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Abstract 
The excessive temperature and uneven temperature distribution on photovoltaic cells 
in high concentrator photovoltaic (HCPV) system will lead to irreversible decay and 
reduce the cell life, thereby reducing the system performance. Therefore, a novel cooling 
method based on double-layer fractal microchannel heat sink (FMCHS) is developed to 
reduce cells’ temperature and improve temperature uniformity. Four different flow 
modes were studied, namely, unilateral flow, bilateral flow, inner flow and cross flow. 
The effects of FMCHS flow mode and inlet velocity on convective heat transfer, flow 
resistance, solar cell temperature and electrical efficiency were analyzed numerically. 
The results show that the inner flow and cross flow have better heat transfer effect than 
unilateral flow and bilateral flow for single layer FMCHS. For double layer FMCHS, four 
flow modes have better heat transfer effect than that of single layer FMCHS, Among them, 
the double layer inner flow has the best effect, with the highest Nusselt number and 
electrical efficiency, and the lowest thermal resistance. It can reduce the average surface 
temperature of the solar cell to 339 K within the recommended operating temperature, 
and control the maximum temperature difference on the cell surface to 2.3 K, showing 
good temperature uniformity, effectively avoiding runaway of solar cell module. 
Compared with the single layer inner flow, the average temperature and temperature 
difference of the cell surface is reduced by 1.61% and 233.3% respectively. For all kinds 
of flow mode, with the increase of the flow velocity, the average temperature of the cell 
surface decreases, the thermal resistance decreases, the Nusselt Number and the 
electrical efficiency of the system all increase with the increase of flow velocity. For 
double layer inner flow, When the flow velocity increases from 0.5 m s-1 to 2 m s-1, the 
surface temperature of the solar cell with inner flow decreases by 3.35%, and the 
minimum temperature is 339 K.  the thermal resistance decreases by 23.1%, Nusselt 
number and electrical efficiency increase by 3.1% and 1.15%, respectively. 

Keywords 
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1. Introduction 

High concentrator photovoltaic (HCPV) system concentrates sunlight into a small beam of light 
through a lens to illuminate small photovoltaic cells, improving solar radiation per unit area and cell 
power generation efficiency. Due to the decrease of photovoltaic cell area, the cost and occupied area 
of the cell also decrease relatively [1]. The efficiency of an HCPV system is limited by the 
temperature of the cell. Except for a small part of solar radiation absorbed by the cell, most of the 
solar radiation is converted into heat energy, leading to the high surface temperature of the cell [2]. 
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Researches showed that the surface temperature of a 3 ⅹ 3 mm2 three-junction solar cell would be as 
high as 1200K under solar concentration ratio (CR) of 400 suns when there was no cooling device 
except for radiation and natural convection on the cell surface [3]. High temperature not only reduces 
the efficiency of the cell, but also causes surface deformation, transparent layer deformation, micro-
cracks and other negative effects, thus causing the cell failure [4]. At the same time, uneven 
temperature distribution on the cell surface will also have a negative impact on cell efficiency and 
system performance, such as output power loss, efficiency decline, thermal fatigue caused by 
increased thermal stress, etc. [5]. Therefore, the efficient and safe operation of the HCPV system 
needs to meet the following conditions: (1) The operating cell temperature (Tcell) used in the current 
module should be ranged between 20 and 80 ℃for practical operation, while the maximum allowable 
Tcell is 110 ℃.[6] (2) The maximum temperature difference over the entire heat sink should be no 
more than10 K to avoid thermal runaway in the solar cell module [7]. Therefore, an effective cooling 
system is needed to reduce the surface temperature of solar cells and improve the uniformity to 
increase the efficiency of the HCPV system. 

Microchannel (MCHS) cooling, as a new cooling technology, has the advantages of large unit heat 
transfer area and small volume [8], which can be used for HCPV cooling [9-11]. At present, a large 
number of experimental [12-14] and numerical [15-17] studies have been conducted. Most of the 
above studies use straight microchannel to cool HCPV system. For an ordinary straight microchannel 
without bifurcation, the temperature increases along the flow direction, and the maximum 
temperature appears at the outlet of the microchannel, along with the maximum thermal stress.  For 
bifurcated fractal microchannels (FMCHS), the bifurcation structure can increase the heat transfer 
area of the downstream channel, make up for the deterioration of heat transfer conditions caused by 
the downstream fluid overheating, reduce the temperature difference between the upstream and 
downstream heat sources, and ultimately improve the temperature uniformity of the upstream and 
downstream heat sources.  Fractal microchannels can not only reduce the temperature of heat transfer 
surface but also solve the problem of uneven temperature distribution on heat transfer surface. 
Therefore, fractal microchannels can be used for cooling HCPV system. 

