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ARTICLE INFO ABSTRACT

In this work, a system of a heat pipe is implemented to improve the performance of flat plate solar collector.
The model is represented by square shape portion of the evaporator section of wicked heat pipe with a
constant total length of 510 mm, and the evaporator section inclined by an angle of 30°. In this models the
evaporator, adiabatic and condenser lengths are 140mm, 140mm, and 230mm respectively. The omitted
energies from sunlight simulator are 200, 400, 600, 800 and 1000 W/m?which is close to the normal solar
energy in Irag. The working fluid for all models is water with fill charge ratio of 240%. The efficiency of
the solar collector is investigated with three values of condenser inlet water temperatures, namely (12, 16
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Keywords: and 20° C). The numerical result showed an optimum volume flow rate of cooling water in condenser at
Wicked heat pipe which the efficiency of collector is a maximum. This optimum agree well with the ASHRAE standard

volume of flow rate for conventional tasting for flat plate solar collector. When the radiation incident
Flat plate increases the thermal resistance of wicked heat pipe is decreases, where the heat transfer from the evaporator
Solar collector to condenser increases. The numerical results showed the performance of solar collector with square shape
Radiation evaporator greater than other types of evaporator as a ratio 15 %.
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1. Introduction

Solar energy is considered one of the best sources of energy for many
advantages. It is a huge source of potential energy, which can be obtained
freely. It is also one of the permanent sources of energy which is
inexhaustible and reliable because of its permanence and continuity. The
fossil energy sources are causing pollution to the environment by the
emission of carbon dioxide, as well as the problems of global warming,
which is a serious problem now and the near future. Heat pipes which are
implemented still in its young stage of development and studies, more and
deep investigations are required to integrate heat pipe in solar collector
systems in order to improve the heat transport)

The advantages of using the wicked heat pipe [1] long life because it
has no moving parts and does not need the energy to power it in addition to
the ability to work in minimum temperature difference. Moreover, it does
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not require maintenance except cleaning plus the parts are very compact
and flexible in size, very simple in design and the heat transfers in one way
known (thermal diode), and small area demanded.

Some researchers have presented theoretical studies, including Kamal
A.R. Ismail [2] manufactured and tested the flat plate solar collector
(FPSC) with methanol as a working fluid heat pipe. The experimental
results are compared with the numerical predictions and gave very good
agreement. Mahmood Mustafa Mahdy [3] was studied the effect of the
adiabatic region for different three lengths of evaporator indoor for different
incident radiation. The results were explained the best performance at a
grope without adiabatic section. E. Azad [4] was studied the effect the
interconnected wick heat pipe on the solar collector. The result shown to
enhance the performance of collector can be achieved by increasing the
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number of heat pipes. K. Sivakumar, et al [5] Designed an elliptical shape
of flat plate (HP) solar collector and presented results for various flow rates
and Lc/Le ratios. Majid H. Majeed, et al [6] were studied the effect of the
working fluid 134a on performance of heat pipe, the results showed when
used the water as a working fluid have best performance when used R134a.
Taoufik Brahim , et al [7] were studied the effect of the working fluids
(water and methanol ) on the performance of solar collector with wicked
heat pipe. The results showed good agreement between the two models, and
also it was shown that the water is better than methanol where the collector
instantaneous efficiency is nearly 60%. All the researchers did not analyze
the square shape of the evaporator section and the numerical impact on the
efficiency of the solar collector.

2. Theoretical analysis

The simple flat plate solar collector consists of a flat plate and the heat
pipe sit in this plate that sealed and evacuated pipe lined with an annular
porous wicking material and a small amount of working fluid in liquid state
filled the wick. The vapor of working fluid flow in center core of the pipe.
The glass cover placed upon it. Fig.1. shows the principle of possible
thermal loss of a typical flat plate collector. The common methods of heat
loss are infrared radiation exchanges, convection heat loss and conduction
through the insulations.

Figure (1): Single-Cover typical flat plate solar collector

For glass cover: The balance of energy (W/m?) per a unit area of the
collector is denoted as shown in Fig. 2:

Wood frame Pipe Flat plate Single glass cover
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Figure (2): energy balance in the glass of solar collector
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hr,g—a( Tg - Ta) (1)
For steady state

ayG+Up g(Ty— Ty) —hegoa (T, — To) = hryo(Ty—T) =0 (2)

From Duffie and Beckman
i hga = 08y(Ty+ TH(TE+T2) ®
The external radiation heat transfer coefficient between the glass

and ambient depended on wind velocity (v,,) can calculate from [8] For

0<v, <10:
heg-a =57+38v,, (@]
Upg= % (5)
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The radiation coefficient from the plate to glass is:
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Hollands et al. [9] give the equation for Nusselt number for tilt

angle from 0° to 75°.

