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Nowadays, in several types of commercial or institutional buildings, a significant rise of transpired solar collectors used to preheat
the fresh air of the building can be observed. Nevertheless, when the air mass flow rate is low, the collector efficiency collapses and a
large amount of energy remains unused. This paper presents a simple yet effective mathematical model of a transparent transpired
solar collector (TTC) with dual intake in order to remove stagnation problems in the plenum and ensure a better thermal efficiency
andmore heat recovery. A thermal model and a pressure loss model were developed.Then, the combinedmodel was validated with
experimental data from the Solar Rating and Certification Corporation (SRCC). The results show that the collector efficiency can
be up to 70% and even 80% regardless of operating conditions.The temperature gain is able to reach 20∘Kwhen the solar irradiation
is high.

1. Introduction

Nearly 98% of the Quebec electric energy is produced with
hydropower, a clean and renewable energy source.Therefore,
it seems to be important to make the best use of it. In this
perspective, Quebec should encourage the use of heat pumps
which have higher performance than electric baseboards.
Nevertheless, heat pumps performance falls drastically when
the outside temperature decreases. Also according to Hydro-
Quebec statistics [1], 77% of households are heated with
electricity and 90% of them also use electricity to produce
domestic hot water. These two consumption functions rep-
resent about 45% of the global winter Quebec residential
consumption of electricity. Moreover, this heating load is
responsible for massive and costly purchase of electricity in
winter when the power demand of the network exceeds its
capacity. Therefore, it may be conceivable to connect the
heat pump evaporator with thermal solar collectors directly
or indirectly to maintain the COP above 1, even when the
outside temperature is very low.

The objective of this paper is to present a simple model
for thermal solar collectors to be used in the design steps
of an installation without the use of Computational Fluid
Dynamics (CFD) simulations at each step of the design. The
interest in such a simple prediction method is that it allows
the analyst to use a simple and very fast tool to test several
design possibilities without the costs of expensive standard
CFD simulations with in-house or commercial tools.

The selected solar technology in this paper is based on
transpired collectors. These collectors, unglazed or transpar-
ent, are usually used to preheat fresh air for large commercial
and institutional buildings. In this paper, a transparent tran-
spired collector ismodeledwith an intake at each end: the first
one is dedicated to preheat fresh air for the building while the
second one would be linked to the heat pump evaporator.The
genuinemathematicalmodel combines a thermalmodel with
a pressure loss model in order to determine the incidence
of the second intake on the performances of the collector. A
parametrical study was performed to measure the impact of
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the operating mass flow rate, the solar irradiation, and the
outside temperature on the thermal performances of the solar
wall.

2. A Selected Literature Review

2.1. Unglazed and Transparent Transpired Collectors.
Unglazed transpired collectors (UTC) have been investigated
intensively since about 1980. Kutscher [2] was among the
first to study this technology. For this purpose, he compared
analytical results obtained with a thermal balance on the
collector with experimental results. In this way, he has
been able to identify the most influencing parameters on
the solar collector performances. Thus, the wind effect is
limited for suction speeds higher than 0.05m/s and it is
recommended to use a selective absorber coating on the
perforated plate. Moreover, based on an analysis of thermal
losses, he asserted that natural convection operating at the
outside of the collector was negligible. This statement was
also confirmed later by Arulanandam et al. [3]. Then, he
conducted a numerical CFD simulation (Computational
Fluid Dynamics), simplified thanks to symmetry elements,
on a perforation and its adjacent location. He was thus able
to establish a correlation on the perforated plate’s thermal
efficiency depending on dimensionless parameters such as
porosity, the Reynolds number, and the plate’s absorptivity.
The plate’s thermal efficiency is mainly influenced by the first
two parameters.

For their part, Leon and Kumar [4] have developed
a mathematical modeling based on a thermal model and
empirical relationships in order to predict the thermal per-
formances of the solar collector depending on operating
conditions. The studied parameters were porosity, air mass
flow rate, solar radiation, plate’s absorptivity, and emissivity.
Their studies were more oriented for drying applications.
Lixin and Xiumu [5] obtained similar results with the same
type of study, which are that air mass flow rate and solar
radiation represent the most influencing parameters on the
system efficiency which can reach 70 to 80%.

