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ABSTRACT:

The need to optimize the operation of photovoltaic modules inevitably arises with the development of green energy production
technology. In order to achieve a good technological yield, durability and efficiency in production, continuous studies and
innovations are required. This study focuses on simulating the operation of water-cooled and uncooled PV modules in order to
understand the temperature-dependent PV operation. This cooling module consists, in the first phase, of a copper coil through which
water circulates, and in the second phase, of a coolant distributor/collector system. The module is attached to the lower surface of the
photovoltaic panel, respectively to the teller foil layer. For this simulation we used the Ansys software package (Discovery, Fluent

and Space Claim).

1.INTRODUCTION

One of the most widespread renewable energy technologies is the
use of photovoltaic (PV) systems, which convert solar radiation
into usable electrical energy (Hu J. et. al. 2016; Yau YH et. al.
2016, Markvart T. 2020). This renewable energy production
technology is pollution-free during operation, mitigates global
warming issues, reduces operational costs, and requires minimal
maintenance compared to other renewable energy technologies
(Wang Y. et.al. 2006; Bhubaneswari P. et. al.2011).

In the world, there are significant concerns about a potential
energy crisis, and the majority of countries still rely on
conventional sources of energy production (Pomares-Hernandez
C et.al.2021; Kannan N. et.all. 2016) The situation, exacerbated
by the world's population growth and industrial progress, has
led to an increased demand for energy, causing significant
environmental problems due to the intensive exploitation of
fossil fuels. In this context, interest in renewable energy sources
such as solar or wind energy has grown (Pomares-Hernandez C.
et.al.2021; Rauf A. et al. 2018; Robles A. Et.al. 2018).

The development of the present cooling module was conceived
for its application on any type of rigid photovoltaic panel. The
study includes simulations, taking into account the dimensional
characteristics of the most commonly used photovoltaic
modules available on the market. Such a method is designed to
reduce both the time and cost of maintaining photovoltaic

systems, as the cooling prolongs the system's lifespan. This
aspect of durability has a positive impact on the environment by
reducing costs and production, thereby lowering pollution,
optimizing operational efficiency, and reducing harmful
emissions into the atmosphere. Moreover, the obtained thermal
energy from this cooling process can be stored for future use in
domestic or industrial settings, further reducing the direct
consumption of electricity required for thermal energy.

Despite the numerous advantages of PV technology, this
conversion system faces climate-related challenges, such as hail,
dust, and surface operating temperature, which can negatively
affect the system's efficiency (DaSilva RM et al. 2010). External
climatic parameters, such as wind velocity, ambient
temperature, relative humidity, accumulated dust, and solar
radiation, are the most common natural factors that influence
the surface temperature of a photovoltaic module (Elbreki A.M.
et. al.2016). Generally, for every 1°C increase in the
temperature on the PV module's surface, there is a 0.5%
reduction in efficiency (Kumar K. Et.al. 2007, Chandrasekar, M
et al. 2015). As a result of the temperature rise, not all the
absorbed solar energy by the photovoltaic cells is converted into
electrical energy. To comply with the law of energy
conservation, the remaining solar energy is transformed into
heat (Tahar M. et. al. 2022). The consequences of this heat loss
lead to an overall reduction in conversion efficiency. To make
this renewable energy production technology the best solution,
it is necessary to improve the efficiency of solar energy
conversion systems (Reddy, S.R. et al. 2015). To turn it into a
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viable solution, different means of addressing this temperature
issue must be found, resulting in an overall increase in conversion
efficiency (Wang Y. et.al. 2006; Bhubaneswari P. et. al.2011).

2. CASE OF STUDY

The present study aims to calculate the temperature distribution
on the surface of a photovoltaic panel under fixed ambient
temperature and solar radiation conditions. The solar radiation
has been chosen to be 1000W/m2K. Two types of active
cooling methods were used: one with a serpentine cooling
system and the other with a distributor/collector cooling system.
Additionally, the simulation also includes the baseline scenario
without any cooling. The inlet temperature of the cooling agent
is set to be 20°C, and the thermal agent's circulation velocity.
The system was simulated at 0.1; 0.3; 0.5; 0.7; and 0.9 m/s for
each of the two cooling systems, as well as for the non-cooling
scenario. This resulted in 11 simulations that were compared to
understand which type of active cooling is more suitable under
these conditions compared to the system without cooling. The
data extracted from these simulations were provided a clearer
understanding of this phenomenon. The PV surface has a size of
2m?2 and was subjected to uniform solar radiation over its entire
surface.

The simulation results highlights the temperature distribution on
the PV surface, the temperatures obtained at the PV surface,
and the water temperatures at the outlet of the cooling circuit
(for cases with cooling).

For this simulation and numerical analysis study, a standard
photovoltaic panel with dimensions of 2000/1000mm was used,
composed of the following layers:

= Cover and protective layer made of glass

= EVA layer 1 (ethylene-vinyl acetate)

=  PVecells

=  EVAlayer2

= Tedlar film (polyvinyl fluoride (PVF) film)

The materials used are the most commonly used in the
photovoltaic panel industry, and their physical parameters such
as thermal conductivity, density, thickness, and specific heat
have been respected.

In constructing the photovoltaic panel, the weighted average of
the physical parameters for each layer based on its thickness
was considered. This resulted in a unique, compact, and
homogeneous layer referred to as the 'PV layer', with specific
characteristics (Table 1), which were introduced as calculation
parameters for the simulation.

Layer | Thickness Thermal Specific | Density
material Conductivity Heat
(m) (W/m°C) (J/kg°C) | (kg/mc)
PV 0,0045 14,44 885,73 | 2447,1
1

Table 1. Properties and Dimensions of the Material in the PV
Layer Composition

The photovoltaic panel was constructed taking into account real
specifications using the Ansys 2023 R1 and R2 student version
software package. The limitation in this version was in the

Meshing phase, where the calculation nodes and points cannot
exceed 500,000 nodes. Generally, this is not a problem; the
simulation can proceed smoothly with a level of calculation
detail accepted in the research field. The geometry was created
using the SpaceClaim program, which is integrated into the
same Ansys package.

Fig. 1 and Fig. 2 represent a cross-sectional view of the
photovoltaic panel created using the SpaceClaim software.

Figure 1. PV Cross-Section, 3D Top View

Figure 2. PV Cross-Section, 3D Bottom View

Fig.3 and Fig.4 represent the view in X-Z axis view of the PV
with  Serpentine  Cooling respectively the PV  with
Distributor/Collector Cooling.

S S | —

Figure 3. Lower X-Z Axis View of PV with Serpentine Cooling

Figure 4. Lower X-Z Axis View of PV with
Distributor/Collector Cooling

In Fig. 5-7 is presented the model of the frame used in the PV
geometry; it was created using the Ansys Discovery program,
version 2023 R1.

‘ glass 3mm

‘ EVA1 0,5mm

‘ pv cells 0,4mm

@ tva2 05mm

‘ Tedlar 0,1mm
' Copper pipe

Figure 5. View of the Component Layers of PV
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The system involves facilitating heat exchange between the
photovoltaic panel and water through an installation composed
of Copper pipes with diameters of Dn10mm (for the serpentine
cooling system) and Dn16mm (the collector and distributor are
constructed using Dn16mm pipes, while the circuits are built
with Dn10mm pipes), directly attached to the Tedlar film
exposed at the bottom of the PV panel.

Figure 6. View of the Component Layers of PV

The serpentine cooling system consists of a sequence of 9
copper pipes with a diameter of Dn10mm, Fig. 8. The distance
between the pipes is 101mm, and they are consecutively
connected to each other through bends with a radius of 55mm.
The total length of the serpentine is 18m.

2000mm

1000mm

Figure 7. PV Dimensions

18t

water
inlet | ) water
X outlet

Figure 8. Dimensions of the Serpentine Cooling System

The dimensions of the distributor/collector cooling system are
present in Fig. 9, and the distance between the secondary pipes,
namely 101mm, is maintained.

The distance between the main pipes (distributor and collector)
is 2018mm. This geometry is the only possible configuration to
maintain the same physical attachment characteristics to the
Tedlar film. Under these conditions, the volume of water in the
secondary pipes is preserved and precisely corresponds to the
same equivalent volume as in the serpentine pipes.

\\\\\\\\\

. -i,w“"m
Figure 9. Geometry and Dimensions of the Distributor/Collector
Cooling System

3. NUMERICAL SIMULATION

The numerical simulation was performed using the Ansys
Workbench 2023-R1 program, student version. The geometry
was created with the same CAD program, specifically the three-
dimensional (3D) subdivision in SpaceClaim, followed by the
Meshing phase, settings, solution, and results carried out with
Ansys Fluent, a computational fluid dynamics (CFD) tool
capable of physical modeling and simulation.

In this project, the numerical simulation for the operation of the
same photovoltaic panel includes 3 cases:

= 3.1 Simulation of PV operation without cooling (G1)

= 3.2 Simulation of PV operation with serpentine
cooling system (G2)

= 3.3 Simulation of PV operation with distributor/
collector cooling system (G3)

3.1. Simulation of PV operation without cooling

The numerical simulation for the case of the photovoltaic panel
without cooling was possible with the following input
parameters:

Solar power: 1000W/m?
Air density: constant
Heat transfer air-PV: through conduction

PV thermal resistance: negligible the calculation
processes were set to 1000 iterations.

PV Characteristics:

Material: Mixed (glass, eval, PV cells, eva2, tedlar)
Mixed PV layer thickness: 0.0045 m

Mixed material density: 2447.11 kg/m3

Specific heat: 885.73 J/kg°C

Thermal conductivity: 14.44 W/m°C.

The results obtained from the numerical simulation for the
photovoltaic panel without cooling are presented in Table 2.
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Photovoltaic panel 2000/1000 mm without cooling system 0,5 20 34,8 32,7 42,7 37,1

V2o Th20int Th200ut Trinpv Trnaev Tredpv 0.7 20 306 305 37.5 335
NO NO NO 64,5 112,3 88.4 Table 3. Data from Numerical Simulation of PV with

Serpentine Cooling

Table 2. Data from Numerical Simulation of PV Without

Cooling In Fig. 11, the temperature contour on the surface of the

photovoltaic panel can be observed for the color spectrum set
within the range of 20...110°C. The water circulation velocity

In Fig. 10, the temperature contour on the surface of the
ranges from 0.1 to 0.9 m/s.

photovoltaic panel can be observed for the color spectrum set
within the range of 20...110°C. The maximum temperature of comtour

the PV panel is at 112.3°C. The average temperature is 88.4°C. Static Tem perature
The minimum temperature is 64.5°C. e
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Figure 10. a. Front; b.Bottom View of PV in the Numerical
Simulation Without Cooling R
3.2. Simulation of PV operation with serpentine cooling
The numerical simulation for the case of the photovoltaic panel
with serpentine cooling system was possible with the following
input parameters: Anays
= Solar power: 1000W/m?2
= Air density: constant
= Heat transfer air-PV: through conduction
= Heat transfer PV-water: through convection and
conduction
= PV thermal resistance: negligible Figure 11. PV with Serpentine Cooling, with the Cooling Agent
= Water inlet temperature: 20°C Circulation at 0.1...0.9 m/s

= Water circulation velocity: 0.1...0.9 m/s
The results obtained from the numerical simulation for the PV 3.3. Simulation of PV operation with distributor/collector
operation with the serpentine cooling system are presented in cooling

Table 3. . . . .
The numerical simulation for the case of the photovoltaic panel

with distributor/collector cooling system was possible with the
following input parameters:
= Solar power: 1000W/m?

Photovoltaic panel 2000/1000 mm with serpentine
cooling system

Vizo | Thzoint Trzo0ut Tminpv Toaxev | Tmedpv . X g

(m/s) (°C) (°C) (°C) (°C) (°C) Air density: co'nstant' _
0,1 20 90,5 55,9 105,3 78.8 = Heat transfer air-PV: through conduction
0,3 20 44,2 37,5 54,1 44,9
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= Heat transfer PV-water: through convection and
conduction

= PV thermal resistance: negligible

= Water inlet temperature: 20°C

= Water circulation velocity: 0.1...0.9 m/s

The results obtained from the numerical simulation for the PV
operation with the distributor/collector cooling system are
presented in Table 4.

Photovoltaic panel 2000/1000 mm with distributor/collector

cooling system
VHZO THZOint THZOout TminPV TmaxPV TmedPV
(ms) | (°C) (°C) () (C) (C)
0,1 20 79,8 45,8 84,2 64,9
0,3 20 47,5 37,8 57,0 45,8
0,5 20 38,3 33,7 49,2 39,9
0,7 20 34,5 31,2 45,2 36,6
0,9 20 32,5 29,8 42,5 34,5

Table 4. Data from Numerical Simulation of PV with
Distributor/Collector Cooling

In Fig, 12, the temperature contour on the surface of the
photovoltaic panel can be observed for the color spectrum set
within the range of 20...110°C. The water circulation velocity
ranges from 0.1 to 0.9 m/s.
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Figure 12. PV with Distributor/Collector Cooling, with the
Cooling Agent Circulation at 0.1...0.9 m/s

ond 17 (%)
Tminpy 64,5 82,225
TmaXpy 112,3 60,715
Tmedpy 88,4 71,47

4. COMPARATIVE STUDY

A total of 11 simulations were conducted. The thermal potential
available on the surface of the photovoltaic panels was
extracted, including:

e PV without cooling
e PV with serpentine cooling
e PV with distributor/collector cooling

In the following chart (Fig. 13), the temperature dynamics for
the PV system without cooling can be observed.

Efficiency according to STC [%]

_ 90,0¢ B82.2%

Figure 13. Distribution of PV temperatures for the System
Without Cooling

According to the study it is mentioned that for an average
external temperature of 25°C and solar radiation of 1000W/mz,
with uniform and direct exposure of the PV panel to the sun, the
photovoltaic cells offer maximum electrical power production.
This test is referred to as Standard Test Condition (STC). As a
result of this conducted study, it was observed that for every
1°C increase in the photovoltaic panel's temperature above
25°C, there is a reduction in efficiency by 0.45%. Based on
these findings and considering the STC test, we can extract the
following calculation from Table 5.

Efficienty according to STC

Table 5. PV Efficiency according to STC - PV Without Cooling

The temperatures obtained during the operation of the PV
without cooling reach excessively high levels, leading to a
significant decrease in its performance. As seen in Fig. 13, the
PV efficiency for the resulting average temperature reaches a
threshold of 71%. A reduction to two-thirds of the PV capacity
is considerable. It is well-known that the operating temperature
of photovoltaic panels is crucial in electricity production.
Therefore, at such temperatures obtained in this initial
simulation, the capacity to produce electricity by the
photovoltaic panel decreases dramatically. Taking into account
the maximum temperature obtained from the numerical
simulation, the efficiency reduction approaches half. The
capacity to produce energy by PV is reduced by up to 60%.
This parameter should be considered more, especially
concerning the maximum temperature, to verify the functioning
under the most adverse conditions.
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In the domain of PV operation with serpentine cooling, as
shown in Fig. 14, the graph of temperatures obtained from the
numerical simulation is presented. Similarly, 1 consider the
obtained maximum temperatures as preliminary data to ensure
the logical operation of PV under the most adverse exterior
climatic conditions. At the beginning of each serpentine cooling
cycle, for each of the five allowed circulation velocities
considered, a maximum temperature is observed. In the velocity
domain from 0.1 m/s to 0.5 m/s, the maximum temperature
obtained does not match the STC efficiency calculation. In this
case, the resulting temperatures are too high. In the rest of the
approached velocity domain, given the forced circulation of the
cooling agent and better distribution on the PV surface, the
operating temperatures are lower and even optimal in terms of
efficiency.

PV cooling with serpentine system

Figure 14. Distribution of PV Temperatures for the Serpentine
Cooling System

Table 6, according to the STC test, we extract the following
calculation for the efficiency of the PV system with serpentine
cooling.

