented. The analysis is made using
the equations of the components of heat transfer cascade into a matrix of four unknown’s which are the
glass, cells, fluid and insulation plate temperature. This matrix is solved by the fixed point method and
Gauss-Seidel, at the permanent regime. Results show that the overall conversion efficiency of the system
is increasing from 22% to 72%, when mass flow rates, concentration ratio increases and hydraulic
diameter decreases.
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INTRODUCTION

Problems of environmental pollution and energy lack in the world have become much serious recently.
Solar energy as a renewable and environmentally friendly energy has the potential to meet global energy
demand in the future. Methods for the conversion of solar energy can be classified into two types: a
thermal option, that converts solar energy into heat, subsequently transformed into electricity, and the
photovoltaic methods that converts solar energy directly into electrical energy. Therefore, there is a need
to develop an ingenious method of solar energy conversion systems and then to substitute it where
applications of fossil fuels are most vulnerable. One of the ingenious methods of solar energy conversion
systems is the photovoltaic thermal solar collector or hybrid solar collector, which converts solar radiation
directly to both thermal and electrical energies. It is very attractive for solar applications in which limited
space and area related installation cost are of primary concern. The hybrid collector is also attractive
when the space needed to install side-by-side solar thermal and photovoltaic collectors is not readily
available.

Kern and Russel (1978) presented a prototype of a thermal/photovoltaic system using air and water as a
coolant to reduce the temperature of the solar cells. A humber of theoretical and experimental studies to
assess the efficiency of hybrid thermal/photovoltaic system have been performed (Florschuetz, 1979;
Garg and Adhikari, 1997; Garg and Adhikari, 1999; Whitfield et al., 2002; Othman and Yatim, 2005;
Chen et al., 2008). Florschuetz (1979) used the model of hotel-Whillier to analyze the performance of the
hybrid solar system that could provide domestic hot water. Garg and Adhikari (1997) have developed a
stable model to simulate the performance of thermal/photovoltaic hybrid system. In the recent years much
research has been reported in the literature on new solar thermal systems with lower costs. When sunlight
is concentrated on the solar cell, most of the energy absorbed by the cell is converted into thermal energy
which in turn increases the temperature and reduces the electrical efficiency. Therefore, it is necessary to
remove heat from the cell by a heat transfer fluid (air, water...). Convective heat transfer can be enhanced
passively by changing flow geometry, boundary conditions, or by enhancing thermal conductivity of the
fluid. Various techniques have been proposed to enhance the heat transfer properties of fluids.
Researchers have also tried to increase the thermal conductivity of base fluids by suspending micro- or
larger-sized solid particles in fluids, since the thermal conductivity of solid is typically higher than that of

Centre for Info Bio Technology (CI1BTech)




International Journal of Physics and Mathematical Sciences ISSN: 2277-2111 (Online)
An Open Access, Online International Journal Available at http://www.cibtech.org/jpms.htm
2016 Vol. 6 (4) October-December, pp.36-44/Maifi et al.

Research Article

liquids. However, due to the large size and high density of the particles, there is no good way to prevent
the solid particles from settling out of suspension. The lack of stability of such suspensions induces
additional flow resistance and possible erosion. Hence, fluids with dispersed coarse-grained particles have
not yet been commercialized. Modern nanotechnology provides new opportunities to process and produce
materials with average crystallite sizes below 50 nm. Fluids with suspended nanoparticles are called
nanofluid, a term proposed in 2005 by Chon et al., (2005) of the Argonne National Laboratory, USA.
Nanofluids can be considered to be the next generation heat transfer fluids because they offer exciting
new possibilities to enhance heat transfer performance compared to pure liquids. The aim of this study is
to obtain technical to improve efficiency of hybrid thermal/photovoltaic sensor using water—AlI203
nanofluid as a coolant.

