AL-QADISIYAH JOURNAL FOR ENGINEERING SciEnces 00 (0000) 000-000

N
aLoanifva
Sl S jouRnnt FOR

Contents lists available at http:/qu.edu.iq &

Toleauio Betereed Joural Ovantey
iraed by Golloge ot
S nosae

Al-Qadisiyah Journal for Engineering Sciences

Journal homepage: https://gjes.qu.edu.iq

Experimental and theoretical analysis of photovoltaic thermal collgetor

performance with multi-flow channel Q

Mechanical Engineering Techniques of Power, Engineering Technical College of Al-Najaf, Al-Furat Al-Awsat Techn | Uniyersity, Al-Najaf, Irag.

Mohammed A. Majeed* and Salah M. Salih

ARTICLEINFO ABSTRACT

Article history:

Received 00 January 0000

Received in revised form 00 February 0000
Accepted 00 May 0000

0 improve the electrical efficiency of PV/T systems with
een absorbent panels and airflow with less pressure drop.

Keywords: ults indicated that the air temperature is inversely proportional to the

Collector ncy highly depends on the air MFR and solar flux intensity. In addition, the

Electrical s that the higher value at air MFR (0.04-0.08)kg/s, solar flux (1000 W/m?) for
. rall efficiency are (17.03%, 74.14%, and 90.4%), respectively. Moreover, The

Multi-flow tput power its (28.44%) by (15.93) W leads to pioneering results compared to previous studies

Photovoltaic

Solar flux

Thermal.

© 2024 University of Al-Qadisiyah. All rights reserved.

1. Introduction

literature. L. Awda, Y. KHALAF, and S. Salih [6] confirmed that with
every one-degree increase in solar cell temperature, PV module efficiency
reduces by 0.45%. M. A. Hasan and S. K. Parida [7] showed that they used
research techniques to investigate the behavior and properties of PV/T
systems in simulated surroundings, and a mathematical model will aid in
the design of energy generation from the PV/T system, either electrical or
thermal, under changing environmental circumstances. A. Fudholi, et al, [8]
presented a theoretical analysis to test the performance of a PV/T system
with a groove. It was conducted under solar radiation (385 - 820) W/m?,
with a (MFR) of (0.007-0.07) kg/s, and the theoretical and experimental

Promising forecasts reflect
possible by using renew: ne
environmental benefits dug, to lo
Through their limitl u
recognized and developed,

amazing teghhological advance made
urces, delivering immeasurable

r harmful emissions than fossil fuels.
stainable energy applications have been

olar energy is one of the Middle East's most
rces. It is a form of thermal energy engineering;
jon can be concentrated, collected and used in various
energy generation, solar heaters, and building heating [1]-
veloping nations have pledged to switch to renewable power

sources. Electricity and heat can be generated from the sun using
photovoltaic (PV) modules and thermal systems. There are numerous
experimental and theoretical investigations on PV/T collectors in the
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findings are in agreement. Sumit Tiwari, et al, [9] found that for a PV/T air
collector operating at an (MFR) of 0.01 kg/s, average thermal efficiency,
electrical efficiency, and overall thermal efficiency average out to 26.68%,
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Nomenclature

area (m?)

specific heat of the air (J/kg K)

solar flux (W/m?)

heat transfer coefficient (W/m? K)
collector height (mm)

thermal conductivity (W/m K)

length of a collector (mm)

mass flow rate (kg/s)

Reynolds number

Prandtl number

width of a collector (mm)

temperature (°C)

Ub collector back loss coefficient (W/m? K)
Ut collector top loss coefficient (W/m? K)
Greek symbols

& emissivity

—igy@gw-xzro_g:b

o Stefan-Boltzmann constant
T Transmission coefficient

a absorption coefficient
u dynamic viscosity
n efficiency
(0] any of the variables to be solved
Subscripts
a ambient
b backplate
c collector
f fld @
i inlet
0 outlet
pv photov
r ra e
s
w wi
Qm mal energy of multi-
number of a glass cover
thickness (mm)

