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ABSTRACT

Concentrating photovoltaic (CPV) is an alternative technique used to convert the
solar energy to electrical energy. CPV is used in lieu of the photovoltaic system
(PV) due to its smaller semiconductor area and consequently lower cost. The
study of fluid flow and thermal characteristics for a CPV integrated with a three
dimensional (3D) rectangular shaped microchannel heat sink (MCHS) is
numerically investigated. Laminar and steady flow of water as a coolant is used at
the present study. The flow and thermal fields are analyzed using four channel
number (N) (26, 52, 78 and 104), concentration ratio (CR) from 1 to 20 and
Reynolds number (Re) from 100 to 1000. The evaluating parameters such as
temperature, the electrical efficiency and the electrical power are obtained from
the simulation. Results show that increasing the channel number over N equals 52
leads to a slight decrease in the cell temperature while the design of 26 channels
achieves less cell temperature. As the concentration ratio increases, the cell
efficiency decreases due to increase of the temperature while the electrical power
increases. Increasing Re provides a negligible enhancement in the cell efficiency
and consequently a slight increase in the electric power.
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Nomenclatures

A Solar cell Area (m?)

c Specific heat capacity (J/kg k)

Dn Hydraulic diameter of the fluid flow channel (m)
G (1) Net concentrated solar radiation (W/m?)

H Height or thickness (m)

k Thermal conductivity (W/m K)

L Microchannel length and solar cell length (m)
m Cooling fluid mass flow rate (kg/s)

N Number of channels

P Pressure (Pa), and Power (W)

Re Reynolds number

T Temperature (°C)

u,v,w  Velocity in x, y, and z direction (m/s)

w Width, thickness of fin between flow channel and neighboring
flow channel (m)

X,Y,Z Cartesian coordinates

Greek Symbols

o Absorptivity

B Solar cell temperature coefficient (1/K)

€ Emissivity

T Transmissivity

v Dynamic viscosity (kg/m s)

c Stephan-Boltzmann constant (5.67 X 108 (W/(m? K%))

P Fluid density (kg/m?)

) Thickness (m)

A Molecular mean free path (m)

n Solar cell and thermal efficiency

Subscript

a Ambient

b Back sheet or tedlar

ch Channel

conv, g- Convection loss from glass to ambient

a

el Electrical

f Fluid and fin spacing between the flow channel and the neighboring
flow channel

fric. Friction

g Glass
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in Inlet

net Net

out Outlet

rad, g-s  Radiation loss from glass to sky temperature
ref Reference condition, G = 1000 W/m?2, T=25°C
S Sky

sC Silicon wafer

th Thermal

w Wall and Wind

Abbreviations

CpPV Concentration photovoltaic system

CPV/T  Concentration photovoltaic thermal system
MCHS  Microchannel heat sink
PV Photovoltaic

1. INTRODUCTION

Due to the decreasing in the fossil fuel, the solar energy demand is increased.
One of the most promising techniques that is used to convert the solar radiation
into electrical output is the photovoltaic (PV). However the large area of the semi-
conductors used in the PV system make it very expensive. So an alternative
technique is proposed to reduce the lager area of the semi-conductors and
consequently its cost, called concentrator photovoltaic. The solar radiation is
concentrated by mirrors and fall on the solar cells. The solar cell receives more
radiation compared to the traditional PV system that leads to increase its
temperature. The increase in the solar cell temperature significantly affects its
performance by reducing the solar energy to electrical energy conversion and
reducing the life time due to the degradation consequently. Thus an efficient
cooling is needed to increase the solar cell efficiency. Chaudhari et al. (2014)
considered the MCHS with water as coolant regarded an effective technology to
reduce the solar cell temperature.

Wang et al. (2017) used a direct-contact liquid film for the cooling of an electric
heating plate. The heating plate used as a PV solar cell. The CR ranged from 300X
to 600X. The effect of the water inlet temperature and the flow rate at different
values on the temperature uniformity and average cell temperature was studied.
The results indicated that the difference between the maximum and the minimum
temperature was acceptable. It was nearly 10 °C . This ununiformed distribution is
caused by the wavy flow of the film liquid. The increase in the flow rate has a
slight effect on the temperature uniformity. Increasing the concentration ratio from
300X to 600X leads to an increase in the heat plate average temperature by 10 °C
and 5 °C when the water inlet temperature was at 30 °C and 75 °C respectively.
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Geng et al. (2012) performed a numerical and experimental investigation for the
application of a heat pipe as a cooling technique for CPV system. The effect of
operating parameters such as wind velocity and solar radiation were studied. Their
results indicated that as the wind speed increases, the cell temperature decreases
and the average temperature is 87 °C when the wind velocity is 10 m/s. Which
exceed the upper limit for the normal operation of the CPV cell. Moreover it was
found that if the heat flux is larger than 50 kW/m?, the mean temperature is about
77 °C which is the upper limit. If the heat flux exceeds 50 suns, the used heat pipe
heat dissipation system could not keep good operation conditions for the heat flux
and additional heat pipes are required.