System Model

The hybrid thermal/photovoltaic collector considered in this work is shown in (Figure 1). The glass cover
(in plastic) is inserted in order to protect the sensor against mechanical damage, the light is reflected and
concentrated on the solar cell by a reflective cylindro-parabolic concentrator. The focusing system
consists of the cylindro-parabolic concentrator with seven panels from (Generic 60 WP polycrystalline),
with 36 cells in series. The panels are connected in series along the direction of the system; they are glued
and sealed to keep surfaces cells clean. The heat exchanger bottom is covered with a good insulator to
minimize heat losses to the ambient (Florschuetz 1979).
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Figure 1: The Schematic Model of Concentrating Photovoltaic/Thermal Nanofluid System

Energy Balance
Figure 2, shows the thermal model of the system. For the sake of simplicity, the following hypotheses are
made

. A one-dimensional steady state heat transfer in the direction of the flow.

. The heat capacities of the glass, concentrator, solar cell, fins, absorber and the insulating plate are
negligible.

. The parabolic concentrator is ideal and all the incident radiation in the acceptance angle can reach
the solar cells.

. The solar radiation converted into thermal energy is completely absorbed by the panels and solar
absorber.

. The temperature of the solar cell and the absorber are uniform.

Based on these assumptions, the equations of energy can be written as follows:
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Figure 2: Thermal Model of our Thermal/Photovoltaic Sensor

For the Glass Cover

aT, Ac
WgPgCq 5, + 0gGC (1 + Tgpgpﬁn) = hygs(Tg = Ts) + hegw(Tg — Tw) + hepg(Tg — Tp) + A_Cthrpg(Tg -
Tp 1)
Where n is the average number of reflection for radiation inside the acceptance angle. And C is the ration

concentrating.
At the photovoltaic thermal plate

F] 2n » 2n
Wy 9pCp 52+ Tya,Gpld (1 + %) (1—P) + 14a,GPppd (1 + %) (1—1py) =

AC AC Ac AC

A_:hcpf(Tp - Tf) + A_:hrpb (Tp - Tb) + A_Cthcpy (TP - Tf) + A_Cthrpg(Tp - Tg) (2)
Where d is a correction of gap loss. P is the solar cell packing factor with Goodman et al., (1976).

e - is the total efficiency.

Mpw = rer (1= 0.0054(T, — 298.15))

Where 1, is a reference efficiency of solar cell at solar irradiance 1000 W/m? and temperature T,=25°C.
In this work nref is taken as 10%.

The heat exchanger

oT CedT Ac
pr(Pfo 6_tf + %d_xf = hcpf(Tb - Tp + A_Cbhcpfnp(Tp - Tf) 3)
Where mp is mass flow rate (kg.s™), Cf is specific heat (J.kg™.k™) and w is system width (m) (Goodman
etal., 1976).

The insulating plate
aT A.
wp, 9 Cp a—tb + Up(Tp — Ta) = hepe(Te — Tyy) + A_cbhrpb(Tp —Ty) (4)

The back loss coefficient Uy is 0.0692 W.m?.k (Goodman et al., 1976).

Heat Transfer Coefficients

In the above equations, radiative and convective heat transfer coefficients are calculated using the
relations reported in reference (Ari, 1976).

The radiative heat transfer coefficients from glass cover to sky and absorber plate are taken as Ari (1976).
_ go(Tg—T3)

hrgs - (Tg_Ta) (5)

Where the equivalent sky temperature is evaluated as

Ts = 0.0552T215 (6)
_ S((TE+Te)(Tp+Tg)

hrpg - (i"'é_l) (7)
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o((T} +Tb)(Tp+Tb)

hrbp = (g+%—1) (8)
The convective heat transfer coefficient of the wind is calculated by Ari (1976).
hegw = 2.8+ 3V, ©)

V, : The wind velocity is 3 m/s.
The natural convection heat transfer coefficient between the solar cells and glass cover is calculated as
Zhang (2004).

1708 sin(1.88)161708 1
hepg = ( pg) (1+144(1- Racosﬁ) (1 - R ) + (Racosp/5830): — 1) (10)
The forced convective heat transfer coefficient of cooling air is calculated by Chen et al., (2008).
0.03795X
hepr = (3) (0.0158R%® + (0.00181R, +2.92)exp”™ D (11)

Where, R, is Reynolds number (Ari, 1976).

