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Efficient thermal energy collector systems are vital to minimize heating demands
and promote sustainable energy systems. One such system that utilizes solar
energy and converts it into useful heat is transpired solar collectors (TSCs).
These systems are typically integrated into building facades to pre-heat
ventilation systems, thereby reducing reliance on fossil fuels. However, the
conventional TSC designs have generally lower thermal efficiency due to non-
uniform airflow distribution and localized overheating within the plenum. In
this study, a numerical investigation is conducted to optimize the design of an
Unglazed Double Skin Transpired Solar Collector (UDS-TSC) using validated CFD
simulations. The simulations investigate the effect of three critical performance
parameters: (1) separation plate placement, (2) shape of separation plate,
and (3) and duct configuration. The results show that placing the separation
plate at the mid-location between the absorber plate and the building wall
maximizes the heat exchange effectiveness, yielding a peak value of gy =
0.505. Among the geometric configurations investigated, the flat separation
plate outperforms corrugated designs, producing a higher outlet air temperature
(41.1°C) and improved heat exchange effectiveness due to reduced flow
resistance and air stagnation. Furthermore, a novel top-ducted configuration
is proposed in this study to reduce localized overheating in the upper plenum
region. This configuration increases the heat exchange effectiveness to 0.661,
corresponding to a 15.6% improvement over the baseline UDS-TSC, while
simultaneously eliminating stagnant high-temperature zones. The findings of
the present study clearly demonstrate that the geometric and the ducting
configuration optimization can significantly enhance the thermal performance
and operational reliability of facade-integrated UDS-TSC systems for building
ventilation and air-heating applications.

KEYWORDS

building integrated renewables, HVAC, low carbon buildings, thermal energy collector
systems, unglazed double skin transpired solar collector (UDS-TSC)
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1 Introduction

Due to unprecedented urbanization and industrialization, global
energy demand has been rising at an exponential rate. Because of this
rapid urbanization and industrialization, the number of commercial
and industrial buildings is also rapidly increasing. This significant
increase, in turn, has ultimately leads to increased demand for
energy consuming systems like lighting, space heating, and cooling
systems. This puts extra strain on the existing power grids and the
environment. According to the International Energy Agency, the
building sector is responsible for a staggering 37% of global green
gas emissions. This has intensified research efforts toward facade-
integrated renewable energy systems capable of reducing fossil fuel
dependency while utilizing existing building envelopes.

Amongst various building-integrated configurations, transpired
solar collectors (TSCs) have emerged as one of the efficient
and passive configuration for ventilation pre heating (Tian and
Zhao, 2013). The reason being that TSCs have the potential to
benefit the most from custom surface modifications, heat transfer
enhancement techniques and coupling capability with conventional
HVAC systems. Conventional TSCs, however, are often limited by
non-uniform airflow distribution, restricted temperature rise, and
localized heat accumulation near the upper plenum region, which
adversely affects both thermal efficiency and system durability. These
limitations become more pronounced when TSCs are integrated into
vertical facades with constrained ducting and ventilation paths.

Initially employed in Canada to facilitate crop-drying during the
summer season, TSCs have subsequently been the subject of many
studies due to their immense potential. Owing to constant research
and fine-tuning of TSCs, they can now be incorporated into indoor
heating systems of buildings by supplying substantial amounts of
heated air during winter and spring seasons. Typically, a TSC is a
simple, low maintenance and passive air heating device to preheat
the incoming ambient air by 10 °C-15 °C (Tajdaran et al., 2020).
This warm air can be directed towards a duct or can also be used
for other purposes such as preheating Heating, Ventilation and
Air Conditioning (HVAC) systems (Tajdaran et al., 2016). Figure 1
shows the layout of a conventional TSC. TSC is installed on the
facade of a building and comprises of an absorber plate with tiny
perforations for the flow of ambient air, duct and a fan. The absorber
plate is heated by solar radiation which in turn transfers the heat
to the ambient air passing through the perforations on the absorber
plate. Most of the hot air is concentrated near the absorber plate and
its perforations. The heated air is then drawn into the plenum and
into a duct with the help of a fan. The warmer air is delivered directly
into the ventilation system and is taken to the interior of a building
requiring heating.

Due to their great potential, extensive innovations in TSC
research have covered a wide range of areas including mathematical
and CFD modeling, innovative designs, and experimental
performance evaluations. As a result of these advancements, a
deeper understanding of TSCs has been developed and these can
be employed in for various domestic and industrial applications

Abbreviations: TSC, Transpired Solar Collector; UDS-TSC, Unglazed Double
Skin Transpired Solar Collector; DS-TSC, Double Skin Transpired Solar
Collector.
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such as preheating the air coming for heating and ventilation. A
parametric study to optimize the geometry of TSCs using a second
order polynomial predictive model based on CFD validation was
performed (Tajdaran et al, 2020). A net increase of 43% in the
heat exchange effectiveness accompanied by 28% less material, as
compared to baseline geometry, was reported for the optimized
configuration. The effect of key performance parameters such as
the wind speed, the impinging wind angle on the absorber plate,
the suction velocity ratio and the intensity of the solar radiation
was studied using RANS CFD modelling (Tajdaran et al., 2016).
The strengths and limitations of TSCs are discussed thoroughly
enlisting the long life of absorber, high efficiencies, higher potential
of heat recovery, wider application to buildings requiring heating
and ventilation (Hall et al., 2011).

On the other hand, TSCs are not deemed suitable for high
temperature rise requirements and the limited integration of TSCs
due to complexity of tilt and orientation of building envelope. A
comparative study for the glazed and unglazed TSCs for desiccant
cooling cycle was performed by computer modeling (Pesaran and
Wipke, 1994). It was found that the simple payback period for
the unglazed configuration was half in comparison to the glazed
arrangement. The efficacy of low emissivity TSCs, combined with
heat pumps, was investigated using computer modelling for a
range of ventilation air space heating systems and a saving up
to 16.4% is reported (Davies et al, 2021). The performance of
unglazed TSCs equipped with the orifice shape perforated panel was
experimentally studied (V Croitoru et al., 2016). An approximate
increase of 40% in thermal efficiency was reported due to higher
mixing between the primary flow and the heated ambient air due
to increased perimeter of the perforations for the proposed design.

