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Abstract

Pakistan has remained an energy-deficient country, and most of the industrial sectors are closed due to the loading shedding of
electricity. Even though Pakistan is located on the “solar belt” and receives over 2 MWh/m? solar irradiation per year with 1500—
3000 h of sunshine, unfortunately solar energy is not harnessed to fulfill the energy needs of the country. Solar flat plate collectors
(SFPC) are widely employed for collecting solar radiations from the sun. Currently, worldwide solar thermal energy is widely
used in household and commercial equipment for energy collection and utilization. The working fluid selected for this research
work is water; numerical simulations were performed using Ansys FLUENT. On selected geographical coordinates, solar ray
tracing model was employed to incorporate solar heat flux. Nawabshah (NWB), Hyderabad (HYB), Jacobabad (JCB), and
Mirpurkhas (MPK) cities were selected for the measuring of performance of SPFC. Firstly, parallel to ground (at a 0° tilt angle)
orientation of SFPC was performed. Furthermore, the performance of SFPC was measured using tilt angles of 15°, 30°, and 45°,
respectively. The maximum exit water temperature in JCB at a tilt angle of 30° was 97.8 °C in March and a minimum of 88.09 °C
in June. In HYD, at a tilt angle of 45°, the maximum temperature rise was recorded at 98.01 °C in November and the minimum
was noticed at 76.37 °C in June. While in JCA, at an angle of 30°, the highest temperature was recorded at 97.83 °C in February
and a minimum of 78.54 °C in June. The specific aim of this research study was to measure the performance of the SFPC at
different tilt angles and at varying geographical coordinates through numerical simulations.
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Introduction

Solar flat plate collectors are frequently utilized throughout
the world for heating and electricity generation determinations
(Akram et al. 2020; Olczak et al. 2020). Solar radiations are
employed through solar collectors for the heating of working
fluids such as air and water (Jin et al. 2020; Sarafraz et al.
2019; Zaim et al. 2020). Moreover, the heated working fluid
taken from the solar collector is employed for commercial and
residential purposes including cooking and space heating and
that may be directed to the thermal energy storage tanks (Alva
et al. 2018; France et al. 2019). The thermal energy storage
tanks are used for the application of thermal energy over ex-
tended hours (Choudhury and Baruah 2017; Rockenbaugh
et al. 2016). Different kinds of solar collectors are available
in the markets such as evacuated tube solar collectors, flat
plate solar collectors, and parabolic trough collectors
(Fathabadi 2020; Zou et al. 2016). Among a wide variety of
solar collectors, the solar flat plate collector is most commonly
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used for domestic and commercial heating applications be-
cause of its simplest configurations (Fudholi and Sopian
2019). Furthermore, solar flat plate collectors are extensively
investigated keeping in view domestic and industrial water
heating systems and for other numerous low-temperature ther-
mal applications (Tiwari et al. 2017). Normally, solar flat plate
collectors can supply heat up to a maximum temperature of 90
°C and the mean temperature of ~ 70 °C (Syed et al. 2005).
Therefore, solar flat plate collectors emerge as an appropriate
choice for residential and commercial buildings as excessive
hot water is required in such buildings for laundry washing
(Allouhi et al. 2017; Ramlow and Nusz 2010).

Commonly, solar flat plate collectors (SFPC) consists of a
shallow metal box covered by a plastic sheet or glass typically
known as glazing at the top of the large shallow metal box, while
there is a black painted or etched absorber plate at the bottom of
the shallow metal box. Furthermore, to avoid heat loss, the sides
of the metal box and the bottom surfaces of the collectors are
insulated to reduce heat loss to the ambient atmosphere (Kolb
et al. 1999; Pottler et al. 1999). The inherent advantages associ-
ated with the use of flat collectors are enormous. The manufactur-
ing process of SFPC is easy as compared with other solar thermal
equipment. The cost of manufacturing g is lower as compared to
evacuated tube design. The solar flat plate collector can collect
diffuse and direct solar radiations. No complicated tracking
equipment and positioning of the solar collector are required.
The maintenance of the solar collector is less and easy

(Chabane et al. 2014). The tubes of solar flat plate collectors
carrying working fluid and having a circular cross section are
numerically and extensively investigated (Khosravi et al.
2019). Besides that, ducts with rectangular cross sections are also
extensively investigated for their efficiency. Predominantly, in
solar air heaters, rectangular ducts are commonly used (Nahar
2003; Peng et al. 2010). Furthermore, the commercially viable
solar collector can cope with ultraviolet radiation, pressure, tem-
perature, and corrosion effects efficiently (Byme et al. 2011).