Regarding the PV cooling system with distributor/collector, Fig.
16 displays the graph of temperatures obtained from the
numerical simulation. The maximum temperatures obtained
serve as preliminary data to ensure the logical operation of PV
under the most extreme external climate conditions. At the
beginning of each cooling cycle with the distributor/collector,
for each of the five allowable circulation velocitys considered, a
maximum temperature is observed. In the range of velocitys
from 0.1 m/s to 0.3 m/s, the maximum temperature obtained
does not match the STC efficiency calculation, indicating that
the resulting temperatures are too high. However, in the rest of
the velocity range considered, due to the forced circulation of
the cooling agent and a uniform and constant distribution over
the entire PV surface, the operating temperatures are lower.

PERFORMANCE OF PV PANEL WITH SERPENTINE COOLING SYSTEM ACCORDING TO STC

STC3 temp m
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Figure 15. Efficiency of the PV with serpentine cooling
according to STC at the obtained temperatures

P cooling with distributor/callzctor ystem

Velocity of
cooling agent| 0,1 03 05 0,7 0,9
(m/s)
Tmingy(°C) 55,9 37,5 32,7 30,5 29,1
STC(%) 86,095 | 94,375 | 96,535 | 97,525 | 98,155
Tmedpy(°C) | 78,8 44,9 37,1 33,5 31,5 == e
STC(%) 75,79 45,79 | 94,555 | 96,175 | 97,075
Tmaxey(°C) | 105,3 105,3 427 37,5 34,6 Figure 16. Distribution of temperatures for the PV system with
STC(%) | 63,865 | 63,865 | 92,035 | 94,375 | 95,68 distributor/collector cooling

Table 6. Calculation of PV efficiency with Serpentine Cooling
according to STC

Fig. 15 illustrates the efficiency of the photovoltaic panel with
serpentine cooling, depending on the temperature extracted
from the numerical simulation for the five cases of coolant
circulation velocity. It is evident that for all temperatures,
minimum, average, and maximum, the PV efficiency increases
with decreasing temperatures. As expected, the maximum
efficiency of PV is achieved at the minimum temperatures
obtained on its surface, reaching 98.1%. However, the
maximum temperature reached, 105°C, is not favorable in terms
of efficiency, and it rapidly decreases the system's reliability
over time.

In Table 7, according to the STC test, we extracted the
following calculation for the efficiency of the PV system with
distributor/collector cooling.
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Table 7. PV Efficiency Calculation with Distributor/Collector
according to STC

In the graph (Fig. 17), we can observe the efficiency of the
photovoltaic panel with distributor/collector cooling, based on
temperature, extracted from the numerical simulation for the
five cases of cooling agent circulation velocitys. It is evident for
all temperatures, minimum, average, and maximum, that the PV
efficiency increases with decreasing temperatures. As expected,
the maximum PV efficiency is achieved at the lowest
temperatures obtained on its surface, reaching 97.8%. The
maximum temperature obtained does not exceed 85°C.

PERFORMANCE OF PV PANEL WITH DISTRIBUTOR/COLLECTOR COOLING SYSTEM ACCORDING TO STC

PERFORMANCE (%]

Figure 17. PV Efficiency with Distributor/Collector Cooling -
Temperature Dependency

4. CONCLUSIONS

1. In the domain of minimum temperature, in the case of
operation without a cooling system, the minimum operating
temperature of the PV is high, reaching 64.5°C, considering its
distribution over a very small surface. The most favorable
minimum PV temperature is obtained with the distributor
cooling system at a velocity <0.5 m/s. This results in a better
distribution of the cooling agent over the PV surface, leading to
improved operating efficiency. Additionally, the cooling water
in this case has a higher temperature, making it suitable for
thermal energy storage in a secondary system. On the other
hand, the cooling system with a serpentine is more effective for
velocitys >0.5 m/s. However, the water distribution in this case
is not as uniform, resulting in some areas of the PV being better
cooled than others. This thermal non-uniformity can have a
negative impact on the system's durability, reliability, and
energy production, as unevenly functioning photovoltaic cells
may experience premature aging.

2. In the domain of average temperature, in the case of
operation without a cooling system, the average operating
temperature of the PV is 88.4°C. With cooling systems, we
observe that the serpentine cooling system achieves lower
temperatures at velocitys >0.5 m/s compared to the distributor

cooling system. At velocity <0.5 m/s, the distributor cooling
system manages to exchange heat more efficiently, resulting in
lower temperatures and higher efficiency for the entire PV
system.

3. In the domain of maximum working temperature of the
system, in the case of simulations without cooling, the
minimum temperature obtained on the PV surface remains
relatively high at 112°C. It was illustrated the temperature
evolution for all three cases analyzed for each of the cooling
agent circulation velocitys (excluding PV without cooling).
This high temperature can significantly affect the system's
efficiency, leading to a considerable decrease in productivity.
However, for systems with cooling, the situation improves.
Lower temperatures are achieved, and the distributor cooling
system works better at velocitys <0.3 m/s. This is due to the
uniform distribution of the cooling agent, and the circulation
velocity is well suited for this case. At velocitys >0.3 m/s, the
continuity is maintained, and the distribution is equally good,
resulting in acceptable temperatures and increased efficiency. In
the case of serpentine cooling, the disadvantage lies in the non-
uniform temperature distribution on the PV surface, but we
observe areas with better cooling at velocitys >0.3 m/s. This is
due to the fact that a higher cooling agent circulation velocity
facilitates more favorable heat exchange at the beginning of the
cooling circuit. Thus, a significant temperature discrepancy is
observed between two halves of the PV, with one being better
cooled than the other. This is undesirable as the system is not
thermally balanced, and PV materials and cells may experience
unequal transformations over the entire surface, leading to
decreased efficiency and reliability over time. The cooling
agent's outlet temperature is crucial as it results from a heat
exchange process with the PV surface. A higher cooling agent
temperature leads to better heat exchange and, consequently,
better cooling.

4. In Fig. 18, there is presented the graph of cooling agent
operating temperatures for all three simulation cases, i.e., no
cooling system and systems with cooling. Lower PV operating
temperatures and better system functionality and reliability are
achieved. Cooling agent temperature is studied for cases G2 and
G3, where the cooling system is involved. At velocitys <0.3
m/s, an advantage of the serpentine system is observed, thanks
to its slow, one-directional flow of the cooling agent. At
velocitys >0.3 m/s, the distributor/collector cooling system
compensates effectively because the cooling agent is distributed
through multiple paths, resulting in simultaneous heat
exchange. As expected, a better heat exchange benefits the
photovoltaic system's operation, durability, and reliability.

[OUTLET WATER TEMPERATURE |

(NE)

Figure 18. Cooling agent outlet temperature graph
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As already evident, in this simulation, we numerically identified
this thermal potential. The benefits of improved heat exchange
are reflected in the efficient operation, durability, and reliability
of the photovoltaic system, as well as the available thermal
potential. Thermal energy storage is possible, and there are
numerous approaches in this regard. The advantage lies in
reducing the environmental impact in the field of electricity and
thermal energy production through this hybrid electro-thermal
system, optimizing electricity and thermal consumption,
reducing fossil fuel consumption, minimizing the environmental
impact, reducing assembly and maintenance periods for
photovoltaic-thermal (hybrid) systems, and ultimately reducing
costs.
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Abstract: The numerical modeling of the effect of wind direction and velocity over the air cooling of
PV panels with heat sinks is realized. During the study, a random PV panel with typical characteristics
was analyzed for three different wind directions—towards its back, towards its front and from the
side. The analysis was realized on a fixed PV panel, oriented to the south, with an inclination of
45 degrees from the horizontal position. The accuracy of the numerical simulation was achieved by
comparison with the experimental studies presented in the literature and by comparing the NOCT
conditions. The numerical study is focused on different types of heat sinks attached to a typical PV
panel. The fins were distributed both horizontally and vertically. A challenging task consisted in
simulation of the real wind conditions around the PV panel by taking into account the entire air
domain. The simulations were realized for air velocity v,; from 1 m/s to 5 m/s, solar radiation of
G = 1000 W/m? and ambient temperature t,;, = 35 °C. The output parameters analyzed were the
average temperature of PV panels and their power production. Although the lowest temperatures
were achieved for the back wind, the cooling effect was more intense for the side wind. The other
direction studied also determined the cooling of PV panels. The passive cooling solutions analyzed
introduced a rise of maximum power production between 1.85% and 7.71% above the base case,
depending on the wind direction and velocity.

Keywords: CFD analysis; wind direction; PV temperature; air cooling; perforated heat sinks;
NOCT validation

1. Introduction

The current global political, economic and energy context is characterized by high
demand and consumption of population, instability, uncertainty and rampant inflation,
right in the area of resources and energy [1]. Even without taking into account the current
context, there is the well-known concept of Overshoot Day which is “celebrated” each year.
In essence, this day represents the moment when humanity had already used up all of the
renewable resources of the current year and unfortunately it takes place earlier and earlier
each year. For the current year, this day was on 28 July 2022, meaning that from 29 July
onwards, we started consuming additional resources compared to how much the planet
could regenerate [2].

In this context, the use of solar-related energy could reduce the vulnerability of the
European Community and eliminate the dependence of third-party oil or gas producers.
Solar energy and its conversion into electricity by using photovoltaic (PV) panels became a
major attraction in order to reduce the dependence on fossil fuels. After commissioning,
there is obtained a clean and sustainable form of energy [2,3]. The photovoltaic systems
could represent a stable and competitive area [4], taking into account both the recent actions
in Europe [5] and the general tendency on the energy market that have quickly affected the
stability of the world countries.
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The advantages of photovoltaic technology are well documented in literature [6], but
the control of the PV panels temperature is also an important challenge that could assure
the enhancement of their efficiency [7].

The irreversible effect of heat generation in PV panels cannot be avoided, taking into
account that the PV panel is constantly exposed to high levels of solar energy. Taking
into account the efficiency of recently photovoltaic panels (of 20-25%), it can be stated
that the vast majority of the remaining solar energy absorbed is converted into heat. This
phenomenon, corroborated with the temperature-dependent variation of the efficiency of
PV panels [7], determines a continuous concern on reducing the operating temperature. The
data from literature present a decrease of the PV efficiency with the temperature between
—0.30 and —0.50%/°C [8,9]. It must be specified that, in contrast to STC (Standard Test
Conditions), in normal operation the photovoltaic panels can reach temperatures of 70 °C
or higher [8,10,11], at 1000 W/m?, leading to a significant decrease in their efficiency.

It is well known that, when it is possible, it is recommended to use cooling solutions
for improving PV panels’ efficiency and develop PVT panels (photovoltaic-thermal) as a
consequence [12-15]. There are considerable research studies in the literature regarding
the cooling solutions for improving the efficiency of photovoltaic panels by reducing their
operating temperature [6,9,10,13-15].

The air-cooling effect using heat sinks is tested for different areas: residential sector,
urban and power plants [16,17].

The aim of this study was to analyze the effect of wind direction and velocity over
different types of heat sinks attached to PV panels in comparison to the base case (without
a cooling solution). The main target of the work was to quantify the cooling effect of
various heat sinks in variable wind conditions. The presence of heat sinks is influencing
the performance of PV panels, but the wind directions could also be an important factor in
this regard. In contrast to the majority of similar studies in the literature, in this paper, the
numerical modeling was conducted in more realistic wind conditions and inclination of
the PV panel [18]. Taking into account the research from the literature, which concluded
that the results for different temperature and radiation threshold are varying linearly for
values of 20-35 °C and 600-1000 W /m?, during this study, the most unfavorable conditions
in terms of PV panel heating were detailed: solar radiation G = 1000 W/m? and ambient
temperature t,;, = 35 °C [6].

2. Related Research

There are numerous related research studies in the literature, both experimental and
numerical, regarding the inverse dependence of the temperature of monocrystalline and
polycrystalline PV panels with their efficiency, and consequently the necessity of cooling
solutions for removing this shortcoming [6,8,9,11,19,20].

Related research works on PV panels’ cooling by using air are presented in the liter-
ature, and a large number of technologies and solutions to improve their efficiency are
presented [9,21-26]. Recent experimental and numerical studies regarding the passive air
cooling of PV panels by using heat sinks [8,27,28] tend to confirm noticeable and promising
results [6,8,22,23]. The two main materials used for manufacturing the heat sinks are
aluminum and copper [23]. The cooling effect is analyzed through experimental tests
under different conditions and the conclusion is that copper has superior results [23]. Also,
numerical and experimental analysis showed that the presence of perforations on the fins
of the heat sinks can improve the efficiency of the PV panels by reducing their operating
temperature [6,23]. The predicted temperature drop, due to the use of these solutions, can
reach values between 7 °C and 10 °C [23].

Numerical simulations regarding the wind direction towards the back, front and side
of heat sinks attached to PV panels showed a potential of operating temperature reduction
towards 10 °C below the basic case temperature (when no cooling is applied) [8,11,15,29,30].
The improvement of the PV panels’ performance was determining a rise of normalized
power production up to 0.90 of the standard test conditions one [31]. As an average, the
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normalized power generation of photovoltaic panels can reach about 0.70-0.83 compared
to the STC rating [18].

3. Materials and Methods
3.1. Problem Description

The study was focused on determining the effect of wind direction and velocity
over the resulting operating temperatures of PV panels both in cooling and non-cooling
conditions (base case). Taking into account the variety of PV panels on the market, a
typical one is analyzed (with a power production of 320 Wy, and a surface of 1.6 m?). The
PV panel is a monocrystalline Si-based one—AE320HM6-60—Table 1 [32], inclined at 45°
from the horizontal position, in constant solar radiation G = 1000 W/ m2, constant ambient
temperature of f,;, = 35 °C and variable wind direction (from the back, front and side of the
PV panel) and velocity (from 1 m/s to 5 m/s). This configuration is also used for validation
of the model in NOCT (Nominal Operating Cell Temperature) conditions [31].

Table 1. The electrical and dimensional characteristics of the photovoltaic panel studied.

AE Solar AE320HM6-60 PV Panel [32]

Maximum power Py, 320 Wy,
Voltage at maximum power Vi, 33.40 V
Current at maximum power I 9.59 A
Open-circuit voltage Vo, 4090V
Short-circuit current Iy, 10.15 A
Efficiency nstc 19.30%
Temperature factor of efficiency —0.37%/°C
Nominal operating cell temperature fxocT 47 °C
Dimensions of PV panel (length L x width I x height h) 1665 mm x 996 mm x 35 mm

During the study, there were different stages of analysis of the heat sinks attached to
the PV panel. The study was initiated with the validation of the model for the base case (no
cooling system attached to the photovoltaic panel). After that, a total of six configurations of
heat sinks were attached to the PV panel and studied. The various heat sinks were obtained
by changing the configuration of their fins. Therefore, for each type of fins (horizontal and
vertical), there were the following cases: non-perforated fins vs. fins with perforations of
30 mm and 60 mm diameter (P).

The proposed heat sinks are placed in the backside of the PV panel. The contact region
is represented by a copper sheet (plate). Perforated or non-perforated copper fins are
connected to this plate in order to improve the heat transfer by amplifying the turbulence
from the PV panel to the surrounding air (see Figure 1). Therefore, the perforations assure
a quantitative and qualitative effect against the heating of the PV panel and could improve
the photovoltaic efficiency.

PV panel
AE320M6-60

Frame of PV panel

Circular holes of
@30mm or 60mm

Plate of the heat sink

attached to PV panel Perforated fins

Figure 1. The PV panel—heat sink ensemble—Case of vertical fins with perforations.
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The literature analysis showed that the circular holes made in the fins of the heat sinks
have the potential to produce promising results for cooling the PV panels [6,8,22,23,29].
In this case, the resulting temperatures are lower by 2-3 °C than those obtained by using
other shapes for perforations [18]. In the literature are presented various types of fins
(continuous, discontinuous or staggered) [33]. During this study, continuous fins of 100
mm height were analyzed.