11.26%, and 56.30 %, respectively. Amanlou et al, [10] demonstrated that
using sidewalls will give the absorber plate the best air dispersion. The
outcome showed a 22.4% increase in total efficiency for air mass flux
between 0.008 and 0.016 kg/s. Abuska et al, [11] concentrated that having
the conical springs inside the air channel improves the collector's the
efficiency by 15%. A. M. Alsayah, et al, [12] conducted a theote
investigation of the performance of solar cells using forced airflow at the
cell's base. To select the optimal model to manufacture, the
numerical simulation software (ANSYS-cfx). J. Kim and
studied a simulation model (CFD) to analyze the cooling patl
technique attached to the PV module back. Furthermor; at the

lowest of the PV module was analyzed by making sli the frame. A. M.
Elbreki, et al, [14] investigated the height of thei€gile e number of
fins, and the fin spacing. CFD was used to inuestig d speed and solar

radiation on the performance of a P
calculations, the 3D Navier-Stokes_ene
ANSYS FLUENT. Yan zhao et

and experimental analysis of a newlly desighed splar PV/T system, added to
it an aluminum structure shaped like a beehive, experimentally, the system
was tested at irradiance (200-600)/ W/m2. Ismail Baklouti and Zied Driss
[16] improved th m ctrical efficiency of the PV/T system by
concentrating the (MIER) air duct depth of the cooling system. Khelifa
et al, [ w studiedpresented a computational evaluation of a solar

collector ovoltaic thermal PV/T bi-fluid, which utilizes two
separate c@0ling systems - water and air - to enhance its performance in
three dimensiens. Touti, Ezzeddine et al, [18] conducted Experimental tests
to assess the designed model's impact on the PV/T efficiency. The main
objective of this study is to identify the optimal design by employing
COMSOL Multiphysics and subsequently evaluating it through
experimental testing. Ishak, Muhammad Amir Aziat Bin et al, [19]
Investigated the exergy efficiency of a bifacial PV/T solar collector; the
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results showe

conversion efficiency of photovoltaic (PV) cells by integrating an
intelligent thermal component. Noori Merzah, Basil et al, [21] applied a
heat pipe system to improve the performance of the flat solar collector;
numerical results showed the optimal volumetric flow rate of cooling fluid
in the condenser leads to the collector efficiency. Marwa M. Majeed et al,
[22] carried out A study was conducted on an evacuated tube solar collector,
incorporating a cylindrical finned heat pipe to increase the contact area
between the air and the fin surface. The study involved both experimental
and computational methods. Q. Yu, S. Chan et al, [23] they devised and
manufactured a revolutionary design of PV/T vacuum collector, which
preserves the top and lower absorber space in a vacuum state without
additional glass cover causing energy loss. Generally, there is a gap
according to the studies published about multi-flow PV/T air
collectors.That use air as a heat transfer medium instead of other fluids, due
to it is not exposed to the risks of electrical conduction leakage, and its
natural abundance. This paper presents a technology that has been used for
PV module cooling system design based on this principle of vertical, and
horizontal flow.

2. Experimental Setup and Procedures

The first component of the system is the PV panel that needs to be installed
initially. The channels that are put on the PV module underside are the
second component that uses a damper that changes the flow direction and
directs air toward the base of the PV module. The other component is the
fan that draws air from under the base to the outside at the end of the duct.
The entire system was installed, and all the necessary devices were under
the indoor testing condition, as shown in Figures (1), and (2). The multi-
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channel is a rectangular channel based on the dimensions of the solar panel,
width (W) (0.61 m), height (H) (0.061 m), the aspect ratio (W/H) is set at
(10) to achieve a fully turbulent flow in the PV/T collector [24]. It contains
several dampers spaced at equal distances (100 mm) interspersed with holes
equal to the distance between them, and it consists of channels by number
(9) that allow the largest heat exchange process between the air and the back
of the PV module. Moreover, small holes (20 mm) wide were made on the
other side of the partitions adjacent to the thermal insulator; their purpose
is to reduce global warming inside the collector and slow down the air speed
where the flow is multiple i.e., in three directions.

NO. ITEM NO. ITEM

1 Inlet duct 11 Solar Power Meter

2 Pressure manometer 12 Glass layer

3 Laptop 13 PV layer

4 PV analyzer 14 Tadler layer

5 Data Logger 15 Multi-channel

6 Thermocouples Sensor 16 Insulation

7 Velocity regulator 17 Halogen lamps (1000)

8 Anemometer 18 Electrical connector

9 Air fan(24W) 19 Electrical protection
device

10 Outlet duct 20 Air conditio

Figure. 1 Schematic of the experimental setup.