Efforts are being done to further reduce cost and in-
crease the durability and thermal efficiency of SFPC
(Manikandan et al. 2019). The cost incurred on the pur-
chasing of aluminum and mild steel is less as compared
with the purchasing cost of copper, but aluminum and
mild steel possess less thermal conductivities when com-
pared with the thermal conductivity of copper. Moreover,
mild steel and aluminum tend to corrode during prolonged
exposure to ordinary tape water. With the increase in area,
the amount of heat transfer to the working fluid increases.
The most common problem faced during the increase in
absorber duct area results in pressure drop across the col-
lector. The pressure drop requires higher pumping power
to pass the working fluid through the collector (Akpinar
and Kogyigit 2010). Therefore, it is significant to set
proper dimensions of the solar collector ducts to obtain
reasonable economic burden and energy-efficient perfor-
mance of the collector.

Fig. 1 The main steps were
followed during the research
study

Detailed Literature Review for the development of CFD Model
Basic design parameters for Solar Flat Plate Collector (SFPC)
Governing Equation & inter relationship in parameters for (SFPC) [
Important Design and Operating Parameters
-Selection of locations with their regional coordinates information

Mathematical model selection for SFPC performance

3D Geometry development and meshing of computational domain.
Software FLUENT®14 was used for the Development of CFD Model.
Collection of results through equation solving.

Modeling using CFD

For validation of CFD results experimental results were reviewed from literature.

Validation

Validation

After validation more simulations were made using validated CFD model for tilt angle
optimization for better SFPC performance.

v

The data published in literature was compared with model predicted values.

Comparison
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Table 1 Governing equations used during CFD simulations
Physical Quantity Equation Eq. No.
Mass V.(p0) = S, (1)
Momenturm V.(pid) = -Vp+V.(D+p+F 2)
V. (B(E +p)) = V. (AeysAT — Z hJ; + (Fugp. ) + Sp
Energy 7 3)
Standard k- Turbulence Model puu Ou; | ou; 2 ks )
andard k-¢ Turbulence Mode - us = —t+t—|—= r
T e, Tax, ) 3
_ _ 4
Radiation Model (P1) —Vgq, =aG-4aGou (5)

In literature, it is reported that flat plate collectors are best
suited for those applications that require low-to-medium tem-
perature heating purposes. Besides that, reported work in the
literature suggests that flat plat collectors are constantly
progressing for achieving the most appropriate size, which
ensures increased thermal efficiency (Bhowmik and Amin
2017; Karki et al. 2019; Khwayyir et al. 2020). The main
modifications which are being adopted for enhancing the per-
formance of the collector include modifications in the geom-
etry of the collector, application of the solar selective coatings,
and application of nanofluids to increase the heat transfer ef-
ficiency of the thermal energy collector (Del Col et al. 2013;
Jyothi et al. 2015). Moreover, most of the research is focused
on the development stages of the collector. It is an intricate
task to measure the accurate performance of the collector due
to the huge number of parameters associated with the mea-
surement of the thermal efficiency of the collector (Tagliafico
et al. 2014). It is not practically viable to experimentally ana-
lyze different collector configurations accurately and econom-
ically. Hence, numerical models and different analytical tech-
niques are employed to estimate the performance of the col-
lector at a reasonable accuracy through the use of appropriate
approximations and parametric constraints (Tagliafico et al.
2014).