Summers [6] developed a numericalmodel with TRNSYS
software based on a thermal balance allowing us to determine
the energy potential and the payback period. He concludes
that the technology should be recommended for large res-
idential buildings. Later, Delisle [7] adapted her model to
simulate the addition of photovoltaic cells on the transpired
solar collector. In recent years, this type of coupling is
specifically investigated. Indeed, it allows us to recover heat
while increasing the electrical efficiency of photovoltaic cells
[8]. The TTC enables us to minimize the cells’ temperature
and therefore to increase the efficiency. Nevertheless, the
additional incurred costs do not justify the low rise of the
electrical efficiency.

A modification of the unglazed transpired solar collector
appeared in recent years: the transparent transpired solar
collector. It looks like the UTC; the only difference is that
the perforated plate is semitransparent and the inner wall
becomes the absorber. Thus, the air is warming up crossing
perforations and also when it is circulating into the plenum.
In Canada, such a technology was patented by Enerconcept

[9]. Thermal performances are similar to those of UTC but
collectors lookmore discreet from an esthetical point of view.

2.2. Solar Collectors and Heat Pumps. Many researches have
been conducted on different coupling techniques between
heat pumps and solar collectors. Thus, systems can be
categorized as follows: parallel coupling, serial coupling, or
mixed coupling. In parallel coupling, the heat pump receives
heat from ambient environment and the energy produced
by the solar collector is directly provided to the relevant
application [10]. In serial coupling, the solar energy is solely
provided to the heat pump evaporator, whereas in a mixed
coupling the evaporator is designed to receive heat from solar
collectors as well as from ambient environment depending on
surrounding conditions [11].

Different types of collectors are usually used:

(i) unglazed or flat plate collectors;
(ii) vacuum tube collectors;
(iii) transpired solar collectors.

Amajority of studies in scientific literature deal only with
mixed coupling. Indeed, they are more relevant because they
allow us to select the hot source origin depending on weather
and operating conditions with an appropriate controller.

Çağlar and Yamalı [12] conducted a study on a heat
pump connected with a vacuum tube collector to provide hot
water with a higher temperature than local outside winter air
temperature in Ankara, Turkey. This coupling also enables
us to increase the collector efficiency because the outer wall
temperature is equal to ambient temperature, thus removing
thermal losses.

Other researchers have worked on serial systems inwhich
heat pump evaporator consists in a solar collector. The
refrigerant circulates directly in the solar collector [13, 14].
There are also indirect systems in which the heat pump and
the solar collector are linked with a heat exchanger. The fluid
circulating in the collector can be air, water, or refrigerant
[15, 16]. All of these studies have been conducted in tropical
or temperate climates. Lastly, there are alternative systems
such as a vacuum tubes collector coupled with a heat pump
using carbon dioxide as a refrigerant fluid [17].The advantage
of this fluid is that, at high temperature and pressure, the
refrigerant enters in the supercritical area. Furthermore, its
environmental impact is quite lower than that of refrigerant
R-134a, for instance. Studies have also been conducted on
hybrid geothermal systems using solar collectors in addition
to the energy delivered by the geothermal field. A study
from Rad et al. [16] in Canada’s northern climate showed
this solution was viable and profitable to domestic hot water
heating and space heating.

3. Materials and Methods

3.1. Collector Geometry. The investigated solar collector is
composed of a semitransparent perforated plate which allows
themajor fraction of the incident solar radiation (irradiation)
to be transmitted to the internal (absorber) wall. The usual
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material for these so-called transparent transpired collec-
tors (TTC) is polycarbonate. Basically, one needs (outside)
a material with high transmissivity and low absorptivity
to solar radiation. This limits the temperature rise of the
cover plate and therefore limits heat losses by radiation and
convection to the environment. Combined with an absorber
wall with high absorptivity, radiation is then trapped between
the cover plate and the wall as the cover plate has a low
transmissivity in the near infrared. That is, the radiation
emitted by the inner wall is absorbed and reflected back by
the cover plate.