Thermo Physical Properties of Nanofluid

Thermal Conductivity

The thermal conductivity of the nanofluid is calculated from Chon et al., (2005), which is expressed in the
following form:

Knf _ 0.746 ( df 0369 Kp\0.7476 p.. 09955 . 1.2321
= 1+ 64700746 () (X2)07476pp 09955 pe (12)
dp Ke
_ b _ Kppg _ 9
Pr¢ = ot Re, = 37Tu2lfTanddp—36.10 m

Where kj is Boltzmann number and I; is the free average distance of water molecules that according to the
suggestion of Chon et al., (2005), is taken equal to 17 nm. Minsta et al., (2009) approved the accuracy of
the above model.

Viscosity

The viscosity of the nanofluid is approximated as viscosity of the base fluid If containing dilute
suspension of fine spherical particles as given by Masoumi et al., (2009).
Pnf _ PpVbdp

e 1+ 72N

18K, T
S—Jidp,v —( ) np(‘;p
N = (c1@ + c2)d, + (c30 + c4)ls a parameter for adapting the results with experimental data where c1
=-1.133910° ¢2=-2.771910% ¢3=-9.09 10% and ¢4 = -3.93 9 10"
Density and Specific Heat

The density and specific heat of the nanofluids are calculated by using the Pak and Cho, (1998)
correlations, which are defined as follows:

(13)

nf — Qpp + (1 - ®)pf (14)
(A-B)pg(Cp)+0(pCp) )
(Cpdnr = AV — (15)
n C n
Pry = Rt (16)

Method of Calculation

We can write the equation 7 as:

de(X) +pT(x) =q (17)

Where p and g are constants obtained by algebraic manipulations. The boundary conditions are:
Ti(x) = T,,atx
Te(x) = Ty, at x

The solution can be obtained as:

_a _9q —px
Tr(x) = ; + (Ta p) expP (18)
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By grouping the four equations from equation 1 to equation 4, we obtain a four variables matrix. In the
equation 18, p and g are the two unknown temperatures functions. An iterative algorithm is applied to
determine these temperatures. In order to calculate the temperature of each cell of the photovoltaic
concentrator, the panels is divided into i=252 units of 0.031746 m length (i is also the number of series
cells in the collector). T, start the calculation, initial values at T,(T,=Tp,) and T, are introduced. The
temperature T of the in air flow at x=0, is equal to the ambient temperature. The new temperatures can be
obtained from the matrix. Gauss-Seidel method is used to calculate the temperatures of each cell by an
iterative process which is repeated until temperature values converge. Thus, the components temperatures
for the first cell can be determined. Applying it as the Intel to the next cell, the components temperatures
for the second cell can be similarly calculated. By repeating this step, all temperatures for the different
components can be determined. Using these temperatures, one can deduce the air mass flow influence on
the cells and panel efficiency.
Performance Parameters
Performance parameters of the hybrid sensor thermal/photovoltaic are computed as following:
The thermal efficiency of the system is:

Tty mpCe(Toj—Tij)

Neh == o (19)
The electrical efficiency of the system is [10].:

¥ Tg“vapP]ﬁd<1+ M) (Mpv,j)
Npy = o (20)
The combined thermal/photovoltaic efficiency is the sum of photovoltaic and thermal efficiencies of the
system.
Mot = npv + M —Me (21)
n,: Efficiency of pump

RESULTS AND DISCUSSION

Results

Some main thermo-physical parameters used in the calculation are presented in Table 1. In practice, time
variation of the enthalpy of the captor’s components, namely the(w ¢C %) terms are negligible (Kadri et

al., 2012). The operating conditions for the calculated photovoltaic thermal nanofluid system are: the
wind velocity is 3m/s and the solar radiation is 800 w/m?.

