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1. Introduction

Nowadays, environmental concerns about the use
of fossil fuels, such as greenhouse gas emissions
and global warming, are becoming more acute. On
the other hand, the use of novel and renewable
energy sources, especially solar energy, plays an
important role in meeting the various needs based
on power plant and non-power plant technologies.
One of the non-power plant purposes of employing
solar thermal energy is utilizing solar air heaters or
hot air collectors, which have a wide range of
applications due to their simple design and low
cost. In addition to heating various spaces
(residential buildings, animal shelters, etc.) and
drying agricultural and industrial products, these
devices can also use the hot exhaust air for solar
dehumidification systems or recovery section of
cooling systems.

In general, the main components of a solar air
heater include a transparent cover (such as glass),
absorber plate (such as thin aluminum sheet),
thermal insulation material (such as glass wool),
air channel or duct, and air blower or fan. These
thermal systems, which convert solar thermal
radiation into airflow enthalpy directly, are mainly
capable of providing low to medium temperatures
(less than 60 °C). However, this range of supply
temperatures can be acceptable in many industrial
and domestic applications.

Since the conductive and convective coefficients
and the heat capacity of the “air” fluid have small
values, the efficiency of solar air heaters is lower
than that of solar collectors whose working fluid is
“liquid”. Therefore, with the aim of increasing the
heat transfer coefficient (between the absorber
plate and the airflow) and reducing the heat loss
from these systems, various studies have been
conducted over the years. In this regard, in order to
increase the rate of heat transfer to the main flow
and improve the thermal performance of solar air
heaters, different solutions have been proposed by
interested researchers, the most important of which
are: corrugating the absorber plate, placing
obstacles and fins with different geometric shapes
in airflow path, creating a series of rib-grooves
over the absorber plate, using radiative gases
instead of air (such as a mixture of dry air and

water vapor), utilizing tubes containing phase
change materials (PCMs), designing double-pass
channels for air flow, and using porous areas in
flow path.

All of the above-mentioned approaches and ideas
recognize the importance of achieving high
thermal efficiency in flat-plate solar air heaters.
However, the purpose of the current study is to
comprehend how creating an air gap by utilizing
two glass covers affects the thermal efficiency of
this sort of heat exchanger. Although this is not a
novel idea, its effect on the behavior of flat-plate
solar air heaters has not been studied so far with
the numerical solutions of governing equations by
employing CFD methods along with the least
simplifying hypotheses. The double-glass flat-
plate solar air heater considered in this research
was analyzed by simulating the model in
COMSOL Multiphysics software, and finally, the
obtained numerical results were compared with the
results of analysis of air heater owned one glass
cover (elimination of air gap).

2. Modeling and simulation

The analyzed model of the double-glass flat-plate
solar air heater was schematically represented in
Fig. 1, and the values of the geometrical, optical,
and thermal parameters of this system were
specified in Table 1. Two similar glass covers were
employed in this air heater, allowing for laminar
natural convection flow in the gap between two
glasses. Moreover, a laminar forced convection
flow exists in the space between the bottom (or
inner) glass cover and the absorber plate, which is
essentially the main air passage channel. The
working fluid in both flows is air (as a non-
radiative gas). The air entering the main channel
has a uniform temperature of 293 K and an average
velocity of 0.2 m/s. In the numerical simulation of
the present problem, all the thermophysical
properties of air in both natural and forced
convection flows were considered as a function of
fluid film temperature.

In  this study, COMSOL Multiphysics
commercial software (version 5.5) was employed
to draw the 2D model’s geometry and generate the
mesh-grid, as well as to simulate the fluid and heat
transfer flow. Due to the rectangular geometry of
the computational domain including solid
components and fluid parts, the orthogonal
structured grid with the optimum number of
elements equal to 320x170 was selected as the
acceptable mesh-grid after performing the grid
independence  studies. In  addition, the
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experimental and numerical results of the previous
studies in the literature were used to validate the
findings of the present simulations, such that a
good agreement was observed.

fn'e:f\t VLT |

Hot air out

Cold airin
= Absorber plate

V_L Insulation layer

| L |
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Figure 1. A schematic of the analyzed double-glass flat-
plate solar air heater.

Table 1. Various parameters used in the current
simulation.