A fan located at each end of the wall enables air to be
drawn through plate perforations by creating a pressure drop
in the plenum.The air is heated by convection when it crosses
the perforated plate. Then, the air continues to warm up in
contact with the absorber inner wall until the intake ducts.
Figure 1 presents a schematic of the collector geometry.

The porosity is used to calculate the convective exchange
which takes place when the air flows through the perforated
plate. The porosity is calculated by the use of [17]
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3.2. Thermal Modeling. A thermal balance is carried out on
the different elements which compose the solar wall, namely,
the perforated plate, the absorber wall, and the plenum. For
that purpose, the solar collector is discretized into 𝑛 control
volumes in vertical direction so as to set the energy balance
equations. The mechanisms of heat transfer are supposed to
be one-dimensional, in steady state, and for an adiabatic wall
behind the collector. Similar assumptions have already been
used in scientific literature [2, 4]. Figure 2 shows the solarwall
discretization and the heat transfer mechanism occurring at
the node 𝑗.

The heat exchange, assumed to be in steady state, leads
to three conservation energy equations, one for each of
the abovementioned elements of the solar wall. The energy
balance on the perforated plate at node 𝑗 yields
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The energy balance on the absorber wall at node 𝑗 is given by
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Figure 1: Transparent transpired solar wall with dual intake.

Plate

WallPlenum

T
|j
m

T
|j
a

T
|j
p

q̇
|j
conv,p−a

q̇
|j

conv,p−wind

q̇
|j

rad,p−sur

q̇
|j

rad,p−m

q̇
|j
conv,m−a

q̇
|j

rad,sol−m
q̇
|j

rad,sol−p

ṁ
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Figure 2: Thermal model of solar collector at node 𝑗.

And the energy balance on the air flowing in the plenum
at node 𝑗 can be expressed such that
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In the conservation equations, the convective exchange
coefficient between the perforated plate and the air flowing
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into the plenum is calculated with Kutscher’s correlation
[2]:
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The Nusselt number, Nu
𝐷
, also comes from the experi-

mental work of Kutscher [2]. The collector is assumed to be
a small object surrounded by an environment with constant
outside temperature. Therefore, the radiative exchange coef-
ficient between the plate and the surroundings is given by the
following equation derived from Bergman et al. [18]:
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The convective exchange coefficient between the plate and
the external environment which represents the losses to wind
is determined according to Delisle’s work [7] on transpired
solar collectors:
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The radiative exchange coefficient between the perforated
plate and the absorber wall is obtained from the approxi-
mation of the radiative exchange between two parallel plates
presented by Bergman et al. [18]:
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Finally, the convective exchange coefficient between the
wall and the air flowing in the plenum is calculated according
to Leon and Kumar’s work [4]:
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The Nusselt number along the wall depends on the flow
regime (laminar or turbulent).

3.3. Pressure Loss Modeling. In several papers taken from
the scientific literature, the air inflow into the solar collector
is assumed constant for the entire height of the wall [2–4].
However, this is an approximation that may be challenged.
Indeed, it can be expected that the closest the location is from
the exhaust fan (the building intake), the more important
the air mass flow rate will be. For this purpose, a suitable
pressure loss model enables us to identify, for any operating
conditions, which fraction of the solar wall is really used by
the fresh air intake.Thus, the unused fraction of the collector,
that is, the portion of the collector away from the (upper)
fresh air intake, will now be linked with the second (lower)
air intake to preheat the evaporator.The pressure dropmodel
is based on and adapted from Kutscher [2] and Motahar and

Alemrajabi [19] studies. In their papers, the authors assumed
that the fan balances the whole pressure loss due to the solar
collector. Thus, for a value of power and of air flow rate, the
pressure loss is given by the following equation:

Δ𝑃 =

𝑊𝜌

�̇�out
. (10)

All pressure losses can be decomposed as follows:
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Pressure losses through the perforations are calculated
with the formula taken from Kutscher’s work [2]:
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Pressure losses due to buoyancy strengths are given by
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Pressure losses due to frictional strengths are calculated
with the following equation:
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Finally, pressure losses due to acceleration are given by
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On the top part of the wall, the solving is done from top
to bottom according to Figure 3 because the pressure and the
air flow rate are known at the outlet of the solar wall.