Fig. 2 Three-dimensional
schematic geometry and mesh
representation of SFPC
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Computational fluid dynamics (CFD) has emerged as a
powerful tool for the estimation of transport phenomena.
Studies have been carried out on SFPC in various directions
to improve understanding of their working mechanism. There
have been numerous studies of performance problems with
different regional coordinates and tilt angles in the world
(Dhimish et al. 2019; Hepbasli and Alsuhaibani 2011;
Kambezidis and Psiloglou 2021; Kim et al. 2020;
Nsengiyumva et al. 2018). Pakistan is considered a hot re-
gion country where there is maximum solar light available
throughout the year (Bhutto et al. 2012; Farooq and Kumar
2013; Khan and Pervaiz 2013). However, no literature is
available on the affiliation to regional coordinates and the
angle of inclination for the performance of SFPC in Pakistan
(Unar et al. 2020). Furthermore, there is a need to calculate
the optimal tilt angle concerning individual regional coordi-
nates. Moreover, the solar flux at every single coordinate of
the earth varies, and hence, it is necessary to test the perfor-
mance of SFPC at high-temperature regions of the country
(Tiko 2019; Wessley and Mathews 2014). Hence, this re-
search primarily focuses on the investigation of performance
evaluation concerning different regional coordinates of
Pakistan and different tilt angles of SFPC. Moreover, a com-
putational fluid dynamic approach was adopted to

0800 (m)
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0.200 0600
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Table 2 Materials and their
thermophysical characteristics Material used Density (p) Sp. heat (Cp) Thermal conductivity (K) Viscosity (1)
kg/m® Jkg K W/m-K kg/m s
Water (liquid) 998.2 4182 0.6 0.001003
Copper (solid) 8978 381 387.6 -
Glass 2489 754 1.75 -
Wood 700 2310 0.173 -

investigate these effects. This research study aimed to devel-
op the 3D CFD model of SFPC to investigate the effects of
regional coordinates and tilt angle on SFPC performance. At
tilt angles 0°, 15°, 30°, and 45°, the performance of SFPC
was measured using regional coordinates.

Modeling and simulation work
Overview of methodology

The procedure adopted for CFD simulation work, the geome-
try of SFPC, meshing, and validation of CFD results are illus-
trated in Fig. 1. The work is started by an in-depth literature
review from which the concerned governing equations and
boundary conditions could be extracted. Then, the develop-
ment of the computational model or meshed geometry phase
will start in which the geometry of the selected CFD problem
is to be created using standard software and then it is meshed
(discretized). After that, the selected governing equations
would be numerically solved with the help of a solver and
solutions would be collected in the form of contours, surface
plots, XY diagrams, path lines, particle trajectories, etc. At this
point, the preliminary solution (with the limited set of bound-
ary conditions) is compared with experimental work findings.
If the comparison becomes satisfactory, then further simula-
tions would be performed at varying parameters. If the com-
parison failed and significant differences are observed, then
the work needs a repetition from the literature survey where

Table 3  Information on various simulated cases

Name of city Simulated cases Working angle Month
HYD 1to 12 0° Jan and Dec
MPK 13 to 24 0° -
NWS 25to 36 0° -

JCA 37 to 48 0° -
HYD 49 to 60 15° -
HYD 61to72 30° -
HYD 73 to 84 45° -

JCA 8510 96 15° -

JCA 97 to 108 30° -

JCA 109 to 120 45° -

there may be a change of assumptions, the addition of more
neglected governing equations, change of solution strategies,
more refinement of the grid, etc.

CFD model development

The development of the CFD model was carried out in three
stages. These steps are called preprocessing, processing, and
postprocessing. During preprocessing, advanced software was
used to develop the mesh geometry of the selected system.
This meshed geometry is technically called the “computation-
al domain.” Therefore, the 3D-geometry of SFPC was made in
ANSYS DesignModeler® for this research study as a prepro-
cessing step. After that, usually in the processing steps, trans-
action CFD codes (Ansys FLUENT®) were used to solve the
control equations involved. In this study, the relevant
governing equations are tabulated in Table 1. Governing
equations were solved through iterations, and convergent
cases were obtained.

The given contribution of all the rays crossing into the cell,
the radiative transfer equation, was used for describing the
radiation phenomena. Furthermore, the discrete ordinate
(DO) model was activated and adopted the heat transfer effect
between the absorption plate and the protective glass.

The number of spokes selected by the RTE and their direc-
tions indicates each radius from the boundary to the path
boundary. The general basis for this given method is to quantify
the amount of absorption and assume that a given temperature
has a constant value within a single control range. The method
of calculating the thermal radiation intensity of the element at
the node is as follows (Versteeg and Malalasekera 2007):

/

b1 = 1,(17e(T,3)) + i, (T)e (T, x1) (1)

where (7, x;) shows the emissivity, i; =0T /7 repre-
sents blackbody radiation intensity under controlled

Table 4 Latitude and longitude of selected cities

Name of city Short name of city Latitude (N) Longitude (E)
Hyderabad HYD 25.396 68.3578
Mirpurkhas MPK 25.5065 69.0136
Nawabshah NWS 26.2447 68.3935
Jacobabad JCA 28.2823 68.4472
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Fig. 3 Profile of temperature in different cities at a tilt angle of 0°

condition, and o denotes the Stephan-Boltzmann con-
stant 5.67 x 10" W/m? K*.

