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ABSTRACT: Solar air collectors are commonly used in a variety of domestic and industrial fields.
The simple design and low maintenance cost are among their advantages compared to other solar
collectors. However, the main challenge of this type of collector is the low heat transfer coefficient. In
this work, the effect of different designs of the absorber plate (waved and V corrugated modification)
on the thermal performances, the heat exchange effectiveness and the air outlet temperature of a
Double-Pass Parallel-Flow air solar collector was investigated under the solar radiation of Marrakech-
Morocco in a clear day and for three different mass flows rates (0.008 kg s, 0.012 kg s** and 0.016 kg
s1). The numerical study was done using Computational Fluid Dynamics (CFD) by the mean of
ANSYS Fluent 16.0. The obtained results showed that the V corrugated modification is the most
efficient one with efficiency equal to 76.92 % and 87.97 % under the lowest and highest mass flow,
respectively.
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INTRODUCTION

Solar energy has received considerable attention compared to other alternatives sources, as an
efficient and promising source of energy to meet the continuous increase in the world energy demand
(Ekechukwu and Norton 1999; Vengadesan and Senthil 2020). Solar energy can be either directly
converted to low or high temperature heat or to electricity through photovoltaic panels. Moreover, it is
a free and clean source of energy, which helps in decreasing global warming. However, the conversion
of solar rays into useful energy needs specific devices with high efficiency.

Air solar collectors are used in a variety of industrial processes for heat production, such as
materials treatments, space heating, biomass valorization using thermochemical methods and
agricultural drying (Ekechukwu and Norton 1999; Giiler et al. 2020). They represent the main devices
in the indirect solar drying, where the circulating air is heated and then driven into the drying chamber.
Several air solar collector configurations exist. They are characterized by their low cost, simple design
and structure. However, air solar collectors have low thermal efficiency related to their low heat
transfer coefficient. Various researches have been conducted in order to enhance the thermal
performance of air solar collectors by increasing this key factor (Kishk, EIGamal, and EIMasry 2019;
Vengadesan and Senthil 2020; Yadav and Bhagoria 2014). Several modifications have been performed
over the absorber plate of the air solar collector with the aim of enhancing the heat transfer.

Adding artificial roughness is an efficient way to increase the heat transfer coefficient of the
collector by breaking the laminar sub-layer and creating turbulence over the absorber plate. However,
artificial roughness has also some disadvantages related to friction losses. Thus, it is necessary to
conduct studies of different types of artificial roughness and optimize the key factors of heat transfer
and pressure losses. Different geometric shapes and forms of artificial roughness were proposed and
investigated, such as inclined fins, triangular fins, circular fins, elliptical shaped fins and rectangular
fins (Vengadesan and Senthil 2020). Chaube et al. (2006)conducted a computational analysis on the
artificial roughness implementation in the form of ribs on the absorber plate under turbulent flow
(Reynolds number range 3000-20,000), in order to highlight its impact on the heat transfer
enhancement and flow characteristics. Their analysis showed that the peak in heat transfer coefficient
occurs at the point of reattachment of the separated flow. Moreover, a significant enhancement of the
heat transfer was found compared to that of a smooth surface. The highest heat transfer is achieved
with chamfered ribs, but the best performance index is found with a rectangular rib of size 3x5 mm.
Yadav et al. (2014) conducted a numerical investigation on the heat transfer and fluid flow
characteristics of fully developed turbulent flow in a rectangular duct having repeated transverse
square-sectioned rib roughness of different characteristics (Relative roughness height and Relative
roughness pitch). Twelve different configurations of square sectioned rib were considered in their
study. It was found that the square-sectioned transverse rib roughened duct with relative roughness
pitch and relative roughness height of 10.71 and 0.042 respectively, offers the best thermo-hydraulic
performance parameter (high transfer coefficient) in the investigated range of parameters. However
enlarging the parameters range of the studied ribs may lead to different results. Therefore enhancing
the thermo-hydraulic performances of the air solar collector. On the other hand, Pashchenko et al.
(2018) studied the influence of the design and technological variable on the thermal and aerodynamic
processes taking place in a solar air heater having light-absorbing L-shaped fins. They found that the
maximum thermo-aerodynamic characteristic was found for a solar air collector with a finned light
absorbing surface of 1.92 and a minimum fin pitch of 30 mm. Yaday et al. (2013) performed a CFD
analysis of heat transfer enhancement and flow characteristics due to circular transverse wire rib
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roughness on the absorber plate of an air solar collector. They investigated the effect of relative
roughness pitch (P/e) and relative roughness height (e/D) of a circular rib on the thermal enhancement
factor. They found that ribs of small diameters create intense turbulence, resulting in greater increase
in the heat transfer over the absorber plate. Moreover, they reported that the circular transverse wire
rib roughness with P/e = 10.71 and e/D = 0.042 provides better thermal enhancement factor for the
studied range of parameters and thus can be employed for heat transfer augmentation. An innovative
idea from the environmental point of view using recyclable aluminum cans as absorber plate for air
solar collector was proposed by Kishk et al.(2019). They designed and investigated the effectiveness
of recyclable aluminum cans in the fabrication of a solar collector for drying purposes. Their results
revealed that the thermal efficiency of the designed solar collector increased considerably from 25 to
63% when the airflow rate increased from 15 to 45 m3h™,

