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Optimization design and experiment
for pv/t system based on the

convection thermal transfer theory
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Abstract. Current research and application of solar Photo-Voltaic/Thermal collector (PV/T)

system is still very inadequate, due to the limitation of the cost and performance. The design of its

water cooling device is still stuck in the stage of experimental methods. In this paper, a kind of U

type tube water cooler with low di�culty technology is taken as the research object, and the balance

between the incident solar thermal energy of PV/T and the heat absorbing capacity of the U type

tube is also taken as the objective. We analyze the heat transfer coe�cient of the cooling water in

laminar �ow, transitional �ow and turbulent �ow respectively, and optimize the water velocity in

the U type tube, the diameter and the length of the tube for a reasonable design. The Bernoulli

number is calculated by the D.K.Edwrards and Gnielinski calculation formula respectively. The

calculation result shows that the cooling water is not enough to absorb the solar incident heat power

in low velocity state of laminar �ow. If the speech is rise up to the transitional or the turbulent

�ow, we choose a standard 25mm diameter tube and design the length of the tube as 8m in per

square meter. The optical �ow rate is between 0.05 and 0.3ms-1. Thus the cooling water could

meet the thermal absorption requirements. The model test of PV/T is carried out according to

the optimized result. The comparison between the conclusion of experimental data analysis and

the reference shows that the optimization design method based on the theory of convection heat

transfer is e�ective, which can provide theoretical basis for the design of PV/T water cooling device.

Key words. PV/T system, parameter optimization, heat transfer coe�cient, comprehensive

e�ciency.
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1. Introduction

The application of the independent and the gird-connect photovoltaic (PV) power
system has been more and more popular. However, one of the dominant factor
that restricting its application is the high cost of power generation, which is much
higher than the cost of hydropower and thermal power. Therefore, it is di�cult to
make economic sense in PV industry without the government support and subsidies.
Moreover, the utilization rate of the solar energy in the pure PV power system
is low, hovering at around 18%. The thermal energy transformed by most of the
incident solar energy would raises the temperature of the PV modules, even as
high as 80?? on somewhere. As the result, high temperature would reduce the
power generation e�ciency further [1]. Photo-Voltaic/Thermal collector (PV/T)
combined the application of photovoltaic and solar-thermal could adopted this heat
by mediums such as water and air. The hot water produced by PV/T system could
be applied to civil life and industrial sector.

Currently, there is not large-scale commercial product with PV/T system because
of its technique immaturity. One of the main factor of restricting its application is
the complexity of the manufacture technics, which is not suitable for mass production
to reduce the cost. The other one is the low heat energy utilization e�ciency. Hence,
the study on PV/T system for comprehensive utilization has drew much attention.
Bergene T et al [2]. proposed that the e�ciency of PV/T system can reach 60%�80%
by theory analysis. Lu Dan et al. [3] has carried on the preliminary experiment
research for the electrothermal properties of PV/T system. Zhu Huijuan et al.[4]
employed 80mm and 140mm tube pitch in the experiment. The result shows that
the pitch of 80mm has better performance than of 140mm.

Fig. 1. Structure of PV/T system

2. System Structure Design

The photovoltaic part in the PV power system application has always been fo-
cused for a long time. While the potential of photo-thermal has been ignored.
Therefore, there is lack of investment on the photo-thermal. PV/T is one kind of
the photo-thermal application based on photovoltaic power generation, where the
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absorbed energy with solar-thermal e�ect and even the economic bene�t are higher
than the pure photovoltaic power generation. For further consideration, in order
to improve the e�cient of the solar-thermal application, this paper proposes a new
kind of thermal collector with simple technique, high reliability, using the U tuber
structure which is widely applied into the air condition and refrigerator[5].Figure
1 is s the structure chart of the PV/T system. The pro�le and structure of the
collector is shown in Figure 2. the structure of PV/T system is mainly composed of
photovoltaic power system and water circulation system, and the water circulation
system contains collector, 50 litres heat preservation water tank, pipe, valve, auxil-
iary heater, �ow meter, thermometer, controller, etc. The layered structure of the

Fig. 2. Schematic diagram of PV/T heat collector

PV/T collector is shown in Figure 2. The components of each layer include tough-
ened glass, Ethyl Vinyl Acetate (EVA) �lm, Solar cell chip, Tedlar Polyster Tedlar
(TPT) �lm, water circulating cooling heat collector, and the glass wool insulation
layer. The dimensions and the physical parameters of each layer are listed in table
1:

3. Analysis on the convection heat transfer performance of
PV/T collector

Based on the structure of Figure 2, a single solar cell collector module with the
size of 1200mm*1000mm and the area of 1.2 m2 is used for the research object. Water
is taken as the refrigerant for heat absorption. Assumes that the inlet temperature
is 25 , the outlet temperature is 65 , the average temperature is 45 . The features
of water under 45 is shown in table 2.