Thus, operating conditions are known at point 1.The next
step consists in calculating pressure losses between points 1
and 2, respectively, Δ𝑃

𝑏
, Δ𝑃
𝑓
, and Δ𝑃

𝑎
. The pressure value

at point 2 is calculated by adding pressure losses to the
pressure value at point 1.Then, the pressure losses through the
perforated plate, point 3, are equal to the difference between
the atmospheric pressure and the pressure value at point 2.
The air velocity flowing into the plenum is obtained by (12).
Lastly, we assume that the pressure value at point 4 is the same
as at point 3 and, therefore, the air flow rate at node 𝑗 + 1 can
be determined such that

�̇�
|𝑗+1
plen = �̇�

|𝑗

plen − �̇�
|𝑗

ent. (16)

The process is repeated until the air flow rate in the
plenum reduces to zero. The solving method is the same for
the bottompart of the wall; steps are just followed in the other
direction according to Figure 4. The pressure value at point 1
is assumed to be the same as at the last point of the high part
pressure loss model and the air flow rate is considered equal
to the air inflow rate at the node 𝑗−1.Then, the pressure losses
through the perforated plate at point 3 enable us to calculate
the air inflow rate at point 3.The air flow rate at point 2 is thus
obtained by adding it to the air flow rate at point 1. Similarly,
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Figure 3: Pressure loss model on high part of the wall at node 𝑗.
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Figure 4: Pressure loss model on the low part of the wall at node 𝑗.

the next step consists in calculating pressure losses between
points 2 and 4, respectively, Δ𝑃

𝑏
, Δ𝑃
𝑓
, and Δ𝑃

𝑎
. The pressure

value at point 4 is calculated by adding pressure losses to the
pressure value at point 2.

In this way, the air outflow from node 𝑛 represents the
operating flow rate of the fan and the pressure at the exit of
this node enables us to determine the pressure loss balanced
by the fan.

3.4. Resolution Algorithm. Figure 5 shows the resolution
algorithm developed in order to obtain the temperature
vectors.

3.5. Numerical Details. In Figure 5, the initial temperature
vectors, 𝑇, for the cover plate, the wall, and the air in the
plenum are set to 𝑇amb, the ambient temperature. Thus, the
properties and radiative heat transfer coefficients are first
evaluated at this temperature. Then, the fluid properties are
recalculated by use of standard interpolations (embedded in
an independent subroutine) between 250K, 300K, and 350K
in the tables provided in the textbook by Bergman et al. [18].
As evidenced by (8), since the radiative exchange coefficients
explicitly involve surface temperatures, the process is iterative
and the values of these radiative coefficients are updated from
one iteration to the next.

The simulationswere obtained using 50, 100, 200, and 400
nodes. As the solution was insensitive to the number of nodes
after 200, this grid was used to provide the results presented
in the next section.

The calculationswere performed on a 5th generation Intel
Core i7 Pro Laptop. And typical CPU times range from 2 to 10
minutes according to the grid used and the problem solved.

Table 1: Collector parameters.

