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Abstract The poor thermal performance of the flat plate solar collector has been a major drawback in harnessing solar energy for
small heating applications. Flat plate solar collector converts the direct and indirect solar radiation to useful heat gain, the primary
energy conversion process occurs in the absorber plate and then the heat is transferred to a fluid. The present study is aimed at
investigating several design parameters of the v-groove absorber plate to enhance the thermal performance of the flat plate solar
collector. The investigation was conducted numerically using computational fluid dynamics techniques for various design
parameters specifically v-groove apex angle, absorber plate height, and v-groove triangular channels shape. The simulation results
and procedures were validated against available experimental data from literature and found to agree by a margin of 0.66%. The
absorber height was found to have a significant influence on the thermal performance of the flat plate solar collector and the thermal
efficiency was enhanced by 29%. It was concluded that modifying the corners of the triangular channels of the v-groove absorber
plate increases the coefficient of convection heat transfer, however, it has a moderate influence on the overall thermal performance
of the flat plate solar collector.
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Nomenclature

FBC Flat plate solar collector K Thermal conductivity (W/m.K)
CFD Computational fluid dynamics P Pressure (N/i )

CD Computational domain U Velocity (m/s)

B.C. Boundary conditions t Dynamic viscosity (kg/m.s)
M Density (kg/l ) A Specific heat (J/kg.K)

4 Fluid outlet temperature (K) m mass flow rate (kg/s)

4 Fluid inlet temperature (K) Q heat (W)

T Time (S)

& Collector optical efficiency Subscripts

L Collector thermal efficiency U useful

) Insolation (W/i ) abs absorbed

A Area of heat exchange (I ) c collector
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1. Introduction

Flat Plate Solar Collector (FBC) is the most suitable solar
technology to harness solar energy for small heating
applications [1]. Owing to its relative simplicity
compared to other solar harnessing technologies.
However, it has a low conversion efficiency of the solar
radiation to useful energy. This inefficiency is a result of
the involved thermal loss from the FBC and the lack of
full exploitation of the available potential of FBC.
Considerable research has been done to improve the
performance of FBC and reduce its cost. Most of these
research work focused on studying the passive and active
methods to improve the energy conversion processes.
Several techniques were employed to enhance the thermal
efficiency of the FBC including studying the effect of
various material, studying the heat losses, using insert
devices to create turbulence that improves the
performance, and altering the design of the collectors.

In a flat plate solar collector, the main energy
conversion process of solar radiation to heat occurs in the
absorber part. Therefore, this part plays a vital role in
determining the performance and the cost of the solar
collector. Shelke et al. and Yarshi et al. [2], [3] studied the
geometry of the riser tube of the flat plate solar collector.
They considered circular and elliptic riser tubes. The
results showed that the elliptic riser tubes have better
thermal performance than circular ones. This was due to
the increase in the area of heat transfer in the elliptic
profile. Others researches have tried to improve the
collector thermal performance by creating turbulence.
Rajendra et al. [4] studied the influence of a twisted tape
insert on the thermal performance. The twisted tape was
inserted in the riser tube. The results showed that a twisted
tape inserted inside the collector tubes gives better
performance compared to plain tubes. Also, it was
observed that due to the insert, the pressure drop inside
the collector was increased. Although this technique
passively improves the collector performance it is
inapplicable for natural circulation flat plate solar
collectors due to the high pressure drop. Similar studies
carried out by Dinesh et al. and Thejoaraju et al. [5], [6].
They created turbulence flow in the riser tubes of the flat
plate solar collector by adopting different types of fins
inside the riser tubes. A comparison of the collectors with
and without fins proved the productivity of the fins in
improving the thermal efficiency. However, adopting the
fins involves more complexity and cost as well as creating

a high pressure drop. Therefore these techniques were not
considered in the present study. Karanth et al. [7]
numerically investigated different tube geometries for flat
plate solar collectors. Their study considered different
ducts profiles including circle, square, triangle, and
trapezium duct. They found that the design of the
triangular duct gives the highest temperature rise.