Figure. 2 Photograph of the experimental working setup.
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The channels are made of light aluminum with a thickness of (Imm) a
length of (860 mm), a width of (610 mm), and a height of (61) mm; these
channels were installed with a heat sink on the back of the PV panel to
increase thermal conductivity, and thermal insulating (compressed foam)
was placed around the air duct on all sides except for the side adjacent to
the back of the PV module with a thickness of (30) mm to prevent heat
transfer from the surrounding environment into the duct. Furthegmore, the
length of the air intake duct is (964.4)mm and the length of

duct is (482.2) mm, according to equations ( 5v

ugh éxperimental results
mass flux ranged from

Was demonstrated a quality of conductivi
based on with a notable rise of 22.4% n the
and solar flux.

3.Mathematical Mo

oll g assumptions: The system is under steady-
ssible and turbulent flow, regularity in heat flux,

eglected, the useful heat increase is constant along the
r and Three-dimensional flow. The physical model of a
PVIT air collector is described as a system that improves heat

this research, the air was recorded temperature values, ambient,
inlet, outlet, and solar cell. Major design parameters are given
as L= 0.92 m, W= 0.61 m, H= 0.061 m, ag= 0.9, apv= 095, t =
0.92, £g=0.5, Ta=38°C, Ti = 38°C, and Vw =1 m/s, nr = 20.66% .
The design is illustrated in Figure (3)

T
air outlet

Figure. 3 Schematic illustrating the multi-flow air duct design of the
PVI/T collector.
3.1 Governing Equations
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According to the above assumptions, the temperature distribution of the
three-dimensional flow inside the PV/T air collector was governed by the
conservation equations(continuity, momentum, and energy) These
equations can be written as follows [25]

Continuity eguation:

ou |, dv ow
E‘Fgﬂ'g—o (1)

Momentum equation:
DV
por="VP+pg=0 @

Energy equation:

p—(uT) === [(r+T0) :—;] @)

xj

The following equations produce the (I') molecular thermal diffusivity and
(T't) turbulent thermal diffusivity:

—

r=>= 4
_ne

e=-" ®)

The computation of the turbulent viscosity parameter ut is to be deri
from a suitable turbulence model. The equation representing the turbu
viscosity is provided (k-€).

k2
ut = pep— (6)

3.2 Boundary Condition fluid part

rall surfaces
t the top surface

It is necessary to solve the equations to find the er;

ending with the multi-channel coolj
illustrates the boundary condition

Atx =0

O0<y<w }IT=Tinf - w=uin
0<z<H

Atx =L

O<yp<w here; @: is referred to

Figure (4) shows a cross-section of a PV/T collector with multi-flow
rectangular channels with different heat transfer coefficients, which can
write mathematical equations according.

The steady-state energy balance equations for a PV/T [26]-[28]
For the PV layer:
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taG = Ut(Tpv — Ta) + h1(Tpv — Tf) + hrpvb(Tpv — Tpvb) +
npvG + Qm (@)

For airflow channel:

mCp(To —Ti) = h1(Tpv —Tf) + h2(Th —Tf) + Qm 8)
_— 4_’_’3 /v Far, pyver
T —:—} 7r hr,ﬂé) h2
7 — L

, 7
Figure. 4 Heat transfer characteristic: ulti- rectangular duct in a
PVIT air collectagschematically.
For back plate:
hrpvb(Tpv — Th) = h2 — T Ub (Thb —Ta) 9)
Where:
Qm = N.A (10)
(1)
(12)
= [kt/lt] (13)
— 1 -1
t= [(hrpa+hw)] (14)

Characteristics of the air used in a PV/T system, such as viscosity, density,
specific heat, and thermal conductivity are constant.

Mean air temperature [29]:

Tf — (TH;TO) (15)

The radiation heat transfer coefficient (hr,pva) from the glass cover to the
ambient is calculated as [27]:

(Tg+Tsky) (T2 g+T? sky) (Tg-Tsky)
(Tg—Tamb) (16)

hr,pva = oeg

The radiation heat transfer coefficient(hr,pvb) between the inner surfaces
of the air channel is the following[27]:

Tbs+Ti)(T?bs+T?i
U( 11_( T ) (17)

€1 e2-1

Sky temperature [27] [30]:

hr,pvb =

TsKy =Ta—6 (18)

Where ¢p, o, Ta, Tsky, and Tpv are the emissivity of PV, Stefan Boltzman
constant, ambient, sky, and PV temperature, respectively.