. Optical and
Geometrical Value thermal Value
parameters
parameters
Heater length 1m Glass emissivity 0.90
Heater width 1Im Glass absorptivity 0.05
Height of air Glass
gap 4cm transmissivity 0.90
Height of air 4cm Ab_so_rb_er 095
channel emissivity
Insulation layer 3.7 Glass thermal 0.78
thickness cm conductivity W/m.K
- Absorber thermal 400
Glass thickness | 5mm conductivity Wim.K
Absorber plate 3mm Insulator thermal 0.037
thickness conductivity Wim.K

3. Results and discussion

In this section, the most important descriptions
regarding the numerical results of the current study
are presented for two models of solar air heaters
(with and without air gap). First, the air heater with
two glass covers and the effect of natural
convection flow due to the presence of an air gap
is investigated, and then its comparison with the
mode of no air gap is explained. In each case, five
radiative heat fluxes of 400, 600, 800, 1000, and
1200 W/m? have been considered, and after
extracting the curves and contours related to the
distribution of velocity, temperature, and pressure
in different components of air heaters, the
performance of these two systems has been
analyzed.

3.1. Investigating the performance of double-
glass solar air heater. The velocity distributions
and streamline patterns for natural and forced
convection flows at various radiative heat fluxes
indicate that the airflow passing along the main
channel has transitioned from a uniform state to a
fully-developed state. However, because of the
relatively slight variations in fluid bulk
temperature along the air channel (less than 40 °C),

the difference in the velocity changes of the
airflow inside the channel is not obvious.
Furthermore, in the air gap between two glass
covers, where natural convection flow is
established and density gradient is the only driving
force, a series of counter-rotating rolls, namely
Bénard convection multicellular pattern, is
observed. These rotating zones near the beginning
and ending axial sections (x=0,L) are wider than
the other cells and also become more intense as the
radiative flux increases.

The pressure distribution in two convective
flows based on different radiative heat fluxes
depicts that the pressure variations are less than 1
Pa. The pressure changes of the airflow inside the
main channel are not greatly affected by the heat
flux. These changes are noticeable only for the
natural air flow between the two glass covers, so
that the high-pressure and low-pressure regions
occur in the vicinity of the top and bottom glasses,
respectively.

The temperature distributions for natural and
forced convection flows and solid components of
the double-glass solar air heater at different
radiative heat fluxes demonstrate low and high-
temperature regions. The first one occurs inside the
air flowing through the main channel near the
bottom glass, as well as at the lower part of the
insulation layer, and the second one happens in the
vicinity of the absorber plate (within the main air
channel and above the insulation layer). It is worth
noting that a portion of the thermal diffusion into
the air flow is through the inner (or bottom) glass
cover, but the main portion is due to the presence
of the absorber plate. As the radiative heat flux
increases, the temperature of the various points of
the air heater increases, and the absorber surface,
where the solar irradiation is absorbed,
experiences the highest value of temperature.

The temperature distribution along the y-axis
(from the lower part of the insulation layer to the
outer surface of the upper glass) at four different
axial sections indicates that the temperature
variations of the air flowing within the main
channel have an ascending trend along the flow
direction. Moreover, an intense temperature
gradient is observed across the thickness of the
insulation layer, and therefore, the insulation layer
is prone to maximum heat loss from this thermal
system. Of course, the greatest temperature
gradient occurs within the main flow adjacent to
the absorber plate. Additionally, in the direction of
the thickness of the absorber plate and glass
covers, an approximately uniform temperature is
found. In the space between two glass covers, due
to the appearance of Bénard convection
phenomenon, temperature variations are non-
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uniform and temperature fluctuations are quite
evident.

The pattern of solid components’ temperature
changes along the length of the air heater (x-axis)
indicates that the temperature variations of the
absorber plate have found a nonlinear and upward
trend. The lower surface of the insulation layer,
which is in contact with the environment, has the
lowest temperature for most of the length of the air
heater, and its variations are accompanied with a
very slight positive slope. Moreover, the glass
surfaces have fluctuating temperature changes
because of their adjacency to Bénard convective
flows, and have experienced lower temperatures at
the beginning and ending axial sections.