Many considerations influence the FMCHS cooling HCPV system, such as channel geometry design, 
flow modes, fluid thermophysical properties, etc [18]. In this study, double-layer FMCHS was used, 
the upper and lower layers were arranged counter currently, and the cooling effect of double layer 
FMCHS under four different flow modes were investigated. The selection of double layer FMCHS is 
based on the following two reasons. (1) Considering that the more layers, the more complex the 
manufacturing, the more pump work will increase. (2) Double-layer microchannel countercurrent 
arrangement can improve the performance of the microchannel. The additional layers have little 
significance for the cooling effect [19], and will increase the power consumption. When the double-
layer FMCHS are arranged in the reverse direction, the inlet of the upper channel corresponds to the 
outlet of the lower channel, and the low-temperature cooling fluid at the upper channel inlet can 
further alleviate the high temperature accumulation at the lower channel outlet and reduce the 
temperature difference on the surface of the solar cell, thus improve the cooling performance. Four 
different flow modes were studied, namely, unilateral flow, bilateral flow, inner flow and cross flow. 
Because the temperature field uniformity can be effectively improved by changing the flow method 
of the working fluid and the position of the inlet and outlet. 

In the present study, a three-dimensional thermal coupling heat transfer model of the double layer 
fractal FMCHS is established and compared with that of the single layer FMCHS. The effects of flow 
mode and inlet velocity on heat transfer and flow were studied numerically. The temperature 
uniformity of MJSC and the electrical efficiency of HCPV system were also studied. Based on this, 
four flow modes of FMCHS are evaluated, and the optimal flow mode is recommended for practical 
application. 
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2. Physical Model Description 

The assembly of proposed HCPV arrangement is shown in Figure 1. HCPV system is mainly 
composed of four major components, namely the concentrating system, photovoltaic cells, tracking 
system and cooling system. As shown in Figure 1(a), the detailed schematic diagram of the HCPV 
system in which a Fresnel lens was used to converge an enormous amount of solar energy on solar 
cell module. The two-axis tracking arrangement was used to make sure that the concentrated 
irradiation falls on the solar cells. The double layer FMCHS was used as cooling system cool the 
solar cell module. Figure 1(b) shows the  arrangement of solar cell module ,which consists of 64 
AZURSPACE product triple-junction (3J) solar cells in 8ⅹ8 arrays, with an electrical efficiency of 
43.2% [20] at cell temperature 25 ℃ and cell area = 3 × 3 mm2. The integration of solar cell module 
with FMCHS is shown in Figure 1(c), the structure consisted of two copper sub-layers and a ceramic 
layer [21]. The cell and board structure dimensions layers are tabularized in Table 1. 

 

 
Figure 1. Detailed schematic HCPV system assembly (a) the concentration system, (b) the 

geometry of the solar cell module, (c) the geometry of the solar cell module integrated with the heat 
sink. 

 

Table 1. Detailed solar cell dimensions 

Layer  Thickness(mm) Length(mm) Width(mm)  

cell 0.19 3 3 

copper 0.25 25 25 

ceramic 0.32 25 25 

heat sink 4 25 25 

 