The convective heat transfer coefficient from glass cover to ambient [27]:
hw = 2.8 + 3Vw (19)
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Where: h1=h2=h

The convection heat transfer coefficient (h) and other parameters are
calculated using the following formulas[29]:

Convective heat transfer coefficients:

h=XNu (20)
Dn

Hydrodynamic channel diameter:

D= z:u‘:/:n (1)

The Nusselt number (Nu) is given by the following formulas (for turbulent
flow)
Nu = 0.018Re8pr0* (22)

Re and Pr are the Reynolds and Prandtl numbers given as:
Re = Pn (23)

Achit

pr="~EZ (24)

The useful energy rate and thermal efficiency can be calculated as follows
[27]:

The useful energy rate:

Qu =mCp (Tfo — fi) (25)

The thermal efficiency system [27]:

nth = & (26)

The electrical efficiency (ypv) of the PVT air system can be calcul
[31]:

npv = nr[1—0.0045(Tpv — 25)] 27)
The overall efficiency of the PV/T air system is calculated [8

nov = nth + npv )

4. Grid Independence analysis

In conducting any simulation or a|
considered to select the appropria
faces. If the appropriate g

solved. Depending on the geometrical form of the project or the operational

situation, coarse or me! es may be used. The grid independence
test was used in thisisimulation to determine the appropriate face size of the
mesh. The PV/T sy s dimensions of (860x610x 61) mm in length,
width, and espectively. The mass flow rate (0.08)kg/s and inlet
temperat at (L000)W/m? of solar flux. The average temperature

module outlet temperature. According to the graph below, the best grid has
(8,623,938) size. Indeed, more results provide better mesh size accuracy,
but increasing the number of meshes lengthens the processing time. Figure
(5, b) shows mesh grid faces.

5. Error Analysis
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Our present work was done on the experimental and theoretical processes.
To confirm the validity of the numerical results against the practical results,
we calculate the error percentage between them and compare them with
previous researchers. Thus, to estimate the error percentage, the following
law was used [32]. Errors were also analyzed for the experimental work
with the accuracy of the measuring devices, as in Table (1).

—m— outlet temperature

~—~45.6 /ﬁ
/
[
[

IS
a
S

N
a
N

I
o
o

N

outlet temperature (°C

IS
N
@

IS
B
o

)
A

T T T T T
10000000 20000000 ’%40000000 50000000 60000000
a

IS
N
N

[}

(b)
Figure. 5 The grid independence test of the PV/T system. (a) outlet
temperature versus the number of mesh elements. (b) mesh grid faces by
COMSOL multiphysics (5.5).

NUM—-EXP

Error ratio = X 100% (29)

Table. 1 accuracy for the measuring instruments

Instruments Accuracy Range

Solar power meter + 10 W/m? 0.1- 1999 W/m?
Anemometer +0.2m/s 0-32.4mls
Thermocouples +1.2°C 0- 1200 °C

6. Results and Discussion

A mathematical model (theoretical) for predicting the performance of the
PV/T air system by multi-flow channel gives good results in reducing the
temperature of the solar cells and thus enhancing their performance and
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efficiency. The simulations were performed under conditions similar to the
experimental method at three solar fluxes levels (600, 800, and 1000)
W/m?, respectively. Each level has five of MFR (0.04, 0.05, 0.06, 0.07, and
0.08) kgfs.

Surface: Temperature (K) o
A 349
345
340
- 335
] 60
0 330
325
320
315
v 310
@
Surface: Temperature (K) o
A343
340
335
0
760 | 4330
‘o
325
320
315
v 310
Surface: Temperature (K)
- 300 A3
4141‘ .
i S0 00 ™
400 —= 335
i 200
200
. : ~ 2 o 330
— 60
- 0 o
0 325
320
315
z
Y\I,c‘
v 310
(©