Computational domain

SFPC geometry was developed through the application of
ANSYS DesignModler®16. Fig. 2 shows the 3D geometry
of the SFPLC having circular tubes. The developed 3D
geometry of SFPC with circular tubes is shown in Fig. 2.
The circular tube comprises inlet and outlet points for the
working fluid. The fluid was inserted from the inlet point
of the geometry and flows out of the exit area. The top
plate of the SFPC was considered glass. The bottom plate
of the SFPC was assumed as a copper absorption plate. The
geometry of the cells was tetrahedral. The total number of
cells used in the developed computational domain was
538,113, and the minimum orthogonal quality was 0.251.
In general, an orthogonal quality greater than 0.2 is con-
sidered advantageous for calculations. Besides, a network

720

600
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360 -

240 H

Solar Heat Flux (W/m?)

120 4

1 2 3 4 5 6 7 8 9 10 11 12
Month

Fig. 4 On SFPC, average solar heat flux in each month of the year (the
range of hours for simulations was from 11: 00 AM to 02:00 PM)
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independence test was carried out and it was found that the
network gave the best results.

Assumptions and convergence criteria

It was assumed that the working fluid has a smooth flow.
The numerical problem simplifies the heat loss radiation,
which is ignored in these cases, and assumed that fluid
flow is incompressible under. Flow direction was as-
sumed along the axis of the circular tube. In this inves-
tigation, the properties that were taken into consideration
include thermophysical properties, thermal conductivity,
temperature, and fluid density. Table 2 lists the proper-
ties of the wall materials used. The nonslip conditions
were put on for wall surfaces. The shell-side conduction
method was used to calculate the heat conduction of
risers and absorbers. The SIMPLE algorithm between
pressure and velocity was used to solve these combina-
tions. The numerical values used for absorber absorptiv-
ity and glass transmissivity were 00.95 and 00.91, re-
spectively. The simulation converges when the turbulent
kinetic energy residuals contented at 10, and radiation
at 107> was attained.

Operational parameters and boundary conditions

Four cities of Sindh Province were chosen for the performance
analysis of SFPC. The selected cities were JCB, MPK, HYD
(Hyderabad), and NWB. The performance efficiency of SFPC
was inspected throughout the year. The analyses were con-
ducted throughout the year in each month at noon daytime.
The inlet water flowrate was set constant at 0.05 kg/s, whereas
its temperature was fixed at 27 °C. The tilt angle of SFPC was
set as 0°. Furthermore, the analysis was performed by main-
taining the tilt angles at 15°, 30°, and 45° in cities HYD and
JCB. In Table 3, the geographical coordinates of the selected
areas are given, whereas the variations in parameters during
simulation are given in Table 4. At tilt angle zero, forty-eight
cases were simulated while remaining cases were simulated at
different tilt angle variations.

Results and discussion
Performance of SFPC at different selected locations

In Fig. 3, the temperature profile of water at 0° tilt angle is
shown, whereas in Fig. 4, the average heat flux on SFPC is
represented. From Fig. 3 to Fig. 4, it was investigated that
water temperature at the outlet of the SFPC increased irrespec-
tive of all selected cities and in each month of the year.
Furthermore, the performance efficiency of SFPC was ob-
served in April, May, June, and July as compared with the
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Fig. 5 Local distribution of temperature for HYD at tilt angle 0°

remaining months of the year, while the highest temperature =~ December. The highest rise in water temperature was noticed
rise in water temperature was found in May and the minimum  at 94.14 °C in HYD, while the minimum rise in temperature
temperature rise in water temperature was inspected in ~ was found at 70.89 °C in HYD. Moreover, the maximum rise
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Fig. 6 Local distribution of temperature MPK at tilt angle 0°
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Fig. 7 Local distribution of temperature for NWS at tilt angle 0°

in water temperature in the cities MPK, NWS, and JCA was
recorded at 94.3, 94.03, and 93.66 °C, respectively, while the
minimum rise in working fluid temperature in MPK, NWS,
and JCA cities was 70.92, 69.8, and 67.22 °C, respectively.
The variation in water temperature rise in all selected cities
was due to the variations in solar heat flux in selected locations