Recently, the CPV has become a very interesting topic to attract the researcher’s
attention. The application of microchannel heat sink has offered significant cooling
performances for CPV. The study of flow and thermal fields for a steady and
laminar flow was performed by Adham et al. (2016). The working fluid was a SiC-
H>0O and TiO2-H2O nanofluids at different volume fractions passing through a
rectangular channel. The optimization technique is used to minimize two objective
functions, the first objective function is the total thermal resistance and the second
is the pumping power. They reported that there are a decrease in the thermal
resistance as the nanofluid concentration increases. Increasing the nanofluids
concentration leads to an increase in the friction. Eventually, the pumping power is
increased. Moreover, they indicated that increasing the aspect ratio (height/width)
leads to a reduction in the thermal resistance and an increase in the pumping power.
Different materials are used in that study. The result showed that for lowest thermal
resistance the copper material is recommended while for light size and acceptable
performance the aluminum material is recommended.

Radwan et al. (2016) studied the effect of the CR and the flow rate on the
performance of the low CPV/T. It is found that the electrical efficiency reached
approximately 18.5%, and the thermal efficiency achieves the maximum value of
62.5%, while the loss in the power due to microchannel friction is around 0.4% of
the electrical power output. Also it is indicated that the microchannel has a
significant effect on the solar cell temperature by decreasing its temperature from
62.1°C to 33.45°C at the maximum value of the solar radiation.

Tuckerman and Pease (1981) fabricated a micro-channel heat sink by chemically
etching parallel channels in a 1-cm? silicon wafer. The channels had a width of 50
um and a depth of 302 um, and were separated by 50 um thick walls. Using water
as cooling fluid, they demonstrated that their micro-channel heat sink was capable
of dissipating a heat flux of 790W/cm?.
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Xu et al. (2016) used the sequential quadratic programming technique to
determine the optimum design of the MCHS. In that study, the thermal resistance
was the objective function while the pressure drop was taken as one of the
constraints. The results showed that the optimized microchannel number, layer,
height, and width are 40, 2, 2.2 mm, and 0.2 mm, respectively, and its
corresponding total thermal resistance for the whole MCHS was 0.0424 K/W. Also
it is found that after optimizing the maximum temperature of the microchannel heat
sink was reduced by 31.2 K with respect to the initial design. Also, it is revealed
that the shorter channel leads to a smaller thermal resistance. It is clear that the
good heat transfer property of heat sink is at the expense of a higher pumping
power. Also it is found that as the aspect ratio and the number of channel increases
the maximum temperature of the microchannel decreases asymptotically.

Du et al. (2012) experimentally compared CPV module with water cooling and
fixed PV without cooling. The study was performed by evaluating the performance
of the two systems for different performance parameters such as the efficiency, the
power output and the temperature. The results showed that the maximum
temperature difference between the CPV module and the fixed PV module was
lower than 5 °C at 8.5 concentration ratio. Also it revealed that the electrical power
of the CPV system was around 4.7 to 5.2 times higher than the fixed PV system. As
the solar cell temperature increases, the solar to electrical efficiency decreases.
Thus, at the solar noon the electrical efficiencies deceases for both PV systems.
Since the solar cell of the CPV system receive more radiation, the electrical
efficiency of the CPV was 7.81 % lower than that of the fixed PV module which
was 10.68 %.