Two main configurations of the heat sinks studied were:

Model 1—horizontal fins (3 models: non-perforated, perforated with @ = 30 mm holes
and @ = 60 mm holes);

Model 2—vertical fins (3 models: non-perforated, perforated with ¢ = 30 mm holes
and @ = 60 mm holes).

3.2. Numerical Modeling

The ANSYS Fluent platform was used for numerical modeling in steady-state condi-
tions. The geometric model and the mesh were created by using ANSYS Fluent-Meshing
and ANSYS SpaceClaim.

Given the particularities of the flow (that is not aligned with the mesh), the simulations
were realized in the SIMPLE method. The second-order accuracy was used for solving the
governing equations of the phenomena involved [8,34].

The solar radiation was modeled by the aid of the native module of Fluent—Solar
Ray Tracing. The conversion of solar radiation into heat is synthesized as an absorption
coefficient of the PV panel of « = 0.7 [6,8].

The energy balance between the PV panel-heat sink ensemble and the surroundings
were modeled by including both the convection and radiation effects [28]. The turbulence
model used for the flowing air was the k—¢ realizable model [34].

The geometry of the model was created using SpaceClaim. For all studied cases, after
preliminary analysis, the distance between fins was imposed to s = 150 mm. The fins are
orthogonal to the heat sink sheet, as shown in Figure 1. The circular perforations had 30
mm or 60 mm in diameter and they are located at 100 mm one to another according to
previous research works [6,23]. In this way, a better air circulation is achieved near the heat
sink and the cooling effect is enhanced.

It is well known that the accuracy and correctness of the mesh lead to precise CFD
(Computational Fluid Dynamics) [34]; therefore, in order to solve the highly orthogonal
mesh that could result from a conventional mesh. The polyhedral mesh for surfaces and
poly-hex mesh for volumes determined an increase of the simulation time, maintaining the
same precision of the results. In order to achieve an appropriate mesh, different refinements
are necessary [34]. For the present numerical modeling, the PV panel, heat sink and air
volume had a mesh quality as presented in Table 2.

Table 2. The mesh quality of the simulation domain.

Mesh Quality
Aspect ratio 5.0-60
Skewness 0.4-0.7
Orthogonal quality 0.1-0.3

In order to optimize the number of the cells of the mesh and the simulation time, a mesh
independence study was realized. The preliminary simulations showed that 3 x 10° cells
for the base case and 5.5 x 10° cells for cases with heat sinks determined accurate results
compared to a higher number of elements (see Figure 2).
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Figure 2. Mesh independence study for the numerical simulation.

3.3. Sensitivity Analysis of Grid Spacing

The spatial discretization error analysis was also performed. The Grid Convergence
Index (GCI) method was used, according to [35,36]. The GCI represents a very accurate
method used to evaluate how far the numerical computed values are compared to the
asymptotic one [36]. The analysis was implemented on both base and heat sink cases. The
following equations present the calculations used and the detailed values obtained. Three
grid refinement levels were considered and the following GCI values were calculated:

Fsler—o|

GCh_ = m (1)
and
- Fs|€273|
GClL 3 = 7(7573 - 1) 2)
where:

GCI_,—Grid Convergence Index for fine and medium grids;
GClI,_3—Grid Convergence Index for coarse and medium grids;
Fs—Factor of safety (Fs = 1.25 in the present study);

e—Relative error:

En—n+l = W (3)

p—Order of convergence:
ln f n+2 *f n+1

p — fn+1_fn (4)

Inr

f—Significant parameter chosen for the comparison (f;—the temperature calculated with
the finest grid, f,—with the medium grid, f3—with coarsest one);
r—Constant refinement ratio (v = 2 in the present study):

h
"n—n+1 = Z:l &)
h—Grid spacing, with:
hi(=1mm) < hy(=2mm) < h3(= 3 mm) 6)

For the present study, the f parameter consists in the average operating temperature
of the PV panel, tpy.
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In order to achieve precise results from numerical simulations by using the lowest
number of cells, the following auditing ratio should be as close as possible to 1:

GCIy_3

— =1 7
TPGCIl_z - ( )

In the case of using the finest grid, the predicted value at & = 0 is:

f=niv g2 ®

For the specific values of the base case analysis (r = 2, f1 = 47.28, f, = 47.40, f3 = 47.38,
Fs; =1.25), the following values were obtained: the order of convergence p = 1.68 and the
predicted value f = 47.31. Also, ¢1_5 = 0.053% and &,_3 = 0.169%, while the GCI;_, = 0.030%
and GCIy_3 = 0.096%. The calculated auditing ratio is:

GCh_3

——— = 0.9977 9
VPGCH,Z ( )

For the specific values of the heat sink case analysis (r = 2, f1 = 39.39, f, = 39.44,
f3=39.49, F; = 1.25), the following values were obtained: The order of convergence p = 0.17
and the predicted value f = 39.80. Also, e;_ = 0.116% and &_3 = 0.130%, while the
GCI_5 =1.139% and GCI,_3 = 1.281%. The calculated auditing ratio is:

GCh_3

Therefore, the main verification of the grid quality confirms that the results are in the
asymptotic range of convergence and the numerical model was further conducted by using
the lowest cell number (coarse grid).

A large number of research studies from the literature are analyzing the photovoltaic
panels either in the horizontal [19] or vertical [8,23] position. In addition, the surrounding
air is most often simulated as a channel behind the photovoltaic panel [18]. Moreover,
studies on cooling inclined photovoltaic panels are present in the literature, but in reduced
number [6,11,27].

During this study, the numerical simulations were done considering the air circulation
in the vicinity of an inclined PV panel cooled with heat sinks. It was possible due to the
high accuracy mesh, which assured a realistic simulation of the airflow and heat transfer
from the PV panel to the heat sink and to the surrounding air. In the present study, in
order to simplify the numerical model, the influence of the relative humidity of the air was
neglected. However, according to literature, the variation of the relative humidity could
affect the final results by 4-5% [37]. The thermophysical properties of the materials defined
for the simulations are presented in Table 3. The geometry and set-up of the simulation are
shown in Figure 3.

Table 3. Thermophysical properties of the materials defined.

Material g [mm] A [W/m-K] p [kg/m3] ¢y [J/kg K]
Glass 3.00 1.00 2300 0.50
PV cells 0.35 168 2330 0.757
EVA 0.50 0.35 960 2.09
Tedlar 0.20 0.20 1500 1.20
Copper 1.00 386 8960 0.376
Air - 0.025 1.20 1.005
where:

g—thickness of the layers composing the PV panel [m];
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A—thermal conductivity of the layers composing the PV panel [W/m-K];
p—density of the layers composing the PV panel [kg/m?];
cy—specific heat of the layers composing the PV panel [J/kg-K].

|

tar=35C SOLAR
RADIATION
Gmea= 1000 W/m2
PV PANEL /
INLET / OUTLET
Vback %Vback
__OUTLET
" Vot INLET
HEAT SINK =~ Viont
AIR VOLUME

Figure 3. The geometry and set-up of the numerical simulation domain.

The steady-state conditions were assumed for the numerical modeling. During the
simulations, the following inputs were established:

- constant: ambient temperature, t,;, = 35 °C—worst scenario in terms of heating [6];
- constant: solar radiation, G,,,g = 1000 W/m?—worst scenario in terms of heating [6];
- variable: velocity of the air, v,;;, = 1-5 m/s;
- variable: wind direction: towards the back, front and side of the PV panel;
The main results obtained from the simulations were:

- operating temperature of the photovoltaic panel;
- normalized power production.

In terms of wind direction, the simulations were made in 3 Scenarios—for each case,
different faces of the volume represent the inlet and outlet of the flow—Figure 3. The blue
arrows are used for the back wind. The red arrows are used for the front wind. The green
arrows are used for the side wind.

The inlet face of the domain varies as the position but has the same boundary con-
ditions for each case: constant air temperature of 35 °C, velocity vector normal to the
inlet surface and variable wind velocity: from 1 m/s to 5 m/s. The boundary conditions
regarding the flow were the turbulent intensity of 5% and turbulent viscosity ratio of 10.

3.4. Studied Cases

A total of seven cases were studied. The first one is the base case (Case 0), while the
other six consist of the heat sinks analyzed:

0. Base case - no cooling;

1. Horiz Simple - heat sink and non-perforated horizontal fins;

2. Horiz 30 mm - heat sink and perforated @ = 30 mm horizontal fins;
3. Horiz 60 mm - heat sink and perforated @ = 60 mm horizontal fins;
4. Vert Simple - heat sink and non-perforated vertical fins;

5. Vert 30 mm - heat sink and perforated @ = 30 mm vertical fins;

6. Vert 60 mm - heat sink and perforated @ = 60 mm vertical fins.

The analysis was realized on a fixed PV panel, oriented to the south, with an inclination
of 45° from the horizontal position, and wind direction was varied towards the back, front
and side of it, as shown in Figure 4.
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— PV panel
AE320M6-60

b

. 6>
Mounting *’77‘ — Frame of PV panel
system | %
|
‘1 & N
{ A '
| 1 .
I"0.30 m height
\ | 1 from the ground

1.18 m

Figure 4. Side view of the set-up of the fixed PV panel, inclined at 45°.

The designed heat sinks consisted of a rectangular metal (copper) sheet with horizontal
or vertical equidistant fins (Table 4). The main geometric characteristics of the heat sinks
are: hg,s = 100 mm (height of all fins implemented), Lg,,s = 1520 mm (length of vertical fins)
and Lg,,s = 860 mm (length of vertical fins)—Table 4.

Table 4. The perspective view of the heat sinks attached to the PV panel.

Case 3D Perspective View
Plate of the heat sink — PV panel Plate of the heat sink PV |
attached to PV panel pane
P AE320M6-60 stacied 10 RN panel AE320M6-60
Junction box Junction box
Mounting Mounting
system Frame of PV panel system Frame of
PV panel
< N
1-3
— Circular holes
@30mm or @60mm
L 1 R -
Non perforated fins — Perforated fins
Plate of the heat sink PV panel Plate of the heat sink PV |
attached to PV panel panel
P AE320M6-60 attached to PV/ panel AE320M6-60
Junction box Junction box
Mounting Mounting
system Frame of system Frame of PV panel
PV panel
\
4-6

Circular holes
@30mm or F60mm

Non-perforated fins

h_

Perforated fins

The fins, made of copper, are studied for both perforated and non-perforated cases.
The base sheet of the heat sink is in direct contact with the backside of the PV panel. The
diameter of the circular perforations of the fins were of 30 mm or 60 mm (Table 4). The
holes were placed at an equal distance of d = 100 mm from one to another. In order to
assure good air circulation, there was imposed an offset of 50 mm between two successive
fins.

The main cases of cooling solutions analyzed are presented in Table 4. Cases 1-3
represent the horizontal (transversal) ones with no perforations or with perforations of 30
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mm and 60 mm. Cases 4-6 are the vertical (longitudinal) ones, both with and without per-
forations.

4. Numerical Model Validation
4.1. Base Case Validation—Without Heat Sink

The base case was validated in two steps. The first one consisted in analyzing the
behavior of the numerical model in NOCT conditions compared to the expected results
according to the producer datasheet and literature. The NOCT conditions suppose a PV
panel inclined at 45°, direct solar radiation on front of the PV panel of 800 W/ m2, air
temperature of 20 °C and the wind velocity of 1 m/s towards the backside of the PV
panel [31]. According to the producer of the PV panel [32], in these conditions, the average
temperature of the PV panel tyocr should be 47 °C. Taking into account that the good
matching of the PV temperature from simulation was 47.16 °C, the model was considered
appropriate and the next steps of validation were covered.

A common Equation (1) from literature [31,38] extrapolates the NOCT results and
makes the connection between the PV panel temperature (tpy) and outside conditions (air
temperature t,;, and solar radiation G) for each PV panel, characterized by its own fyocr-
By comparing the numerical results with those obtained with Equation (11), the following
tendency of the PV panel temperature was observed (Figure 5).

tnocr —20 - (1)

tpy = fair + 800

~
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T T t T + T 30
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Figure 5. Validation of the numerical model using NOCT conditions and Equation (1).

The differences between the numerical model and Equation (1) were between 0.28 and
1.98%, which represents a very good correlation between them.

Also, experimental studies from literature [11,39] were compared with the present
numerical simulation on the base case for different input variables. For the PV panel
inclined to 45°, wind velocity of v = 1.5 m/s and solar radiation of G = 837 W/ m?, the
difference between the present study (53.68 °C) and the experimental data (51.6 °C) [11]
was 3.87%.

Additional results of simulation and experimental studies [23,39] are compared in
Figure 6, and a good correlation can be found.
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Figure 6. Validation of the numerical simulation—base case—PV panel without heat sink.

4.2. PV Panel and Heat Sink Validation

The heat sinks attached to a PV panel were also analyzed for validation. The compari-
son between experimental data [34] and the present model is presented in Figure 7.

65 65
Tpv = 54.50°C
6o} Z. Arifin, 2020 (G=1000 F oo
[ Tpv = 48.82°C W/m2,v=1.5 m/s,
o Current work Tamb=35 °C)
e
355 T (G=800W/m2,v=15m/s, . Ty + 55
Z Tamb=35 °C) P S
g50 1 7 £ s0
k] Rt Tpv =52.31°C
o Current work
g% Tov = 47.50°C (G=1000 W/m2, v=1.5 m/s, T4
> - _
a Z. Arifin, 2020 (G=800 W/m2, Tamb=35 °C)
Ef’ 40 T v=1.5 m/s, Tamb=35 °C) T 40
a: .
Z3 1 —&—Tpv heat sink - Current work I35
--&-- Tpv heat sink - literature - experimental
30 + + 30

750 850 950 1050
Solar radiation incident [W/m2]

Figure 7. Validation of the numerical simulation—PV panel with heat sink.

In order to improve the accuracy, the model validation was realized also for various
values of solar radiation and air temperature. The differences between the present numeri-
cal model and experiments from literature were from —5.18% to +4.03%. The narrow range
of variation is considered acceptable [30], supporting the validity of the study. Therefore,
the numerical modelling was considered to have little risk of error and the study was
continued.

5. Results and Discussion

The present simulations have a higher level of accuracy compared to the majority
of literature, because the air circulation around the PV panel-heat sink ensemble causes
a change in temperatures distribution and non-homogeneous heat transfer. While the
majority of existent studies are realized by using a constant convective heat transfer coeffi-
cient (i) in order to replace the air circulation around an object [18], in the present paper,
the airflow near the photovoltaic panel and heat sink ensemble is also considered. This
approach produces more realistic results and could represent a good starting point for
future research in the literature, representing the connection between air velocity, direction
and the power production obtained for these conditions.

The PV panel operating temperature and normalized power production were obtained.
In Figures 8-10, there are presented qualitative and quantitative results regarding the
average temperatures of the photovoltaic panels obtained for each model of the heat sink
and various wind velocities and directions. These results are obtained by varying the
set-up: f,;, = 35 °C, v, = 1-5m/s and G = 1000 W/ m? and three wind directions (Table 5).
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(a)

Tpv front: 1000 W/m?; 2 m/s; 35 °C; v_back / v_front / v_side
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Figure 8. Variation of average operating temperature for (a) v,;, = 1 m/s; (b) v,;, =2 m/s.
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Figure 9. Variation of average operating temperature for (a) v,;, =3 m/s; (b) v,;, =4 m/s.
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—4—TPV front: 1000 W/m2; 5 m/s; 35 °C; v_front

Figure 10. Variation of average operating temperature for v,;, =5 m/s.
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Table 5. Operating temperature of PV panel for studied cases.