Bashria et al. [8] studied the v-groove solar air collector
for drying applications. They investigated the effect of
mass flow rate and the length of the v-groove at single and
double collector mode to improve the collector thermal
performance. Their results concluded that a double-flow
v-groove solar air collector is more efficient than a single
flow. Another study for the v-groove air collector reported
by Idris et al. [9] where they studied the single-mode v-
groove air collector. They concluded that the shape of the
v-groove improves the thermal performance of the solar
air collector.

R. Kumar and A. Kumar [10] reviewed the thermal
characteristics of flow through a triangular duct. They
considered the forced convective heat transfer through the
triangular ducts. Results concluded that the apex angle has
a significant influence on Nusselt number and hence on
heat transfer. The current study is aimed at investigating
the influence of various design parameters of the v-groove
absorber plate on the thermal performance of FBC by
using CFD simulations. Hence the effect of various design
parameters of the wv-groove absorber plate was
investigated including v-groove apex angle, absorber
plate height, and the v-groove triangular channel shape on
the thermal performance of the flat plate solar collector.
Table 1 shows the design parameters covered in the
present study.

Table 1: Design parameters for the v-groove absorber

Cases | The v-groove shape | Investigated Parameter
Case | lsosceles triangular Apex angle ranged
1 ducts (30 — 80) degrees
Case Quadrilateral Absorber height ranged
2 triangular ducts (2.5- 1.0)cm
Case Two rounded Curvature radius from
3 corners triangular (0.0 - 5.5) mm
Case Three rounded Curvature radius from
4 corners triangular (0.0-5.5) mm
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2. Methodology

The design parameters of the v-groove absorber plate for
the FBC were studied to improve the thermal performance
of the flat plate solar collector. The study considered
investigating the effect of the apex angle, absorber height,
and the shape of the v-groove triangular channel on the
thermal performance of the FBC. The thermal
performance of the collector represented by the collector
thermal efficiency. The investigation carried out by
varying one parameter while holding the others constant.
This section outlines the simulation procedures used to
conduct this study.

2.1 Conceptual modeling of FBC

The sole purpose of FBC is to convert solar radiation to
useful heat as efficiently as possible. This process could
be described by three physical processes namely the
process of absorption of solar radiation by a surface, the
heat transfer between the absorbing surface and the
working fluid, and the fluid dynamics through the
collector. The scope of the current study is to investigate
the effectiveness of the v-groove absorber plate design on
the thermal performance of FBC for water heating by
numerical CFD simulation. To simplify the complexity of
the simulation some necessary assumptions were made
without obscuring the accuracy as follows:
1. The system is at a steady-state condition.
2. The flow is internal, incompressible, and single-
phase flow.
3. Thermo-physical properties of the materials are
independent of the temperature.

2.2 Computational domain of the numerical study

The computational domain for this study was designed in
Ansys design modeler in three-dimensional consisting of
the v-groove absorber plate with the fluid channels and
the insulation layer. The collector housing box and the
glass cover were not physically modeled in the
computational domain. However, their effect on the
simulation of the collector was accounted for through the
boundary conditions. Fig. 1 depicts the computational
model used in the study.

The v-groove absorber plate had a groove angle of 70
degrees and 2 cm height, with a 16 v-groove channels, the
overall dimension of the plate was (100 cm
x 50 cm) made from a galvanized iron sheet of 0.5 mm
thickness and painted with a selective coating which

improved the absorptivity to 0.9 and emissivity to 0.22.
The working fluid (water) circulated naturally through the
triangular fluid channels of the v-groove absorber plate.
Fig. 2 shows the design of the v-groove channels.

Heat in form of solar radiation

b | z V\\Flowout

Fig. 1: Computational domain of the study

Incident ray

>’ Triangular water channel

Fig. 2: The fluid channels of the absorber plate [11]

2.3 Grid independence test

The grid independence test was considered as a measure
for the validity and quality of the discretization. It ensures
that the solution is accurate regardless of the mesh size.
To conduct a grid independence test, the solutions must
be obtained with multiple mesh sizes and observe their
outcomes. The grid independence test was conducted for
this study and the mesh size was identified. Five different
meshes were tested and the fluid outlet temperature and
mass flow rate were observed. The first initial solution
was run with a mesh size of 5.5 mm which gave 496000
elements and then the mesh size was refined for the next
solution to 5 mm, 4 mm, 3 mm, and 2 mm. Fig. 3 shows
the simulation results at different mesh sizes. The results
represented by the exit mass flow rate and the fluid
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temperature. It was observed that the mesh size of 3 mm
does not require any more refinement. Therefore, a 3 mm
mesh size was used for the study as the size of the control
volumes which was corresponding to 882 thousand
elements and 1.8 million nodes. Table 2 summarizes the
mesh independent test. Fig. 4 shows the discretized
computational domain with a mesh size of 3 mm.