A novel, flat, cassette panel TSC solar air heating system was
proposed and tested in the UK weather conditions in winter for
95 days (Hall et al., 2014). The proposed configuration resulted in
an increase of ventilation by proximately 10 °C-15 °C. Moreover, a
numerical model in TRNSYS was proposed to accurately predict
the performance of the design for long term performance. A novel
hybrid liquid-air TSC for simultaneously heating air and water was
analytically modelled by the energy balance method for Abu Dhabi
weather conditions (Qadir and Armstrong, 2010). The performance
of TSC was found to generally increase with the heat capacity
rate. The heat capacity ratio between 0.1 and 0.4 was found to
increase thermal efficiency with performance degradation above the
upper limit of heat capacity ratio. An experimental study presented
the performance comparison of perforated glazed solar air heaters
and unglazed transpired solar air heaters (Vaziri et al., 2015).
Higher solar collector efficiency was found for the perforated glazed
configuration and the increasing the mass flow rate resulted in
higher thermal efficiency while decreasing the temperature rise
for both the arrangements. A transparent TSC with dual intake is
investigated by a novel mathematical mode in TRNSYS software for
Quebec weather conditions to ensure better thermal characteristics
and higher heat recovery (Semenou et al., 2015). The results showed
that the addition of a second intake on the solar collector resulted in
a70%-80% increase in thermal efficiency irrespective of the weather
conditions. Moreover, a 20 °C temperature rise was reported for
higher solar irradiation for this dual intake configuration. Similarly,
small-scale hybrid solar collectors have been investigated as a source
of heat for absorption cooling systems (Figaj et al., 2019). In this
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Schematic illustration of a conventional unglazed transpired solar collector (UTSC) system integrated into a building facade.

Reproduced from (Talha et al,, 2025), Energy and Buildings, with permission.

study experimental work along with a simulation study in TRNSYS
evaluate the performance of a parabolic dish concentrator coupled
with a flat-plate solar collector. Results showed that the concentrator
improves performance in comparison to the flat-plate collector but
only provides a margin of the total heating load due to unpredictable
solar irradiation patterns.

A modification of the traditional TSC is a double-skin
transpired solar collector (DS-TSC) which involves a double-
layered design. It consists of an outer layer allowing the air
to pass through, like a traditional TSC, while the inner layer
forms an air cavity. This results in an additional layer between
the absorber and the building facade, improving the efficiency
and thermal performance of the collector. This design gives
enhanced insulation and heat transfer characteristics. Hence, being
a more efficient alternative for sustainable heating and ventilation
systems. A DS-TSC was numerically simulated by using ANSYS
software to provide design guidelines for such configurations
(Berville et al., 2022; Berville et al,, 2021a). The double skin
configuration was reported to have higher thermal efficiency as
compared to the conventional TSC arrangement for all the cases
considered in the numerical investigation. The efficiency of the solar
collector was found to be low for thin solar collectors due to its
tendency of getting overheated in the upper part of the absorber
plate and it was found to increase with increasing thickness with the
optimal thermal efficiency for collectors having thickness of 20 cm.
The air plenum thickness in the range of 10-30 cm was reported to
produce the best thermal characteristics. However, this study did not
cater for the wind influence, and the results were only obtained for
a typical summer day and suggested further comprehensive analysis
to reach a broad conclusion in this regard.

A thermal energy storage system having Phase Change Materia
(PCM) for maintaining the heat source availability during the
nigh time is investigated for TS configuration by using numerical
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simulations (Berville et al, 2023). The PCM was incorporated
in the facade in the form of spheres and plates. The spherical
arrangement of PCM resulted in better thermal characteristics due
to uniform velocity and temperature distribution and the hexagonal
configuration of spherical PCMs was found the best amongst all the
cases considered. TSCs' feasibility for corps drying in Siri Lankan
weather conditions was experimentally evaluated by conducting a
comparative evaluation between the unglazed and the glazed TSC
arrangement (Bandara et al., 2018). The thermal collector efficiency
for the unglazed setting was reported to be slightly higher than
the counterpart with this difference becoming more prominent in
case of lower solar radiation levels during cloudy environment. The
heating requirements were claimed to be efficiently covered by TSCs,
reducing the dependency on fossil fuels. Notably, between 12% and
20% of total energy consumption is attributed to industrial drying
processes (Ayobami et al., 2023). As a result, using solar thermal
systems for these kinds of operations could result in significant
cost savings.

There are many analytical models to investigate TSCs to
alleviate the need for cumbersome experimental and numerical
investigations. A simplified calculation method to analyze unglazed
TSCs was proposed (Wang X. et al, 2017). This analysis was
performed using dimensional analysis and data fitting. Correlations
between the temperature at the absorber plate and the heat exchange
effectiveness are calculated. Good agreement between the results
of this model and the results in the literature. More details about
various mathematical models can be found in (Wang Y. et al.,, 2017).

An experimental investigation for the performance evaluation of
the building integrated TSCs, in the context of human sub-tropics,
was conducted recently (Talha et al., 2025). Two configurations
for TSCs, namely roof-mounted configuration (RMC) and facade-
mounted configuration (FMC), were compared for different weather
conditions. An average temperature increase of 4.26 °C and 3.36 °C
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was reported for RMC and FMC in the relatively cold ambient
conditions, respectively. This difference, however, is found to reduce
to 2.14 °C and 2.20 °C for the second set of experiments having
relatively hotter weather conditions. This reduction in temperature
difference for the hot ambient conditions, in turn, implied an adverse
effect on the thermal performance parameters. The heat exchange
effectiveness for the RMC was found to reduce from 0.357 in April
to 0.325 in May, signifying the potential of employing unglazed TSC
arrangements in harsher winter conditions. The best-performing
case for the RMC was found to have an average energy extraction of
426 Wh and a thermal efficiency value of 60.8%. On the other hand,
these values were reduced to 334 Wh and 52.9% for the FMC.

Recent research on transpired solar collectors and related
building-integrated solar air heating systems highlights key
developments in both experimental and numerical investigations
of heat transfer mechanisms, geometric optimization, and
performance enhancement strategies. A comprehensive review
(Li et al., 2024) explores heat and mass transfer mechanisms,
performance assessment, and optimization strategies for TSCs,
emphasizing the influence of suction flow distribution and
absorber design on thermal outcomes. Furthermore, it also
discusses potential integration with advanced technologies such
as phase-change materials for performance enhancement. A
recent experimental investigation (Gao et al., 2020) is performed
for glazed transpired collectors with non-uniform perforation
layouts, demonstrating that secondary heat transfer enhancements
can increase the heat exchange efficiency by approximately up
to 20% relative to conventional designs, particularly through
improved perforation distributions and flow structures. Another
study (Berville et al., 2022) employed numerical simulations to
analyze double-skin TSC configurations, showing that modular
UTSCs can supply a significant portion of ventilation heating
demands in buildings. The main finding of the research was
to highlight the importance of geometry and flow control for
performance optimization. In addition, a long-term experimental
study (Talha et al., 2025) was conducted to explore the heat
exchange effectiveness of unglazed TSCs in humid sub-tropical
climates. It highlighted the need for parameter optimization
under real operating conditions and identified performance
gaps between CFD predictions and real-world behavior. Finally,
double-pass unglazed solar heaters with porous and perforated
elements were investigated (Vaziri et al., 2021). It was demonstrated
that modifications to absorber and plenum components can
significantly raise the outlet temperature and the heat exchange
effectiveness compared to conventional flat designs. Collectively,
these studies emphasize the importance of perforation geometry,
flow distribution, and absorber/plenum design in governing heat
exchange and thermal efficiency in solar air collectors.