Beside the absorber surface modification, air solar collector types play an important role in the
thermal performances enhancement. Several types of air solar collectors exist and have been widely
studied. Vengadesan et al. (2020) critically reviewed in their work the recent studies on thermal
performance enhancement of different types of flat-plate solar air collectors, namely: single pass,
multiple-passes, porous absorbers, air-jet impingement on absorber surface, integration of heat storage
materials, dual-purpose hybrid collectors and hybrid photovoltaic/thermal solar collectors. Lower
thermal heat transfer is not only limited to the convective heat transfer coefficient but also to the
conductive heat transfer, which also has a significant effect. In single pass solar collector heat is
transferred from the upper side of the absorber to a very lower layer of the air by conductive heat
transfer mechanism when the velocity of the air is very low. While, in double pass solar air heaters, in
addition to the conductive heat transfer, an advection heat transfer occurs at the lower side of the
absorber plate which by consequence intensifies the heat transfer coefficient. Double-pass solar air
collectors increase the air’s outlet temperature by passing the air over and underneath the absorber
plate, hence improving the heat absorption and transfer by both passes (Vengadesan and Senthil 2020).
Singh et al. (2018) made a computational fluid dynamics (CFD) analysis of various designs of a
curved solar air heater in order to study the dynamic thermal performance of smooth and the effect of
different types of artificial roughness on the absorber plate. They found that a solar air heater with a
curved plate of V-corrugated single pass had the highest thermal efficiency of 91.93 %, which allowed
the air inlet temperature to increase by 32.05 %.

A number of studies in this area have been carried out, but very few attempts of numerical
investigation of different artificial roughness shapes and forms have been made so far for double pass
solar collector, due to the complexity of flow patterns and computational limitations. In the present
work velocity and temperature patterns inside a double pass parallel flow air solar collector (DPPF)
are numerically determined. Moreover, the thermal performance and the heat exchange effectiveness
of the (DPPF) with different absorber modification, under the solar radiation of Marrakech (31.6295°
N, 7.9811° W) under different flow rates are also investigated.

MATERIALS AND METHODS

CFD Simulation

Computational fluid dynamics (CFD) enable to solve complex physics problems with different
geometry with high accuracy. ANSYS fluent software was used to simulate and study the thermal
behavior of air solar collector. According to simulation results, the most convenient design of air solar
collector will be selected for manufacturing.
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Air solar collector

A basic solar air collector is constituted of three main parts having a great impact on the thermal
energy transferred to air which are: i) the insulation characterized by high thermal resistance in order
to avoid heat losses during the air passage through the solar collector. Wood is usually suitable due to
its thermal insulation characteristics. ii) The cover, characterized by a high transmission factor of the
solar spectrum to allow the penetration of solar radiation inside the solar collector. Moreover, the
cover should possess a low transmittance of infrared radiation and low heat absorptivity in order to
trap the re-radiated heat from the absorber. Glass and plastics (Polycarbonate) are the main materials
usually used as a transparent sheet for solar air collector cover. iii) The absorber plate is the essential
component and all modifications seeking an enhancement of the thermal performance of air solar
collector were carried out on the absorber plate. This plate is usually a metal sheet of different
thicknesses; it can be painted in black in order to increase its absorption and emissivity to enhance the
thermal transfer to the surrounded air.