Figure. 6 Isotherm of the PV/T system with multi-flow channel at solar
flux 1000 W/m?, with different speeds. (a) 2m/s, (b) 3m/s, and (c) 4m/s.
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The results indicated a progressive decrease in the temperature of the PV.
The use of airflow cooling has been observed to effectively decrease the
temperature of solar cells, thereby leading to an improvement in their
overall performance and efficiency. The simulations were conducted using
conditions that were similar to the experimental approach used for a PV/T
collector with a multi-flow channel

During a numerical study of the PV/T system by mass flux inside the
thermal collector, the ambient temperature fixed at (38) °C the inlet
flow air temperature fixed at (38)°C. Figure (6. a, b,and ws the
temperature distribution of the PV/T system. The resulfs the
temperature profile of the PV surface reqgced
gradually. Increasing the speed of airflow leadgyto a
temperature of the solar cells and thus enh i
efficiency, Moreover.Various results for th
outlet temperature , as WeII as changes i

perature and the
| efficiency and thermal

Figures (7) and (8) showed ad
temperature with increasing dir x at different solar flux rates,
respectively. at (600 W/m? ell temperature from (56.8-50.6)°C, at
re, ffom (64.7-56.1)°C, at (600 W/m?) a

@
-
@
3

S
@
I
=8
£
=
@
Qo
=1
a
o
c
=
@
@
2
=

C. Figures (9) and (10) showed an increase
efficiencies under the same conditions,

—0=— TPV (exp)
@G=600W/m"2
k== TPV (exp)
@G=1000W/m"2
76 I —m— TPV(theo)
74 @G=600W/m"2
72
e \’\\k\g A— TPV(theo)
< 68 - @G=1000W/m"2
£ 66
B 64 A
D 62 ~_
260 ———
g s8 S
Z 56 —__ — .
54 \-\
52
50 ——
0.04 0.05 0.06 0.07 0.08
MFR (kg/s)

Figure. 7 Theoretical and experimental results for PV temperature versus
MFR under solar fluxes (600, and 1000) W/m?.
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=—m=Tout (exp)
@G=600W/m"2

—&— Tout (exp)
48 - @G=1000W/m"2

=A== Tout (theo)
@G=600W/m"2

< =%==Tout (theo)
© 44 @G=1000W/m"2
2

T 43

)

0.I04 O,IOS 0.;)6 0.2)7 0.08
MFR (kg/s)

Figure. 8 Theoretical and experimental results for (Tout) versus MFR

under solar fluxes (600, and 1000) W/m?.

Experimentally, the heat from the PV panel is absorbed by the air passing
under the PV panel through the multi-flow channels in the thermal collector
and thus will influence the cooling of the PV panel unevenly due to the
variation in the MFR in the multi-flow channel air collector and can be
according to an MFR of (0.04 - 0.08) kg/s, which was applied with s
flux for the internal test conditions, at (600, 800, and 1000) W/m?. The
results exhibited that by increasing the mass flux at any solar,
temperature of the PV/T system and the outside air decreases a8
the solar cell temperature reduces due to the rise in heat exch
the heat transfer medium and the PV panel, this approachds.re
For the PV/T system with a mass flux of (0.04-0.08)
of (600) W/m?, the cell temperature decreased
as shown in Figure (7). Figure (8) The outlet t
from (41.82) °C to (38.84) °C and at the sam
increases from (16.62) % to (17.03) % 3

out) decreases
ectrical efficiency
Figure (9). In addition,
) (65.57) % as shown in
Figure (10). When the solar flux as 1000) W/m?, for the same
mass flux, The cell temperature degreasee
shown in Figure (7), Furthéri he

from (47.5) °C to (43.45)8C, as/illustrated in Figure (8), the electrical

efficiency improve! 5)% to (16.26)% as illustrated in Figure (9),
and the thermal effigiency jhcreased from (64.63)% to (74.14)% as shown

in Figu‘;O).
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174 —i=Jele, (theo)
g2

170
2 168
g

T 166
G164
J 162
£ 160

Q
0158
156 /
/
154

152
15.0

@G=600W/m"2

00 007 008
(kgls)

experimental results for electrical efficiency of
ir collector under different solar fluxes.