Despite the extensive literature on TSCs, it is worth mentioning
that most existing studies focus on fixed geometric configurations
and do not systematically address separation plate placement,
airflow stagnation, or localized overheating phenomena. Moreover,
the localized overheating in the upper plenum region has not
been analyzed to reduce its adverse effects. Accumulation of high-
temperature stagnant air not only reduces effective heat recovery
but may also pose risks to structural integrity and long-term system
reliability. Despite its practical importance, targeted design strategies
to mitigate this overheating while simultaneously enhancing the
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heat exchange effectiveness remain limited in literature. In addition,
surface modification techniques such as corrugations have been
widely employed in heat exchangers to introduce turbulence for
the enhancement of convective heat transfer and, in turn, heat
transfer characteristics. However, their application to separation
plates in UDS-TSCs remains largely unexplored, A systematic
comparison between flat and corrugated separation plates under
identical operating conditions is therefore needed.

The present study proposes a comprehensive numerical
investigation of an UDS-TSC by optimizing its thermal performance
and addressing localized overheating issues. The novelty of this
work lies in the fact that this work simultaneously examines (i)
the optimal placement of the separation plate within the plenum,
(ii) the influence of separation plate geometry (flat, sinusoidal, and
trapezoidal), and (iii) the heat exchange effectiveness of alternative
ducting strategies. A novel top-ducted configuration is introduced
to directly extract high-temperature stagnant air from the upper
plenum region, thereby improving heat utilization and mitigating
overheating. The performance of this configuration is quantitatively
evaluated using the heat exchange effectiveness and the outlet
air temperature, enabling direct comparison with conventional
UDS-TSC arrangements.

The key contributions of this study can be summarized as (1)
systematic optimization of separation plate position in an UDS-
TSC, (2) quantitative comparison of flat and corrugated separation
plate geometries, and (3) Identification and mitigation of localized
overheating through a novel top-ducted design.

2 Methodology
2.1 Mathematical model

The governing equations for the motion and heat transfer of the
air in the vicinity of the UDS-TSC are the continuity (Equation 1),
momentum (Equation 2) and energy equations (Equation 3) for the
incompressible flow field (Wieli et al., 2024):

T 1)
ox;
du; a“i“j op azuj
- =-= — 4+ Sp. + S, 2
p( ot i ax] ) axi +‘uaxi2 +ng1+ Bl+ Mi ( )
oh a”ih> d ,oT
P< ot " ox; ox; 0x; ®)

In these equations ‘p' represents the density of the air (kg/m3),
‘U’ represents its velocity (m/s), ‘' represents its dynamic viscosity
(Pa:s), ‘p' is the pressure (Pa), ‘g" is the acceleration due to gravity
(m/s%), k' is the thermal conductivity (W/m-K), ‘T" represents the
temperature (K),’h' is the enthalpy (kJ/kg), t' is the time (sec)
while ‘x" is the Cartesian coordinate direction (m), ‘S,;' and ‘Sg;'
are taken as source terms representing external surface forces
and body forces in the momentum equation, respectively. The
density inconsistency between hot and cold air is estimated by
Boussinesq's correlation including the thermal expansion coefficient
‘B, temperature difference ‘T'— T}, density changes Ap and buoyancy
source term ‘Sg; = pB(T - T))g.'
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FIGURE 2

Schematic representation of the UDS-TSC showing the heat transfer network and airflow pathways within the plenum. Reproduced from

(Talha et al., 2025), Energy and Buildings, with permission.

Figure 2 presents the heat transfer network of the UDS-
TSC to illustrate the underlying heat exchange mechanisms. The
energy balance equation for the heat transfer network on the wall
is given by Equation 4:

(4)

Where q,,,4 ,, is the heat transfer out of the room, g,,4 ... is

qcond,w = qconv,w—p + qmd,w—c

the heat exchanged with the absorbent plate through radiation, and
oy, w-p 18 the heat transferred to the plenum air by convection heat

transfer. Which can be further expanded by Equation 5.

(5)

abs T Dradw—c = qconv,c—p * convyioss T Dradjjoss

Where, q,, is the total energy absorbed by the collector plate,
Geony, -p is the total amount of heat energy transferred to the
plenum air from the perforated plate, q,,,,, jss is the dissipation of
heat energy into the surrounding air, and q,,; 15, is the release of
thermal energy into surroundings through radiation. The sum of
Qaps and q,,4,,.. is the total energy received by the absorber plate.
Furthermore, coupled convection, radiation and conduction within
the collector plate can accurately predict velocity fields, temperature
distributions, and turbulence characteristics (Wieli et al., 2024).
This enables determination of zones of inefficiency to potentially
optimize parameters and get best trade-offs in TSCs between heat
transfer enhancement and pressure losses. Additionally, explicit
frameworks are also present in the literature (Alyahya and
Lannon, 2025; Hu et al, 2025) that help in optimizing opaque
TSC facades used in ventilation using machine learning and CFD
techniques. As per this study (Hu et al., 2025), thermal conductivity
is the most important parameter effecting the performance of
solar thermal collectors on building facades followed by air inlet
temperature and air velocity.
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Equation 6 formulates the total amount of radiation heat that is
absorbed by the perforated absorber from the sun's radiation.
Qs = A1 TA (6)
Where «, is the absorption coeflicient of the collector plate, I is
the rate of solar radiation flux, and A is the surface area of the plate.
Itis important to note that the surface area of the plate consists of the
total area of the perforated absorber minus the surface area of the
perforations. Equation 7 provides the quantification of the radiant
energy transferred between the collector and the wall (Lewis and
Nithiarasu, 2004):
i + l - 1)
SW SC

Where the temperatures T, and T’ (in Kelvins) are the absolute

qrad,w—c = USbA(TW4 - Tc4)/< (7)

wall temperature and the absolute collector temperature, ¢ is the
issuance coefficient, and oy, is the Stephen-Boltzmann constant
having a value oy, = 5.67 x 1078 W/m?. K*. The heat is transported
by the airflow passing through the collector's perforations and into
the chamber. The corresponding convection heat transfers from
the plenum and the solar collector plate can be calculated using
Equations 8, 9:

=mC,(T,-T,) (®)

qconv,w—p

= mCyepx (T~ T,) 9)

qcanv,c—p

where T, is the ambient air temperature, T is the collector plate
temperature, C, is the air's specific heat, and T), is the plenum air
temperature. Moreover, 71 is the air mass flow rate and is given by
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m=pV.A. Here V is the air suction speed in the direction of the
collector.