Back Wind Front Wind Side Wind
Case Dair Drop of tpy Compared to Base Case, for t,;, = 35 °C

°C % °C % °C %

0. Base Case 70.1°C - 70.7 °C - 80.4 °C -
1. Horiz Simple —1446°C  —20.6% —6.88°C —9.7% —1656°C  —20.6%
2. Horiz 30 mm 1 —1461°C —-209% -—5.85°C —83% —14.89°C —18.5%
3. Horiz 60 mm m/s —1454°C  —20.8% —5.03°C —71% —14.46°C —18%
4. Vert Simple —124°C —17.7% —4.42°C —62% —1254°C —15.6%
5. Vert 30 mm —-1093°C  —15.6% —4.85°C —69% —1027°C —12.8%
6. Vert 60 mm —-10.87°C  —155% —4.53°C —64% —9.73°C —12.1%

0. Base Case 59.9 °C - 60.2°C - 66.8 °C -
1. Horiz Simple —-10.88°C —182% —7.14°C —11.9% —-12.86°C —19.3%
2. Horiz 30 mm 2 —11.7°C —19.5% —7.71°C —12.8% —14.28°C —21.4%
3. Horiz 60 mm m/s —-10.68°C —17.8% —6.65°C —11% —1253°C —18.8%
4. Vert Simple -1038°C —17.3% —6.17°C —-102% —-11.15°C —16.7%
5. Vert 30 mm —1042°C —174% —6.42°C —10.7% —-10.33°C  —15.5%
6. Vert 60 mm —-10.13°C  —169% —6.27°C —10.4% —10.67 °C —16%

0. Base Case 54.7 °C - 549 °C - 61.9 °C -
1. Horiz Simple -9.33°C —171% —6.45°C —11.8% —1246°C —20.1%
2. Horiz 30 mm 3 —-9.7°C —17.7% —6.85°C —12.5% —13.59 °C —22%
3. Horiz 60 mm m/s —-9.2°C —16.8% —6.13°C —112% —12.14°C —19.6%
4. Vert Simple —8.69 °C —15.9% —5.64°C —-10.3% —11.25°C —18.2%
5. Vert 30 mm —9.04°C  -165% —594°C -10.8% —-1099°C —17.8%
6. Vert 60 mm —-8.21°C —15% —-5.75°C —10.5% —11.64°C —18.8%

0. Base Case 51.1°C - 51.3°C - 57.2°C -
1. Horiz Simple —7.57°C —14.8% —5.36°C —10.5% —1043°C —18.2%
2. Horiz 30 mm 4 —7.94°C —155% —7.21°C —14.1% —11.21°C  —19.6%
3. Horiz 60 mm m/s —7.58 °C —14.8% —5.59 °C —-10.9% -10.03°C —17.5%
4. Vert Simple —6.8°C —13.3% —5.41°C —10.6% —9.4°C —16.4%
5. Vert 30 mm —7.56 °C —14.8% —5.62°C —11% —-9.49°C —16.6%
6. Vert 60 mm —6.24°C —12.2% —5.98°C —11.7% —-1052°C  —18.4%

0. Base Case 48.5°C - 48.6 °C - 535°C -
1. Horiz Simple —6.15°C —12.7% —4.23°C —87% —836°C —15.6%
2. Horiz 30 mm 5 —6.41 °C —132% —4.57°C —94% —9.12°C —17%
3. Horiz 60 mm m/s —6.21°C —12.8% —4.03°C —8.3% -9°C —16.8%
4. Vert Simple —5.47°C —11.3% —-3.21°C —6.6% —7.57°C —14.1%
5. Vert 30 mm —6.26 °C —129% —4.57°C —94% —7.87°C —14.7%
6. Vert 60 mm —4.61°C —95% —3.21°C —6.6% —7.78°C —14.5%

These values could represent a good marker in order to choose, when possible, the
right positioning of the PV panels related to the dominant wind in a certain geographical
area. The best temperatures of the heat sinks were obtained when the wind was towards
the heat sink—in the backside of the PV panel—determining a decrease of the average
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operating temperature of approximately 15 °C. On the other hand, the best cooling effect
was registered for the side wind, due to the higher temperatures resulted in the base
case—when no cooling is applied. Although the lowest temperatures were achieved for
the back wind, the cooling effect was more intense for the side wind. If, in the case of wind
velocity, the effect of cooling evolves almost linearly from 1 m/s to 5 m/s, in terms of the
wind direction, there is a slightly different behavior. Therefore, there are present some
recirculation areas that modify the distribution of velocities and temperatures on the PV
panel-heat sink ensemble. The worst wind direction, from this point of view, is the side
one, causing a non-uniform temperature distribution, which is influencing the entire PV
panel efficiency.

The quantitative results for v,; = 1 m/s, air temperature t,;, = 35 °C and solar radiation
G = 1000 W/m? for each case are presented in the following graphs: Figures 8-10. In these
figures, the values displayed on the plots (35, 45, 55, 65, 75 and 85) represent the scale
for the average operating temperatures of the PV panel measured in °C. The tendency
registered for 1 m/s is also manifesting for higher velocities: 2-5 m/s, with the highest
temperatures recorded for the base case (T front PV BASE) and the lowest ones for the
horizontal heat sink with 30 mm perforations (T front PV HORIZ 30MM).

A remarkable result is found for the convective heat transfer coefficients. Therefore,
the global air circulation determined by the presence of the heat sinks with horizontal
fins is also improving the heat transfer coefficients /. on the front of the PV. In this case,
the . in front of the PV panel have closer values to the ones recorded on the back. This
phenomenon is less intense for the vertical fins. The wind direction seems to change the
best configuration (Case 2—horizontal 30 mm) only for particular cases. The temperature
reduction determined for this case is presented in Table 5.

A general tendency of the data obtained showed that the horizontal (transversal fins)
are superior to those vertical (longitudinal) for each wind direction and velocity, while
the best wind direction for improving the cooling of the PV panel-heat sink ensemble is
towards the back of the PV panel. Also, if analyzed separately, the smaller holes (¢ = 30
mm) determine better results for horizontal fins, while the larger ones (¢ = 60 mm) are
suitable for the vertical ones.

The cooling effect over the global energy production is quantified as efficiency im-
provement, taking into account the data available from the producer data sheet—a linear
reduction of the efficiency by —0.37%/°C [32]. Therefore, for these disadvantageous ex-
ternal conditions (f,;, = 35 °C, G = 1000 W/m?), the normalized power generation was
calculated—as the ratio of the maximum theoretical power Psrc obtained in Standard
Test Conditions.

The results regarding the power production are normalized and presented as a fraction
of maximum theoretic power (320 Wp in STC conditions). Therefore, each degree of
temperature above the standard test conditions temperature tstc = 25 °C determines lower
efficiencies compared to the STC one (ys7c = 19.30%) [32].

The visual effect over the improvement of the PV panel power generation determined
by the heat sinks is presented in Figures 11-13. These figures present the normalized power
productions as a ratio of the power produced in STC (considering the STC power as equal
to 1). Each figure shows the amount of power produced in each case (from Case 0 to
Case 6) for different wind directions (Figure 11—back wind, Figure 12—front wind and
Figure 13—side wind. These charts present the results obtained for each case for the air
velocity of 1 m/s. This trend is maintained for higher velocities, Table 6, but the effect
compared to the base case is attenuated.
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Figure 11. Normalized power production for back wind, vy, = 1 m/s, t,;, = 35, G = 1000 W/m?.
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0.40 0.60
0.80
0.00 1.00 (STC)
0.856
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0.20 0.80
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0.00
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0.00 . A 1.00(STC)
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0.40 0.60
0.20 0.80
1.00 (STC)
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0.848

3. Horiz 60mm
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0.00 . /‘ 1.00 (STC)
0.849
6. Vert 60mm
0.40 0.60
0.20 0.80
0.00 1.00(STC)
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Figure 12. Normalized power production for front wind, vg,,; =1 m/s, t;;, =35, G = 1000 W/ m?2.
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1. Horiz simple 2. Horiz 30mm 3. Horiz 60mm
0.40 0.60 0.40 0.60 0.40 0.60
0.20 0.80 0.20 0.80 0.20 0.80
0.00 . /‘ 1.00(STC)  0.00 . /‘ 1.00(STC)  0.00 . /‘ 1.00(STC)
0.856 0.85 0.848
0. Base case
0.40 0.60
0.20 0.80
0.00 . /‘ 1.00(STC)
0.794
4. Vert simple 5. Vert 30mm 6. Vert 60mm
0.40 0.60 0.40 0.60 0.40 0.60
0.20 0.80 0.20 0.80 0.20 0.80
0.00 . /‘ 1.00(STQ) .00 . /‘ 1.00(sTQ)  0.00 . /‘ 1.00 (STC)
0.841 0.833 0.830

Figure 13. Normalized power production for side wind, v;z, = 1 m/s, t,;, = 35, G = 1000 W/m?.

Table 6. Normalized power production of the PV panel for each model analyzed.

Back Wind Front Wind Side Wind
Case Dair Normalized Power, for t,;, = 35 °C
Pgyc =1.00 (320 Wp)

0. Base Case 0.8333 0.8310 0.7949
1. Horiz Simple 0.8868 0.8564 0.8562
2. Horiz 30 mm 0.8874 0.8526 0.8500
3. Horiz 60 mm 1m/s 0.8871 0.8496 0.8485

4. Vert Simple 0.8792 0.8473 0.8413
5. Vert 30 mm 0.8737 0.8489 0.8330
6. Vert 60 mm 0.8735 0.8478 0.8309

0. Base Case 0.8709 0.8697 0.8453
1. Horiz Simple 0.9111 0.8961 0.8929
2. Horiz 30 mm 0.9142 0.8982 0.8981
3. Horiz 60 mm 2m/s 0.9104 0.8943 0.8917

4. Vert Simple 0.9093 0.8925 0.8865
5. Vert 30 mm 0.9094 0.8934 0.8835
6. Vert 60 mm 0.9083 0.8929 0.8848
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Table 6. Cont.
Back Wind Front Wind Side Wind
Case Dair Normalized Power, for t,;, = 35 °C
Pgyc =1.00 (320 Wp)

0. Base Case 0.8901 0.8894 0.8636
1. Horiz Simple 0.9246 0.9133 0.9097
2. Horiz 30 mm 0.9260 0.9148 0.9139
3. Horiz 60 mm 3m/s 0.9241 0.9121 0.9086

4. Vert Simple 0.9223 0.9103 0.9053
5. Vert 30 mm 0.9236 09114 0.9043
6. Vert 60 mm 0.9205 0.9107 0.9067

0. Base Case 0.9035 0.9028 0.8809
1. Horiz Simple 0.9315 0.9226 0.9195
2. Horiz 30 mm 0.9329 0.9294 0.9224
3. Horiz 60 mm 4m/s 0.9315 0.9234 0.9181

4. Vert Simple 0.9286 0.9228 0.9157
5. Vert 30 mm 0.9314 0.9236 0.9160
6. Vert 60 mm 0.9266 0.9249 0.9199

0. Base Case 0.9132 0.9125 0.8944
1. Horiz Simple 0.9359 0.9282 0.9254
2. Horiz 30 mm 0.9369 0.9294 0.9282
3. Horiz 60 mm 5m/s 0.9361 0.9275 0.9277

4. Vert Simple 0.9334 0.9244 0.9225
5. Vert 30 mm 0.9363 0.9294 0.9236
6. Vert 60 mm 0.9302 0.9244 0.9232

Even if the highest energy production is obtained in the case of the wind direction
behind the panel, for the horizontal heat sink with perforated fins, it should be specified
that the most important impact in terms of cooling compared to the base case is recorded
when the wind blows from the side.

It can be remarked that, for the simulated external conditions, t,;, = 35 °C, G = 1000 W/m?
and low air velocity v,;, = 1 m/s, the normalized power production for the base case is
between 0.79 and 0.83. Meanwhile, in the best cooling conditions for each wind directions,
it could reach values from 0.85 to 0.88 (Case 3—horizontal 30 mm). The improvement in
power generation is between 3.06% and 7.71% compared to the base case (when no cooling
is applied).

It should be highlighted that the best configuration of heat sink is the low velocity con-
ditions for various conditions of wind velocity and direction. Therefore, Case 3—Horizontal
30 mm determines the most important effect of cooling of the PV panel. The improve-
ment of power production is important both for low velocities (1-2 m/s) and higher ones
(3-5m/s), but the effect is lower for higher velocities (1.85-5.82%), due to the suitable
cooling of the PV panel in the base case.

In terms of wind direction, the lowest cooling effect is registered for the front wind.
For these cases, the presence of the heat sink does not have a significant effect, determining
a raise of power production between 1.85% and 3.06% compared to the base case.
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6. Conclusions

The goal of this study was to deploy a numerical analysis regarding the air cooling of
photovoltaic panels by using heat sinks with perforated and non-perforated fins. A random
PV panel with typical characteristics was analyzed for different wind directions—towards
its back, front and from the side. The PV panel is mounted in fixed position, facing south,
inclined at 45 degrees from the horizontal. The input constants were the solar radiation
G =1000 W/m? and ambient temperature t,;, = 35 °C, while the parameters varied during
the study were the wind direction (towards its back, front and from the side of PV panel)
and velocity v, = 1-5m/s.

The base case of the numerical model was calibrated according to the NOCT conditions,
while the accuracy of the numerical simulation was achieved by comparison with the
experimental studies from literature. The numerical study is focused on six types of heat
sink with perforated and non-perforated fins attached to a typical PV panel. The fins were
distributed both horizontally and vertically. A challenging task consisted in simulation
of the real wind conditions around the PV panel by taking into account the entire air
domain. The main results obtained were the average temperature of PV panels and the
respective efficiency.

The passive cooling solutions analyzed introduced a rise of maximum power produc-
tion between 1.85% (wind towards the front—worse case) and 7.71% (wind towards the
side—best case) above the basic set-up, depending on the wind direction and velocity. The
maximum power increase for each wind direction was of 7.71% for the side wind, 6.49%
for the backside wind and 3.06% for the front wind. The effect is more intense for lower
velocities. This phenomenon is achieved because of the lower convection near the PV panel
in the base case, compared to usage of the heat.
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Abstract: Photovoltaic/thermal (PV/T) systems are innovative cogeneration systems that ensure the
cooling of photovoltaic (PV) backside and simultaneous production of electricity and heat. However,
an effective cooling of the PV back is still a challenge that affects electrical and thermal performance
of the PV/T system. In the present work, a PV/T numerical model is developed to simulate the
heat flux based on energy balance implemented in MATLAB software. The numerical model is
validated through the comparison of the three-layer PV model with the NOCT model and tested
under the operation conditions of continental temperate climate. Moreover, the effect of velocity
and water film thickness as important flow parameters on heat exchange and PV /T production is
numerically investigated. Results revealed that the PV model is in good agreement with the NOCT
one. An efficient heat transfer is obtained while increasing the velocity and water film thickness with
optimal values of 0.035 m/s and 7 mm, respectively, at an inlet temperature of 20 °C. The PV/T
system ensures a maximum thermal power of 1334.5 W and electrical power of 316.56 W (258.8 W for
the PV). Finally, the comparison between the PV and PV /T system under real weather conditions
showed the advantage of using the PV/T.

Keywords: photovoltaic thermal system; water cooling; solar energy; numerical model; electrical
efficiency; thermal efficiency

1. Introduction

Increasing energy demand for industrial and domestic purposes has led to greater
interest in renewable energy as a substitute for fossil fuels. Sun radiation is the primary
source of all types of renewable energy sources. Photovoltaic (PV) technology is one of
the common methods of direct converting the solar radiation into electricity [1]. Instead,
the performance of PV panels falls by 0.5% for every degree rise in temperature, depending
on the type of solar cells used [2]. Since the PV temperatures can reach as high as 80 °C
in the summer, it is necessary to find efficient cooling methods to achieve higher heat
dissipation rates from PV modules and increase his electrical efficiency and longevity.