January
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| 136333
| F3s073
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355.55
352.96
350.37
47.77
345.18
342.59

340.00
]

Fig. 8 Local distribution of temperature for JCA at tilt angle 0°
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February

March April

A

as represented in Fig. 4. The solar heat flux on the SFPC
collector was maximum in May and minimum in December,
while the solar heat flux in December and January was
different in JCA as compared to other cities. This change
in the solar heat flux was due to the geographical position
of JCA.

March April
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Fig. 11 All simulated cases and average temperature throughout the year
(the range of hours for the simulations was from 11:00 AM to 02:00 PM)

Local temperature distribution across SFPC

Temperature profiles are assessed to examine the established
model qualitatively. The contours of temperature at selected
regions are shown colored scale in the area of interest.
Temperature contours of the HYD region for each month of
the year are shown in Fig. 5 correspondingly, the temperature
profile for MPK, NWS, and JCB regions are revealed in Figs.
6, 7, and 8, respectively. From Figs. 5, 6, 7, and 8, effects of
the different months on SFPC in terms of shifting of red color
in blue color January and December to the summer season
(from May to August) were observed. The shadow of the
sun in the summer season was maximum as shown in Fig. 5,
whereas the contours show that inlet water is represented
through blue color at 27 °C temperature. The working
fluid temperature increased through the passage along
the tube; the heat transferred occurred because of the ab-
sorbing plate resulting in enhanced water temperature at
the outlet of SFPC.

Performance analysis of SFPC at angles 0°, 15°, 30°,
and 45°

As the temperature contours of SFPC at tilt angle 0° are shown in
Figs. 5, 6, 7, and 8, more cases were simulated by keeping the tilt
angle in HYD and JCA of SFPC 15°, 30°, and 45°. The results of
the simulation study are at different angles 15°, 30°, and 45° as
presented in Fig. 9a—c. The rise in water temperature in the sum-
mer season was higher as compared with the winter season at a
tilt angle of 0°. When tilt angles were raised from 0° to higher, the
efficiency of SFPC increased. At higher tilt angles, results col-
lected in the winter season were promising than those in the
summer season. Furthermore, the exit water temperature of
JCA was slightly less when the comparison was made with the
results gathered from HYD in the winter season but higher in

@ Springer

summer. The higher efficiency in the winter season was due to
the sun rays were more vertical in winter in HYD as compared to
JCA. In JCA, when the tilt angle was maintained at 30°, the
absorbing plate efficiency increased in the summer season. The
temperature increase in HYD was recorded at a tilt angle of 15°
was 96.18 °C in March, whereas in December, temperature rise
was noticed at 84.04 °C. In the case of JCA, the maximum and
minimum rise in temperature at 15° were measured at 95.49 °C
in March and 80.82 °C in December. In HYD, at tilt angle 30°,
98.04 °C was in March and minimum in 86.67 °C in June. These
results were found in good agreement with the published results
gathered by the author (Kili¢ et al. 2018). The maximum exit
water temperature in JCB at a tilt angle of 30° was 97.8°C in
March and a minimum of 88.09 °C in June. In HYD at a tilt
angle of 45°, the maximum temperature rise was recorded 98.01
°C in November and the minimum was noticing 76.37 °C in
June. While in JCA at an angle of 30°, the highest temperature
recorded was 97.83 °C in February and a minimum of 78.54 °C
in June.

Comparison of results by varying angles at the same
location

The representation of results at varying geographical coordi-
nates is shown in Fig. 9a—c. Whereas at the same geographical
coordinates at varying tilt angles, the results recorded are
shown in Fig. 10a, b. Figure 10a shows results in HYD and
Fig. 10b represents results of JCB.

It was investigated from the results recorded in Fig. 10a, b,
that the overall performance of the SFPC is affected by inap-
propriate tilt angle. The temperature peaks in summer were
higher as compared to those in the winter season.