Table 1 the dimension and heat transfer performance of each layer
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Material\parameterThermal con-
ductivity
(W/(m/K))

Speci�c heat
capacity
(J/kg/K)

Thickness
(mm)

Coe�cient of ther-
mal expansion
(m/K)

Toughened
glass

6 945 3.2 0.6E-6

EVA �lm 0.22 700 0.5 1E-5

Solar cell chip 24 900 0.3 2.5E-6

TPT �lm 0.26 700 0.3 8E-6

Thermal con-
ductive adhe-
sive

1.2 700 2 1E-5

Aluminum
alloy

149 875 3 2.3E-5

Cooling water 60.75 4200 15 0.00435(30)

Heat insulation
cotton

0.036 1200 20

Table 2. Characteristic parameters of water at 45

Thermal conductivity λ
W(m?qK)−1

Density ρ Kgm- Speci�c heat capacity Cp kJ(kg
qK)−1

0.642 990.2 4.174

Kinematic viscosity ν m2s−1 Dynamic viscosity η Paqs Prandtl number Pr

6.075E-07 6.014E-04 3.93

4. In�uence of velocity on the performance of heat transfer

According to the research achievement of the literature [6], we adopt the d=25mm
standard U-shape tube and arrange there tubes with the 80mm spacing. The total
length of pipe on each solar panel is about 10m. The heat transfer coe�cient under
di�erent �ow rate is calculated as follow.

(1)Laminar �ow. When the �ow velocity in the cooling tube is slow, the in�uence
for �ow �eld generated by the viscous force of �uid is greater than the inertia force.
It is so called the laminar �ow regime that the maximum �ow velocity of the �uid
could be accessed in the tube center, while the minimum is near the tube wall.
The average �ow velocity in the tube is u, so the Reynolds number is:

Re =
ud

ν
=

u ∗ 0.025

6.075 ∗ 10−7
= 4.115 ∗ 104 ∗ u (1)

In the smooth tube,Re < 2300, so that u < 0.0535ms−1, the interior �ow is in a
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laminar �ow state. According to the D.E.Edwrards calculation formula:

Nu = 3.66 +
0.0668RePr(d/L)

1 + 0.04[RePr(d/L)]2/3
=

225.07u

1 + 0.04(3369u)2/3
(2)

h = Nu
λ

d
= Nu

0.642

0.025
=

5779.8u

1 + 0.04(3369u)2/3
W/(m2 •K) (3)

Figure 3 shows the corresponding curve of the heat transfer coe�cient when the �ow
velocity vary from 0.01 to 0.054.

Fig. 3. The relation between the �ow rate and the convective heat transfer
coe�cient over laminar �ow

In the case of low speed laminar �ow, due to the smaller diameter, the convection
heat transfer coe�cient of the collector is between 40�140Wm−2K−1, and the heat
absorption capacity is not particularly good.

(3)Transitional �ow and turbulence. With the �ow rate increasing gradually,
the in�uence on the �ow �eld generated by inertia force is greater than by the
viscous force. The �uid �ow becomes unstable gradually, and a �ow �eld of disorder
and irregular turbulent would be developed and enhanced gradually. There has
sliding between the adjacent laminar �ow, as well as mixture. Then the �uid moving
irregularly generates a component of velocity, and the direction of the velocity is
perpendicular to the axis of the �ow tube. This movement is called turbulence, also
known as turbulence, turbulent �ow or turbulent �ow.

According to equation (1), when Re>2300, the system is in the state of turbulent
�ow. The gurney linski calculation formula is used to calculate the Nusselt number
[5]:

Nu =
(f/8)(Re − 1000)Pr

1.07 + 12.7
√
f/8(P

2/3
r − 1)

(4)
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The friction factor is shown:

f = [0.79 lnRe − 1.64]−2 (5)

The coe�cient of average convection heat transfer is obtained as follows:

h = Nu
λ

d
= 25.68Nu Wm−2 • ◦C−1 (6)

Figure 4 shows the corresponding curve of the heat transfer coe�cient when the �ow
velocity vary from 0.05 to 0.03.

5. In�uence of tube diameter on the heat transfer
performance

Based on the analysis results of the part 2.1, we select the state of turbulent �ow
and the �ow rate 0.16ms-1 corresponding to the solar incident power of 1000Wm−2.
According to the formulas (4-6), the relationship between the diameter of the pipe
diameter changed from 0.01m to 0.1m and the heat transfer performance could be
drawn as shown in Figure 5.

Fig. 4. The relationship between the �ow rate and the convective heat transfer
coe�cient over turbulent �ow

As shown in Figure 5, the diameter between 0.02m-0.03m has the optimal solu-
tion, and the standard diameter of 0.025 is in the optimal range, hence we select
0.025m for appropriate diameter.