In this study, double-layer FMCHS was used as cooling system. The selection of double layer 
microchannels is based on the following two reasons. First, when the double-layer FMCHS are 
arranged in the reverse direction, the inlet of the upper channel corresponds to the outlet of the lower 
channel, and the low-temperature cooling fluid at the upper channel inlet can further alleviate the 
high temperature accumulation at the lower channel outlet and reduce the temperature difference on 
the surface of the solar cell. Secondly, considering that the more layers, the more complex the 
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manufacturing, the more pump work will increase, the double-layer microchannel countercurrent 
arrangement can significantly improve the performance of the microchannel, and the additional layers 
have little significance for the cooling effect of solar cells [22], and will increase the power 
consumption. Based on the above double-layer FMCHS, four different flow modes named unilateral 
flow, bilateral flow, inner flow and cross flow are studied as shown in Figure 2(b). The total width 
and length of double-layer FMCHS are 25 and 25 mm, respectively. Each layer is evenly distributed 
with four fractal channels, the channel height (Hch1, Hch2) of the each  layer is 1.5 mm, the width 
distance (W22) and height distance of each channel (δ) are 6.25 and 0.5 mm, respectively, the 
bifurcation angles (θ) is 30°,the thickness of top plate (δw) and heat sink substrate (δb) are both set 
as 0.5 mm. The fractal structure is depicted in Figure. 3, take unilateral flow as an example. which is 
composed of four parts: root (zeroth-order branch), first-level branch, second-level branch and third-
level branch. The branch scale ratio (n) is equal to 2, meaning each parent branch splits into two 
daughter branches. θ is defined as the angle between two branches at the same level. For branch level 
k=0, 1 , 2and 3, the width (Wk) are 0.6, 0.5,0.4 and 0.3 mm, while the length (Lk) are 10, 7,4.9 and 
3.43 mm, respectively. The width scale ratio ξ (defined as ξ=Wk-Wk+1) is 0.1 mm and the length 
scale ratio ψ (defined as ψ=Lk+1/Lk) is 0.7[23]. The fractal structure of the bilateral flow, inner flow 
and cross flow are same as unilateral flow. The dimensional parameters of double-layer fractal 
FMCHS are shown in Table 2.  

In order to compare with the double-layer fractal FMCHS, the single-layer fractal FMCHS was 
studied, and the same four kinds of flow modes named unilateral flow, bilateral flow, inner flow and 
cross flow were adopted as shown in Figure 2 (a). The height (Hch) of single-layer FMCHS is 3 mm, 
equal to the total height of double-layer FMCHS, and the other parameters are same as double-layer 
microchannel. Table 2 lists the detailed parameter settings.  
 

 
unilateral flow                              bilateral flow 

 
inner flow                                  cross flow 

(a) Single layer 
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unilateral flow                             bilateral flow 

  
inner flow                           cross flow 

(b) Double layer 

Figure 2. Four different flow modes 

 

 

 

 
Figure 3. Geometric structure of fractal microchannel heat sink 

 

Table 2. Dimensional parameters of FMCHS 

Dimension Value (mm) Dimension Value (mm) 
W 25 W0 0.6 
L 25 W11 3.125 

Hch 3 W22 6.25 
Hch1 1.5 L0 10 
Hch2 1.5 δb 0.5 

δ 0.5 δw 0.5 
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Copper was used as the material of FMCHS due to its high melting point and high thermal 
conductivity, water was used as the working fluid. The thermophysical properties of copper and water 
are shown in Table 3. The fully-developed laminar flow and forced convection heat transfer of fractal 
microchannel heat sink are focused in the present study, four kinds of inlet velocities (0.5, 1.0, 1.5, 
and 2.0 m s-1) are considered respectively. The Reynolds number (Re) range is 498 ~ 1992, so the 
whole calculation was in laminar flow state. 

The definition of Re is as follows. 

 

      f in inw D
Re




                                  (1) 

 

Where, ρf and μ are the density and dynamic viscosity of fluid respectively, win and Din are the inlet 
velocity and diameter respectively. 

To simplify the physical problem, the following four assumptions are made: (1) Steady and laminar 
flow. (2) Incompressible, Newtonian, and viscous fluid. (3) Natural convection heat transfer and 
radiation heat transfer of air are ignored, and no phase transition occurs during the flow process. 

 

Table 3. Thermophysical properties of materials 

Material       ρ (kg m-3) cp (J kg-1K-1) λ (W m-1K-1) μ (pa s) 
Water 997 4182 0.6 0.001003 

Cu 8930 386 398 - 

3. Numerical Model 

3.1 Governing Equations 

The governing equations for the fluid zone are as follows: 

Continuity equation: 

 

      0
u v w

x y z

  
  

                                  (2) 

 

X-momentum equation: 
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Y-momentum equation: 
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Z-momentum equation: 
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Where the Laplace operator is given by: 

 
2 2 2

2
2 2 2x y z

  
   

                                  (6) 

 

For liquids, the energy equation is given by: 

 

2
f p,f f(  )

T T T
c u v w T

x y z
   

   
                          (7) 

 

For solids, the energy equation is given by: 

 
2

s  0T                                  (8) 

 

Where u, v, w are the velocity of the fluid in the x, y, z directions, T is the temperature, and p is the 
pressure. ρf , λf and cp,f represent the density ,thermal conductivity of the fluid and the specific heat 
at constant pressure, respectively. λs is the thermal conductivity of the solid, and the subscripts f and 
s represent the fluid and solid, respectively. 