It should be noted from the above literature review that limited studies are
available on the performance of CPV system integrated with a rectangular shaped
MCHS and this has motivated the present study. Thus, the present study deals with
3D numerical simulations of laminar flow and heat transfer characteristics of
rectangular shaped MCHS using water as a coolant. The channel number ranged
from 26 to 104 and the Reynolds number ranged from 100 to 1000, and the CR
ranged from 1 to 20 where CR equals unity means 1000 W/m? and CR equals 20
means 20 kW/m?. Results of interests such as the average cell temperature, the electrical
efficiency and the electrical power are the key parameters to illustrate the effects of
channel number, Reynolds number and CR on the CPV performance.
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2. MATERIALS AND METHODS

2.1. Physical Model

RADIATION

GLASS COVER

|

CONCENTRATED SOLAR * l l l l l 3
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CELL
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CHANNEL
MCHS

Fig.1: Schematic diagram and main dimensions of a CPV system integrated with MCHS.

The whole system of the CPV consists of a solar cell and a MCHS. Figure 1
shows the computational domain for the CPV integrated with MCHS. The upper
surface of the system is exposed to the solar irradiation. The MCHS is located
underneath the solar cell as shown in Fig. 1 and its function is cooling the solar cell.
The entire system of the CPV consists of a series of the photovoltaic/thermal units
in rows connected together in electrical manner. For this study a generic
polycrystalline cell is used ( King et al. 2004).

According to King et al. (2004), the manufacturing technology, there are a several
layers for the solar cell as listed below:

1. Glass cover that has a 3 mm thickness and made of tempered glass with
higher transparency.

2. An anti-reflective coating (ARC); to limit the reflection of the received
radiation. This layer has a very small thickness of 0.0001 mm.

3. The solar cell (silicon layer); it is the layer that responsible for producing the
electricity and made of 0.2 mm thickness silicon wafer (Singh et al. 2016).
This layer is embedded in the ethylene vinyl acetate (EVA) layer.

4. An ethylene vinyl acetate (EVA) which is a transparent encapsulating
material covers the silicon layer by 0.5 mm thickness above and below. The
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functions of this layer are maintaining the silicon layer fixed, an electrical
insulation and moisture resistance.

5. Tedlar polyester tedlar (TPT) which is made of polyvinyl fluoride material,
has 0.3 mm thickness and it is an additional protection for the silicon layer
from the moisture and also provide an electrical insulation (Armstrong
2010).

The expression of CR represents the average net solar irradiance of the
concentrated beam falling on the solar cell area, relative to the reference value, that
usually be “one-sun” value 1000 W/m? (Xu et al. 2014). As the CR increases the
average solar irradiation incident on the PV system increase. For instance, if the CR
equals 15, the average net solar flux incident on the solar cell area will be 15
kW/m?.

2.2. Theoretical Analysis

Three-dimensional fluid flow and heat transfer of the CPV system integrated
with a rectangular aluminum MCHS were analyzed using water as the cooling fluid.
Figure 1 shows a schematic structure and main dimensions of a CPV system
integrated with MCHS. The dimensions are listed in Table 1 (Radwan et al., 2017).

Table 1. The dimensions of the PV system and MCHS.

Parameter Lsc Henk Waen Ow We Wee  Wenflat N Och Jint

Value [mm] 125 0.1 0.8 02 04 125 126.8 106 0.5 1.1

Table 2. Numerical Assumptions

Parameters Assumptions
Flow characteristics Three dimensional, steady, incompressible ,
laminar and single phase

Body force Neglected

Fluid properties Temperature dependent (Siddiqui et al. 2013)

No slip boundary u=v=w =0 atsolid wall (Patankar et al.,

condition 1980, Tao et al., 2001)

Inlet velocity Uniform (Patankar et al., 1980, Tao et al., 2001)

Microchannels Identical in heat transfer and flow characteristics
(Xie et al., 2009)

Solar cell materials Isotropic and temperature independent. (Siddiqui
et al., 2013)

The thermal contact Neglected (Siddiqui et al., 2013)
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resistances

2.2.1. Governing equations

To model the heat transfer in the PV layers the energy equation is used as a
governing equation, in addition, the continuity and the momentum equations to
model the three-dimensional fluid flow and the heat transfer in the MCHS. To
solve the governing equations, some assumptions should be considered. Following
Radwan et al. (2017), the used assumptions and settings in this study are listed in
Table 2. According to these assumptions, the conservation of mass, momentum
and energy equations, respectively are as follows. These governing systems of
equations described below were solved using the commercial CFD package,
ANSYS-FLUENT 17.0.