An efficient version of the PV module is the photovoltaic-thermal (PV/T) module
which uses cooling systems to remove the excess thermal energy. The commercially
available technologies are classified into passive and active cooling systems [3]. Active
cooling systems use forced circulation of air [4-6], water [7-10], or nanofluids [11] while
the passive ones use natural circulation of working fluids in which no external source of
power is needed as well as heat pipes [12] or phase change materials (PCMs) to naturally

Appl. Sci. 2022, 12, 646. https:/ /doi.org/10.3390/app12020646

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12020646
https://doi.org/10.3390/app12020646
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7944-7275
https://orcid.org/0000-0002-6704-3123
https://orcid.org/0000-0002-9678-5708
https://doi.org/10.3390/app12020646
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12020646?type=check_update&version=1

Appl. Sci. 2022, 12, 646

20f17

transport heat through a boiling—condensing process to the ambient air [13]. Some recent
related review articles also provide updates on the important aspects of PV/T cooling
systems [14-18].

Water cooling methods provide improved performance over air cooling methods due
to the increase in heat-carrying capacity of water over air [19]. Nahar et al. [20] studied the
performance of a PV /T module with parallel plate flow channel without absorber plate
both numerically and experimentally at outdoor conditions. They observed that the overall
efficiency increases numerically by 22.1% and experimentally by 20% with an increase in
water inlet velocity from 0.0003 to 0.0007 m/s under an irradiation level of 1000 W/m? and
inlet water temperature of 34 °C.

A novel compound system through connecting a PV /T system with a solar collector
in series was proposed by Kazemian et al. [21]. The results showed that using the optimum
condition given by Taguchi-based gray relational optimization, electrical, thermal and total
power generation of the system increased by 23.86%, 35.78%, and 34.75%, respectively.

A hybrid photovoltaic/thermal (PV/T) collector with serpentine exchanger was stud-
ied by Boumaarafa et al. [22] showing that combining both types of heat and electrical
offers a better thermal performance with an overall thermal efficiency around 79.43%.

Different parameters for enhancing heat transfer performance of photovoltaic thermal
systems was investigated by Nahar et al. [23]. Results revealed that PV /T electrical and
thermal efficiency increase with both Reynolds and Prandtl number and a maximum
reduction in cell temperature of 10.2 °C was achieved for increasing channel depth from
10 to 20 mm.

Even with the large number of papers related to the PV /T system, there is little research
work that treats enhancement of flow parameters, e.g., the inlet velocity and water film
thickness simultaneously for an effective cooling of PV cells. This paper presents a transient
numerical PV/T model based on an energy balance equation developed in MATLAB
software and resolved by the Runge-Kutta numerical method. This model is built based on
the three layers PV model validated with the NOCT model. Moreover, the energy balance
equations for the cooling unit (absorber 1, fluid, absorber 2) are driven from a PV /T model
validated experimentally in previous work [24]. Thus, based on the developed model,
a parametric study was conducted to determine the optimal flow parameters.

2. Methodology
2.1. Numerical Model

A numerical model was developed to evaluate the thermal and electrical behavior of a
PV /T system, operating in dynamic conditions. The parametric analysis was performed
by varying some PV /T key flow parameters, such as the water velocity from 0.01 m/s to
0.035 m/s, water film thickness from 3 mm to 10 mm, and water inlet temperature from
20°Cto 30 °C.

The PV/T system investigated in this work consists mainly of four solid components
and cooling liquid (water). According to the PV /T system design shown in cross section in
Figure 1a, six sub-numerical models were established as follows:

Sub-numerical model for the glass cover;
Sub-numerical model for the PV module;
Sub-numerical model for the Tedlar layer;
Sub-numerical model for the upper aluminum layer;
Sub-numerical model for the water film in channel;
Sub-numerical model for the lower aluminum layer.

For the six PV /T system sub-models, a heat balance equation was done separately,
based on the internal energy variation equation [25] and the heat transfer between layers
as shown in Figure 1b. Moreover, the Runge-Kutta numerical method (RK4) was used for
resolving the (ODE) governing equations in MATLAB Software. The main advantage of
the developed numerical model is allowing the determination of the mean temperature of
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each PV/T layer (glass cover, PV cells, Tedlar, absorbers, and fluid), based on the different
heat exchanges between these ones.

’ v hrad g-sky
Heat lossses‘l hrd,g-gr
% \’ ) T - hconv,g-a
af
1
1
: h jond g-pv
T W
1
d pv-ted
Glass cover o
PV module +EVA
Tedlar h{ond,ted-abs
Absorber
U hoonv,abs-f 1 hrad,abs1-abs2
<\ ‘}*’ Pth

Heat lossses ) hradabs-gr

I ‘\ ¢ { hrad abs-sky

hconv abs-a

(a) (b)

Figure 1. Components (a) and heat exchange mechanism in the PV /T system (b).

The main PV technical characteristics (applied to Standard Test Conditions of solar
irradiance of 1000 W/m? and ambient temperature of 25 °C) and the selected PV /T sys-
tem properties are reported in Tables 1 and 2. Moreover, the assumptions considered in
developing the PV/T model due to its different components were [22,23,26]:

e A (1D) numerical model is built since the layers thickness are very thin relative to the
other dimensions. As a result, heat losses are considered to be neglected at the PV/T
sides and average uniform temperature is determined for each layer;

e  The amount of absorbed solar irradiation that is not converted into electricity is
transferred from the PV cells back to the rest of system;

e  The material properties remain constant in the PV/T system, for a temperature
limited range;

The heat flux between PV cells and EVA is supposed to be negligible;
A perfect contact between PV /T components is supposed;
The effects of dust and partial shading were neglected.

Table 1. PV module technical characteristics applied to STC.

Pmax Vmp Imp Voc Isc Te NOCT

PV Type W) V) (A) V) (A) (%) 0

AE320HM-60

. 320 33.40 9.59 40.90 10.15 19.30 45+ 2
Mono-crystalline
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Table 2. PV/T investigated parameters.

Dimensions 1665 x 996 (mm X mm)
. . Aluminum
Properties Glazing PV Cells Tedlar Absorber
Density (kg/m?) 2300 2330 1500 2700
Thermal conductivity (W/m-K) 1.0 168.0 0.2 160
Specific heat (k] /kgK) 500 757 1200 900
Thickness (m) 0.003 0.00035 0.0015 0.003

2.2. Heat Balance Governing Equations

In the present work, a PV /T transient model was conducted based on a heat balance
established for solid and fluid domains. In all solid components (glass, PV module, Ted-
lar, aluminum absorbers), the heat exchange process occurs by conduction mechanism,
while in the flow duct, the thermal transfer to fluid (water) is through the convection mode.
For each PV/T layer, the energy balance equation is a function of the layer internal energy
variation taking into account some external parameters, e.g., the solar irradiance, ambient
temperature, wind speed, and mass flow rate. Thus, the energy governing equations for
solid and fluid layers were obtained considering the selected thermo-physical proprieties
summarized in Table 2.

2.2.1. Solid Layers

The heat flux for the PV/T solid layers can be obtained using Equation (1). It is a
function of the density ps, specific heat capacity ¢, s and the thickness J; of the selected
layer as well the thermal heat exchange coefficient h;:

dT
Ps 65Cps d—: =¥ hs ATs + a Egyp — OF, 1)

where AT; is the temperature gradient and Egy,;, is the absorbed solar irradiance for each
solid layer. In fact, a significant part of the incident solar irradiance is absorbed by the PV
cells and converted to electrical energy E, while the remainder is lost with environment.
Thus, the absorption and electricity production terms for PV cell are & # 0; & = 1 and for
the other solid layers are « = 0; ¢ = 0.

The expression of heat exchange coefficient ks is directly dependent on the heat
transfer mechanisms between layers. In case of solid layers 7,j where heat is transferred by
conduction, ; is given by:

1

1AV @
(5 + %) 4
where: A; and §; are the thermal conductivity and thickness of the layer i; A; and J; are the
thermal conductivity and thickness of the layer j and A;; is the exchange area between the
layers i,j.

For the front of the PV/T system, three expressions of the heat exchange coefficient /1,

hs2, and hg3 are used, due to the heats transfer by radiation between the glass-sky, glass-
ground and by convection between the glass-ambient:

hs = hCi,j =

hg = h”g,sky = UggFg,sky A(TSky + Tg) ) ( szky + ng) ©)
b = hroge — egFog A(Tg,+Tg).(T§,+T§) )
1/3

where ¢g, is the glass emissivity; Fg,sky and Fg ¢, are the view factors [24].
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The glass-ambient heat transfer coefficient /3 is determined as the sum of the forced
and natural convective heat transfer coefficients hvgyceq and hvgyee. If Gr/ Re? << 1,
the forced convection regime has been evaluated. Thus, the following correlation [27]
based on the wind speed velocity w is used:

hvforced =28w+3 6)

Otherwise, for Gr/Re? >> 1, the correlation of Bejan et al. [28] depending on the air
thermal conductivity Aa and Nusselt number N, is adopted:

Nugype At
hvfree = % (7)
Nitgye, = 0.14[(Gr Pr)s — (Gre Pr)%} +0.56(GrerPrcos 6) ®)

At the back side of the PV /T system, the heat losses by radiation between the absorber-
sky, absorber -ground, and by convection between the absorber—ambient were considered.
Moreover, three heat exchange coefficients hg, sy, and hg3 can be expressed as follows:

hsl = hrabsl,sky = Usablesky,ubsl A (Tsky + Tabsl) : (Tszky + besl) (9)
th = hrabsl,gr Ugableabsl,gr A(Tgr + Tg) : (ngr + ng) (10)
hsB = hva,absl (11)

where €., is heat transfer between the absorber and the ambient.
The heat exchange coefficient hs3 = hv, , could be calculated as function of the
forced or the free convection regime using the following correlations considered in [29].
In case of forced convection:

hvabsl,a =57w (12)
While in free convection is determined by:

N fpep At
hvubsl,n = % (13)

2

0.387Ral/6

9/1678/27
0.492
[H( 2) }

Nitfree = § 0.825 + (14)

For the duct formed by the two aluminum plates, the heat exchange coefficient & is
due to the radiation mechanism as expressed in [30].

Table 3 shows the set of governing equations introduced in the numerical model for
the solid PV/T layers.
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Table 3. Governing equations for the PV /T solid layers.
Layers Equations
dT,
(pg5gcg> @ = OgEsun +rg sy (Tsky - Tg) +hrggr (Tgr — Tg)
Glass +hvga(Ts — Tg) + hepy, g PF(Tpy — Tg) + (15)
+heted,q(1 — PF) (Trea — Tg)
PF(ppydpyCpy) v
PV cells = [(tgapy — M) Esun + hepy g (Tg — Tpy') (16)
+heteq pv (Trea — Tpy) | PF
Tr,
(pTedéTedCTed) dd([td
Tedlar = (1 - PP)Tgo‘Ted -+ (1 - PF)hCTed,g(Tg - TTed) (17)
+PF-herea,py (Tpv — Trea)
JrhCﬁbsl,Ted(Tahsl — Treq)
(pabs Babs Cabs) %
Absorber 1 = hcaps1,Ted (Tred — Tavsh) (18)
+hrﬂbsl,ab52(Tubsl - Tabsh) + hcf,absl (Tf - Tabsh)
T07$‘
(pabséabscabs) %
= hc Te—T, + hr Taso — T,
Absorber 2 abs2,f< f asz) ubsl,ﬂsz( abs2 absl) (19)

+hrabsz,sky (Tsky - Tﬂb52> + hrasz,gr (Tgr - Tuth)
+hvu,absl(Tu - Tubsz)

2.2.2. Fluid Layers

For the cooling fluid flows in the duct of the PV /T system, the energy balance equation
is given as:

(pf5f Cf) % = hcg aps1 (Tabsl - Tf) + heapsa, f (Tabs2 - Tf) — mCr (Tout — Tint)  (20)

where m, C r,and Ty and Ty are respectively the fluid mass flow rate, the fluid specific
heat capacity, and the temperature at the inlet and outlet of the PV /T system.

The heat transfer coefficients hicy g1 and hicy qps7 characterize the convection between
the two absorbers and fluid and can be evaluated as a function of the fluid thermal conduc-
tivity A s, duct hydraulique diameter Dy, and Nusselt number Nu:

L i 21
fabst = hefaba= —p- (21)

The Nusselt number for water cooling flow between absorber plates is deduced from
the correlations of Kudish et al. [31]:

0.14
Nuf: 1.86 [Rg P, (Dhﬂ 5 Ll , case of laminar flow (22)
L ]/lf/
Nug=0.023 [ R, 08p, 033] case of turbulent flow (23)

where R, , P;, and p f are respectively the Reynolds number, Prandlt number, and fluid
dynamic viscosity; p; = p £(Tp) [32].

By rearranging the governing Equations (15)—(20), a set of energy differential equations
was built. Thereafter, a MATLAB solution program was developed where the Runge-Kutta
(RK4) numerical method was used to solve the energy balance system. Finally, the basic
simulation allowed to determine the temperature profile as well as the thermal, electrical,
and global performances. The calculation steps in MATLAB software are summarized in
flow chart form as shown in Figure 2.
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! Input: constant and parameters ( T, 8. C, ect)
! Input: variables operating conditions (Esyn, Ta, 11, ect) !

Estimation of layers temperatures,
Calculation of heat exchange coefficient,

1

| Calculation of heat exchange coefficient |
| Performances evaluation

<t ._ Convergence: Rl
l Yes
—

Figure 2. Flow chart of the PV/T numerical modeling.

No

2.3. Energy Analysis Method

In order to analyze the developed numerical model for the PV /T system, a perfor-
mance evaluation is required. Therefore, the solar irradiance as an energy source was
supposed uniform and perpendicular on the PV /T surface. Absorber solar irradiance
by the PV cells layer was given as function of the glass layer transmittance 1, the cell
absorptivity apy, and the incident solar irradiance Es,,,; by [33]:

Efun = Tg&pv Esun (24)

The electrical production from the PV cells is determined by Equation (24):
Ee = Apo ’7€E;un (25)
For evaluation of the electrical performance, the following expression was used [30]:

e = Uref[l - ﬁ(TPV - TSTC)} (26)

where 7, is the reference efficiency; B is the temperature coefficient; Tpy is the PV cells
temperature; and Tgr, is PV cells temperature at STC conditions equal to 25 °C. According
to the AE320HM-60 PV commercial unit with characteristic reported in Table 1, the 7,, is
about 19.30% and B is equal to 0.0045 C 1 [34].

The thermal production of PV /T system is a function of fluid mass flow rate m, fluid
specific heat capacity Cy , and the temperature difference of the fluid at the inlet and outelt
of the PV/T system [35]:

Ep = mcf (Tout - Tint) (27)



Appl. Sci. 2022, 12, 646

8of 17

For assessment of thermal efficiency, the fraction of the thermal production on the
absorbed solar irradiance was conducted according to Equation (28):

Ey,
U £

sun

(28)

Combining both electrical and thermal efficiencies, the PV /T global performance was
obtained by:

Ng = e+ N (29)

3. Results and Discussion

In this section, the set of obtained results is presented and discussed. To test the
accuracy of the developed PV/T model allowing the prediction of both thermal and
electrical behavior of the system, a model validation is processed. Based on the same
thermal model, a comprehensive analysis is further performed to assess the effect of some
PV /T key parameters on its outputs. Finally, the PV /T optimized model is tested under
the real weather data of Iasi, Romania and performance comparison with conventional PV
panel is conducted.

3.1. Model Validation

The validation process included the model of the PV unit, mainly formed by the glass,
PV cells, and Tedlar (Equations (15)—(17)). This model was tested under different operat-
ing conditions, e.g., solar irradiance and outdoor temperature. Furthermore, the results
were compared with the data for Nominal Operating Cell Temperature conditions (NOCT:
Esun =800 W/m?, T, =20 °C and w = 1 m/s). In Figure 3, the PV cells temperature is
evaluated for different solar irradiances of 600 W/m?2, 800 W/m?2, and 1000 W/m? with an
ambient temperature of 20 °C, 25 °C, and 35 °C, respectively. From this figure, the effect
of environmental conditions on a PV temperature is clearly shown (a minimum PV tem-
perature was noted at about 39 °C when solar radiation and ambient temperature were
lower, about 600 W/m? and 20 °C). It can be also observed that the difference between
PV temperature values and NOCT is quite negligible. According to the commercial PV
datasheet characteristic summarized in Table 1, the NOCT value was 45 + 2 °C, while for
the three layers model, the PV temperature was 43.96 °C, which proves the effectiveness of
PV developed model. For the rest of the PV /T system (absorber 1, fluid and absorber 2),
the developed Equations (18)—(20) were written based on the PV /T model validated experi-
mentally in [24].