Collector’s height,𝐻 [m] 2.448
Collector’s width, 𝐿 [m] 1.836
Collector’s depth, 𝑒plen [m] 0.150
Perforations diameter, D [m] 0.002
Perforations pitch, 𝑝 [m] 0.016
Plate absorptivity, 𝛼

𝑝

0.14
Plate transmissivity, 𝜏

𝑝

0.78
Plate reflectivity, 𝑟

𝑝

0.08
Plate emissivity, 𝜀

𝑝

0.86
Wall absorptivity, 𝛼

𝑚

0.93
Wall reflectivity, 𝑟

𝑚

0.06
Wall emissivity, 𝜀

𝑚

0.88
Pressure drop of the collector, Δ𝑃 [Pa] 125

This indicates that the goal was reached in terms of simplicity
and quickness of the solution procedure.

The iterative procedure provides new temperature vectors
(𝑇
𝑎
, 𝑇
𝑝
, and 𝑇

𝑚
) at each iteration of the process. These

temperatures are compared to those obtained at the previous
iteration until the convergence criteria are reached, 𝜀 = 1 ×

10
−5.
Finally, it is worth mentioning that since the properties

do not vary much over the 100K range concerned with this
problem, no convergence problemswere observedwhen solv-
ing this linearized discrete problem for the three unknowns,
𝑇
𝑎
, 𝑇
𝑝
, and 𝑇

𝑚
.

4. Results and Discussion

4.1. Model Validation with Experimental Data. Results
obtained with the proposed mathematical modeling are first
compared with performances evaluated experimentally by
the Solar Rating and Certification Corporation (SRCC) [9]
for a relatively small collector of about 4.5m2 involving a
single building intake located on top. The model is then
validated with a single intake positioned on the top of
the plenum. The validation is carried out indoors with a
controlled ambient temperature of 293K and a solar incident
irradiation of 913W/m2. Table 1 presents the fixed physical
parameters of a commercial solar collector used to validate
the model. The two parameters varying are the unit air
volumetric flow rate, from 4 to 10 cfm/ft2, and the wind
speed, from 1 to 3m/s. For this validation test case, the flow
rate of 4 to 10 cfm/ft2 corresponds to about 0.024 kg/s/m2 to
0.06 kg/s/m2, respectively. Data measured or calculated are
collector thermal efficiency and temperature gain. Figure 6
shows the converged results.

In general, the results testify that the proposedmathemat-
ical model represents very well the solar collector behaviour
certified experimentally by SRCC. Figure 6(a) indicates that
thermal efficiencies are close to what wasmeasured by SRCC:
the maximum discrepancy is about 2%.

This was found to be quite interesting for one-dimension-
al predictions meaning that the tool can indeed be used for
design. Figure 6(b) shows that although the model slightly
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Figure 5: Resolution algorithm.

overrates temperature gains measured at the collector air
duct, the discrepancy remains below 1.7∘C.

4.2. Effect of the Air Flow Rate. By use of the complete model
for dual intake, it is now possible to determine the impact

of several environmental parameters on the collector per-
formances for such a configuration. For the proposed study,
a typical collector used in a complete yearly campaign of
measurements has been selected for the simulations [20].This
collector is about 4 times the size of that of the previous study,
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Figure 6: Model validation for three wind speeds: (a) efficiency versus unit air flow rate; (b) temperature gain versus unit air flow rate.
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Figure 7: Effect of the mass flow drawn upward on (a) the efficiency; (b) temperature gain in the top intake; (c) temperature gain in the
bottom intake.

4m × 4.6m, and themass flow rate varies from 0.1 to 2.0 kg/s.
For the sake of comparison with the abovementioned vali-
dation study, the thermal efficiency and the temperature are
used as performance indicators.Thermal efficiency is defined
by

𝜂 =

𝑄
𝑢,high + 𝑄𝑢,low

𝐴
𝑡
𝐺sol

, (17)

where the useful energy is calculated with the following
equations:

�̇�
𝑢,high = 𝑚

|𝑗

plen,high (𝑐
|𝑗

𝑝,𝑎

𝑇
|𝑗

𝑎

− 𝑐
𝑝,amb𝑇amb) ,

𝑄
𝑢,low = 𝑚

|𝑛−𝑗

plen,low (𝑐
|𝑛−𝑗

𝑝,𝑎

𝑇
|𝑛−𝑗

𝑎

− 𝑐
𝑝,amb𝑇amb) .