Figure. 9T tica
he

—&— nth(exp)
@G=600W/m"2

—=nth(exp)
@G=800W/m"2

== nth(exp)

744 @G=1000W/m"2
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g @G=600W/m"2
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5 664 == nth(theo)
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£ 64+
— 62 —— nth (theo)
S 7 n
£ 60 / el @G=1000W/m"2
£ //

56 /

54 o

52 T T T T T T T T T

0.04 0.05 0.06 0.07 0.08
MFR (kg/s)

Figure. 10 Theoretical and experimental results for thermal efficiency of
the PV/T air collector under different solar fluxes.

Furthermore, recorded experimental results for overall efficiency increased
range at a solar flux (600, and 1000)W/m? are (70.11-82.6)%, (78.84-
90.4)%, respectively. As shown in Figure (11). In addition, theoretical
results showed that at a solar flux (600, and 1000)W/m? are (78.39 -
88.19)%, (82.15 - 92.33)%, respectively. As shown in Figure (12)
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=u= Ove. eff. (PVIT)
@ G =600 W/m"2

=k=Ove. eff. (PVIT)
@ G =800 W/m"2

% -0~ Ove. eff. (PVIT)
92 @ G =1000 Wim"2
. /./.

88

\
\

#

X
\\

Overall efficiency (%0)

Ry
AN
\\

-~ ~
S N

68 o
3

66 T T T T T T T T T g
0.04 0.05 0.06 0.07 0.08 g

mass flow rate (kg/s) 8

Figure. 11 Experimental illustrations of the relation between MFR and
overall efficiency, at different rates of solar fluxes.

7

—n=Ove. eff. 42 T T T T
at G=600 W/m"2 600 700 800 900 1000

solar radiation (W/m"2)

Figure. 13 Comparison of the PV/T air system at MFR of (0.08) kg

Figure 13 clearly shows the maximum power value (Pmax) of the PV/T
A system, indicating an obvious rise in power as the solar flux increases in
comparison to the traditional PV panel.

0.|06 0.|07 o.los
MFR (kg/s)

Figure 12 Theoretical illustrations of the relation between MFR and
overall efficiency under different rates of solar fluxes.
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Table 2. compares the results present with previous Studie

Author Solar thermal system

Reduction of the cell
temperature (°C)

Percentage increase in cell
performance(%o)

Rakesh Kumar, Marc A. Rosen
[2011], [33]

Double pass solar PV/T air

the system with and without

fins

. Mazén-Hernandez et al, [2013], Improving PV panel

[34] electrical performance with
generated or forced airflow

Hussein M. Maghrabie et al, [2017], Improvement of PV cell

[35] performance by active air

cooling system

Analyses of the energy and

exergy of the PV/T

combination with V-groove

Experimental investigation

of evaporative cooling to

enhance the efficiency of PV

panels

New technology (guide air)

to cool the PV module with

forced air

New design of hybrid PV/T

system to improve PV cell

performance

Enhancement of performance

PVIT air system by usin

multi-flow channels

Fudholi Ahmad et al [2017], [8]

Haidar Zeyad A
Orfi et al, [2018], [36]

Mohsin Ahmed et al, [2019], [37]

Ridwone Hossain et al, [2020], [38]

Present study

Increase electrical efficiency 4.8
16

Increase in output power 15

15
. [ ]
Increase in output ;&
5

Increase tr fficiency by more
More than 25 than 2.
crease | put power 10-14
More than 20
ncrease in output power 14.88
22.27

Increase in output power 5.4
than 4

Increase in output power 28.44

1053 Increase electrical efficiency 2.52

7. Conclusions

The current work necessitates a comparison with ious studies to
ascertain the range of performance enhancemengiés ill in Table (2).
A mathematical model that compares expgsiment Its to predict the

ulti-flow channel. The

numerical model results agree witl tal data at an approximate

error (1.57). The increased mas 0 a reduction in the PV
temperature, and improved’ electrical"performance. Higher electrical and
thermal efficiency, experi
kg/s are (17.03, 17/86) %, {74.14, 75) %, respectively. The percentage of

the decge

d numerical, at a mass flow rate (0.08)

ase in the perature at the mass flow rate (0.08 kg/s) is

imum PV temperature reduction is about (19.53°C).
age rise in the maximum power of the PV module after the
S its range (28.44) %, by (15.93) W. The overall efficiency
maximum of the PV/T air collector with a multi-flow channel recorded with
a solar flux rate (1000)W/m?, at MFR (0.08) kg/s, for experimental and

numerical results are (90.4)%, and (92.33)%, respectively.
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