335 T T T T T &0

—#— Total efficienct C=2
—+— Total efficiency C=1

70 F

LI

Temperature (“K)
Efficiency %

300 ' ' ‘ ' ' 10

8 ] 10 12 0 é
Lenght (m)

L L
2 10 12

lenght (m)

Figure 3: Variation of Temperature of Figure 4: Variation of Total Efficiency with and
System along the Length Direction without Concentrating
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Table 1: Thermo-Physical and Internal Parameters of the System Photovoltaic Panels

Parameter Value Parameter  Value Parameter Value
a 0.04 d 0.95 CaL203 900 JKg'K*
a 0.95 p 0.52 Puater 997.1 Kg/m?
a 0.9 € 0.86 P AL203 3.97 Kg/m?
7 0.9 € 0.95 Kwater 0.613 w/m°K
p 0.06 e 0.95 K aL203 180 w/m°K
p 0.94 0 5.66.108 Wm?k* ¢ 3%
p 0.05 U, 0.5 wm?k' n 0.61
p 0.05 Cuater 4.2 JKg'Kt C 2

Figure 3 shows the temperature variation of the nanofluid and cell solar along the length of the system
with and irradiation solar is the case of G=800 w/m’ and m,=0.069 Kg/s. It is obvious that the
temperatures increase along the length of the system, and the solar cell temperature is higher than the
fluid temperature.

The nanofluid stream temperature increases quickly at the inlet region but slowly at the outlet region, the
temperature difference between the solar cell and the nanofluid stream decreases with increasing in the
length of system. Under the same operating conditions, Figure 4 presents the variations of the total
efficiency of the system with and without truncated concentrator cylindro-parabolic in the length
direction. It can be seen that the total efficiency increase along the length direction. The total efficiency of
the system with concentrator cylindro-parabolic is almost 72% which is close the value obtained by
Othman et al., (1997).
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Figure 5: Variation of Total Efficiency System Figure 6: Variation of Total Efficiency with

with Different Nanofluid Mass Flow Rate Different Hydraulic Diameter

The figure 5 presents the effect of the mass flow rates of nanofluid on the total efficiency along the length
of the system. It can be observed that the total efficiency increases with the increase of the mass flow
rates.

Decreasing of the hydraulic diameter Figure 6 will increase of the nanofluid mass flow, will decrease the
temperature of the system, thereby reducing the heat loss from the system to the ambient. This will
increase the efficiency of the system.

Figure 7 shows the efficiency difference between the nanofluid and water increases slowly at the inlet
region but quickly at the outlet region. Under the same operating conditions, the total efficiency of the
nanofluid is the 72% is higher than that of the total efficiency of the water fluid 60%.
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Conclusion

The electrical thermal efficiency of the photovoltaic thermal nanofluid system with concentrator cylindro-
parabolic are simulated. The main conclusions are as follows.

The temperatures of the solar cell and nanofluid increase along the length of the system, and the
temperature of cell solar is higher than others. The temperatures of the nanofluid and cell solar with
concentrator cylindro-parabolic are higher than those without concentrator. The total efficiency of the
system increase with increasing of system length, but the electrical efficiency decreases Figure 8. The
total efficiency of the system with concentrator cylindro-parabolic is almost 72%. The total efficiency of
the system increase with the increasing of the fluid mass flow rate, and decrease with the increasing of the
hydraulic diameter. The total efficiency of the nanofluide is higher than that of the total efficiency of the
water.

Nomenclature

A Area m’

E Electrical energy w

D hydraulic diameter m

G Solar radiation w.m?

h heat transfer coefficient Wm2K™?
H Height m

L length m

\Y} velocity m.s™

m Mass flow rate kg-s'm™
Q energy w

Ra Rayleigh number /

Re Reynolds number /

T Temperature °K

w thickness m

X Direction variable m

Greek Letters

a Absorptivity

B Acceptance angle °

n efficiency

T Transmitivity
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reflectivity

reflector

Thermal conductivity W-m-K™*
Thickness m
Emissivity

density Kg.m"
Boltzmann number W.m2.K*
ubscripts

Ambient

Back pate

Convective

Top surface of absorber plate

Bottom surface of absorber

plate

glass

fluid

inlet

outlet

Absorber plate

Solar cell

radiative

sky

thermal

Ambient/ wind
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