Nup—g =1+ 144 [1 __ 1708(sin 1.89)1‘6] [1 1708 ] n [(Ra 5059)1/3 _ 1]
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For flat plate: The balance of energy (W/m?) per unit area of

the collector is denoted as:
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Figure (3): Energy balance in the flat plate of solar collector

Ein flat plate = Eout flat plate
dr, 92T,
ppapcpd_: = a,Ty G+ k6, (#) —Upy(T— Ty) -
Uy (T, — T,) (8)
For steady-state
92T,
@,7, G + K, 5, (W) —Uy_y(Ty = T,) = U, (T, = T,) =0 ©)

Duffie and Beckman can calculate the bottom heat transfer
coefficient:

Kin
Up= 32 (10)
From boundary condition as shown in Fig. 4. can be written:
dr,
rra 0Owhenx =0

w
T,=T, whenng

For evaporator section of the wicked heat pipe the balance of

energy (W/m) is denoted as:

an_n

ax :u Ueg(Te - Tg) -

dT, do
Pehe Co 5 = [Ty, G+ Ky,

Te—Tw
Sw

”deihei(Te - Ts) - keffLe (11)
The heat transfer coefficient of the wicked evaporator is given by

B.Sivaraman [10]

1
_ 3 [ ptgnsy T3
hei T4 [4ﬂl(Te_Ts)Le (12)

The energy balance of the wick in the heat pipe (W/m?) is given:

(pc)eff [z—t] = Kesyr [g] (13)



92 Basit N. MerzHA et al. /AL-QADISIYAH JOURNAL FOR ENGINEERING SCIENCES 12 (2019) ) 090-097

The effective thermal conductivity and heat capacity of wick structure, for

screen wire mesh, are written as:[11, 12]

[&i+kw) - (A-e)x(K1—Kw))]
L [&r+Ew) (A=) = K))] a4

Where;

K.sy: Effective thermal conductivity

(pO)esr = £(pCy), + (1 — £)(pO)y

Nupy =1+ 144 [1 _ 1708(sin 1.89)1'6] [1 _ 1708 ] + [(Ra 6059)1/3 _ 1] )

Kepy =

Ra cos6 Ra cos6 5830
(15)
9B (Te=Tg) x*
Ra, o = 200 (16)
To+Tg)(TE+TE
hr,e—g = A eifﬁ_el 4 a7
Ee £g

The energy balance (w) for working fluid (water) will be
saturated liquid because the density for vapor phase compared to liquid
phase is small.
nd? dTy
Tlpl(thClE = ndiLehe(Te - Ts) - ndiLchc(Ts - Tc) (18)
For steady-state
7tdil‘ehe(Te - Ts) = 7":diLchc(Ts - Tc) (19)

In condenser section of the thermosyphon in flat plate solar

collector, the heat-transfer coefficient of condensation film (h.) (W/m? K)
may be calculated by the relation concluded by [13] as follows:

3,2 0.25 - 1[0.254(c0s6)°385]
h, = [0.997 — 0.334(cos6)°1°] [7"’ e ] 4]

iLe(Ts—T¢) d; (20)
For condenser section fig (4): The balance of energy (W/m) of
the thermosyphon is represented as:

dar,
dt

T dohci (Tc - Tw) (21)

The boundary conditions are:

92T,
c dx2

Tw—Tc

pcAcCc S

= kA

+ 1 dyhe(Ts — T,) + KeppLe

Figure (4): the coordinate of the condenser section

Atx=0->T,=T;

Atx=LC—>ﬂ:0

dx

The heat transfer coefficient of a wicked condenser is given by
B.Sivaraman[10]

1
3| _pikghy |
< 4 4#Z(Te_ Ts)Lc

The radiation incident energy absorbed by the absorber flat plate can be
classified into useful energy and to energy losses. Useful energy is the
energy received from the condenser, but the lost energy has a great value
that is through the top and less value by the sides, undermost and edges of

the collector through the insulator. This energy loss can be calculate by
heat transfer coefficient from top (U;) through glass, rear heat transfer
coefficient (Uy) through rear insulation and rim heat transfer coefficient
(Ue) through the rim insulation of the collector. Thus the overall heat
coefficient from the collector are calculated from [8]

Ut = U+ Uy, + U,
To found losses from top, Bergman, T.L give the relation[14]

U, =

c
T,gm
0 (Tym + To) (Tim + T2)
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& -

(e, +0.0059 Nh,;) " +
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€ = 520(1 — 0.00005162) For 0 < 6 < 70
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Another expression
n = mCy (Teo—Tei)

Acou G

Computer simulations have become important in engineering sciences
because they have wide options for simulation to improve or develop
designs [15] COMSOL multiphysics is one of the programs that has an
integrated environment to solve differential equations of one dimension or
two dimensions as well as three dimensions and it possesses sophisticated
simulation tools can be easily used [15].