Table 2: Mesh independence test for the simulation.

Grid size | Element | Nodes | Mass Outlet
[mm] pT p Tt [g/s] | Temp. [K]
5.5 496 1.1 6.445 316.9
5 627 1.3 7.112 314.1
4 713 15 7.127 314.2
3 882 1.8 7.128 314.3
2 1233 2.7 7.128 314.3
317 7.2
T
%316'5 _-O-Temperature' | g
5 -o-Flow rate ’ [0
T 316 5
Q
a <
£ 3155 68 8
2 »
3 315} g
= 6.6 E
5 314.5 i i
314 ' ‘ '6.4
2 3 4 5 5.5

Grid size of mesh resolution [mm]

Fig. 3: Mesh independence test.

Fig. 4: Meshed computational domain

2.4 Flow and energy governing equations in the FBC
The governing equations of the fluid dynamics and heat
transfer solved in Ansys Fluent in this study were
continuity, momentum, and energy equations [13]. These
equations are as follows:

— — T @
O— )

— - == - @

Where:

p, t, 1, P,k T, xi, A, u, represent the density, time,
dynamic viscosity, pressure, thermal conductivity,
temperature, position tensor, specific heat capacity, and
velocity, respectively.

The general performance of the FBC described by useful
energy gain and collector thermal efficiency [14]

1 i A4 4 4)

s —5 )
Where:

1.,! ,1,m A, 4, 4,d represent useful energy gain,
collector area, incident solar radiation, mass flow rate,
specific heat capacity, outlet temperature, inlet
temperature, and collector thermal efficiency,

respectively.

2.5 Discretization and solution schemes for the
governing equations

To solve the set of governing flow and energy equations
in Ansys Fluent, the computational domain was prepared
and spatially discretized to very small elements that
represented the control volumes, and then the equations
of flow and energy were solved
by the control volume method. In the control volume
method, the computational domain was first divided into
small elements and then the governing differential
equations integrated over each element. The integration
obtained a discretized system of equations that can be
solved iteratively to give the variables of the equations in
each control volume. The solution is initially stored at the
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centers of the control volumes. However, the solution
needed to be at the surfaces of the control volume or the
cell. Interpolation methods were used to calculate the
variables at the surface of the cell from the centroid.
These interpolation methods are called spatial
discretization schemes [13]. By solving the governing
flow and energy equations the main variables of
velocities, pressure, and temperature were obtained, from
which the heat transfer coefficients, forces . . . etc. were
derived. Velocities directly obtained from the momentum
equations, temperature from the energy equation, and the
pressure was calculated from a pressure correction
equation. This pressure correlation formula depends on
the type of flow.

In summary, the required solution schemes for the
study were spatial discretization schemes and the
pressure-velocity coupling algorithm. Since the flow was
incompressible, the coupled algorithm used to calculate
the pressure as this scheme is recommended for faster
convergence [12]. The second-order spatial discretization
schemes were used to interpolate the pressure, energy and
momentum equations. These schemes were controlled
using the recommended relation factor of 0.5 for pressure
and momentum equations, and 0.75 for the energy
equation. These relaxation factors were optimized and
recommended by Ansys Inc. which is the developer of
Ansys Fluent Software to obtain convergence in a
reasonable time [12].

2.6 The Boundary Conditions

The boundary and initial condition of the physical model
specify all the variables and properties on the boundaries
and the conditions of the problem at all times. Defining
real boundary conditions is quite important to have an
accurate solution. In this study, the problem to be
simulated was assumed at a steady state. All the wall
boundaries of the computational domain were specified in
line with the experimental data that were used for
validation of the solution. The environmental effects such
as ambient temperature, wind speed, and solar radiation
were taken according to the experimental conditions. The
solar radiation was approximated by uniform heat flux.
The working fluid was water that flowed at a constant
flow rate from inlet to atmospheric pressure at the outlet.
The insulation layer was placed at the bottom of the
absorber. Table 3 summarizes the boundary conditions
used for this simulation.