Variation in angle and its impact on average
temperature

From Figs. 5, 6, 7, 8 and 10a-b, results from it were inspected
that there was a substantial impression of angle on the efficiency
of SFPC but it was hard to determine the appropriate
angle for the nominated area. To investigate the appropri-
ateness of the tilt angle, an average temperature was cal-
culated using each scenario. In Fig. 11, the data of aver-
age temperature is shown.

The effect of varying angles on the performance of the SFPC
in terms of exit water temperature is understandable from Fig. 11.
When SFPC was placed at an angle of 0°, the average exit water
temperature was recorded from 84 to 86 °C for all nominated
locations, while the maximum average temperature at locations
HYD and MPK is 86 °C, and in the case of the NWS region,
average exit temperature was found at 85.4 °C. Furthermore, the
lowest rise in exit water temperature was observed in 84 °C JCA.
When the tilt angle was maintained above 0°, the average tem-
perature was increasing with an increase in tilt angle. The highest
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(b) At tilt angle 15°, temperature contours of JCA.

Fig. 12 a Temperature contours in HYD at a 15° tilt angle. b At tilt angle 15°, temperature contours of JCA

average temperature at the exit of the SFPC was noticed at 92-93
°C at a tilt angle of 30°. Therefore, results suggested that for all
selected locations, the maximum efficiency of SFPC was record-
ed at a tilt angle of 30°. These results were in good agreement
with the results gathered by Tiko (2019). The reason for the
reduction in average temperature was that beyond the 30° angle,
the SFPC was not receiving concentrated solar heat flux owing to
its deviation from direct solar irradiation.

SFPC temperature contours at varying tilt angles

Fig. 12a and b show the contours of the temperature of all the
simulated cases having an SFPC tilt angle of 15°.
Correspondingly, Figs. 13a, b and 14a, b show contours of
the temperature of simulated cases at tilt angles 30° and 45°.
The variation in color of contours represented that the temper-
ature profile varied with variations in tilt angle.
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9 10 11 12
(a) Temperature contours in HYD at a 30° tilt angle.

(b) At tilt angle 30°, temperature contours of JCA.
Fig. 13 a Temperature contours in HYD at a 30° tilt angle. b At tilt angle 30°, temperature contours of JCA

Conclusions performance of the SFPC at varying regional coordinates

and at varying tilt angles in different cities. As working fluid
Numerical simulation of SFPC was performed through the = water having an inlet temperature of 27 °C was selected for
application Ansys FLUENT software to investigate the  simulation purposes. To incorporate solar heat flux, solar ray
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tracing model was selected using geographical coordinates  performance of the SFPC was inspected in each month of
depending upon the latitude and longitude values. Parallel to  the year. Furthermore, the tilt angle of the SFPC collector
ground (at tilt angle 0°) simulations were performed. The was changed to 15°, 30°, and 45°, respectively. The results

9 10 11 12

(a) At tilt angle 45°, temperature contours of HYD.

(b) At tilt angle 45°, temperature contours of JCA.
Fig. 14 a At tilt angle 45°, temperature contours of HYD. b At tilt angle 45°, temperature contours of JCA
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gathered in four selected cities, using varying coordinates and
varying tilt angles, include:

» Parallel to ground, i.e., at tilt angle 0°, initially, the effi-
ciency of SFPC was recorded concerning exit water tem-
perature in each month of the year. After performing sim-
ulation at 0° tilt angle, further simulations were run at tilt
angles 15°, 30°, and 45°, respectively.

* The inlet working fluid temperature increased from 27 °C
to upper regardless of geographical coordinates.

*  Maximum performance of SFPC was observed at tilt an-
gle 0° from April to July.

* In May, the maximum rise in temperature was recorded in
all selected districts, while the minimum rise in tempera-
ture was recorded in December in all selected regions.

* The maximum temperature rise of 94.14 °C was measured
in the Hyderabad district while the minimum temperature
was recorded at 70.89 °C.

e Whereas in Mirpurkhas, Nawabshah, and Jacobabad,
maximum rise in temperature was noticed at 94.3 °C,
94.03 °C, and 93.66 °C, respectively.

*  Whereas in Mirpurkhas, Nawabshah, and Jacobabad, the
minimum rise in water temperature was recorded at
70.92 °C, 69.8 °C, and 67.22 °C. The maximum tem-
perature was achieved in Mirpurkhas 94.3 °C and
minimum in JCA 67.22 °C, respectively.
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