The two criteria that are commonly used to evaluate solar air
collectors are the heat exchange effectiveness (eyx) and the solar
collector efficiency (n) (Wang X. et al., 2017). These two coefficients
of performance, derived from the energy balance equations, are used
to quantify the thermal performance of TSCs. The heat exchange
effectiveness (gx) is given by Equation 10:

_ Toutlet - Tambient
Eux = 7

T

collector — * ambient

(10)

where T, pien: (°C) is the ambient air temperature, T j.q0, (°C) is the
absorber plate temperature, and T, (°C) is the air temperature on
the outlet.

Although not directly used in this study, the solar efficiency (n)
of the collector can be expressed by Equation 11:

_ CP,airm(Toutlet - Tumbient)

11
T4 (11)

(J/kg K) is the specific heat capacity of air, 1 (kg/s) is
the mass flow rate of air, T' (°C) is the temperature of air on the

where, Cp

, air
outlet
outlet, T, pien: (°C) is the temperature of ambient air, I (W/m?) is
the rate of solar radiation flux, and A, (m?) is the surface area of the
absorber plate minus the area of perforations.

2.2 Numerical model

The commercial CFD software ANSYS FLUENT 19.0 is
used for numerical simulations of the present UDS TSC
configuration (Alyahya and Lannon, 2025). The governing equations
are solved using the finite volume approach to ensure conservation
of mass, momentum and energy.

2.2.1 Geometry

Three shows the geometry of the UDS-TSC employed for the
numerical investigation in the present study. It is a TSC that is
unglazed and contains a separation plate. By incorporating this
separation plate, the unglazed TSC becomes an UDS-TSC. The
separation plate serves three purposes (Berville et al., 2022):

1. The solar radiation, which passes through the perforated
collector plate through holes, is not absorbed by the primary
absorber plate. This unutilized solar radiation is captured by
the separation plate and subsequently transferred to the air
flowing through the solar collector.

It prevents a short circuit on the upper portion of the absorber
plate due to the accumulation of heat in the region due to the
presence of the fan responsible for throwing the hot air into the
room from the upper side.

It is employed to create a space for thermal energy storage
behind the separation plate.

The 3D CAD geometries are created using Creo Parametric and
ANSYS Design Modeler as shown in Figure 3. The geometry is a
2D cross-sectional projection of a typical UDS-TSC configuration
installed at a facade of a building as illustrated in Figure 3. The
separation plate and the absorber plate are both painted black
and are fabricated using aluminum to maximize solar absorptivity.

Frontiers in Energy Research

06

10.3389/fenrg.2026.1753819

Each perforation has a diameter of 5 mm and a pitch of 20 mm.
The duct is 25 mm from the top of the plenum area, and the
length of the duct is 150 mm. The geometric dimensions used in
this study are representative of a modular facade-integrated TSC
panel rather than the full building wall, consistent with dimensions
commonly reported in the previous studies (Berville et al., 2022;
Berville et al., 2021a; Berville et al., 2021b).

The actual three-dimensional geometry requires excessive

computation power to perform numerical analysis. This
requirement becomes further prohibitive due to the requirement
of grid refinement at several locations near the solid

surface to resolve steeper velocity and temperature gradients.
Fortunately, existing literature has shown that a two-dimensional
projection of the actual configuration can predict the thermal
characteristics of the arrangement with acceptable accuracy
(Berville et al., 2022; Berville et al., 2021b). Moreover, the objective
of the present study is to perform a parametric comparison of
design configurations rather than to study flow physics by resolving
detailed local jet structures at individual perforations. Therefore,
the 2D modeling approach is considered appropriate for capturing
the dominant flow physics, including buoyancy-driven circulation,
airflow stagnation, and convective heat transfer within the plenum.
The limitations associated with neglecting three-dimensional effects
are acknowledged and discussed as part of future work.

2.2.2 Details of numerical cases

The first set of experiments in the present study involves
an investigation of the effect of changing the distance between
the separation plate and the solar collector plate on the heat
exchange effectiveness. To this end, five simulations were performed
by changing the distance between the separation plate and
collector plate from 50 mm to 250 mm with a change in distance
interval equal to 50 mm. The length of the plenum in each
case is 300 mm. Figure 4 shows the separation distance between the

«_ »

absorber and separation plates, denoted by “x’

In the second set of experiments, the effect of two different types
of corrugations on ta flat plate separation geometry is analyzed.
The nature of these corrugations is sinusoidal and trapezoidal.
The amplitude of the corrugations is 10 mm, whereas the pitch is
set at 92.5 mm.

The third set of investigations involves the determination of the
optimal duct placement for efficient heat transfer removal from the
upper part of the plenum. Two varying configurations were analyzed
for this purpose. In the first arrangement, the effect of twin ducts
with a large duct placed parallel to the separation plate and a smaller
duct installed just behind the separation plate is studied. On the
other hand, the heat transfer characteristics for the arrangement
having a duct on top of the plenum just behind the separation plate
are also analyzed. The upper duct in each case is 10 mm behind the
separation plate.