Table 3: Boundary conditions of the study

No. The boundary Thermal or momentum
type condition
1 Collector inlet 6.6 g/s ; 291 K
2 Collector outlet Atmosphere 11325 Pa
3 | Absorber surface Heat flux
4 Insulation layer 5cm thick fiberglass
5 Collector 25 °C ambient Temp. and
environment 5 m/s wind velocity
6 Collector 10 degrees tilted from
positioning horizontal
7 Zones of the Liquid water zone,
domain Solid fiberglass zone
8 Contact region Coupled walls
interface

2.7 Computer programing for the models

Ansys Fluent package simulates the three modes of heat
transfer and fluid dynamics by solving the set of flow and
energy equations mentioned earlier by using the control
volume techniques. The procedures for solving the flow
and energy equations in Ansys Fluent for this particular
simulation is shown in Fig. 5.

2.8 Convergence criteria of the simulation

The solution was considered converged when the change
form one iteration to the next was negligible. The
following three mechanisms were used to check the
convergence:

1. Overall mass and energy conservation achieved
with mass and energy imbalances less than 1%. The
mass imbalance and energy imbalance measure
global conservation.

2. The residuals for momentum and continuity
equations dropped by three orders of magnitude,
and the energy equation dropped by six orders of
magnitude. In other words, the residuals were less
than p 1t for momentum and continuity equations,
and p 1t for the energy equation. The residuals
measure the error in solving the involved equations.

3. Quantities of interest reached stability as indicated
by the solution monitors. The collector exit
temperature and mass flow rate were monitored to
judge the convergence. A stable monitor means that
the simulation results are no longer changing with
further iterations. In a few cases, only the two
conditions of the quantity imbalances and the
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stability of the monitored results can indicate the
convergence even if the condition of the residual is
not completely satisfied. However, if either the
imbalance or monitor conditions are not satisfied,
then the solution is not yet converged.

2.9 Method of validation

In order to assess the validity and reliability of the CFD
simulation, the results have been compared with
experimental data done by Ng’ethe et al. [11]. The
simulation model parameters, initial conditions, and
boundary conditions were all informed from the
experimental setup. Table 4 shows the comparison
between the simulation and experimental results. The
fluid temperature at the collector exit represented the
results used as the basis of the comparison. Fig. 6 depicts
the discrepancy between simulation results and the
experiments. It shows that this simulation method is valid
and can represent the real system with a margin of 0.66%.
Therefore, it is possible to use these simulation models
and procedures for further study.

Table 4: The results of the experiment and simulation.

Insolation | 4 Exp. Sim. Error
wi 1 | [K]| data data | 3E' %OE
4 4 %D
[K] [KI |[?pmm
817 291 | 316 318 0.63%
837 296 | 319.5 322 0.78%
286 297 | 306 307 0.33%
534 297 | 313 315 0.64%
357 297 | 308.1 309.6 0.48%
499 295 | 306.9 310 1.01%
259 297 | 302.6 305 0.79%

Definition of the problem

Assumptions & governing equations

:

3D Computational domain

3

Discretization of the
computational domain |
using hybrid mesh

Gs

Definition of Solver & Models

3

Definition of materials

1

Definition of boundary conditions

.

Solution schemes:
Pressure-velocity coupling,
Spatial discretization,
Relaxation factors,
Solution monitors,

|

Initialization & solution

Convergence

o
)

Fig. 5: Flow chart of the simulation procedures.

133



JSRE

Journal of Sustainable Research in Engineering Vol. 5 (3), 2020

O

325

=o—Simulation results
——Experiment results

W
N
o

w
-
(&)1

w
-
o

W
o
&)}

Outlet fluid temperature [K]

300

200 400 600 800
Solar insolation [w/m2]
Fig. 6: Comparison of the experimental and simulation results.

1000

3. Results and discussion

This section presents the findings from the test of the
performance of flat plate solar collectors based on
variations of geometric parameters of the absorber plate.
The effect of the v-groove apex angle, absorber plate height,
and v-groove triangular channels shape on the thermal
performance of the flat plate solar collector investigated
as follows.