3.2. Investigating the performance of single-glass
solar air heater. Subsequently, to confirm the

effect of utilizing two glass covers on the flat-plate
solar air heaters, temperature variations of
different parts of a single-glass air heater were
extracted at varied quantities of radiative heat flux.
Similar to the previous case, the high-temperature
region has been formed adjacent to the absorber
plate (inside the main channel and above the
insulation layer), and there are low-temperature
regions adjacent to the glass cover and the lower
part of the insulation layer. The air near the
absorber plate receives the greater thermal energy
during forced convection mechanism, whereas air
flow around the channel's centerline is recorded at
a lower (but more uniform) temperature. This is
the main reason for the low thermal efficiency of a
single-glass solar air heater, which is actually
caused by the low heat transfer coefficient between
the air flow and the hot surface of the absorber
plate.

Regarding the temperature changes related to the
different parts of the solar air heater with one glass
cover in the direction of the y axis at four different
axial sections and five different radiative heat
fluxes, a strong temperature gradient is seen across
the thickness of the insulation layer and inside the
main flow adjacent to the absorber plate.
Moreover, the maximum temperature in each axial
section occurs on the absorber surface.
Furthermore, it is observed that an almost uniform
temperature happens across the thickness of the
absorber plate and glass cover along the y
direction. The temperature changes of airflow
passing through the heater channel have an upward
trend along the flow direction. At distances away
from the absorber plate, the air flow has a lower
and more uniform temperature. As before, because
of rising radiative heat flux, the temperature at
different points of the air heater (especially the
absorber surface), the temperature gradient across
the thickness of the insulation layer, and

consequently, the amount of heat loss, have been
obviously increased.

3.3. Comparing the performance of two air
heaters in single and double-glass modes.In order

to further study the effect of the number of glass
covers on the thermal performance of solar air
heaters, changes in outlet bulk temperature have
been specified at the inlet velocity of 0.2 m/s in
terms of various values of solar heat flux.
Moreover, changes in the thermal efficiency of
these systems have been determined according to
different values of mass flow rate of air passing the
main channel at a heat flux of 1000 W/m2,

It can be seen that the outlet bulk temperature
increases linearly with increasing the heat flux of
solar radiation in both cases of using one or two
glass covers for the solar air heater. Tripling the
radiative heat flux (from 400 to 1200 W/m?) has
increased the outlet air temperature by 30 °C and
34 °C (equivalent to 9.8% and 11.0%) for air
heaters with one and two glass covers,
respectively, at an inlet velocity of 0.2 m/s. In the
case of using two glass covers and the presence of
a natural convection flow in the air gap distance,
the value of the outlet air temperature at a given
heat flux is higher than when only one glass cover
is used; so that, this temperature increase was
about 2 to 6 °C (equivalent to 0.7 to 1.8 percent) in
the range of 400 to 1200 W/m?. It is also observed
that, in the case of using two glass covers, the
temperature changes of the outlet air increase with
a greater slope at the high values of the radiative
heat flux.

In both cases of one and two glass covers,
increasing the mass flow rate of air improves the
performance of the solar air heater with almost the
same slope. At a radiative heat flux of 1000 W/m?,
changing the air flow rate from 2 to 14 g/s
(corresponding to the inlet velocity of 0.04 to 0.3
m/s) increases the thermal efficiency by 18% and
20%, respectively, for an air heater with one and
two glass covers. In the case of using two glass
covers and the existence of an air gap, the
efficiency of the air heater at a certain mass flow
rate is higher than the case of using one glass
cover; thus, in the flow rate range of 2 to 14 g/s,
this improvement in thermal efficiency has
obtained about 4 to 6 percent. It should be noted
that with an increasing airflow rate, the growth rate
of thermal efficiency for both models of air heaters
eventually decreases.

4. Conclusion

A summary of the most important findings of the

present study can be expressed as follows:

=  The unexpected appearance of Bénard
convection phenomenon in the space between
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two glass covers, due to the presence of natural
convection flow, can lead to a series of heat
losses from the hot air flow inside the heater
duct and reduce the favorable effect of thermal
insulation of the air layer. As a result, the
effective parameters in this system must be
optimized in such a way that a balance is
formed between the minimum heat loss (via air
layer between two glasses) and the maximum
thermal efficiency.

® By increasing solar radiative heat flux, the outlet
air temperature for both models of air heaters
(with and without air gap) increased linearly,
but the double-glass air heater had higher
values at a certain heat flux.

® By increasing air flow rate in both models of air
heaters, the thermal efficiency had a non-linear
upward trend. Furthermore, at a certain amount
of air flow rate, the double-glass air heater has
indicated a greater efficiency.
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