2.2.2. PV-module layers

Following Radwan et al. (2017) and Siddiqui et al. (2013), the heat conduction
equation for each solid layer in Cartesian coordinates system can be provided as
follow:

where k; is the thermal conductivity of the layer i, and g; is the heat generation per
unit volume of the layer i1 due to the absorption of the solar radiation. In this study,
the value of 1 varies from 1 to 6 according to the solar cell layers which are the
glass cover, upper EVA, ARC, silicon layer, lower EVA and finally the TPT layer,
respectively. To calculate the value of q; , for any layer the following equation is
used as indicated in Zhou et al. (2015).

(1 =Ny )Ga; T; A,

qi = v, ()
where n,. represents the solar cell electrical efficiency, a; ,4; , and V; are the
absorptivity, the area, and the volume of the layer i, respectively; and finally, 7; is
the net transmissivity of layers above layer 1.

The CPV system consists of different layers as mentioned before. In each layer the
absorbed solar radiation is the source of the generated heat and this absorbed solar
radiation is a function of the layer absorptivity. For all layers (except the silicon
wafer), the absorbed solar radiation converts into heat, while for the silicon layer,
the net absorbed solar irradiance is converted into electricity and heat depending on
the electrical efficiency while the rest following this equation ((1 — my.) *
Qet.abs,sc ) 1s converted into heat.
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To determine the heat generation per unit volume using Eq. (2), we substitute ng,
with zero (Zhou et al. 2015). The optical, thermophysical properties and
dimensions for each layer are listed in Tables 3 and 4 respectively. Equation (3) can
be used to calculate the solar cell efficiency.

3)

o ~ - _— ~~

where 1, and B¢ represent the solar cell efficiency and temperature coefficient
at a reference temperature of T, = 25 °C, respectively.

The value of n,.s and B,.r equals 0.12 and 0.0045 K™', respectively for
polycrystalline silicon solar cell as reported by Sarhaddi et al (2010).

Table 3: Optical properties of CPV system layer (Zhou et al., 2015).

Material Reflectivity  Absorptivity () Transmissivity ()  Emissivity (&)

Glass cover 0.04 0.04 0.92 0.85
EVA layer 0.02 0.08 0.90 —
Silicon Layer 0.08 0.90 0.02 —
Back sheet 0.86 0.128 0.012 0.9
Aluminum — — — 0.9

Table 4: Thermophysical properties and thicknesses of CPV/T layers (Radwan et

al., 2017).
Layer Density Specific heat cofllclhelf:ilili ty Thickness
(kg/m3) (J/ kg K) (W/ mK) (mm)
Glass Cover 3000 500 2 3
ARC 2400 691 32 0.0001
Encapsulation
(EVA) 960 2090 0.311 0.5
Silicon 2330 677 130 0.2
Tedlar 1200 1250 0.15 0.3
Microchannel =, 871 202.4 0.2
(Aluminum)

2.2.3. Microchannel Heat Sink

For a microchannel substrate, the heat conduction equation in the vector form
without heat generation could be written as follow (Siddiqui, 2013):

V-(kcthch) =0 (4)
For microchannel heat sink, the fluid flow and energy equations of laminar,
incompressible, and steady flow can be written in vector form as follows:
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Mass conservation equation:

v.(pV) =0 (5)
Momentum equations:

V.V(pV) =— VP + V.(uWV) (6)
Energy equation:

V.V(pC,Ts) == V.(k,VT)) (7

where the subscript f represents the fluid,

v, P, # p,Cr, ks, and T, are the velocity vector, pressure, fluid viscosity, density,
specific heat, thermal conductivity, and temperature. The variation of water’s
thermophysical properties with temperature is considered using the higher ordered
polynomial equations presented in Jayakumar (2007) due to the substantial changes
that occur inside the microchannel, especially at higher CR values.

2.2.4. PV Characterizations

One of the important parameters to evaluate the CPV system performance is the
electrical power produced by the CPV system, P,;,. Equation (8) is used to calculate
P, as follows, (Emam et al., 2017):

(8)

n - - N ol @5 VN |

where M, Tg,f50,G(8), W lscare the solar cell efficiency, the glass transmissivity,
the net concentrated solar radiation incident on the solar cell surface regardless of
the concentrator’s optical losses, and the width and length of the solar cell,
respectively.

2.2.5 Boundary Conditions

To solve the governing equations, the following boundary conditions must be
identified:

1- For the PV layers, the thermal boundary condition for the upper wall of the
glass layer is a combination of convection and radiation heat loss. The
radiation heat loss is the heat lost between the cell glass cover and the
atmosphere.

2- The adiabatic assumption is adopted for the side walls of the computational
domain due to symmetry and the sides of the solar cell.