2.2.3 Boundary conditions and model settings

A mesh independence investigation is a very critical step
for numerical analysis to ensure the independence of numerical
solution on the mesh size used. Using too coarse mesh compromises
the accuracy of results yet selecting a too excessively fine mesh
results in higher computational cost. A separate mesh-independence
study was conducted to ensure that numerical results are not
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FIGURE 3

3D geometry (left) and the 2D cross-sectional transformation (right) of the UDS-TSC employed in the present study with three main components. [1]
Perforated absorber (velocity inlet) [2] Separation plate [3] Duct (pressure outlet).
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FIGURE 4

Detailed isometric views of the UDS-TSC along with 3D representation. Each perforation is 5 mm in diameter, and the pitch is 20 mm (front view). The
distance between separation plate and absorber plate is denoted by x (side view)

influenced by grid resolution. Four mesh densities (4 million,  grid-independent solutions in comparable UDS-TSC studies

10 million, 18 million, and 21 million elements) were examined, (Berville et al., 2022; Berville et al., 2021b). Although a formal Grid
and the 18 million element mesh was selected as optimal due  Convergence Index (GCI) analysis was not conducted, the observed
to negligible variation in key output parameters with further = monotonic convergence trend combined with excellent agreement
refinement. Similar mesh resolutions have been reported to produce ~ with benchmark data (error < 0.2%) provides strong confidence
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TABLE 1 Comparison of the maximum flow velocity with the published data (Berville et al., 2021b).

Mesh size Inlet flowrate (m3/h) Max velocity (m/s) Error (%)

Literature ( ) ’ Present study

18 million 400 2.500 ‘ 2.496 0.160

in the numerical reliability of the present simulations. Similar  Firstly, a study on mesh convergence is carried out as discussed in
mesh-resolution strategies and validation approaches have been  the previous section. Secondly, all of the residuals that correspond to
successfully employed in previous CFD investigations of transpired  the governing conservation equations exhibit iterative convergence
solar collectors (Berville et al., 2022; Berville et al., 2021b). of residuals below 107°. Moreover, the simulations are performed
Implementation of formal GCI metrics will be considered in future 12 times using identical boundary conditions to assemble ensemble
studies involving full three-dimensional modeling. averaged data to remove any fluctuations due to turbulence. Finally,
Steady-state CFD simulations were performed in all the set of  asensitivity analysis is carried out to take into account any anomalies
experiments. condition is used. The RNG k-¢ turbulence model  in the thermal parameters in order to numerically validate the
is chosen for these simulations since it has been verified to be  results. The exit temperature at the duct is directly correlated with
appropriate for TSC simulations (Wang Y. et al.,, 2017). RNG k-¢  the variations in plate temperature. The temperature of the exit air
turbulence model accommodates the flow having swirl effects and  is found to increase due to the corresponding reduction in the free
involving convection heat transfer from a wall (Madadi et al., 2023). stream air velocity.
Enhanced wall treatment was activated to accurately resolve near- Beyond matching peak velocity magnitudes, the validated
wall flow dynamics and thermal gradients, which are critical for ~ numerical model reliably captures the dominant flow structures and
transpired solar collector performance prediction. The free stream  temperature gradients within the plenum, which are the key drivers
air velocity is set to 1.05m/s, and the input air temperature  of the heat exchange effectiveness in transpired solar collectors.
is adjusted to 26.85°C which is a typical room temperature  The close agreement with benchmark data (maximum deviation <
(Bandara et al, 2018). The absorber plate temperature is kept  0.2%) confirms that the adopted modeling framework is suitable
constant at 55°C, based on experimentally measured surface  for comparative assessment of alternative UDS-TSC configurations
temperatures reported in the literature under similar operating  rather than resolving fine-scale perforation jet dynamics.
conditions (Tajdaran et al., 2016). This assumption enables a
systematic comparison among different geometric configurations;
however, the limitation of neglecting transient solar irradiation 3.2 Influence of varying separation plate
effects is acknowledged and discussed in the conclusion section. distance

The placement of the separation plate directly governs airflow

3 Results and discussion distribution, residence time, and convective heat transfer within the
plenum, making it one of the most influential geometric parameters
3.1 Validation and verification in UDS-TSC performance. In facade-integrated systems, improper

placement can lead to localized stagnation zones, reduced heat
The simulation model is validated by comparing the results with ~ recovery, and ineffective utilization of absorbed solar energy. The
experimental data presented in the literature (Berville et al., 2021b).  effect of displacing the position of the separation plate is discussed
Ensuring the simulation model's accuracy and dependability in  in this section. The separation plate moved with respect to the
capturing the important parameters is the main objective of the  absorber plate to various displacements “x” as shown in Figure 4.
validation process. The simulation settings are set similar to the  This analysis will help to identify the position of separation plate
ones employed in the reference study. The maximum velocity — for optimal thermal characteristics of the system. Each simulation
magnitudes at a mesh size of 18 million is analyzed for the  is performed to maximize the heat exchange effectiveness and is
validation procedure. The meshing process is carried out precisely =~ numerically analyzed for each of the configurations. Furthermore,
as stated in the benchmark study (Berville et al., 2021b). Table 1 ~ the temperature contour plots are presented to explore the
tabulates the values of maximum velocity magnitude at the mid  temperature distribution for different cases in this regard. Five sets of
plane of the plenum with the corresponding values from the  simulation are performed in this regard having the distance between
benchmark case (Berville et al., 2021b). It is clear from the data  the separation plate and the absorber plate equal to 50 mm, 100 mm,
comparison that the results of the present study are in excellent ~ 150 mm, 200 mm and 250 mm.
agreement with the published values. The percentage error between Figure 5 shows the temperature contours of the for the cases
both data sets is less than 0.2%, which clearly is a testament  having x = 50 mm and x = 250 mm between the primary absorber
to the accuracy of the numerical simulations conducted in the  plate from the separation plate. This comparison shows the scenarios
present study. with minimum and maximum gaps. Figure 5 clearly indicates
A five-step verification system is devised to ascertain the  that the minimum gap case produces overall higher temperature
accuracy of the CFD investigations conducted (Mazhar et al., 2020).  distribution as compared to the case having the largest gap. The
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FIGURE 5

Temperature profile for x = 50 mm (left), and x = 250 mm (right) configurations, on median plane of the UDS-TSC.
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higher temperature concentration on the upper part of the plenum is
visible for both cases. It is interesting to note that the concentration
of lower temperature region for the x = 250 mm case on the bottom
side of the plenum space (at the inlet of fan) which may be attributed
to reduced heat transfer due to flow separation due to flow curvature.

Velocity magnitude contours are a crucial parameter to analyze
when performing a global analysis of TSCs. It can help identify
the regions of high heat transfer and stagnation pockets in the
plenum area. Figure 6 shows the velocity contours or the same two
cases. It can be clearly observed that the velocity is higher for the
larger gap case in comparison to the shorter gap configuration. The
location of the maximum velocity is different for both cases with the
maximum velocity located on the front bottom side for x = 50 mm
due to shorter passage between the separation plate and absorber
plate. On the other hand, the location of the maximum velocity is
shifted to the bottom backside for the maximum gap case.