(18)

Thus, the testing procedure consists in fixing the whole
parameters and varying alternatively the air flow rate, the

solar irradiation, and the outside temperature.Here, a supple-
mental convergence requirement is needed tomatch both the
temperature (heat balance) and themass flow rates (pressure)
in both intakes.

Table 2 presents four typical days that were simulated.
Here, the external ambient temperatures were fixed at 298K
and 263K in summer and winter, respectively, and the wind
speed at 1m/s while the irradiation was 1000W/m2 and
200W/m2 for sunny and cloudy days, respectively.

Figure 7 presents the effect of the air flow rate drawn
by the top intake and aimed at the air conditioning system.
Results presented in Figure 7 indicate that, with the addition
of the second intake, the collector efficiency stays high even
when the air conditioning system requires low fresh air flow
rates. Indeed, efficiency varies between 70 and 80% for the
four typical days and this corroborates the previous results of
Lixin and Xiumu [5]. The temperature gain is about 15 K for
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Figure 8: Effect of the variation of solar irradiation on (a) the efficiency; (b) temperature gain in the top intake; (c) temperature gain in the
bottom intake.

Table 2: Selected input parameters for the simulation.

Case Type of day Outside
temperature [K]

Solar incident
irradiation
[W/m2]

Wind
speed
[m/s]

A Sunny summer 298 1000 1
B Cloudy summer 298 200 1
C Sunny winter 263 1000 1
D Cloudy winter 263 200 1

low air flow rates during sunny days and it tends towards 10 K
when the mass air flow is higher than 1 kg/s. During cloudy
days, the temperature gain is limited to around 3Kwhich was
expected as there are not many losses to the environment due
to the “poor” (low) level of irradiation.

4.3. Effect of the Solar Irradiation. Figure 8 shows the effect of
solar irradiation on performances of the TTC for two external
temperatures representing summer and winter, respectively,
298K and 263K, and still a constantmass flow rate of 0.6 kg/s.

In summer or winter, solar collector efficiency is higher
when the solar irradiation is low, corresponding to cloudy
days. Then, the efficiency decreases linearly but is still higher
than 70%. This is due to the fact that the convective and
radiative losses to the outside increasewhen the incident solar
irradiation is increasing. With the similar argument, we can
justify the fact that the thermal efficiency is slightly higher
in winter than in summer. Indeed, winter temperatures are
lower than summer temperatures so thermal losses are also
lower.

The temperature gain increases linearlywith solar irradia-
tion to reach 20K in summer contrary to 17 K in winter when
the incident solar irradiation is worth 1500W/m2.

4.4. Effect of the External Ambient Temperature. Figure 9
presents the effect of the variation the external ambient
temperature for two irradiations, that is, one corresponding
to “sunny” conditions (1000W/m2) and the other corre-
sponding to “cloudy” conditions (200W/m2). The air mass
flow rate is still constant (0.6 kg/s).

Figure 9 indicates that the variation of outside tempera-
ture (reported along the 𝑥-axis) is shown to be quite limited
on all parameters when the sky is cloudy. For instance,
on such days, temperature gains are between 2 and 3K
whatever the outside temperature is. Similarly, collector
efficiency decreases slowly when the outside temperature
rises indicating a slight corresponding increase in convective
and radiative losses. During sunny days, thermal losses being
more important due to higher collector temperature for the
same mass flow rate than for a cloudy day, the collector
efficiency is lower and decreases faster than during cloudy
days.

Nevertheless, one should note that although low efficien-
cies are obtained when either the irradiation or the outside
temperature is high, there is a better temperature gain and
therefore more energy recovery.