3.1 The effect of the v-groove apex angle on The
Performance

Fig. 7 depicts the variation of collector performance
represented by the collector thermal efficiency with the v-
groove apex angle. It shows the improvement of the
thermal performance with the apex angle and the fluid
flow rate. Changing the apex angle of the v-groove
absorber plate while holding all other parameters constant
was found to affect the thermal performance of the FBC.
The collector thermal efficiency was found to improve
with the reduction of the v-groove apex angle. This was
attributed to the increase of the heat transfer area which
enhances heat transfer to the fluid. For a small flow rate
of 15.3 liters/hour, the thermal efficiency improved by
13.7% as the apex angle drops to 30 degrees, and for the
larger flow rate of 23 liters/hour and 34 liters/hour, the
thermal efficiency against the apex angle shows a
different trend and the average improvement was by
10.6%. The small flow rate allows more time of exposure
of the fluid to the radiation hence increases in thermal
efficiency. Similar behavior of the thermal efficiency
improvement with the flow rate was reported by Bandana
et al. [15]. It was observed that at the apex angle of 70
degrees the thermal efficiency at a higher mass flow rate
began to rise with the increase of apex angle. This

behavior was observed only at a higher flow rate.
Therefore, it attributed to the transition to turbulence
effects.

®
a

—*—flow rate 4.1g/s
——flow rate 6.3g/s
-o—flow rate 9.4g/s

®
o

~J
o

Collector thermal efficency [%]
~
[&)]

o)
[}

40 50 60 70 80
V-groove apex angle [degrees]
Fig. 7: Collector thermal efficiency at different flow rates
against the v-groove apex angle.

W
o

Fig. 8 shows the effect of the v-groove apex angle on
the number of the v-grooves channels of the absorber
plate and the effective contact area. It can be observed that
as the v-groove apex angle increase, it reduces the number
of the v-grooves represented by the v-groove channels.
The number of the v-grooves reduced from 33 to 13
grooves as the angle changed from 30 to 80 degrees. This
causes a reduction of the effective contact area between
the working fluid and the absorber plate. As a result, the
fluid temperature difference between the collector inlet
and outlet falls and the collector performance deteriorates.

Fig. 9 depicts the variation of the collector temperature
difference as a function of the v-groove apex angle while
holding other parameters constant. The figure shows that
the temperature difference in the collector reduces
proportionally with an increase in the v-groove apex angle
regardless of the fluid flow rate. At all flow rates, the
temperature difference reduced by half as the apex angle
increased from 30 to 80 degrees. This is attributed to the
reduction of the effective heat transfer area as the apex
angle of the v-groove absorber increase. Also, it can be
observed that the collector temperature difference is
higher at a low flow rate. This is attributed to a long time
of exposure to solar radiation at a low fluid flow rate as
the velocity is low.
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Fig. 9: Absorber apex angle vs. temperature

3.2 Effect of absorber plate height on the thermal
performance

The influence of the v-groove absorber plate height on
collector thermal efficiency was investigated. Simulations
were run for several absorber heights while other
parameters were held constant. Four different heights
were considered. Fig. 10 shows the influence of the height
of the v-groove absorber plate on the number of the fluid
channels of the v-groove absorber. As expected, the
reduction of the absorber height increases the number of
v-groove channels. The reduction of the absorber height
from 2.5 cm to 1 cm doubled the number of the v-grooves
channels. This allows more effective exposure of the fluid
to solar radiation as the fluid spread in a number of v-
groove channels. Hence more heat is transferred to the
working fluid which improves the performance of the

collector. Fig. 11 depicts the relation between collector
thermal efficiency and the v-groove absorber height. It
shows that the collector thermal efficiency is inversely
proportional to absorber height regardless of the fluid
flow rate. A small height of the v-groove absorber
resulted in a higher number of the v-groove channels and
better heat transfer. Owing to the reduction of the
absorber plate height from 2.5 cm to 1 cm the collector
thermal efficiency improved by 29%.

w
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—

W
o

N
o

number of the risers tubes
N
[#)]

-
(9]

1.5 2 2.5
Absorber plate height [cm]

—

Fig. 10: Absorber plate height against the number of the
triangular conduits.
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Fig. 11: Thermal efficiency vs. absorber height.