3.2 Boundary Condition 

The boundary conditions are as follows: 

(1) Inlet: uniform flow velocity and temperature, in in0,  0,  ,  298.15 Ku v w w T T     . 

(2) Outlet: outflow and fully-developed assumption, in 0
w pT

z z z

 
  

  
. 

(3) Outer wall: uniform heat flux distribution determined by q=DNI·CR is used as heat boundary 
condition of the bottom surface. DNI is the direct normal irradiance, the value of DNI is 1000, and 
CR is 500. the upper wall and side walls are adiabatic. 

3.3 Performance Evaluation Parameters 

Nusselt number, thermal resistance and electrical efficiency were used to evaluate the performance 
of FMCHS. 

Nusselt Number of FMCHS is defined as: 

 

f

h D
Nu





                                   (9) 

 

Where h is the average convection heat transfer coefficient, D
  is the average hydraulic diameter of 

the fractal microchannel. 

h is defined as: 
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f

c w f( )

Q
h

A T T


                                  (10) 

 

Where Tw and Tf are the average temperature of the heat transfer surface and the fluid, respectively. 

Ac is heat transfer area. Qf is the heat absorbed by working fluid can be calculated by: 

 

f p out in( )Q mc T T                                  (11) 

 

where m is the mass flow rate; cp is the specific heat; Tout and Tin are the outlet and inlet temperatures 
of fluid, respectively;  

D
  is defined as: 

 

0 0 1 1 2 2 3 3

0 1 2 3

2 2 4

2 2 4

D L D L D L D L
D
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                            (12) 

 

Where D0, D 1, D 2, D3 represent the hydraulic diameter of stage 0, 1, 2 and 3, respectively; L0, L 
1, L2, and L 3 represent the lengths of channel segments at level 0, 1, 2 and 3, respectively. 

Di (i=0, 1, 2, 3) is defined as: 

 

i ch
i

i ch

2W H
D

W H


                                  (13) 

 

Where Wi is width of the channel segment in the i-level, Hch is the height of the fluid channel. 

Total thermal resistance Rth is defined as: 

 

cell in
th

f

T T
R

Q


                                 (14) 

 

Where Tcell is the average temperature of the solar cell. 

ηcell is the cell’s electrical efficiency, the ηcell of the triple-junction (3J) cell under the operating 
Tcell can be formulated as: 

 

 cell ref thermal cell refT T                                (15) 

 

where ηref =43.6% when the reference temperature Tref=25 °C and CR=500 suns, where βthermal 
is the thermal coefficient, In the current study the value of βthermal of the 3J cell of AZURESPACE 
product was equal to 0.047% [20]. 

3.4 Numerical Implementation 

The finite volume method is used to discretized the governing equations, the SIMPLE coupling is 
used for the velocity field and the pressure field, PRESTO is used for the pressure correction equation, 
and the second-order upwind scheme is used to discretized the momentum and energy equations. The 
relaxation factor of the pressure correlation equation, the momentum equation and the energy 
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equation are 0.3, 0.7 and 0.6, respectively, and the continuity equation the convergence residual of 
momentum equation is set as 10-6, and that of energy equation is set as 10-8. 

3.5 Grid Independency Test 

Full hexahedral grids are generated in the computational domain. In order to reduce the calculation 
error and guarantee the accuracy of numerical simulation, a detailed grid independence study was 
carried out, in which four grid number (103760, 213550,377220 and 594160) are compared based on 
single layer unilateral flow. The heat flux q is set to 50 W cm -2, take inlet velocity as 1 m s-1, inlet 
temperature is set as 298.15K, Tcell and Nu calculated by different grid numbers are compared. As 
shown in Table 4, when the grid number increases from 103760 to 377220, the deviation of Tcell 
decreases from 4.49% to 0.31%, the deviation of Nu decreases from 18.35% to 0.77%, indicating that 
the calculation accuracy is enough when the grid number is 377220. 