3- At channel inlet (y=0) the velocity component is determined for each Re Eq.
(9). while u=w=0.

4- At the solid—fluid domains interface the no temperature jump boundary
conditions as the Knudsen number, K, falls in the no-slip regime (i.e. K, less
than 0.001) (Dehghan et al., 2014). where K, is the ratio of the molecular
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mean free path length to the flow characteristic dimension which defined as

follows:
i Vin D
Re = PinVinUn (9)
Hin
where D), = 20HenxWen) is the hyduralic daimeter
)\h (Hch + Wch)
Kn E and (10)

5- Re<2200 to keep the flow within laminar flow regime.
6- The fluid temperature at the channel inlet is assumed to be uniform.

In more details, the boundary conditions for the cooled CPV system integrated with
MCHS are presented as follows:

The PV layers:

For upper side of the glass cover (Siddiqui, 2013):

9 =&, 5 W80 065, Y455 (e §, §Ome)r and

aT
k 6 = hrad.g—s(Tg - Ts) + hconv.g—a(Tg - Ta) (1 1)

where h,qq 4—s 15 the equivalent radiative heat transfer coefficient and determined
using Eq. (13) and A,y g—q TEpresents the convective heat transfer coefficient and

estimated using Eq. (14) and T, is the sky temperature and calculated from Eq.
(15). For the glass cover, EVA, ARC, silicon, and tedlar sides, at the two planes
parallel to the yz plane and are located at x =0, x = 28;,,; tW . and y=0toy = L,
+28;,; an adiabatic boundary condition is applied due to the symmetry as follows.

JoT (12)
o oe(Th — T?)
hrad,g—s =T N (13)
(Ty+ Ts)
Reong—a = 582+ 4.07V,, (14)
. (15)

where k; is the material thermal conductivity of layer i and its value varies from
material to another as shown in Table 4. Similarly, at the planes parallel to the xz
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plane and located at y =0 and to y = Ly, +28,,; except the coolant inlet and outlet
regions, an adiabatic boundary condition is assumed due to the symmetry.

16
a7 (16)
k:_= 0

For the solid-solid interfaces, a thermally coupled boundary condition is applied: at
the glass cover-top EVA layer interface:

D 55, 5 W80 055 2 5, + 200 and
kgvaVTgya = kgVTg (17)
At the top EVA layer- ARC layer interface:

9= (5, Woats2lmd 8= ¥ & \Lse + 20ime), and
kEVAVTEVA = kARCVTARC (18)

At ARC-silicon layer interface:

9 =S (%c§+(%s%+5ggjrq)'éqgc§ y < (Lsc + zaint)' and

kchTsc = kARCVTARC (19)
At silicon layer — bottom EV A interface:

(Z) =S (%c}ls+(lél€1sck+5glé:4i§t)' 0 < y = (Lsc + 25int): and

kevaVTeya = kg VT, (20)
At EVA- tedlar layer interface:

9 =S (chhs_'_([élgs): + Zaint)' 0 < y < (Lsc + 26int)» and

keVT 1= kgyaVTgya (21)
At tedlar-aluminum channel interface:

9 ZS gf:hs (Wsc + Zaint)' 0 < y < (Lsc + 26int)» and

kALVTAL == kTVTT (22)
For the microchannel heat sink design fluid domain:

At the channel inlet:

G
Gy

< W+ 26 —6,),y =0 and
<
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Then: V=07 + (v,,)] + (0) Kk, Tin =30 °C

At the channel outlet:

6W < X < (Wsc + 25int - 6w):y = (Lsc + 26int) and
6W <z < (5W+Hch)
oT
P,.. = 0(gage)and kfg =0 (23)

For the microchannel heat sink material sides:

x=0andx= (W3 +28:,,),0 <y < (Lg. +26;,;) and
0 <z< (26,+H)
oT

kso =0 (24)

For the lower wall at:

x=0andx = (Ws + 261,),0 <y < (Lge/2+ 8;r) and z =0, an adiabatic
boundary condition is applied (Ahmed et al., 2016).

aT (25)
- kALZ = 0
For the fluid-solid interface, a no slip, and thermally coupled no slip boundary
condition is applied
(26)