In the present study, four different configurations were studied in order to increase the
performance of the air solar collector. In the first step, a basic double pass-parallel flow solar air
collector (DPPF) composed of a flat plate absorber was designed. The overall dimensions of this
DPPF collector are 500 X 300 X 100 mm? with an absorber plate of 400 mm length, 300 mm width
and 2 mm thickness placed at 50 mm from the bottom of DPPF collector. The inlet of parallel-pass
solar air solar collector is of square cross-section with an edge of 40 mm (Figure 1). The geometry of
the DPPF collector was modeled in Solidworks software then imported to the geometry module of
ANSYS fluent. In the second, different modifications starting by waved absorber of geometric waves
parallel and perpendicular to the flow direction respectively were implemented as presented in Figures
2-a and 2-b. Then V-corrugated modification was added to the upper side of the absorber plate as it
can be seen in Figure 2-c. These modifications were made to the absorber plate in order to evaluate
their impact on the thermal behavior of the DPPF collector. The optimum design of the absorber plate
will be adapted for manufacturing.
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Figure 1. Basic air solar collector with flat plat collector

The outlet temperatures of all air solar collectors were compared to determine the effect of
absorber modification on DPPF collector efficiency. The generated mesh for the four DPPF solar air
collectors is presented in Figure 3. As it can be seen in this Figure, finer meshing was generated in
zones near the absorber plate and air inlet and outlet in order to obtain reliable results. In the CFD
simulation part, aluminum was selected as the absorber’s material and wood as the insulation material,
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the values of different properties of these selected materials are given in Table 1. In the numerical
simulation of the DPPF solar collector, steady-state conditions were considered.

() (b) (©)

Figure 2. Air solar collector configurations (a) with waves parallel (b) waves perpendicular to the
flow direction (c) with V-corrugated modification
g ANSY
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(@) (b) (c) (d)
Figure 3. Mesh configuration of solar air collector (a) configuration 1, (b) configuration 2, (c)
configuration 3 and (d) configuration 4

Governing equations

In this study, a solar load model was used to calculate the radiation effect from sun’s rays that
penetrate the computational domain, by the mean of the solar calculator utility, taking into
consideration the geographic characteristics of the site (Marrakech). The radiative transfer equation
was modeled by the Discrete Transfer Radiation Model (DTRM), in order to describe the radiation
phenomena of all the rays crossing into the domain cells. The basic governing equation of fluid flow
and heat transfer are the Navier-Stokes equations, which are derived from the basic mass conservation
and continuity equations applied to fluids properties. These equations were iteratively solved using
CFD solvers internally. These equations are as follow:
e Mass conservation equation:

%, 0pvi) _
e ax; 0 @

e Momentum equation:

o(pvivj) _ —0P a avi |, 0vj 2 0vg
ax;  0x; + 0x; 0%; + 0x; 3 IJaxk 1]) (2)
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Table 1. DPPF air solar collector components proprieties

Parameters

Values

Specific heat of glass cover
Specific heat of absorber plate
Specific heat of insulation material
Thermal conductivity of glass cover

Thermal conductivity of absorber plate
Thermal conductivity of insulation material

Density of glass cover
Density of absorber plate
Density of insulation material

800 (J kgL KY)
871(J kgt K1
2310 (J kgt KY)
1.02 (W m KY)
202.4 (W mt K1)
0.173 (W m K1)
2530 (kg m?)
2719 (kg m3)
700 (kg m™)

o Energy equation:

9 L 9 (v, T—KZ) =y 22 vi L i) _ 2%k g
ot +0x]- (pvlcpT Kaxj)_ul ax]-+[“<<ax]-+avi> 3axk8ll>l )

In the CFD analysis section, RNG K-& model by adding enhanced wall functions option has been
applied in ANSYS Fluent software. The modeled transport equations for K and ¢ in the K-& model are
presented as follow:

9(pK) |, 9(pKvy) _ 0 [ ptpe 0K ovi | Ovj\avi
ot * oxi  0x [( Ok )0Xj] T <0Xj + 6V1) 0%; be ()

3pe) | dpevi) _ @ [ ptuey Oe e (ovi \ovi_ e €
ot + 0x; - 0% [( O¢ )ax,- + Cls K He (GV]- + 6vi) av; C2£p K ap (5)
KZ
Me = pCy— (6)
Moreover, the DPPF solar collector efficiency was determined as follows:

First, the transferred energy from the absorber plate to the air is calculated trough the following
equation:

Qa = rhaircp,air(Tout — Tin) (7)
where Cj, ,ir is the specific heat capacity of the air is obtained from the following equation:
Cpair = 1009.26 — 4.0403 1073 T +6.1759107* T? — 4.097 1077T3 (8)

Then, the thermal efficiency of the DPPF collector is expressed as the ratio of the absorbed
energy by air to the solar irradiance:

_ Qa
NDPPF—Collector = 3 9)
abs

Moreover, to evaluate the difference between the actual temperature and the maximum possible
value of air at the collector outlet, the heat exchange effectiveness (HEE) ratio (eyx) is calculated
through the following equation (Kutscher 2016):

€y = Tout—Tin (10)

Boundary conditions

The boundary conditions are specified to solve the continuity and momentum equations. The
received solar radiation by the air solar collector was modeled by the means of the solar calculator in
fair weather conditions (ANSYS FLUENT 13 User’s Guide 2013). The air ambient temperature
during the simulation day was taken as the collector inlet air temperature at the DPPF. It was equal to
288.5 K. Three different inlet mass flow rates were simulated, namely, 0.008 kg s, 0.012 kg s* and
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0.016 kg s. The pressure boundary condition was applied at the outlet of the solar collector, as it is
exposed to the surrounding atmosphere.

Mesh dependency
To ensure the accuracy of the simulation, a grid density test was performed for the considered
DPPF air solar collector through repeated grid adaptation. Figure 4 depicts the variation of the
absorber temperature as a function of the mesh number. The mesh size was varied from a coarser mesh
of 560,606 to a finer size of 8,051,049. Reducing the mesh size increased the absorber temperature;.
However, after the third mesh density the absorber temperature remains constant. Therefore, a mesh
number of 3,247,237 was adapted for this study for further computations. It is associated to a minimal
mesh quality of 0.15 and a maximal skewness value of 0.85.
315.8 -
315.6 -
3154 -
315.2 -
315
314.8 -
314.6 -
314.4 -
314.2 -
314

313.8 . . . .
55000 2055000 4055000 6055000 8055000

Mesh number

Absorber temperature (K)

Figure. 4. Effect of mesh density on the absorber temperature

RESULTS AND DISSCUSSION

DPPF solar collector numerical simulation

The CFD simulation of the four configurations of the DPPF air solar collector was performed
under the solar conditions of Marrakech. Three different air flows were simulated: 0.008 kg s, 0.012
kg s and 0.016 kg s*. The temperature distribution in the air domain 2 mm over the absorber plate for
these air flow rates is illustrated in Table 2. The incident solar radiation is absorbed by the DPPF
collector absorber plate then transferred to the passing air. As the flow rate increases, the passing air
doesn’t have enough time to stay in contact with the absorber. Thus the air thermal energy gain
decreases. In the first configuration (1) there is no obstacle in the air flow direction. Consequently,
there is a laminar sub-layer over the absorber plate that lowers the heat transfer coefficient. In order to
enhance the air contact and break the laminar sub-layer over the absorber plate, three modifications
were simulated (Configurations (2-4)). The use of a perpendicular-air flow waved absorber plate
doesn’t have an efficient impact on the air temperature inside the DPPF solar collector (Table 2).
Whereas a parallel-air flow waved absorber plate creates a barrier and causes an increase in the air
outlet temperature. In this configuration, there are domes in the flow direction, which enable to
enhance the heat transfer. In the fourth configuration, VV-corrugated modification was mounted on the
upper side of the absorber plate. Adding V-corrugations has a significant positive effect and leads to
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higher air temperature. Table 3 gathers the velocity distribution in the air domain of the DPPF solar air
collector. In the first and second configurations, air passes through the two sides of the flat plat
absorber uniformly. In the other configurations, air velocity is much lower inside the DPPF collector
compared to the previous configurations. As the air velocity decreases, the air residence time inside
the collector increases. Therefore, air can gain more thermal energy inside the DPPF air solar
collector.

Temperature distribution at the solar collector outlet is presented in Table 4. This Table shows
the effect of the modification to the absorber plate on the heat transfer coefficient in the DPPF solar
collector, which, as a consequence, modifies the air temperature value and distribution at the
collector’s outlet. For all configurations, the areas over the absorber plate have a higher temperature
while the temperature down the absorber plate is low compared to the upper side and its distribution is
uniform. The highest values of the temperature at the upper sides under the lowest mass flow rate of
the four configurations are equal to 303.2 K, 298.9 K, 304 K and 318.9 K, respectively. While the
highest temperature values associated to the highest air mass flow of these configurations are equal to
295.9 K, 294.4 K, 297.8 K and 305.82 K, respectively.