The 3D model of the solar flat plate collector was carried out by
COMSOL software version 5.3 where the geometry was used to drawing
of COMSOL geometry as shown in Fig. 5. for model No.1 and Fig. 6.
model No.2.

For model No.1, the meshing using the normal size has consist
of 4384091 domain elements, 359980 boundary elements, and 17576 edge
elements, Mesh on selected domains consists of 3663427 elements.
Minimum quality: 0.09402; average quality: 0.6663. As shown in Fig. 7.
for model No.1. For model No.2, the meshing using the normal size has
consist of 2737951 domain elements, 459780 boundary elements, and
27775 edge elements, Mesh on selected domains consists of 3663427
elements. Minimum quality: 0.152; average quality: 0.684., and Fig. 8. for
model No. 2.
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Figure (6): Geometry model No.2

Figure (7): Mesh of the geometry model No.1 for flat plate
and evaporator section

Figure (8): Mesh of the geometry model No.2 for flat plate
and square shape evaporator section

In this analysis one volume fraction concentrations (240%) [16] that
effected on physical properties, with volume flow rate (3.75, 4.35 and
10I/h) with various inlet temperatures was introduced and the pressure
outlet condition is carried at the exit. The thermo- physical properties of the
working fluid (distilled water) is variable with temperature input.
Impermeable boundary and no-slip wall conditions was performed on the
channel walls.

3. Results and discussion

The effect of energy incident variation on wicked heat pipe behaviour was
represented in Fig. 9. It is noticed from the forms of the first and second
models see Figs. 10-13. when the incident radiation increases the flat plate
temperature and evaporator section temperature increase too and the heat
pipe transport more heat to condenser section then the temperature of
condenser increases some degrees. This is due to increasing of the working
fluid evaporation rate with increasing of the incident radiation, which the
vapor velocity increases, this is due to increasing of the mass stream rate of
evaporation for water and that with increasing of the incident radiation the
liquid velocity will increase.Figs. 14.-16 show the temperature contours for
model that heat pipe with square shape evaporator. All these figures show
the effect of variation of inlet water temperature on temperature distribution
for pure water and the same incident radiation and same ambient
temperature. In this figures show the models temperature contours, when
the water temperature entering to the heat exchanger is increasing, the
temperature off the condenser surface increases and the temperature off the
flat plate and evaporator remains almost constant and will decrease the
vapor velocity due to increasing the vapor density[17]. Figs. 17.-19. show
the temperature contours for model that wicked heat pipe with square shape
evaporator. All these figures show the effect of variation of flow rate on
temperature distribution for pure water and the same incident radiation and
same ambient temperature. From the observation of this figures that the
temperature of the condenser section were reduced with the raise of the
volume flow rate of water with a slight increase in the temperature of
evaporator section and flat plate because the increase in water flow rate will
increase the process of heat transfer and thus condense a larger amount of
water vapor. Fig. 20. show the effect of flat plate temperature on the
collector efficiency for a model that wicked heat pipe with square shape
evaporator, for different ambient temperature each figure and different inlet
water temperature. Fig. 21. show the effect of flat plate temperature on the
collector efficiency for a model that wicked heat pipe with square shape
evaporator, for different ambient temperature each figure and different inlet
water temperature.

In the above figures, notice that when the plate temperature rise
the collector efficiency is increasing for different ambient temperature and
different inlet water temperature because the amount of water vapor is
increasing and note that when the higher ambient temperature, the collector
efficiency increases for this model because the heat transfer coefficient is
less and thus less heat losses and thus causes increase in useful energy result
that collector efficiency increases. Figs. 22-23 show the effect of the factor
[(Tamb—Twin)/G] on the performance of solar collector (SC) when the change
stream rate of water. It could be evaluated that the performance of the
collector by using a curve fitting method. The relationship represents as a
first order, in figure the Intersection efficiency curve with y-axis was
represented F (Tar) whereas the tendency of the efficiency curve appears
FRU,, hence, the performance of collector may be calculated from:

Tomb — Twi
n = Fp(ta) — FRU, (w)
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Table 1. for the model that wicked heat pipe with square shape
evaporator was summarized the values of Fg(ta) and FrU_ for the
various water volume stream rates