 

Table 4. Grid independence checking 

Grid number Tcell (K) Difference Nu Difference 
103760 365.3039 4.49% 8.45 18.35% 
213550 356.44 1.94% 9.74 5.89% 
377220 350.65 0.31% 10.27 0.77% 
594160 350.05 Baseline 10.35 Baseline 

4. Validation of Numerical Model 

In order to verify the accuracy of the numerical simulation results, Xu et al’. [22] experimental results 
were used to verify the feasibility of fractal MCHS. The constant heat flux applied at the heat sink 
bottom is 40W/cm2.Water is used as the working fluid and its initial temperature is 293 K. The 
supplied flow rate is varied from 200 to 600 ml/min. Figure 4 compares the experimental and 
numerical values of pressure drop(ΔP) and thermal resistance (Rth)at different flow rates. The 
maximum and average deviations of predicted ΔP from experimental data are 9.6% and 7.6%, 
respectively. The maximum and average deviations of predicted Rth from experimental data are 4.6% 
and 4.1%, respectively. The comparison results indicate that the numerical method can ensure the 
prediction accuracy of ΔP and Rth.This deviation is caused by the assumption that the upper and side 
walls of the microchannel used in the simulation are adiabatic, and the influence of small fluctuations 
in ambient temperature on the amount of heat loss. 

 

 
Figure 4. Fractal MCHS validation with Xu et al. [22] experimental data. 



International Core Journal of Engineering Volume 8 Issue 4, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202204_8(4).0026

 

196 

5. Results and Discussion 

5.1 Temperature Distribution 

Figure 5 shows the change of the average cell surface temperature (Tcell) with the inlet velocity (win). 
It can be seen that Tcell decreases with the increase of the win. The Tcell cooled by double-layer 
FMCHS is lower than that of single-layer FMCHS. For double-layer FMCHS, the Tcell of unilateral, 
bilateral, internal, and cross flows decreases by 2.14%,1.65%,1.61% and 1.41%, respectively, 
compared with that of single layer unilateral flow, bilateral flow, inner flow and cross flow. For 
double-layer FMCHS, under the same win, the order of the Tcell under four flow modes is cross flow > 
bilateral flow > unilateral flow > inner flow. When the win increases from 0.5m s-1 to 2m s-1, the 
Tcell of double layer inner flow decreases by 3.35%, and the minimum temperature is 339 K. 

 

 
Figure 5. Variation in average cell temperature with change in inlet velocity for all cases. 

 

Temperature uniformity (defined as the temperature difference between the highest and lowest cell 
surface temperatures ΔT = Tmax-Tmin) is critical for testing the performance and life of HCPV 
arrangement. The uniformity is quantified in Figure 6 and all cases are compared in terms of inlet 
velocity. At the inlet velocity of 1 m s-1, it can be seen that the ΔT of single layer unilateral flow, 
bilateral flow, inner flow and cross flow are 16,12,7.5 and 9 K, respectively. The ΔT of double layer 
unilateral flow, bilateral flow, inner flow and cross flow are 2.4, 2.3, 2.3 and 2.5K, respectively. 
Combined with the temperature distribution of single-layer FMCHS cooling solar cells with four 
different flow modes in Figure 7(a), at the inlet velocity of 2 m s-1, it can be seen that the ΔT of 
unilateral flow, bilateral flow, inner flow and cross flow are 17, 14, 8.5 and 9.6 K, respectively. The 
maximum temperature difference of unilateral flow and bilateral flow are more than 10K, which is 
not suitable for heat dissipation of the HCPV system. The inner flow adopts countercurrent 
symmetrical distribution, and the middle two channels adopt the same side inlet, while the high 
temperature at the same side outlet can be alleviated by the low temperature at the inlet of the adjacent 
side channel, which can effectively avoid the phenomenon of high temperature accumulation and 
obtain a more uniform temperature part The cross flow adopts countercurrent staggered distribution, 
and the inlet and outlet of adjacent channels are corresponding. The outlet high temperature of any 
middle channel can be relieved by the inlet low temperature of adjacent channels on both sides. 
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Compared with the inner flow, the minimum surface temperature of the battery can be further reduced 
The maximum surface temperature of solar cells cooled by inner flow and cross flow is similar, so 
the maximum surface temperature difference of solar cells cooled by inner flow is smaller than that 
of cross flow, and the inner flow has higher temperature uniformity. For double-layer FMCHS in 
Figure 7 (b), The ΔT of unilateral flow, bilateral flow, inner flow and cross flow are 2.6, 2.4, 2.5 and 
2.6K, respectively, which decreases by 84.9%, 82.6%, 70.9% and 72.8%, respectively, compared 
with that of single layer unilateral flow, bilateral flow, inner flow and cross flow. This is because the 
fluid flows in the channel and exchanges heat with the heat source, so the temperature of the fluid 
along the channel direction gradually increases. When the fluid flows in the opposite direction in the 
upper and lower channels, the fluid in the upper channel and the fluid in the lower channel exchange 
heat, thus reducing the temperature of the fluid in the lower channel and then reducing the temperature 
difference on the surface of the solar cell. Therefore, the reverse arrangement of double layer channels 
can improve the heat dissipation performance of FMCHS. 