4. RESULTS AND DISCUSSION

The governing equations associated with the boundary conditions were solved
numerically using the finite volume method. A second order upwind scheme was
used to discretize the convection terms in continuity, momentum and energy
equations. Before carrying out the whole simulation work with FLUENT, a grid
independent study was conducted. The present results was verified by comparing
the current computational results with the available data published by Radwan et al.
(2017) and Baloch et al. (2015). The computational model presented by Radwan et
al. (2017) was a PV system integrated with a rectangular MCHS with a channel
height of 0.1 mm, channel width of 126.8 mm and a length of 63.6 mm. Radwan et
al. (2017) measured the average cell temperature for five hours of 10, 11, 12, 13
and 14 on 16" December at Re of 530. The corresponding wind velocities (V)
were 1.23, 3.37, 2.4, 1.8 and 1.66 m/s, respectively. The ambient temperatures
were 23.4, 24.8, 25.9, 24.3 and 24.9 °C, respectively. While the corresponding solar
radiations were 733.33, 849.65, 675.177, 476.6 and 407.1 W/m? respectively. The
inlet temperature for the water coolant was 30°C.
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The mesh investigation is one of the important steps in the simulation. It
concerned with the type and the sizes of the mesh intervals. The best size was
selected according to a comparison between different sizes results. Accordingly,
different levels of cell number are used (141552, 261180, 526175, 1.0012E6,
1.4202E6 and 2.3118E6). It is found that after the cell number of 1.4202E6 there is
no significant change in the results, so it is selected to perform the validation
process to save the computing time (see Fig. 2).

29.739 LT B PR TR NN B A FR R A S I B S B/ LA
29.738 -+ -
29.737 - -

29.736 - .

29.735 \ .

| |
29.734 - T

T, [°c]

29-733-|-|'|'|'|'|-|-|-|-|*|-|- 5
0 2 4 6 8 10 12 14 16 18 20 22 24 26[x107]

Number of cells

Fig. 2: Comparison between different levels of cell number.

Figure 3 presentes a comparison between the results of the present numerical
study, the numerical study of Radwan et al. (2017), and the experimental data of
Baloch et al. (2015) for average temperature of the solar cell on 16" December. It
can be seen that, the agreement between the numerical and the experimental results
is acceptable. Therefore, the present numerical model is reliable and can be used to
study the effect of channel number, the concentration ratio and Reynolds number
on the performance of the solar cell.

The absorbed solar energy for all layers are convert to heat while the solar cell
converts it to electricity and heat depending on the cell efficiency. The converted
heat leads to increase the cell temperature and consequently reduce its efficiency.
In order to minimize the temperature rise of the cell, the dissipation of heat with a
high rate is necessary for their proper functioning. According to the literature
review, MCHS have a significant effect on the cooling process. As a result, this
study was carried out using MCHS with different numbers of channels namely (N)
26, 52, 78 and 104 and CR ranged from 1 to 20 at Reynolds number ranged from
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100 to 1000. The CFD results present the influence of these parameters on the
average solar cell temperature, the electrical efficiency and the electrical power.

40 T o T ! T B T ¥ T
|| —=—Balech et al. (2015) [Exp.]
— = Baloch et al. (2015) [Mum.]
384 * Radwanetal (2017)[Mum] i
— = Present Study
W oo i
N ~o R
|_w34— i _"-1_':._*__‘1: ‘.\‘\ 4
“-1.._* e
32 - L- T 1
30 T r T T T T T T T
10 11 12 13 14

local Solar Time [hr]

Fig. 3: Comparison of experimental and computational data and current prediction CFD
results for solar cell average temperature at the local solar time of 10:14 and Re = 530.

The impact of increasing the channel number is numerically investigated in the
present study. Figure 4 shows a schematic diagram of the computational domains
of PV integrated with different MCHS configurations. The difference between
these configurations was in the channel number. Table 5 shows the dimensions for
the four configurations within the range of the literature (Radwan et al., 2017, Xu et
al., 2016 and Tuckerman and Pease, 1981).

Table 5: The dimensions of different designs for the MCHS in [pum]

Model Lsc Wi Wen Hcn N Ow Wi Och Oint

1 125000 125000 710 823.3 104 526.67 513.077 1876.67 1100
2 125000 125000 710 823.3 78 526.67 920.769 1876.67 1100
3 125000 125000 710 823.3 52 526.67 1736.154 1876.67 1100
4 125000 125000 710 823.3 26 526.67 4182.308 1876.67 1100
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Fig. 4: Schematic diagram of the computational domains of PV integrated with different
MCHS (a) N=26, (b) N=52, (¢) N=78 and (d) N=104.