6. The correlation of the tube length and the coe�cient of
heat transfer

The solar power incidence is similar to that of a heating process with con-
stant heat �ux. According to the literature [7], the area around Guangzhou is a
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Fig. 5. The relation between the diameter of pipe and the heat transfer coe�cient

rich area for solar energy resource. The average annual total solar radiation is
24279.58MJm−2, and the average monthly total radiation in July up to (475.22 MJ
m−2), at least in February (226.67MJ m−2). Solar energy is the most abundant in
the time between 10:00-14:00.The average hourly radiation intensity of the annual
average is more than 1.45MJ m−2, the maximum radiation power is about 1250W
m−2. We choose 1200W m−2 as the power of constant heat �ux, since the PV/T
system should be left a certain allowance compared to the maximum power.

Using the convection heat transfer formula (only the upper surface of the pipe
heat):

Φ = h(πd/2)L∆tm (7)

Thus the minimum tube length is induced as follow:

L = Φ/h(πd/2)∆tm (8)

In formula (8), we select the peak radiation power of Φ = 1200, and set the system
water temperature increased from 25 to 65.[8].There are totally four solar panel
modules in this system, and each module's temperature rise is ∆tm = 10. The tube
is selected the standard tube, as d=0.025m. Put these parameter into formula (8),
get:

L = 1200/(h(3.1415 ∗ 0.025/2) ∗ 10) = 3055.9/h (9)

7. Comprehensive optimization

In order to manufacture the heat absorber, the tube diameter of d=0.025m is
determined. Considering the balance of the heat absorption ability and the heat
conduction of U tube, U tubes are arranged uniformly on the solar panel modules,
and the spacing of each tube is 120mm.So the length of single component is of L=8m.



562 WENPING XIAO,YUNLIN SUN , LIRONG ZHANG, SHOUQIANG QIU

Put L into formula (9), get:

h = 3055.9/L = 382.1Wm−2 •K−1 (10)

According to formula (6) and Figure 4, a certain margin much be retained considering
the problem of heat transfer. The �ow rate is taken as u=0.05m s−1. Thus, the
design parameters of the optimal water cooling device are calculated.

8. Analysis of optimized water-cooling characteristics

Because the incidence of solar energy is unstable, the temperature of the solar
module are changing with the heat �ux of solar energy, this is a non-steady state
thermal conductivity process. The heat transfer model of the cooling water pipe can
be simpli�ed as a hollow cylinder as shown in Fig. 6 with an outer diameter d of
25 mm and a thickness δ of 2.5 mm. Assuming the initial temperature of the outer
wall of the aluminum alloy pipe is tAl, the initial temperature of the cooling water
is twater,the temperature after the heat transfer equilibrium is tB , the convective
heat transfer coe�cient between the inner surface of the water pipe and the cooling
water is h. By energy conservation ruler, heat conduction is equal to the cooling
water convection per unit time, so

V ρc
dt

dτ
= −hA(t− twater) (11)

Let θ = t− tB as excess temperature, and formula 11 becomes

ρcV
dθ

dτ
= −hA(θ + tB − twater) (12)

From the initial temperature tAl, the initial condition is given

θ(0) = tAl − tB = θ0 (13)

Separate the variables and then integrate,∫ θ

θ0

dθ

θ
= −

∫ τ

0

hA

ρcV
dτ (14)

The solution is

θ = θ0 exp(− hA

ρcV
τ) (15)

8.1. Geometry of the plate

Consider a non-homogeneous thin symmetric trapezoidal plate of varying thick-
ness and density. The geometry of the plate is shown in Fig. 1.
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Fig. 6. Simpli�ed model of heat transfer in cooling water pipes

Fig. 7. Actual setup of the PV / T system test rig

9. Summary

In order to improve the performance and the commercial value of PV/T system,
�rstly, a heat transfer with U type tube similar as air conditioning chiller is designed.
Then, based on the theory of heat transfer, this structure is analyzed by the theory of
convection heat transfer, and the relationship between velocity, diameter and length
of the convective with heat transfer coe�cient are studied, so the optimized design
scheme is obtained. Finally, the optimized design scheme is veri�ed by the model
experiment. Analysis of the experimental data shows that:

1) The relationship between the �ow rate and the heat transfer coe�cient is
approximately linear. In laminar �ow state, the convective heat transfer coe�cient
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Fig. 8. Geometry of considered trapezoidal plate

is relatively low, which is not enough to completely absorb the incident power of
solar energy. When the speed is accelerated further, the water �ow enters the mild
turbulence state, which can meet the heat absorption requirement;

2) The relationship between the diameter of the pipe and the convection heat
transfer coe�cient is nonlinear, there is a maximum value region, which is exactly
equivalent to the 25mm diameter of the standard pipe;
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