3.3 Effect of modifying the v-groove channels on the
performance.

In the v-groove absorber plate, the working fluid flows
inside the v-grooves which were formed in the shape of a
triangular channel. The working fluid extracts the heat
from the v-groove absorber plate as it circulates by heat
convection. The convective heat transfer coefficient
reaches zero at a sharp corner [16]. Therefore, the effect
of modifying the sharp corners of the triangular channels
of v-groove absorber plate on the FBC performance was
investigated. Two corners of the triangular channels and
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the three corners were considered separately. The sharp
corners of the triangular ducts were replaced with rounded
corners for the various radii of curvature ranging from
zero to 5.5 mm in steps of 0.5 mm. Simulations were run
for each radius of curvature and the performance was
evaluated. Fig. 12 shows the variation of surface heat
transfer coefficient with different radii of curvature and
different flow rates. It shows that as the flow rate
increases from 15.3 liters/hour to 34 liters/hour the
convection heat coefficient increased by about 40%
owing to the change of the flow regime due to the change
of flow rate. Also, the figure shows that the increase in the
heat transfer coefficient is proportional to the increase in
the radius of curvature for both cases of two rounded
corners and three rounded corners.
At the flow rate of 15.3 liters/hour, the heat transfer
coefficient raised from 33 w/l .k at no curvature to 42.5
and47.5w/l .k for two corners and three corners 5.5 mm
curvature, respectively. And at the flow rate of 34
liters/hour, the heat transfer coefficient
raised to 74.9 and 84.4 w/i .k for two corners and three
corners 5.5 mm curvature, respectively.

Fig. 13 depicts the influence of shape modification of
the corners of the v-groove triangular channel on the
collector thermal performance. The thermal efficiency
was found to increase with increasing the radius of
curvature at the corners of the v-groove triangular
channels. This behavior attributed to the increase of heat
transfer coefficient at a larger radius of curvature. Also, it
was observed that the thermal performance increases with
the mass flow rate as a result of the increase in the
convection heat coefficient with the flow rate. Upon
increasing the radius of the curvature of v-groove
triangular channels, the heat coefficient increases
accordingly. However, this curvature has a limit based on
the groove size beyond which the shape of the conduit is
changed and the area of heat exchange is reduced.
Modifying two corners of the v-groove channels
enhanced the collector thermal efficiency by 2% while
modifying the three corners achieved a 6.6%
improvement in thermal efficiency. Ray and D. Misra
[16] reported a similar improvement for Nusselt number
in a triangular duct with rounded corners.
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Fig. 12: Heat transfer coefficient against the radius of
curvature.
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Fig. 13: Thermal efficiency against the radius of curvature.

4. Conclusions

A numerical CFD simulation-based investigation was
conducted for various design parameters of the v-groove
absorber plate to improve the thermal performance of the
flat plate solar collector. The simulation procedures were
validated against available experiments from literature
and then used for studying the FBC. Three design
parameters were investigated namely absorber plate
height, v-groove apex angle, and the effect of modifying
the shape of the v-groove triangular channels. The
following conclusions derived:

1. The collector thermal efficiency was found to
improve with the reduction of the v-groove apex
angle. For a small flow rate of 15.3 liters/hour, the
thermal efficiency improved by 13.7% and for the
larger flow rate of 23 liters/hour and 34 liters/hour,
the average improvement was by 10.6% as the apex
angle drops to 30 degrees. It can be concluded that
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the v-groove apex angle of 30 degrees improves the
thermal performance of the v grooved flat plate
solar collector.

A small height of the v-groove absorber resulted in
a higher number of the groove channels and better
heat transfer. Owing to the reduction of the
absorber plate height from 2.5 cm to 1 cm the
collector thermal efficiency improved by 29%.
This led to the conclusion that the absorber plate
height has a significant effect on the thermal
performance.

Modification of two corners of the V-groove
triangular channels enhanced the collector thermal
efficiency by 2% while modification of the three
corners achieved a 6.6% improvement in the
thermal efficiency. However, this modification
involves more complexity in the design of the v-
groove absorber which makes this little
improvement unjustified to adopt this modification
as the main purpose was to improve the
performance of the collector without incurring a
higher cost. It can be concluded that modification
of the shape of the v-groove triangular channels
does not contribute to making the flat plate solar
collector more popular.
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