A comparison between different cell numbers for each design is performed. Table 6
indicates the mesh independent study only for last three samples (b, ¢ and d) all
designs of the MCHS.

Figure 5 shows the temperature contours for the solar cell at different channel
number. For fair comparison of the contours of the cell section for the different
design is obtained at the same range of temperature. It is clear that the channel
number of 26 achieves the lowest solar cell temperature while the design of the N
equals 52 achieves the highest value of 33.36 °C. Moreover, Fig. 6 shows that
increasing the channel number from 26 to 52 leads to an increase in the solar cell
temperature by approximately 5.98°C while increasing the channel number after 52
leads to a slight decrease in the cell temperature.
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Table 6: The mesh independent study for the four designs of the MCHS at Re=100.

26.43 27.3 19,3 30.7 26.43 27.3 29.3 30,7

321 33.5 349 3538 32.1 33.5 34,9 3533
(a) N=26 (b) N=52
. A
643 278 3.3 30.7 321 33.5 2643  27.8 29.3 30,7 22,1 33.5 349 35.88
(c) N=78 (d) N=104

Fig. 5: Temperature contours for the solar cell at different channel number at Re=100.
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Fig. 6: The solar cell temperature versus the different channel number, at Re=100.

The effect of CR and Re is investigated computationally. The design of N
equals 104 is selected for the rest of the present study due to the increased N
achieves better temperature uniformity as reported by Radwan et al., (2017).
Figure 7 depicts the effect of CR and Re on the average temperature for the solar
cell for N=104. Generally, it is found that the influence of CR is significant while
there are a little change by changing the Reynolds number. Based on Table 7,
when the CR increases from 1 to 20, the solar cell temperature increases by
33.79%. Whereas at constant CR increasing the Reynolds number from 100 to
1000 leads to a slight reduction in the cell temperature by 1.56 °C equivalent to
1.8%.

Table 7: The dimensionless solar cell temperature versus CR at different Reynolds
number of different designs for the MCHS

Re Tsc/Tin

CR=1 CR=5 CR=10 CR=15 CR=20
100 1.104 1.477 1.942 2.408 2.874
200 1.103 1.472 1.932 2.393 2.853
300 1.102 1.468 1.924 2.381 2.838
400 1.1019 1.466 1.922 2.377 2.833
1000 1.101 1.464 1.916 2.369 2.822
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Fig. 7: Variation of the solar cell with the concentration ratio at different Re for N=104.

The main important performance parameters for the CPV systems are the
electrical efficiency and the produced electrical power. Figure 8a, shows the effect
of both the CR and Re on the electrical efficiency. It is clear that as the
concentration ratio increases, the electrical efficiency decrease due to increasing the
cell temperature. For example at Re=400 and CR= 1, 5, 10, 15 and 20 the
corresponding values for the electrical efficiency is 11.56, 10.97, 10.236, 9.5 and
8.76 respectively. While increasing Re leads to a slight increase in the electrical
efficiency due the enhancement of the cooling process. For instance at CR= 20 and
Re= 100, 200, 300, 400 and 500 the electrical efficiency is 8.6947, 8.7274, 8.73515,
8.76 and 8.778 respectively.

In contrary the electrical power is significantly increases as the CR increases due
to increasing the amount of the incident radiation on the solar cell. Also there are a
slight increase in the electrical power as the Re increase where the electrical
efficiency increases as Re increase and consequently the produced power increase
as indicated in Fig. 8b.

(@) (b)
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Fig. 8: The effect of CR and Re on a) the solar cell efficiency and b) the electrical power

for N=104

5. CONCLUSIONS

A computational model was utilized to simulate a three dimensional fluid flow
and heat transfer for a 3D CPV integrated with MCHS filled with water as a
coolant. Based on the present computational study, the following results may be
concluded:

Increasing the channel number over N equals 52 leads to a slight decrease
in the cell temperature while using N equals 26 gives the lowest cell
temperature;

As the CR increases the cell efficiency decreases due to the increase of the
cell temperature, while the electrical power increase;

Increasing Re from 100 to 1000 at N equals 104 showed unremarkable
enhancement in the cell efficiency and consequently a slight increase in the
electric power;

It is recommended to apply the present results on actual CPV typical unit in
collaboration with expert world-wide manufactures.

According to the remarkable reduction in the cell temperature at N equals
26, the deep study for the channel number less than 26 is required.
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