ETpv-NOCT  ® Esun = 600 W/m? Esun = 800 W/m? M Esun = 1000 W/m?

70 67.77

61.22

60 57.78
54.67 53.11 | 57.75
51.22
50 A
24.66 46.23 | 50.98
40 4 39.66 43.96
30 4
20 4
10 -
0
35

Ambient temperature Ta (°C)

PV Temperature(°C)

Figure 3. Comparison of the developed PV model and NOCT model.
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3.2. Parametric Analysis
3.2.1. Effect of Water Velocity

Based on the developed numerical model, the effect of water velocity on the PV/T
performance was analyzed. The environmental conditions involved in this analysis were
a solar irradiance of 1000 W/m?2, an outdoor temperature of 35 °C, and a wind speed of
1 m/s. The fluid velocity as a flow control parameter had a significant effect on the cooling
of the PV unit. Hence, Figure 4 investigates the PV temperature evolution as function of
water inlet temperature for different water velocities of 0.010 m/s, 0.015 m/s, 0.02 m/s,
0.025 m/s, 0.030 m/s, and 0.035 m/s. As result, it is depicted that by increasing water
velocity from 0.010 m/s to 0.035 m/s, a drop in the PV temperature was observed in the
four cases, where the water film thickness was 3 mm, 5 mm, 7 mm, and 10 mm. In addition,
a minimum value of PV operating temperature about 27.7 °C was observed for an inlet
water temperature of 20 °C, water thickness of 7 mm, and highest velocity of 0.035 m/s.
This underlines the effective cooling of the PV cells, where a significant heat is extracted
from the PV back side while increasing the water velocity.
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27 4 ! ! ! ! ! ! ! ! ! | 27 = T ' ' ' ' ' ' ' ' .
20 21 22 23 24 25 26 27 28 29 30 20 21 22 23 24 25 26 27 28 29 30
Water inlet temperature (°C) Water inlet temperature (°C)

(0 (d)

Figure 4. Effect of water velocity on the cooling of the PV cells for different thicknesses: (a) = 3 mm,
(b) 5 =5mm, (c) 6 =7 mm, (d) 6 = 10 mm.

3.2.2. Effect of Water Film Thickness

Among the other geometry parameters for flow, the water film thickness presented
an important effect on the optimized cooling of the PV cells and the PV /T electrical and
thermal performances. Hence, four water thicknesses of 3 mm, 5 mm, 7 mm, and 10 mm
were selected to investigate its impact on the cooling of the PV cells with water velocity and
inlet temperature ranging from 0.010 to 0.035 m/s and 20 to 30 °C, respectively. The study
was carried out under the same weather conditions mentioned above (solar irradiance of
1000 W/m?, outdoor temperature of 35 °C, and wind speed of 1 m/s).
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As illustrated in Figure 5, as the water film thickness increased (3 mm, 5 mm, 7 mm) for
the different water velocity cases, the PV temperature decreased. This is due to the impor-
tant heat removed from the PV panel, while by further increasing the water film thickness
from 10 mm the PV temperature start increasing (inflexion point). As a result, a minimum
value of PV temperature was noted to be 27.7 °C for an optimal water film thickness of
7 mm (water inlet temperature and velocity of 20 °C and 0.035 m/s, respectively).
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Figure 5. Effect of water thickness on the cooling of the PV cells for different velocities:

(@) V=0.01m/s, (b) V=0.015m/s, (c) V=0.02m/s, (d V =0.025 m/s, (e) V=0.03 m/s,
(f) V=0.035m/s.

In Figure 6, the effect of the water film thickness on the fluid heat transfer coeffi-
cient and thermal power is illustrated for variable water velocity and inlet temperature.
From this figure, it can be seen that with the increase in water thickness, the heat exchange
coefficient dropped which decreases the fluid outlet temperature. However, the ther-
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mal power increased and reached a maximum value of 1334.5 W at water thickness of

7 mm (water velocity of 0.035 m/s, inlet temperature of 20 °C, and outer temperature of
21.31 °C), Table 4.
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Figure 6. Effect of water thickness on fluid transfer coefficient and thermal power for different inlet
temperatures: (a,b) Tint = 20 °C; (c,d) Tint = 25 °C; (e,f) Tine = 30 °C; (g,h) Tine = 35 °C.
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Table 4. Comparison of PV and PV /T performances at Esy;;, = 1000 W/m?, T, =35°C, and Tint =20 °C.

Tpy €O Tow(°O) Ee (W) Eqn W) Ne (%) Nen (%)
PV 67.7 - 258.8 - 15.60 -
PV/T 277 21.31 316.56 1334.5 19.07 80.3

According to Equation (27), the thermal power was not only depending on difference
between the inlet and the outlet temperature, but also a function of the water mass flow rate.
At a fixed value of water inlet temperature and velocity, the thermal power is related to the
water mass flow rate and the outlet temperature. In this study, the water film thickness
increase clearly affected the cooling of the PV unit and the heat gain. Noting that, further
increase of water thickness will also affect the cost and the PV/T system heavy weight.
Consequently, the PV /T system with a coupled optimum water velocity and thickness of
0.035 m/s and 7 mm provided the best cooling effect and highest electrical and thermal
performances (Table 4).

The PV and PV/T performances were also depicted and compared under real weathers
conditions of lasi, Romania. A daily simulation was conducted for a typical day of summer
(28 July 2016), with weather data involving solar irradiance Es;;; and ambient temperature
T, reported by the PVGIS data [36] as shown in Figure 7. During this day, a maximum
solar irradiance about 1022 W/m? and ambient temperature of 27.6 °C were noted at 13:00.
The simulation was done supposing the inlet water temperature for PV cooling equal to the
ambient one with a maximum temperature of 27.6 °C. The optimum case of PV /T system
was chosen in terms of water velocity of 0.035 m/s and water film thickness of 7 mm.
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Time (hh:mm)
Figure 7. Variation of solar irradiance and ambient temperature (28 July 2016).

Given these weather conditions, the evolution of PV and PV /T temperatures (PV/T
at Tj,; = T,) is illustrated in Figure 8. It can be clearly observed that both temperatures
presented the same trend during this day. Moreover, the PV /T system provided a lower PV
cell temperature of 33.8 °C at 13:00, due to the cooling effect compared with the conventional
PV unit (61 °C). According to the negative dependence between electrical production and
operating temperature of the PV cells, an effective cooling enhances electrical power.
As shown in Figures 9 and 10, the PV/T system provide a better electrical power and
efficiency of about 313 W and 18.54% at 13:00, compared with the conventional PV panel.
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4. Conclusions

This work proposes an improved dynamic numerical model for PV/T system based
on the heat balance equations established for each layer and solved in MATLAB software.
The main obtained outputs of the PV/T model are respectively the temperatures and the
electrical and thermal power used for evaluating the advantages of using the PV /T system
instead of PV conventional one.
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This developed model was built regarding the other models presented in literature [37]
and validated through comparison of the three layer PV model with the NOCT model and
using the equations of the cooling unit, derived from a previous PV /T model validated
experimentally in [24]. Consequently, results revealed good agreement. Thus, the model is
considered a useful tool for other research works aiming to investigate the PV/T system
and analyze its energy yield.

Thereafter, the PV /T model was used to investigate the effect of the water velocity and
thickness on the cooling of the PV cells. Next, the improved PV /T model with optimum
parameters values was applied in case operating conditions of Iasi, Romania, where the
input variables, e.g., solar irradiance and ambient temperature, were given by PVGIS
data [36]. Important conclusions of this work can be drawn as below:

- The effectiveness of the developed PV /T model based on the three layer PV model
tested at different of solar irradiance and ambient temperature was proven.

- Inlet water temperature had a significant effect on the cooling of the PV panel. A lower
PV temperature was noted when the inlet temperature was about 20 °C.

- As the water velocity ranged from 0.010 to 0.035 m/s, the cooling process improved.
A lower PV temperature was obtained for water velocity of 0.035 m/s.

- The temperature of the PV panel decreased while increasing the water film thickness
from 3 mm to 7 mm and started increasing by 10 mm.

- Optimal cooling of the PV cells (27.7 °C) was ensured, adopting optimum values of
water velocity and thickness of 0.035 m/s and 7 mm, respectively, at inlet temperature
of 20 °C.

- The improved PV /T model showed a better electrical performance (316.56 W) com-
pared with the conventional PV panel (258.8 W). Furthermore, an important gain of
1334.5 W of thermal production was obtained.

Therefore, the PV /T system designing based on the optimum functional parameters
can be an efficient way to produce electrical and thermal energy simultaneously where
the electrical and thermal efficiency can reach 19.07% and 80.3%, respectively. Moreover,
similar results found in literature [20,21] show economic advantages for implementing
such systems in the same climate conditions, where the investment return can be up to
4.25 years with a 75% subsidy in the initial investment and six PV /T modules installed [38].

Future works foresee experimental programs for developing the PV/T model using
a real experimental PV /T prototype that is installed on the roof of the Building Services
Department, “Gheorghe Asachi” Technical University of Iasi, Romania, in order to consider
more climatic parameters, such as the wind speed and direction, which also affect the
electrical and the thermal energy outputs of the PV /T system.
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Abstract: In the context of energy conservation and sustainable development, building design should
take into account the energy efficiency criteria by using renewable energy sources. Double-skin
facades (DSF) represent innovative energy-efficient techniques that have gained increasing interest
worldwide. The present study reports the results of an experimental campaign performed on a
full-scale double-skin fagade using the in-situ measurement methodology. The thermodynamic
behavior of the facade is studied under real exterior climatic conditions in Romania in hot and
cold seasons, and performance indicators in terms of pre-heating efficiency and dynamic insulation
efficiency were determined. Three summer periods are analyzed corresponding to the outdoor air
curtain scenario for three ventilation modes in naturally or mechanically ventilated single-story DSF.
Results revealed that the third ventilation scenario, which combines horizontal and vertical openings,
gives the best efficiency of 71.3% in the double skin facade functioning. During the cold season, the
channel facade behaved like a thermal buffer between the building and the exterior air, ensuring the
thermal energy for partial or integral heating of the building.

Keywords: double skin facade; thermal performance; in situ monitoring; natural and forced
ventilation; experimental study

1. Introduction

With the worldwide need for sustainable development, double skin facades were
developed like strategies and technologies for decreasing the operational consumption of
energy during a building’s life cycle. Double Skin Fagades (DSF) are building envelopes
composed of two layers of glass separated by a ventilated air channel that acts as a thermal
agent to improve indoor thermal comfort.

Numerous experimental and numerical studies have been conducted mainly in coun-
tries where these facades have been widely applied. More publications are related to
experimental studies carried out on test facilities, under real weather conditions. Corgnati
et al. [1] present extensive experiments on an active transparent facade, mechanically
ventilated, in Italy. Saelens et al. [2] present measurements carried out at the Vliet test
building of the Laboratory of Building Physics in Leuven, Belgium. It was shown that the
location of the inlet air, airflow rate, and airflow distribution are important parameters
that affect the performance of a DSE. These types of measurements are also presented by
Zanghirella [3]. Using TWINS, the test facility for experimental investigation, a methodol-
ogy was proposed to assess the energy performance of active transparent facades. Also,
using the Permasteelisa campus, equipped with full-scale test rooms, Fuliotto [4] con-
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ducted experimental research on DSEF, in terms of both energetic consumption and internal
environmental conditions.

Many studies have been performed in situ, on real buildings, by monitoring param-
eters for long periods of time (minimum one year) [5], determining the behavior of the
facade under the influence of different climatic conditions and occupant perception on
overall comfort. In general, such studies are the only ones that can provide information
on the global interaction of the fagade with the occupied building. Given that in situ
monitoring requires restricted areas for the tests and periodic inspections of devices, exper-
imental models are tested in the laboratory or in situ by building rooms subject to outdoor
climate conditions.

Experimental studies on ventilated facades and fully glazed double skin type were
carried out in laboratory conditions [6—8]. In addition, Gavan et al. [9] performed an
experimental study in laboratory conditions, on a full-scale facility of DSF equipped
with Venetian blinds, to minimize the radiation transmitted during the hot season to
avoid overheating.

Due to the transient and complex air flow in the facade channel, the influence on
the indoor environment and energy consumption is challenging to evaluate. Therefore,
Computational Fluid Dynamics (CFD) can play an essential role in assessing and improving
the thermodynamic behavior of a double skin facade. Andjelkovic et al. [10] presented a
mathematical model to study the energy performance of a ventilated fagade. Ignjatovi¢
et al. [11] investigated the influence of glazing types and ventilation principles in double
skin facades on delivered heating and cooling energy during the heating season. Matour
et al. [12] studied by CFD techniques the effects of opening configurations on airflow
behavior, showing that the ratio between the areas of the front and lateral openings is a
critical factor for improving the ventilation in the cavity at the wind incident angle between
0° and 30°. Also, it was concluded that employing three front openings on the external skin
of DSF can increase the system’s effectiveness in a broader range of wind direction and
cavity size. Recently, Tao et al. [13,14] studied the naturally ventilated double-skin facade
(NVDSF) with adjustable louvers. Using CFD techniques, they established the impacts of
solar angle and intensity on natural ventilation rates, concluded that louvers can enhance
or weaken natural ventilation compared to those without louvers. In all studied cases,
it was concluded that adding a DSF zone to the south wall of the building leads to the
decrease of delivered heating energy.

Most studies have been conducted in the Mediterranean climate [15,16], temperate
climate [17-20], and cold climate conditions [21,22], summarizing the effect of structural
parameters of DSF on thermal performance. For some studies, it was established that
corresponding results could provide some reference for the buildings in similar climate
regions [22]. The research has been extended to wet conditions [23,24], arid tropical
climate [25,26], and, more recently, to a combined hot and humid environment [27] or a
combined hot and dry climate [28]. In the context of an arid climate, it is argued that the
cavity depth should be between 600 and 1000 mm to allow these areas to solve specific
problems related to the presence of sand. Regarding the possibility of applying these
facades in buildings located in specific climatic conditions of countries like Turkey, a
significant reduction in energy consumption for heating in the winter was obtained [29].

Nastase et al. [30] studied the difference between a single skin facade and a box double
skin facade from a heat transfer point of view, showing an increase in envelope insulation
with benefits during the cold season. The mathematical model proposed and the analyses
of the heat transfer indicators were described by tabular values and by one year chart for
the Brasov region, in Romania.

Kuznik et al. [31] presented numerical modeling of a double skin facade (DSF) com-
bined with a full-scale DSF experimentally studied in summer configuration with different
airflow rates through the air channels of the facade and for different angles of the solar
shading devices.
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A recent study [32] investigated the evolution of building energy retrofit via double-
skin and responsive fagades, to show the development and adaptability to the current
NZEB requirements. Hou et al. [33] investigated how constructional features affect the
behavior of double skin fagades (DSFs). In a review containing nearly 70 scientific articles
on mechanically and naturally ventilated DSFs tested in different countries and climates
(but none from Romania), it was established that complex interactions between more than
one parameter at a time are primarily unexplored.

There are studies regarding DSF channel ventilation mode (between the cavity and
external glazing openings) using openings on the lateral side of the channel. To avoid the
overheating of the channel, the horizontal ventilation was studied experimentally [34] and
numerically [35] or a supplementary lateral opening was adopted on the external glazing
of the DSF [36]. This one can be a solution applied to enhance the wind-induced cavity
natural ventilation using pressure differential.