5. Conclusions

5.1. Summary. This paper introduces a simple yet accurate
mathematical modeling of a transparent transpired solar
collector with dual intake that accounts for variable air-
flow within the perforations of the collecting surface. The
model was first validated with selected data from the SRCC
for a single intake transparent transpired collector. Then,
a second intake was introduced in the model and the
application to a real collector was considered. The resulting
geometry involves top and bottom building intakes and
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Figure 9: Effect of the variation of the outside temperature on (a) the efficiency; (b) temperature gain in the top intake; (c) temperature gain
in the bottom intake.

hence somewhere in between the inflow of air splits to go
either upward or downward. The proposed model begins
the prediction at the air exits and proceeds backward to
compute mass flow rates, temperatures, and pressures within
the plenum until a mass, momentum, and energy balance is
achieved.

The interest in such a simple prediction methods is that
it allows the analyst to use a simple and very fast tool to
test several design possibilities without the costs of expensive
standard CFD simulations with in-house or commercial
tools.

For instance, a parametric study has been carried out
to determine the effect of the most influencing parameters
including air flow rate, solar irradiation, and external ambient
temperature. Results show that the addition of a second
intake on the solar collector enables us to maintain high
thermal efficiency regardless of operating conditions. The
temperature gain is found to be slightly impacted by the
external temperature but to increase linearlywith the incident
solar irradiation.

The relevance of the proposed second intake increases
when the collector surface is high, even higher than that
considered herein, leading to stagnation zones into which air
never reaches the first intake. This second intake therefore
collects air that otherwise would not have been collected.

5.2. Recommendation for Future Work. In an upcoming
work, it would be mandatory to validate the model against
experimental results gathered on a real installation involving
two intakes located such as those investigated here.Moreover,
as the conditions vary with time, an unsteady version of this
code should be developed and heat losses or gain through the
wall should be considered.

Once the transient model is validated, the second part
of the project could be initiated, that is, a global simulation
with TRNSYS involving a first intake devoted to standard
preheating of fresh air and the second one linked with
the evaporator of a heat pump. This would then determine
whether or not the proposed solution is economically viable
and under which conditions.

Nomenclature

𝐴
𝑡
: Total surface area of the collector (m2)

𝐴
𝑗
: Surface area of volume 𝑗 (m2)

𝑐
𝑝
: Specific heat (J/kg⋅K)

𝐷: Diameter of the holes (m)
𝑒
𝑚
: Wall thickness (m)

𝑒
𝑝
: Cover plate thickness (m)

𝑒plen: Depth of the plenum (m)
𝑓: Darcy friction factor
𝑔: Gravitational acceleration (m/s2)
𝐺sol: Incident solar radiation (W/m2)
ℎ: Heat transfer coefficient (W/K)
𝐻: Height of the collector (m)
𝑘: Thermal conductivity (W/m⋅K)
𝐿: Width of the collector (m)
�̇�: Mass flow rate (kg/s)
𝑛: Number of nodes
Nu
𝐷
: Nusselt number through holes

Nu
𝑚
: Nusselt number along the wall

𝑝: Pitch (m)
𝑃: Pressure (Pa)
Pr: Prandtl number
̇𝑞: Heat flux (W)
𝑟: Reflectivity
Re
𝐷
: Reynolds number through holes
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Re
𝑚
: Reynolds number along the wall

𝑇: Temperature (K)
𝑊: Fan power (W).

Greek Symbols

𝛼: Absorptivity
Δ𝑃: Pressure loss (Pa)
𝜀: Emissivity
𝜀conv,𝑝: Thermal efficiency of the cover plate
𝜙: Convergence criterion
𝜇: Dynamic viscosity (kg/m/s)
]: Kinematic viscosity (m2/s)
𝜌: Density (kg/m3)
𝜎: Porosity
𝜎SB: Stephan Boltzmann cte (W/m2⋅K4)
𝜏: Transmissivity.

Indices

𝑎: Air circulating in the plenum
amb: Ambient air
atm: Atmospheric
eff: Effective
ent: Fluid entering the plenum
grnd: Ground
𝑚: Absorber wall
𝑝: Cover plate, perforated plated
plen: Fluid circulating in the plenum
sol: Solar
sur: Surroundings.

Exponents

|𝑗: Nodes identification.
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