Figures 7, 8 show the temperature and velocity contours for
the three mid-range gap cases considered in the present research.
The location of the maximum temperature region can easily be
located on the upper side of the plenum for each case. Moreover, the
progressive development of low temperature region at the bottom
side of fan location can also be clearly visible in these contours from
left to right as the distance of the separation plate increases from the
collector plate. It is interesting to note in Figure 8 that the maximum
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velocity is located on the front bottom (red contour) for x = 100 mm
case while is shifted towards the backside of the displacement plate
for the other two cases as the distance between the displacement
plate and the wall decreases.

The values of the outlet temperature, the outlet velocity and the
heat exchange effectiveness are shown in Table 2. The maximum
outlet temperature is found for case 3 having the separation plate
at the center location between the absorber plate and the wall. It is
clear from the data that placing the separation plate near to the wall
generally results in higher velocity magnitudes.

From a thermal utilization perspective, the mid-positioned
separation plate (x = 150 mm) provides the most balanced trade-off
between airflow velocity and thermal boundary layer development.
Although configurations with larger gaps exhibit higher outlet
velocities, the associated reduction in air residence time and
increased boundary layer thickness limit effective heat pickup. The
value of the heat exchange effectiveness starts to increase the gap
between the collector plate and separation plate is increased and
obtains a maximum value of 0.505 when the gap is 150 mm.
In practical building operation, this improvement translates into
higher-quality preheated air supply, potentially reducing auxiliary
heating demand during mild to moderately cold conditions. The
heat exchange effectiveness starts to decrease by further increasing
the gap and achieves the lowest value of 0.164 among all the
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FIGURE 6

Velocity magnitude profile for x = 50 (left), and 250 (right) on median plane of the UDS-TSC.
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cases considered in the present study. It implies that the optimal
heat transfer occurs for the case having separation plate placed
equidistant from the absorber plate and the building wall.

It can also be observed that air becomes stagnated towards the
top of the separation plate before entering the duct resulting in
overheating and loss of usable heat. The overheated region can be
observed in Figure 9. The overheating on the upper side of the
plenum is also reported in literature (Berville et al., 2022), which
further validates the accuracy of the present analysis. The flow
separation due to flow tuning by 90° results in a localized low
temperature region on the bottom side just at the duct entrance.
To quantify the localized overheating phenomenon, the maximum
local air temperature in the upper plenum region was extracted for
all separation plate positions. For non-optimal configurations, peak
local temperatures were found to exceed the outlet air temperature
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by more than 8°C-10°C, indicating the presence of thermally
underutilized stagnant zones. Such temperature gradients represent
lost recoverable energy and may contribute to long-term material
degradation if left unchecked.

The higher velocity magnitude is a result of narrow passage
formation between the separation plate and the wall on the backside
for higher gap cases. When the separation plate is moved away from
the center, it can create a narrower passage for airflow in the central
region of the collector. This constriction can increase the velocity of
airflow as it passes through the narrower space. The movement of the
separation plate can impact on the boundary layer thickness and the
heat exchange effectiveness significantly. Changes in the boundary
layer characteristics influence the convective heat transfer from the
collector surface to the airflow by the subsequent modification in
the thermal boundary layer. If the boundary layer becomes thicker,
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FIGURE 7

Temperature profile for x = 100 (left), 150 (center), and 250 (right) on the median plane of the UDS-TSC.

it results in lower temperature gradient at the wall thereby resulting
in lower convection coefficient and hence less effective heat transfer.
The overall effect of this phenomenon is the reduction in the air
temperature of the outlet.

3.3 Influence of corrugations on separation
plate

While surface corrugations are commonly employed to
enhance convective heat transfer in compact heat exchangers,
their effectiveness in low-pressure, buoyancy-influenced UDS-
TSC flows is not guaranteed. The performance of corrugated
separation plates must therefore be evaluated in terms of the
combined effects of turbulence generation, pressure loss, and airflow
stagnation. The flat separation plate in the present study has been
incorporated with two types of corrugations, namely sinusoidal,
and trapezoidal corrugations to investigate any changes in the
thermal characteristics for the system. Sinusoidal and trapezoidal
corrugations are the most commonly used in literature due to their
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ease in manufacturing and applicability to different geometries
(Mazhar et al., 2021; Nawaz et al., 2025). In a similar study, V-
shaped (trapezoidal) corrugations have also been investigated
in a 3D Multiphysics CFD study (Madadi et al., 2023). This
model realistically simulates fluid flow with respect to moisture
transportation of a corrugated solar absorber surface of a
collector. Such corrugations enhance heat transfer and drying of
fluid moisture by enhancing air flow interactions compared to
flat surfaces.

Figures 10, 11 shows the velocity and temperature contours
for simulation conducted with separated plate having sinusoidal
corrugations and trapezoidal corrugations, respectively. When
compared with the sinusoidal counterpart, the trapezoidal
arrangement has slightly higher velocity while the temperature
contours are largely the same for both configurations. However,
the velocity contours show higher stagnation regions in both
the trapezoidal and flat separation plate models due to increased
roughness of the plate as compared to the flat separation plate
case. This increased, in turn, results in more heat losses in
the trapezoidal and sinusoidal separation plate arrangements
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FIGURE 8
Velocity magnitude profile for x = 100 (left), 150 (center), and 250 (right) on the median plane of the UDS-TSC.

TABLE 2 Comparison of outlet temperature, outlet velocity and heat exchange effectiveness for different separation plate distances.

Separation plate gap x (mm) Outlet temperature (°C) Ouitlet velocity (m/s)

50 37.03 1.095 0.362

100 39.88 1.106 0.462

150 41.07 1.103 0.505

200 38.80 1135 0.424

250 31.48 1.214 0.164
as compared to the flat separation plate model (shown in Table 3 tabulates the values of the outlet air temperature and
Figure 12). the heat exchange effectiveness for the three cases considered in

The flat separation model as shown in Figure 12 shows the  this research. Flat plate geometry configuration is found to exhibit
highest temperature contours as compared to the other two modified ~ optimal heat transfer due to smooth flow near the wall region in the
models while the velocity contour is almost the same or the three  case. Furthermore, it is observed that the flat and trapezoidal models
configurations. stagnate more air at the separation plate in the plenum area rather
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FIGURE 9
The overheated region on top of separation plate.

than the sinusoidal model which stagnates the least amount of air
around the separation plate. The reason for excessive stagnant air
on the flat and trapezoidal separation plates is because they do not
allow optimal mixing of air particularly due to abrupt changes in
airflow because of the sharp edges. On the other hand, the sinusoidal
corrugations make the air follow a more curved path disrupting
the airflow and making vortices that in turn help mix the air more
uniformly preventing air stagnation and allowing more uniform
heat transfer.