However, there are very few buildings in which double-skin fagades have actually
been fully realized in Romania and little experience of the system behavior in operation.
Furthermore, the specific climatic conditions of continental temperate are characterized by
warm summers and cold winters, and these conditions differ from climates where DSFs
have been widely applied.

In this study, an experimental analysis of double skin ventilated facade was conducted
in the specific climate conditions of Romania, in July and November, for different strategies
of ventilation in order to determine the thermodynamic behavior and performance assess-
ment in terms of pre-heating efficiency during the cold season and the dynamic insulation
efficiency during the hot one. This study aims to reflect on strategies for DSF that are
responsive to the particular climate type. Moreover, in the hot season of the temperate
climate, the combination of the vertical openings on the top of the ventilated channel with
the lateral ones on the exterior glazing of the DSF is proposed.

2. Experimental Description

The study was carried out for a single-story facade built on the southwest face of the
INCERC Laboratory of Applied Research and Testing in Constructions, National Institute
of Research and Development URBAN-INCERC lasi, a city in the north-east of Romania
(Figure 1). The test facility was designed for thermal and airflow investigations of the
DSF performance, functioning under natural or mechanical conditions and using various
ventilation principles (outdoor air curtain, indoor air curtain, air supply, air exhaust, buffer
zone) [37].

Figure 1. View of the double-skin facade: (a) from the outside of the building and (b) from the inside
of the interior room.

The experimental double-skin facade measured 2.0 m width by 2.8 m high and in-
cluded the double skin glass fagade and an interior room (Figure 2). The inner skin of the
facade was a 24 mm thick double-insulated glass and the outer one was a single 12 mm
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thick clear glass pane. The central part of the inner skin was designed to be opened and
to facilitate access to the channel for experimental testing, cleaning, and maintenance
purposes. The external skin was composed of two fixed parts of simple glazing for reasons
of mechanical resistance. The air cavity between the two glazing panes was 0.45 m wide.
Two openings were included in the exterior glazing of DSFE, one for the air inlet located
at the bottom of the facade and one for the air outlet in the upper part. The openings for
ventilation with 0.1 m high cover the whole width of the stand.

_01m
1.75m

Interior room S

Double glazing |

!

“‘O.45m Air channel  pp, :\ —l-
| » ~0.45m

Simple glazing i 2m
(@) (b)

Figure 2. Schematic view of the double-skin fagade: horizontal section (a) and perspective (b).

The interior room measures 2.0 m wide, 2.8 m high, and was 1.75 m in width and
was very well insulated to reduce the influence of the indoor environment on the facade
(Figure 2a). Using a cooling unit, the temperature of the test chamber was kept constant
(27 £ 0.5 °C) starting on day 3 of each summer period (SET1-3). The interior chamber
was left unconditioned for the first two days of these periods. For this experiment, no
sun-shading device systems were used. The DSF materials and construction details and
thermal and optical properties are presented in Table 1.

Table 1. Thermal and optical properties of DSF glass.

Component Properties

single pane (8 mm), clear float glass, central glass
Exterior glazing U-value = 5.6 W/(m?2-K), transmission T = 82%, absorption « = 11%, solar
reflection p = 7%.

Exterior frame aluminum frame with thermal barrier, U-value = 3.1 W/(m?2-K)
double thermo-insulated pane glazing (4-16-4 mm), clear float glass, low-E
coating, central glass U-value = 1.92 W/(m?-K)

Interior frame PVC frame with thermal barrier, U-value = 1.42 W/ (m?K)

Interior glazing

The experimental campaigns included four periods specific to the climate in Ro-
mania: three periods in the hot season of July corresponding to three modes of air cur-
tain ventilation (ascendant air circulation between the exterior inlet and exterior outlet
sections) and one period in the cold season of November for the buffer mode of DSF
(closed air channel), Figure 3.

In the first period (SET 1: 7th—13th July), the exterior air inlet and the exterior air outlet
were open, and natural ventilation occurred inside the channel.

In the second period (SET 2: 14th—20th July), due to the overheating problem that
occurred inside of the DSF channel, the cavity was mechanically ventilated by adding three
VORTICE fans in the upper opening of the exterior fagade, each with a flow rate of 85 m3/h
(SET 2) and an electrical power of 15 W. The choice of the ventilation air rates was based
on the criterion of minimum energy consumption of the fans. A higher air flow rate will
cool the channel better but with more energy consumption, which will lower the benefits
of the system.
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SET 1 SET 2 SET 3 SET 4
07th-13th July 14th—20th July 21th-27th July 24th-30th November
Outdoor air curtain Outdoor air curtain Outdoor air curtain Thermal Buffer
Natural ventilation Forced ventilation Natural ventilation Closed channel

Figure 3. DSF ventilation modes according to the periods of experiments.

To improve the natural ventilation of the channel and eliminate energy consumption
for ventilation, in the third period (SET 3: 21st-27th July), the evacuation of air occurs
through the exterior air outlet and the upper part of the cavity over its entire section.

In the fourth period of the cold season (SET 4: 24th-30th November), in order to
recover the heat loss from the building and to capitalize the solar thermal energy accumu-
lated through the greenhouse effect during the day, the DSF channel was completely closed
forming a buffer zone between the building and the exterior air.

2.1. Temperature Measurements

The DSF was equipped with 34 thermocouples type T (copper—constantan) connected
to two dataloggers INFOSTAR ISU-L2-C24M with 24 inputs each (Figure 4c), which auto-
matically collected data with a scan rate of 15 min. Thus, 10 thermocouples were used to
measure air temperatures and 24 for glass surface temperatures (Figure 4a,b).

Figure 4. Type T thermocouples on DSF glass surfaces (a), thermo-hygrometer KIMO KTH 300 A
KISTOCK (b), and Datalogger INFOSTAR ISU-L2-C24M (c).

The type-T thermocouples for air temperature measurements were placed in three
horizontal sections, located at different heights above the floor level (0.5 m, 1.20 m, and
2.15 m, respectively) and 0.5 m from the lateral cavity closures, Figure 5. The air temper-
atures at the inlet and the outlet of the channel were measured at two points, each with
thermocouples of the same type. In addition, the temperatures of the glass surfaces were
measured on both sides, towards the air channel and the interior room.

Air temperature in the interior room was measured at 1.25 m from the interior glazing
at a height of 1.20 m. To accurately measure the temperatures, the copper—constantan
thermocouples were calibrated using the ice bath technique [20], Figure 6a,b.
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glazing . ~ Interior

glazing
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Figure 5. Locations of thermocouples for measuring air and surface temperatures. Air temperatures:
o T2*, T3*% T12%, T14*, T15%, T20*—inside the DSF channel (Tcav); o T1, T19—to the exterior outlet
from the channel (Toyut); ® T2, T23—to the exterior inlet in the channel (T¢). Surface temperatures
of the outer glass: o T4*, T9*, T10*, T11*, T13*, T19—towards the air channel (Ts¢). Surfaces
temperatures of the inner glass: @ T3, T4, T8, T9, T10, T15, T18, T20, T24—towards the interior
chamber (T ; ;); @ T1*, T5*, Te, T6*, T7, T7*, T8*, T16*, T17*—towards the air channel (T ¢).

Figure 6. Thermocouple’s calibration using an ice bath.

In order to monitor the humidity inside the DSF channel, a thermo-hygrometer KIMO
KTH 300A KISTOCK with KILOG software was placed at a height of 1.20 m from the
bottom of the channel, Figure 4b.

2.2. Air Velocity Measurements

The air velocities were measured for the three first modes of air curtain ventilation
(SET 1-3), inside the DSF channel in three points: at the inlet, in the middle at 1.4 m
height, and at the outlet using a multifunctional device KIMO AMI 300 with hot wire
probe, Figure 7a—c.

2.3. Measurements of Climatic Parameters

To measure the outdoor temperature, together with the other outdoor climatic pa-
rameters (solar radiation, wind speed, and direction), the Meteorological Station Davis
Instruments Vantage Pro2 with WeatherLink software was used, located on the building
where the experimental facility was built, Figure 8a,b. Meteorological data were collected
daily at an interval of 5 min. Still, there were also periods when the weather station did
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not make any recordings due to technical problems (fluctuations in power supply, which
caused the data console to shut down). The values recorded in the four periods in which
the measurements were performed on the experimental stand are presented in Tables 2-5.
All three summer periods have approximately the same daily maximum solar irradiation,
and the prevailing wind direction is north.

(b) (©)

Figure 8. Meteorological Station Davis Instruments Vantage Pro2.

Table 2. Climatic data recorded by the weather station—SET 1: 07th—13th July.

Day Outside Temperature (°C) Average Wind Speed Maximum Solar Radiation Dominant Wind
Mean Low High (km/h) (W/mz) Direction
1 - - 33.7 2.3 - NNE
2 30.3 22.7 37.1 0.6 583 NNE
3 309 234 39.2 1.1 552 NE
4 27.7 22.2 33.9 19 544 N
5 26.0 20.4 31.8 1.9 372 N
6 244 20.1 34.6 1.3 618 N
7 24.8 17.9 31.8 1.9 569 N
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Table 3. Climatic data recorded by the weather station—SET 2: 14th—20th July.
Day Outside Temperature (°C) Average Wind Speed Maximum Solar Radiation Dominant Wind
Mean Low High (km/h) (W/m?) Direction
1 28.7 22.1 35.1 2.3 557 N
2 29.3 21.6 38.5 2.6 624 N
3 225 18.6 26.3 4.2 601 N
4 20.9 16.5 27.7 23 619 N
5 20.2 15.6 25.7 1.3 700 N
6 24.6 15.0 323 1.1 595 N
7 27.9 19.2 34.8 1.3 625 N
Table 4. Climatic data recorded by the weather station—SET 3: 21st-27th July.
Day Outside Temperature (°C) Average Wind Speed Maximum Solar Radiation Dominant Wind
Mean Low High (km/h) (W/m?) Direction
1 27.2 20.2 36.8 21 534 N
2 211 16.8 27.0 42 633 N
3 22.8 17.4 29.1 6.0 629 N
4 25.3 18.6 31.2 4.0 547 N
5 28.2 20.0 35.4 32 546 N
6 29.6 20.9 36.4 1.6 552 N
7 28.4 20.3 35.8 1.4 580 N
Table 5. Climatic data recorded by the weather station—SET 4: 24th-30th November.
Day Outside Temperature (°C) Average Wind Speed Maximum Solar Radiation Dominant Wind
Mean Low High (km/h) (W/m?) Direction
1 3.1 2.0 44 1.4 25 N
2 3.1 1.9 45 1.8 26 SSE
3 5.6 37 8.4 0.6 69 N
4 52 3.3 6.9 1.8 54 SSE
5 4.7 32 6.4 0.6 29 SE
6 6.7 24 14.1 3.1 144 N
7 12.2 8.2 16.2 1.0 107 N

3. Results and Discussions
3.1. Temperatures Prediction

Figures 9-12 present for the four periods of measurements and ventilation modes,
the variations of the exterior air temperature, which also represents the air temperature at
the entrance of the channel (T,); the average temperature inside the DSF channel (Tcav);
the temperature difference between the air inlet and outlet openings (DT); for the facade
ventilated, respectively, the temperature difference between the air channel and the exterior
for the closed facade (DT); the temperature in the interior room (T;); and the solar radiation
intensity (It). The air temperatures were calculated as the average of the values measured
in different points inside the channel (T2*, T3*, T12*, T14*, T15*, T20%), inlet section (T2,
T23), and outlet section (T1, T19), Figure 5.

The monitoring results show that for the first ventilation scenario (SET 1, Figure 9),
the maximum air temperature (Tcav) inside the channel reaches 47.4 °C on the third day
(13:00 p.m.) for an exterior temperature (T¢) of 37.6 °C and a solar radiation intensity
(It) of 533 W/m?, which is due to the greenhouse effect between the two layers of glass.
The minimum value recorded inside the channel is 21.3 °C (6th day, 5:00 a.m.) when the
exterior one is 20.3 °C. It can be observed that daily, the two temperatures are almost equal
between 06:00 p.m. and 6:00 a.m. and a maximum difference of about 10-13 °C is recorded
around noon (10:00 a.m.-02:00 p.m.), depending on the day, when the DSF channel becomes
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overheating. This justifies the introduction of Venetian blinds inside the channel to reduce
the heating of interior room from solar radiation [9]. The average value of the air inside
the channel, T,y for the entire period is 31.8 °C compared with the exterior one of 27.5 °C,
for a wind speed of 1.6 km/h (N-NE direction). The average air relative humidity inside
the channel has typical a value of 47%. The temperature inside the adjacent room of DSF
(Tj) in the first two days without conditioning follows the variation of Tcay and Te with an
average value of 31.5 °C. Even if the exterior and the channel temperatures drop between
09:00 p.m. and 10:00 a.m., the air temperature of the interior room decreases very slowly at
a minimum of 29.7 °C.
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Figure 9. Evolution of air temperatures and solar radiation intensity in the first period (07th-13th July), outdoor air curtain,
natural ventilation.
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Figure 10. Evolution of air temperatures and solar radiation intensity in the second period (14th-20th July), outdoor air
curtain, forced ventilation.
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Figure 11. Evolution of air temperatures and solar radiation intensity in the third period (21th—27th July), outdoor air
curtain, natural ventilation.
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Figure 12. Evolution of air temperatures and solar radiation intensity in the fourth period (24th-30th November), thermal

buffer, closed channel.

To facilitate the heat removal from the DSF channel, in the second period of mea-
surements (SET 2, Figure 10) forced ventilation was chosen. The results show that the
temperature variation inside the channel is closely related to the exterior ones with a maxi-
mum value of 47.7 °C on the second day (01:00 p.m.) for an exterior temperature (Te) of
36.8 °C and a solar radiation intensity (I;) of 540 W/m?. This shows that forced ventilation
does not have a significant impact on the temperature reduction inside the channel in
the overheating period of 10:00 a.m.—02:00 p.m. when the average difference between the
exterior ones remains around 12 °C. The minimum value recorded inside the channel was
16.8 °C (sixth day, 6.00 a.m.) when the exterior one has the same value. Compared to the
SET1, the introduction of the three ventilators in the lateral outlet of the exterior glazing
facilitate the channel temperatures to reach the exterior ones rapidly for a more extended
period, between 04:00 p.m. and 08:00 a.m., and a drop of the solar intensity has a quick
impact on them. The average air relative humidity inside the channel is recorded to be
48.3%, and the average value of the air temperature inside the channel, Tc,y for the entire
period is 29.0 °C for an exterior one of 24.9 °C and a wind speed of 2.2 km/h (N direction).

In the third ventilation scenario (SET 3, Figure 11) of summer conditions, two openings
at the top of the channel were chosen (lateral and vertical) to naturally ventilate the DSF
channel. In this case, the temperature difference between the channel and the ambient
reaches small values of 7-10 °C between 10:00 a.m.-02:00 p.m. The maximum air tempera-
ture (Tcay) inside the channel reaches 44.8 °C on the sixth day (01:00 p.m.) for an exterior
temperature (Te) of 34.9 °C and a solar radiation intensity (It) of 545 W/m?. The average
value of the air inside the channel, Tcay, for the entire period is 29.08 °C compared with the
exterior one of 26.07 °C with a difference of 3 °C, smaller than the first natural ventilation
with one lateral opening, in the same weather conditions. The temperatures inside the
channel and the exterior ones have almost the same value between 04:00 p.m. and 8:00 a.m.
with an average difference of 1 °C, thus reducing the period of channel overheating. Com-
pared to forced ventilation, the change in solar radiation intensity during the day has less
impact on the temperatures of the DSF channel. The minimum value recorded inside the
channel is 18.5 °C (3rd day) at 6:00 a.m. when the exterior one is 17.6 °C. The average air
relative humidity inside the channel is comparable with the previous ones for the summer
season of 47.8%. A time shift of approximately one hour exists between the highest solar
radiation and the maximum temperature recorded in the channel [38].