 

 
Figure 6. Temperature uniformity variation with change in inlet velocity for all cases. 

 

 

 
unilateral flow                                  bilateral flow 
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inner flow                                      cross flow 

(a) Single layer 

 

 
unilateral flow                                 bilateral flow 

 
inner flow                                  cross flow 

(b) Double layer 

Figure 7. Cell surface temperature for all cases. (win =2 m s-1) 
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5.2 Thermal Characteristics 

Figure 8 shows the variation of Nusselt number (Nu) with inlet velocity (win) in four flow modes of 
single-layer and double-layer FMCHS. When win increases from 0.5 to 2 m s-1, the Nu of single 
layer unilateral flow, bilateral flow, inner flow and cross flow increases by 19.7%,19.7%,19.6% and 
20.0%, respectively, the Nu of double layer unilateral flow, bilateral flow, inner flow and cross flow 
increases by 23.0%,23.1%,23.1% and 3.1%, respectively. This is because the increase of win leads 
to the decrease of boundary layer thickness, the enhancement of heat transfer effect, and Nu increases. 

At the same inlet velocity, the Nu of double-layer FMCHS is larger than that of single layer FMCHS. 
When win increases from 0.5 to 2 m s-1 the Nu of double layer unilateral flow, bilateral flow, inner 
flow and cross flow averagely increases by 12.8%,10.2%,10.3% and 8.9%, respectively, compared 
with that of single layer unilateral flow, bilateral flow, inner flow and cross flow. There are 
two reasons for this. (1) For FMCHS, when the flow passes through the bifurcation, the boundary 
layer is destroyed and rebuilt, and the enhanced disturbance makes the heat transfer enhanced. (2) 
According to the field coordination principle in heat exchanger, the more uniform the temperature 
difference field of cold and hot fluid in heat exchanger, the better the coordination of the temperature 
field of cold and hot fluid, the efficiency of heat exchanger will be improved.  The temperature field 
of double-layer FMCHS is more uniform than that of single-layer FMCHS, so Nu is larger than single 
layer FMCHS. 

For the double layer FMCHS, the Nu of inner flow reaches the maximum in four flow modes.  
Taking win of 2 m s-1 as an example, Nu of inner flow increases by 0.12%, 0.26% and 0.29%, 
respectively, compared with that of unilateral flow, bilateral flow, inner flow and cross flow.  The 
double-layer inner flow can reduce the temperature difference between the wall and the fluid to the 
greatest extent due to its symmetrical countercurrent arrangement. According to the principle of 
temperature field coordination of heat exchanger, the heat transfer effect is the best when the 
temperature field is the most uniform and Nu is the largest. 

 

 
Figure 8. Nusselt number variation with change in inlet velocity for all cases. 

 

Figure 9 shows the variation of thermal resistance (Rth) with inlet velocity (win) in four flow modes 
of single-layer and double-layer FMCHS. When win increases from 0.5 to 2 m s-1, the Rth of single 
layer unilateral flow, bilateral flow, inner flow and cross flow decreases by 18.7%,19.1%,19.1% and 
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19.5%, respectively, the Rth of double layer unilateral flow, bilateral flow, inner flow and cross flow 
decreases by 22.2%,22.3%,22.3% and 22.3%, respectively. Increasing the flow velocity will reduce 
the flow boundary layer, thereby reduce the flow thermal resistance. 