It is clear from the data in Table 3 that the flat separation
plate achieved the highest outlet air temperature (41.1°C) and
the heat exchange effectiveness (ex = 0.505), outperforming
both sinusoidal and trapezoidal configurations by approximately
20%-25%. Although corrugated plates additional
flow disturbance, the increased form drag and localized

induced

recirculation reduced the net heat exchange effectiveness. This
indicates that, for UDS-TSC systems operating at relatively
low suction velocities, minimizing flow resistance is more
beneficial than artificially enhancing turbulence. These findings
highlight that design strategies successful in conventional heat
exchangers may not directly translate to transpired solar collector
applications.

Frontiers in Energy Research

13

10.3389/fenrg.2026.1753819

3.4 Optimal duct configuration

A significant heat build-up on the upper side of plenum was
observed behind the separation plate during the numerical analysis
of separation plate gap and separation plate geometry optimization.
This high-temperature region causes overheating concerns in the
plenum area due to inefficient ventilation around the collector plate,
thereby resulting in the entrapment of the hot air. This entrapment
deteriorates the capability of the separation plate to effectively
transfer heat to the passing by air. This stagnant air buildup around
the collector is suspected to be the cause, hindering efficient heat
transfer, and causing overheating. This is potentially harmful for the
collector frame, and potential underutilization of significant amount
of useful heat. Therefore, the localized overheating in the upper
plenum region represents a critical limitation of conventional UDS-
TSC designs, as itleads to trapped high-temperature air that does not
contribute to useful heat recovery. Addressing this issue is essential
for both thermal efficiency improvement and system durability.

To address the overheating problem and to improve the airflow
around the plenum region, two designs are proposed and analyzed
for their effectiveness. The first design consists of the introduction of
a supplementary duct to facilitate air flow (twin duct arrangement),
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FIGURE 10

Temperature (left) and velocity magnitude (right) distribution for sinusoidal corrugated separation plate.

and the second design formulates ventilation from the top side of
the plenum (top-ducted arrangement). Both designs aim to reduce
overheating of the system by improving the airflow. The main
objective of this investigation is to propose arrangements to make
the airflow move in a way that facilitates continuous flow of hot air
through the system thereby minimizing the generation of hot spots
creating localized overheating. The proposed designs are proposed
to enhance the air flow and to help improve the overall heat exchange
effectiveness of the system by making use of the heated air near the
stagnant point.

The twin duct design is a rather comprehensive design requiring
considerable modifications to the original system. It consists of two

Frontiers in Energy Research

14

ducts to facilitate heat removal from the upper part of the plenum
area and away from the separation plate. In the twin duct design,
there is a smaller duct near the overheated region in addition to
the standard long duct having a length of 150 mm. On the other
hand, the top-ducted design utilizes a duct installed on the top of the
system to facilitate the hot airflow. By employing this configuration,
the air moves in a way with no air pockets being generated during the
flow. This type of design is very useful for addressing the overheating
issue because of the proximity of the duct from the region of interest
having local hot sports such as the duct is only 10 mm away from
the separation plate. Therefore, the possibility of overheating tends
to diminish due to less probability of air being stagnant in the
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FIGURE 11

Temperature (left) and velocity (right) magnitude distribution for trapezoidal corrugated plate.

region and in turn effectively remove the heat effectively from that
region.

Figure 13 shows the temperature distribution along the
median plane for the two proposed designs. When compared
with the temperature contours presented in the previous sections
(Figures 5, 7), it is clear to see that the high temperature region of
the upper side of the plenum is removed due to the effective air flow
in the proposed configurations.

Table 4 presents a comparison of key parameters for the
proposed designs with the conventional arrangement. The outlet
temperature for the top ducted design results in maximum with
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a value of 45.45 °C results. It is interesting to note that the outlet
velocity for the top-ducted design is more than twice as compared to
the baseline configuration highlighting the effective transportation
of hot air from the upper side of the plenum. On the other hand, the
velocity from the twin duct design has lower velocities in both ducts
as the flow is sub-divided into two paths at the exit of the plenum.
It can be deducted from Table 4 that the top-ducted design
shows the highest velocity outlet and highest temperature outlet as
compared to the simple UDS-TSC design analyzed in the previous
sections. It is interesting to note that the thermal performance
of the twin-duct design is slightly less, which is evident by
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FIGURE 12

Temperature (left) and velocity (right) distribution for flat plate at the center of plenum.

TABLE 3 Comparison of the outlet temperature and the heat exchange
effectiveness of three different separation plates.

Configuration ‘ Outlet temperature (°C) ’ eux
Flat 411 0.505
Trapezoidal 384 0.412
Sinusoidal 38.3 0.407

Frontiers in Energy Research

relatively lower outlet temperature values for both ducts. There is
a possibility that the current design of the twin-duct system might
not be perfectly balanced, leading to an unequal distribution of
airflow between the two ducts. This could result in the main duct
receiving less hot air, resulting in its lower temperature of air at the
outlet.

The heat exchange effectiveness coefficient for the simple UDS-
TSC and the top-ducted design are compared in Table 5. It is
observed that a duct installed on the top side near the plenum
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FIGURE 13

Temperature distribution along the median plane of the top ducted (left) and twin (right) configuration UDS-TSC.

area in fact did not negatively affect the efficiency of TSC. The
heat exchange effectiveness and outlet temperature values for the
top-ducted design are significantly higher than the conventional
system. These improved thermal characteristics suggest a significant
improvement in the heat transfer rate between the separation
plate and the incoming air as compared to the simple design. An
increase from 0.505 to 0.661 in the heat exchange effectiveness,
corresponding to a 15.6% improvement, indicates that the top-
ducted design captures a larger portion of the available thermal
energy from the collector. This translates to a higher air temperature
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going out of the collector, potentially leading to a more efficient
downstream heat utilization in the system. These gains confirm that
the overheated region previously identified acts as a recoverable
thermal reservoir when appropriately ducted.

This top-ducted design involved the inlet air positions at the
top of the collector with the outlet remaining at the bottom. This
configuration offers several advantages. This design promoted a
more natural buoyancy-driven airflow throughout the cavity. A
more uniform flow across the separation plate and the absorber
plate surfaces is facilitated as the warm air rises naturally, drawing
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TABLE 4 Comparison of outlet temperature and outlet velocity of three
different duct configurations.