Table 2. Temperature distribution in air domain 2 mm over the absorber plat

Absorber configurations

Air mass-flow rate (kg s™) 0.008

(©)

2l

Table 2. Temperature distribution in air domain 2 mm over the absorber plat (continued)

Air mass-flow rate (kg s1) 0.016
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Table 3. Velocity distribution inside the DPPF collector

Absorber configurations

Air mass-flow rate (kg s™) 0.008

(1) (2) (3) (4)

Figure 5 presents the air average outlet temperature variation under the three air mass-flow rates
for the four configurations. The lowest increase in the air outlet temperature was found for the second
configuration with 5.54 K, 4.26 K and 3.13 K under 0.008 kg s*, 0.012 kg s and 0.016 kg s air flow
rates, respectively. While the highest increase in the outlet temperature was found for the V-corrugated
modification with 8.74 K, 6.40 K and 5.00 K under 0.008 kg s*, 0.012 kg s** and 0.016 kg s* air flow
rates, respectively. Bhattacharyya et al. (2017) stated in their work that increasing the number of fins
increases the air outlet temperature. This statement justifies the found results. Moreover, increasing the
number of airflow passes also has a positive effect on increasing the air temperature at the collectors’s
outlet.
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Table 4. Temperature distribution at DPPF collector outlet

Absorber configurations

Air mass-flow rate (kg s™) 0.008

1) (2) 3) (4)

o 002 oy I—'
—
Do

Air mass-flow rate (kg s*) 0.012

300 -
2 === Configuration 1
< 298 -
i e Configuration 2
S 296 -
g— === Configuration 3
(5]
ko 294 1 e Configuration 4
6

292 -

290 T T T T T 1

0.006 0.008 0.01 0.012 0.014 0.016 0.018
Air flow (kg s1)

Figure. 5. Variation of the average outlet temperature with air flow rate for the 4 configurations
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The variation of the DPPF solar air collector’s thermal efficiency with configurations is shown in
Figure 6. As it can be seen, the thermal efficiency of all configurations is enhanced by increasing the
air flow rate. The thermal efficiency of the four configurations under the lowest air flow rate of 0.008
kg s is 67.93 %, 45.46 %, 70.56 % and 76.92%, respectively. While their thermal efficiency
associated to the highest air flow rate (0.016 kg s) is 72.13 %, 51.36 %, 79.79 % and 87.97 %,
respectively. Thus, the highest thermal efficiency was found to be equal to 87.97 % associated with the
highest air flow rate for the fourth configuration (V-corrugated modification). Adding this
modification increased the exchange surface of the solar collector and also increased the residence
time of air in the collector. Consequently, the heat transfer coefficient has increased and the thermal
efficiency of the DPPF solar collector was enhanced. As it was stated by Lin et al. (2020) in their
work, the solar air heater thermal efficiency with corrugated absorber modification is 9% higher than
that of a plain absorber. Moreover, the separation of flows into several parallel flows was the
preponderant reason for the better performances of the solar air heater.

Figure 7 presents the average heat exchange effectiveness ratio gnx of the four configurations. It
is defined as the ratio of the heat transferred in the actual absorber configuration to the heat that would
be transferred in the ideal absorber configuration. The HEE is related to the absorber design. Adding
artificial roughness to the absorber plate increases the air residence time inside the collector and
enlarges the heat exchange surface, creating, thus, the turbulence, which enhances the heat transfer
coefficient and, by consequence, increases the HEE ratio. The CFD simulation results indicated that
adding V-corrugated modification has a significant positive effect on the air outlet temperature and the
thermal performance of the DPPF solar collector.

100 -
80 - m Configuration 1
N m Configuration 2
260 Configuration 3
[<b]
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o 40
20
0

0.008 0.012 0.016

Air mass flow rate (kg s?)
Figure. 6. The DPPF solar air collector thermal efficiency variation according to configurations
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Figure. 7. Heat exchange effectiveness ratio variation via configurations
CONCLUSION

In this paper, the design and CFD analysis of four Double Pass Parallel Flow air solar collector
configurations were carried out. The temperature distributions 2 mm over the absorber plate and at the
DPPF collector outlet were evaluated. Moreover, the velocity field profiles were analyzed to predict
the thermal efficiency of the solar collector. Adding artificial roughness to the absorber plate has a
significant effect on the thermal performances of the DPPF collector. V-corrugated modification
showed the high thermal performances for all mass flow rates with a thermal efficiency of 76.92 %,
84.46 % and 87.97 % under the air flow rate of 0.008 kg s, 0.012 kg s™and 0.016 kg s, respectively.
The results showed that the use of V-corrugated shapes over the absorber plan in manufacturing air
solar collectors is technically feasible. Thereby, it can be more beneficial to small scale thermal
processes.
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