At the same inlet velocity, the Rth of double-layer FMCHS is smaller than that of single layer FMCHS. 
When win increases from 0.5 to 2 m s-1, the Rth of double layer unilateral flow, bilateral flow, inner 
flow and cross flow averagely decreases by 14.2%,11.3%,11.1% and 9.8%, respectively, compared 
with that of single layer unilateral flow, bilateral flow, inner flow and cross flow. This is because Rth 
is affected by the geometric design and flow direction. For double layer FMCHS, the four flow modes 
are arranged in upstream and downstream countercurrent, which can fully convection heat transfer 
and effectively alleviate the problem of high temperature accumulation. Therefore, the Rth of double 
layer FMCHS is smaller than that of single layer FMCHS. 

For the double layer FMCHS, the Rth of inner flow reaches the minimize in four flow modes.  Taking 
win of 2 m s-1 as an example, Rth of inner flow decreases by 0.12%, 0.26% and 0.29%, respectively, 
compared with that of unilateral flow, bilateral flow, inner flow and cross flow. Because the double 
layer inner flow has the best heat transfer effect, no high temperature accumulation thus the minimum 
Rth. 

 

 
Figure 9. Thermal resistance variation with change in inlet velocity for all cases. 

 

Figure 10 shows the variation of electric efficiency (ηcell) with inlet velocity (win) in four flow modes 
of single-layer and double-layer FMCHS. When win increases from 0.5 to 2 m s-1, the ηcell of single 
layer unilateral flow, bilateral flow, inner flow and cross flow increases by 1.28%,1.27%,1.27% and 
1.29%, respectively, the ηcell of double layer unilateral flow, bilateral flow, inner flow and cross flow 
increases by 1.33%,1.35%,1.34% and 1.35%, respectively. This is because the increase of win 
corresponding to the increase of the coolant flow, which removes more heat from the surface of the 
solar cell and lowers the temperature. ηcell is inversely proportional to temperature, so the ηcell 
increases with the increase of inlet velocity. The increase inlet velocity corresponds to the increase in 
coolant flow, which can carry more heat on the solar cell surface and reduce the cell surface 
temperature, thus increasing the ηcell. 
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At the same inlet velocity, the ηcell of double layer FMCHS is larger than that of single layer FMCHS. 
When win increases from 0.5 to 2 m s-1, the ηcell of double layer unilateral flow, bilateral flow, inner 
flow and cross flow averagely increases by 0.86%, 0.66%, 0.64% and 0.56%, respectively, 
compared with that of single layer unilateral flow, bilateral flow, inner flow and cross flow. This is 
because the ηcell and is inversely proportional to the temperature, The temperature of solar cells 
cooled by double layer FMCHS is lower than that cooled by single layer FMCHS. 

For the double layer FMCHS, the ηcell of inner flow reaches the maximum in four flow modes.  
Taking win of 2 m s-1 as an example, ηcell of inner flow increases by 0.01%, 0.01% and 0.02%, 
respectively, compared with that of unilateral flow, bilateral flow, inner flow and cross flow. This is 
because double layer inner flow can reduce the cell surface temperature to minimize, thus maximize 
the ηcell. 

 

 
Figure 10. Electrical efficiency variation with change in inlet velocity for all cases. 

6. Conclusion 

(1) For single layer FMCHS, the cooling effect of inner flow and cross flow is better than that of 
unilateral flow and bilateral flow. The inner flow can control the temperature difference of the cell 
surface within 8.5 K, and the cross flow can reduce the temperature of the cell surface to 344.2 K. 

(2) Double-layer microchannel has a lower surface temperature and a more uniform temperature 
distribution compared with the single-layer FMCHS when cooling solar cell, it can control the 
temperature difference of the cell surface below 3 K and reduce the temperature of the cell surface to 
339 K. For unilateral flow, bilateral flow, inner flow and cross flow, the average temperature of the 
cell cooled by the double-layer FMCHS decreases by 2.14%,1.65%,1.61% and 1.41%, respectively, 
compared with that of the single- layer FMCHS, and the maximum temperature difference of the cell 
surface cooled by the double-layer FMCHS decreases by 84.9%, 82.6%, 70.9% and 72.8%, 
respectively, compared with the single-layer FMCHS. 

(3) For the double-layer FMCHS, the inner flow has the best cooling effect, it can minimize the cell 
surface temperature to 339 K and maximize the cell electric efficiency to 41.68%. As the flow velocity 
increase from 0.5 m s-1 to 2 m s-1, the surface temperature of the solar cell with inner flow decreases 
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by 11.7 K, the thermal resistance decreases by 23.1%, the Nusselt number and electrical efficiency 
increase by 23.1% and 1.15%, respectively. 
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