Design Outlet Outlet velocity
temperature (°C) (m/s)
Simple UDS-TSC 41.07 1.10
Top-ducted design 45.45 2.36
Small duct Main duct Small duct Main duct
Twin-duct design
39.79 35.00 0.96 0.80

TABLE 5 Heat exchange effectiveness comparison of the simple
UDS-TSC and the top ducted UDS-TSC configurations.

Parameter Simple Top ducted
UDS-TSC UDS-TSC
Outlet temperature (°C) 41.1 45.5 ‘
Eux 0.505 0.661 ‘

the cooler air from the inlet at the top. The top-ducted design
minimizes flow resistance within the cavity, by eliminating the need
for a moving separation plate or different types of corrugations.
This allows for smoother air movement, leading to better heat
transfer and potentially improved collector efficiency. The top-
ducted configuration may also contribute to mitigating the risk
of overheating. This would allow for the release of excess heat,
ensuring the UDS-TSC operates within a safe temperature range.
Moreover, excess heat removed from the top-ducted design can
further be utilized for any HVAC system. Although the top-
ducted design results in higher outlet velocity, the associated
increase in fan power demand is expected to be partially offset
by improved thermal utilization and reduced downstream heating
requirements. A detailed system-level energy balance, including fan
energy consumption, is recommended for future investigation.

From a building integration perspective, the optimized UDS-
TSC configurations investigated in this study offer clear advantages
for ventilation air preheating and facade-based renewable energy
harvesting. The improved heat exchange effectiveness and
mitigation of localized overheating enhance both energy efficiency
and operational reliability. These attributes are particularly relevant
for retrofitting applications, where compact, modular systems with
predictable thermal behavior are preferred.

In the present study, heat exchange effectiveness is employed
as the primary performance metric because it directly reflects
the thermal utilization of absorbed solar energy for ventilation
air preheating under identical operating conditions. Unlike
conventional thermal efficiency definitions, which require system-
level energy balances and fan power consumption, heat exchange
effectiveness enables consistent comparison of different geometric
configurations by isolating the influence of airflow distribution
and convective heat transfer within the collector. Under fixed
inlet conditions, higher heat exchange effectiveness corresponds
to improved thermal efficiency of the UDS-TSC system. A
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comprehensive evaluation incorporating fan power demand and
overall energy efficiency is identified as an important extension and
is therefore addressed in the Future Work section.

3.5 Future work

While the present study provides valuable insights into the
thermal optimization of UDS-TSC systems, several possibilities
for future research are identified. First, fully transient simulations
incorporating time-varying solar irradiation, ambient temperature,
and wind conditions would enable more realistic performance
prediction under actual operating environments.

CFD
individual perforations and spanwise flow effects would allow more

Second, three-dimensional simulations  resolving
detailed investigation of jet interaction, turbulence characteristics,
and pressure drop, particularly for corrugated separation plates.
Third, experimental validation of the proposed top-ducted
configuration is recommended to confirm its effectiveness under
real facade-integrated conditions.

In addition, system-level energy assessments incorporating fan
power consumption, auxiliary heating savings, and overall building
energy performance would provide a more holistic evaluation of the
proposed designs. Moreover, future studies may explore advanced
materials, surface coatings, or hybrid configurations combining
thermal energy storage to further enhance the performance and
operational flexibility of UDS-TSC systems (Tian and Zhao, 2013).
Finally, future studies will quantify overall thermal efficiency
by incorporating fan power consumption and system-level
energy balances.

4 Conclusion

This study presented a comprehensive CFD-based parametric
investigation to optimize the thermal performance of an UDS-TSC
intended for building facade air-heating applications. The numerical
methodology was successfully validated against published data from
the literature demonstrating excellent agreement with a maximum
deviation of less than 0.2%, thereby confirming the reliability of the
adopted methodology.

The position of the separation plate was found to be a critical
design parameter. Placing the separation plate equidistant between
the absorber plate and the building wall resulted in the highest
heat exchange effectiveness (e;x = 0.505) due to improved airflow
uniformity and enhanced convective heat transfer. Deviating from
this optimal position led to increased flow constriction, thicker
thermal boundary layers, and reduced thermal performance.

The influence of separation plate geometry was also examined
in detail. Among the flat, sinusoidal, and trapezoidal configurations,
the flat separation plate delivered the best thermal performance,
achieving the highest outlet air temperature and the heat exchange
effectiveness. Although corrugated plates promoted additional flow
disturbance, the associated increase in flow resistance and air
stagnation outweighed any potential heat transfer enhancement,
resulting in inferior performance compared to the flat plate design.

A key finding of this work is the identification and mitigation of
localized overheating in the upper plenum region, a phenomenon
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commonly reported but rarely addressed in prior UDS-TSC
studies. To resolve this issue, a novel top-ducted configuration was
introduced, enabling direct removal of high-temperature stagnant
air. This design increased the heat exchange effectiveness from 0.505
t0 0.661 and raised the outlet air temperature to 45.5 °C, representing
a substantial improvement in thermal utilization while reducing the
risk of material degradation due to overheating.

Overall, the results demonstrate that strategic optimization
of separation plate placement and duct configuration can
significantly enhance the thermal efficiency, airflow management,
and operational robustness of UDS-TSC systems. The proposed top-
ducted design offers a practical and effective solution for improving
facade-integrated solar air heaters, with direct relevance to building
ventilation and space-heating applications.

Future work should focus on transient simulations under
realistic solar irradiation, full three-dimensional modeling of
perforated plates, experimental validation of the proposed top-
ducted configuration, and system-level assessments including fan
energy consumption and overall building energy savings.
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Nomenclature

Ehx Heat exchange effectiveness (-)

n Solar Collector Efficiency (-)

eond w Heat transfer rate out of the room (W/m?K)

Orad w—c Heat exchanged with the absorbent plate through radiation
(W/m’K)

Aeonvw-p Heat transferred to the plenum air by convection (W/m*K)

Oabs Total energy absorbed by the collector plate (W/m*K)

Qoonve-p Total amount of heat energy transferred to the plenum air from
the perforated plate (W/m*K)

conv,loss Dissipation of heat energy into the surrounding air (W/m?K)

Orad,loss Release of thermal energy into surroundings through radiation
(W/m?K)

Ogp Stephan Boltzmann Constant (W/m?*K)

a absorption coefficient of collector plate (m )

[ rate of solar radiation (W/m?)

A Surface area of plate (m?)
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