Moyin (kg/s) Fp(za) FrU, i
0.00104 0.2246 0.6114 TN [
0.0012 15332 0.6573
0.00278 2.2641 0.6484 o

As shown in Fig. 22. and 1. the performance of collector is at a high value

when a water volume stream rate of 4.35 kg/h. This water volume stream v.\f/x
rate is extremely near to the ASHRAE norm for bloc stream average for

examining FPS heating collectors m,,;, = 0.0012 = 0.02 A [18]

Figure (11): Temperature distribution Contour for flat plate collector
with wicked heat pipe at energy input 400w/m? and inlet water
temperature 12°C and flow rate 3.75 I/h (area 0.06m?) (Tams= 27°C)
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Figure (9): Temperature distribution Contour for flat plate collector
with wicked heat pipe at energy input 200w/m? and inlet water
temperature 12°C and flow rate 3.75 I/h (area 0.06m?) (Tamb= 27°C)

Figure (12): Temperature distribution Contour for flat plate collector
with wicked heat pipe at energy input 600w/m? and inlet water
temperature 12°C and flow rate 3.75 I/h (area 0.06m?) (Tamb= 27°C)
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Flgur-e (10_): Temperatgre dlstrlbutl9n Contour fozr flat Plate collector Figure (13): Temperature distribution Contour for flat plate collector
with wicked heat pipe at energy input 200w/m? and inlet water with wicked heat pipe at energy input 800w/m? and inlet water
temperature 12°C and flow rate 3.75 I/h (area 0.06m?) (Tamy= 27°C) temperature 12°C and flow rate 3.75 I/h (area 0.06m?) (Tamb= 27°C)
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0 x10"m

y\T/_,

Figure (14): Temperature distribution Contour for flat plate collector

with wicked heat pipe at energy input 200w/m? and inlet water
temperature 12°C and flow rate 4.35 I/h (area 0.06m?) (Tamb= 20°C)
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Figure (15): Temperature distribution Contour for flat plate collector

with wicked heat pipe at energy input 200w/m? and inlet water
temperature 16°C and flow rate 4.35 I/h (area 0.06m?) (Tamb= 20°C)
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Figure (16): Temperature distribution Contour for flat plate collector

with wicked heat pipe at energy input 200w/m? and inlet water
temperature 20°C and flow rate 4.35 I/h (area 0.06m?) (Tamb= 20°C)
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Figure (17): Temperature distribution Contour for flat plate collector
with wicked heat pipe at energy input 400w/m? and inlet water
temperature 12°C and flow rate 3.75 I/h (area 0.06m?) (Tamb= 27°C)

70

0 x107m

y_\r/',

Figure (18): Temperature distribution Contour for flat plate collector
with wicked heat pipe at energy input 400w/m? and inlet water
temperature 12°C and flow rate 4.35 I/h (area 0.06m?) (Tamb= 27°C)
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Figure (19): Temperature distribution Contour for flat plate collector
with wicked heat pipe at energy input 400w/m? and inlet water
temperature 12°C and flow rate 10 I/h (area 0.06m?) (Tamb= 27°C)
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Volume rate =3.75 I/h Volume rate = 4.351/h Volume rate =10 1/h
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Figure (20): The impact of radiation incident on plate
temperature for ambient temperature 27°C
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Figure (21): Thl’eJa‘ltrEr!er)%\?P S?Hraetéofgmprature on the
collector efficiency for different ambient temprature T,
=12°C

4. Conclusion

The flat plate solar collector with a wicked heat pipe that square shape
evaporator was studied numerically. It is hoped that the information
included in present study will help engineers to become more familiar with
the various options available in the use of heat pipe in solar collector by for
enhancing the efficiency of collector by using square shapes of evaporator.
From the numerically woke the flowing can be concluded:

1- The numerical tests were demonstrated the best volume flow
rate of cooling water in condenser whenh,,;, = 0.02 A at which the
efficiency of collector is a greatest. This flow rate equal to 4.35 I/h for each
numerical model. This optimum approves with the ASHRAE Standard
volume flow rate for exam the conventional solar water collectors.

2- When the radiation incident increases the thermal resistance of
wicked heat pipe that square shape evaporator decreases, where the heat
transfer from the evaporator to condenser increases.

3- The numerical result showed the performance of solar collector
with square evaporator shape greater than conventional heat pipe solar
collector as a ratio (15) %.
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Figure(22): The impact of [(T sy~ Twin)/G Jon the
collector efficiency for flow rate 3.75l/h
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Figure (23): The impact of [(T - Twin)/G Jon the
collector efficiency for flow rate 4.351/h
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