Results for the first three ventilation scenarios during the summer season are synthe-
sized in Table 6.

In the cold season in November (SET 4, Figure 12), the lateral and vertical openings
are closed, and the channel facade behave like a thermal buffer. The aim was to recover the
heat from inside the building and to valorize the greenhouse effect from solar radiation.
Thus, it can be observed that the temperatures inside the DSF channel are more significant
than the exterior ones with an average value of 2.2 °C for smaller solar radiation intensity
of around 20 W/m? (8:00 a.m.-04:00 p.m.) in the first four days of the monitored period.
On days 5 and 6, when the solar radiation intensity has maximum values around 12:00 a.m.



Appl. Sci. 2021, 11, 12139 11 of 22

(144 W/m?), the temperature inside the channel reaches 21.1 °C for an exterior one of
6.6 °C. Also, in this period of a day, the temperature inside the DSF adjacent chamber,
where no conditioning system is functioning, reaches a comfort zone of 20 °C. During the
night, Tcay records an average of 7 °C for an exterior one of 5 °C, and the temperature inside
the interior room is around 16 °C. During the cold season, the time shift between the glass
and cavity temperature is less than one hour, because of the small thermal mass available.

Table 6. Synthesized results of the ventilation scenarios during the summer season.

SET 1 SET 2 SET 3
07th-13th July 14th—20th July 21th-27th July
Tecav max (°C) 474 (3rd day, 01:00 p.m.) 47.7 (2nd day, 01:00 p.m.) 44.8 (6th day, 01:00 p.m.)
Te (°O) 37.6 (3rd day, 01:00 p.m.) 36.8 (2nd day, 01:00 p.m.) 34.9 (6th day, 01:00 p.m..)
I (W/m?2) 533 (3rd day, 01:00 p.m.) 540 (2nd day, 01:00 p.m.) 545 (6th day, 01:00 p.m.)
Teav min (°C) 21.3 (6th day, 5:00 a.m.) 16.8 (6th day, 06:00 a.m.) 18.5 (3rd day, 06:00 a.m.)
DT10:00a.m.-14:00p.m. (°C) 10-13 11-12 7-10
TCaV average (OC) 318 290 291
Te average (°C) 27.5 249 26.1
Vavind average (km/h) 1.6 (N-NE) 2.2 (N) 3.2 (N-SSE)
9oRHaverage 47% 48.3% 47.8%

In this particular case of no ventilation, the channel’s humidity plays an essential
role because of the condensation risk. Thus, the average recorded value of the relative air
humidity recorded in the DSF channel was 80%, with a maximum of 94.9%, Figure 13. It
can be seen that the humidity has more significant values during the night and morning
when the temperatures are lowered, favoring the appearance of condensation on the DSF
surfaces inside the channel, Figure 14.
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Figure 13. Evolution of air temperatures and relative humidity in the fourth period of cold season.

Figures 15-18 present for the four periods of measurements and ventilation modes,
the variations of the exterior air temperature (T.), the surface temperature of the outer
glass (Tse), the average temperature inside the DSF channel (Tcav), the surface temperature
of the inner glass towards the air channel (T ) and towards the interior chamber (Ts ;),
the temperature in the interior room (T;), and the solar radiation intensity (I;). The surface
temperatures averaged over the height of the channel on the outer glass at six points (T4*,
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T9*, T10%, T11*, T13*, T19), on the inner glass at nine points (T1*, T5*%, T6, T6*, T7, T7%, T8%,
T16*, T17*), and on the surface of the inner glass inside the chamber at nine points (T3, T4,
T8, T9, T10, T15, T18, T20, T24), Figure 5.

Figure 14. Condensation phenomena inside the DSF channel (a) exterior glazing—view from inside
the channel, (b) interior glazing—view from inside the interior room.
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Figure 15. Evolution of surface temperatures and solar radiation intensity in the first period (07th-13th July), outdoor air
curtain, natural ventilation.
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Figure 16. Temporal distribution of the surface temperatures during the first period for the seventh day (13th July).

The first scenario of natural ventilation with lateral openings (SET 1) is presented
in Figure 15. During the day, the surface temperatures are highly correlated with solar
radiation. The surface temperature of the DSF channel side of the exterior glazing (Ts) is
lower than the air inside the channel (Tcav) and more significant than the exterior (T.) one
between 08:00 a.m. and 16:00 p.m. and almost the same during the night with an average
difference of 1.2 °C. This tendency can also be observed in Figure 16, which presents the
thermal distribution during the 7th day of the first scenario. Both interior surfaces Ts and
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T i e have almost equal temperatures. The air inside the channel (Tcay = 41.2 °C) becomes
warmer than the exterior glazing (Tse = 30.9 °C) during the high values of solar radiation
between 08:00 a.m. and 16:00 p.m. with a maximum difference of 10.3 °C in the seventh day
(11:00 p.m.) for an exterior temperature (T.) of 25.8 °C and a solar radiation intensity (I;) of
504 W/m?. An average value for the entire period of 29.3 °C is recorded for both glazing
surfaces inside the channel (Tse and T ¢), situated between the air temperature inside the
channel, Tcay of 31.4 °C and the exterior one of 28.0 °C. Because of the low interior double
glazing U-factor, the interior surface temperature (T ;) is lower with 2 °C, tempering the
indirect solar gains.
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Figure 17. Evolution of surface temperatures and solar radiation intensity in the second period (14th-20th July), outdoor air
curtain, forced ventilation.
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Figure 18. Evolution of surface temperatures and solar radiation intensity in the third period (21st-27th July), outdoor air

curtain, natural ventilation.

During the second measurement period (SET 2, Figure 17), the forced ventilation
does not change the variation tendency of surfaces temperatures inside DSE. The average
difference between the surface temperatures and the air inside the channel is 2.8 °C higher
for the last one, compared with the first scenario of 2.5 °C. This is because the temperature
on the glass surface inside the room is lower than the room air and depends on direct
solar radiation. The maximum recorded difference of 11.3 °C between the interior surfaces
Tse and T . inside the DSF channel and the air inside was recorded during the day at
11:00 a.m., when the air inside the DSF channel heats up due to the greenhouse effect. An
average value for the entire period of 26.3 °C is recorded for Ts . and Ts ¢, relative to the
air channel, T,y of 29.0 °C, and the exterior one of 24.9 °C.

In the third ventilation scenario (SET 3, Figure 18) of summer conditions, a maximum
difference of 7.3 °C of the air channel is reached relative to the exterior glazing on the
fourth day of measurements at 12:00 p.m., smaller than in the first two monitoring periods.
The temperatures of the glass surfaces are higher relative to the ones of the exterior air
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and lower than ones of the cavity air, during the direct solar radiation, between 07.00 a.m.
and 04:00 p.m., when they become almost equal. In this period, an average of 27.1 °C is
recorded for glass surfaces relative to the air temperature inside the channel of 29.1 °C and
to the exterior one of 26.1 °C.

In the specific functioning of the fourth ventilation scenario (SET 4, Figure 19) during
the cold season, the surface of the double glazing towards the channel T ; . is warmer than
the exterior side of the channel (T ), which is due to the heat loses from the interior room.
The difference reached a maximum value of 13.7 °C (T, = 19.7 °C and Tse = 6 °C) at
10:00 a.m. on the fifth day of the monitored period for an exterior air temperature T, of
4.6 °C and the air channel T,y of 8.3 °C.
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Figure 19. Evolution of surface temperatures and solar radiation intensity in the fourth period (24th-30th November),
thermal buffer, closed channel.

For a smaller solar radiation intensity of around 20 W/ m?, between 8:00 a.m. and
04:00 p.m., the average difference of these two surfaces (T and Tse) is 7.6 °C, higher near
the interior room whose temperature is around 20 °C. During the night, this difference
decreases by almost half at 2.8 °C in the conditions of the temperature inside the room of
16.3 °C. Between 10:00 a.m. and 02:00 p.m., due to the direct solar radiation on the exterior
glazing, the surface temperature T exceed the cavity one by almost 2 °C. The same for the
glazing surface from the interior room, Tj; 1, which is warmer than the air only during this
period with a difference of 2.4 °C. Minimum values of temperatures are recorded during
the night and in the morning on the exterior glazing inside the DSF channel (around 6 °C
for an exterior of 5 °C), which favors the appearance of condensation, Figure 14.

3.2. Airflow Prediction

Velocity profiles are presented in Figure 20 for the first three scenarios of the outdoor air
curtain in the summer season (SET 1-3: 7th-27th July). Each velocity profile is represented
in correlation with other parameters that influence the operation of the facade, namely the
wind speed, the exterior temperature, and the air temperature inside the DSF channel. The
velocities were measured at three points at different heights in the channel: in the middle
of the inlet section (h = 0.05 m), in the middle of the channel (h = 1.4 m), and in the middle
of the outlet section (h = 2.75 m). The results in each measurement point and the correlation
with the day and time are presented in Tables 7-9 for each period (SET 1-3).

Due to the more significant section of flow, in the middle of the DSF channel, the
air velocities are lower relative to the inlet and the outlet of the fagade, Figure 20. This is
also caused by turbulences observed in the middle section with recirculation zones near
the outside glazing of the DSF channel, Figure 21. Visualizations of the airflow pattern
(Figure 21) were realized in forced convection using a laser plane (532 nm Green DPSS
Laser 1000 mW) and a camera (Nikon D60 with 3.0 frames per second) inside the median
section of the channel, where, at the left side is the interior double glazing and at the right
side is the exterior single one. Thus, the obtained qualitative results in terms of airflow
patterns highlight an ascendant flow near the interior double glazing of the DSF channel
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and a descendant one near the exterior glazing, which validates the numerical results
obtained in the previous works [37,39].
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Figure 20. Air velocity profiles inside the DSF channel for ventilation modes of summer conditions:
(a) SET 1-natural ventilation with lateral opening, (b) SET 2-forced ventilation with lateral opening,
(c) SET 3-natural ventilation with vertical and lateral openings.

Due to the vertical and lateral openings, the velocities in the third scenario are lower
relative to the first two ones, Figure 20. The forced ventilation mode determines the turbu-
lent character of the flow in the middle of the channel with a variation of velocities between
0.25-0.42 m/s (Figure 20b). In the natural airflow ventilation scenarios (Figure 20a,c), the
velocities inside the channel are almost constant for the lateral openings and a slight varia-
tion of 0.25-0.31 m/s for the lateral and vertical openings. This is because the air velocity
at the inlet section depends on the wind speed and a higher temperature of the air inside
the channel determines higher velocities in natural convection.
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Table 7. Air velocities at different heights in the DSF channel for SET 1: 07th-13th July.
Day Measuring Air Velocity, v Vmed Qv Vwinda  Te Teav
Hour Point (m/s) (m/s) (@@3h) (m/s) (O (°C)
o1l Inlet 0.41 0.6 0.52 0.51 367
; OI.‘(;OY h=14m 023 021 018 021 - 04 292 393
: Outlet 0.62 0.68 0.72 0.67 482
- Inlet 0.36 0.51 0.54 0.47 338
151.‘503’ h=14m 023 022 0.2 0.22 - 27 269 379
: Outlet 0.6 0.52 0.68 0.60 432
- Inlet 0.43 0.56 047 0.49 353
171.‘50Y h=14m 02 021 018 020 - 09 221 255
: Outlet 0.74 0.65 0.72 0.70 504
B Inlet 0.59 0.52 0.64 0.58 418
121‘50Y h=14m 023 021 018 021 - 13 274 409
' Outlet 0.4 0.56 0.61 0.52 374
Table 8. Air velocities at different heights in the DSF channel for SET 2: 14th—20th July.
Day Measuring Air Velocity, v Vmed Qy Vwina  Te Teay
Hour Point (m/s) (m/s) (@m3h) (m/s) (°C) (°O)
6Tl Inlet 0.68 0.79 0.72 0.73 526
oRY h=l4m 039 042 046 042 - 18 257 323
: Outlet 0.69 0.69 0.71 0.70 504
- Inlet 0.57 0.63 0.68 0.63 454
JRY h=l4m 031 035 021 029 - 09 246 393
: Outlet 0.42 0.58 053 0.51 367
8Tl Inlet 0.66 0.64 0.68 0.66 475
oY h=l4m 023 025 027 025 - 04 234 384
: Outlet 0.45 0.49 0.4 0.45 324
9Tl Inlet 0.57 0.58 0.61 0.59 425
Y h=l4mo 031 035 042 036 - 04 317 347
: Outlet 0.52 0.49 0.56 0.52 374
Table 9. Air velocities at different heights in the DSF channel for SET 3: 21th-27th July.
Day Measuring Air Velocity, v Vmed Qy Vwind Te Teav
Hour Point (m/s) (m/s) (m3h) (@m/s) (O (°O)
Inlet 0.61 0.58 0.61 0.60 432
23 July _
hog  h=l4m 022 0.29 0.24 0.25 - 22 198 224
: Outlet 0.26 0.28 031 028 2268
23 Tl Inlet 0.71 0.74 0.68 0.71 511
SRY  h=14m 031 028 035 031 - 31 277 347
: Outlet 0.37 0.36 0.28 034 1652
ot Tl Inlet 0.64 0.56 0.68 0.63 454
1zl~goy h=14m 03 042 029 034 - 22 28 389
: Outlet 0.4 0.32 0.34 035 2138
Inlet 0.56 0.61 0.49 0.55 396
25 July _
oog h=l4m 029 0.35 0.27 0.30 - 13 353 372
: Outlet 031 0.35 0.29 032 1912
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Interior glass

numerical ones [37].

Exterior glass

Figure 21. Visualization of airflow patterns in the median section of the double-skin facade channel compared to the

3.3. Energy Efficiency

Two different kinds of efficiency have been defined in order to assess the performance
of the double-skin fagade in terms of energy savings [1]:
- Pre-heating efficiency, 77, and
- Dynamic insulation efficiency, e.

The pre-heating efficiency, 77, assesses the capacity of the fagade to pre-heat the venti-
lation air flow rate during the cold season (heating periods) and is defined as:

_ Texh - Ti

=T-T, )

where:

T,x,—temperature of the air exhaust (exiting from the facade), °C.
T;—air temperature inside the room, °C.

T,—exterior air temperature, °C.



Appl. Sci. 2021, 11, 12139

18 of 22

Temperature (°C)

N
o

15

10 +

The dynamic insulation efficiency, ¢, is defined as the quota of the heat flux that enters
through the outer surface of the fagade in the hot season during the cooling period:

Q

= =t @)
Qinc

€

where Q, is the heat flux removed by the air flowing through the fagade, W, Equation (3):

Q, = tity - cp+ (Town — Te) 3)

where: m, = v - S - p ventilation air mass flow rate inside the DSF channel (kg/s); c,, p,
specific heat of the air (1005 J/kg K) and the air density (1.165 kg/ m?).

The heat flux entering through the outside facing surface of the facade, Qinc (W) is
defined by Equation (4):

Qinc:QS+Qi+Qr:I'Ti'A+u'A'(Texh_Ti)+Qr 4)

where: T7; solar transmission coefficient through exterior and interior glazings (0.42); A
area of the facade module (5.2 m?); U overall heat transfer coefficient through the double
glazing (1.92 W/m?K, Table 1).

Finally, the equation of the dynamic insulation efficiency can be written as [1,40]:

ﬁ”lv “Cp- (Texh - TE)

€= : &)
I'Ti'A‘i‘u'A'(Texh_Ti)+mv‘Cp'(Texh_Te)

Figure 22 presents the variation of the pre-heating efficiency, 7, during the cold season
(SET 4) when the channel is closed, and the double skin-facade behaves like a thermal
buffer. The negative values of the pre-heating efficiency mean that the air temperature
that exits from the ventilated facade, T,,y, is lower than the temperature of the indoor air,
T;, and there is no energy recovery. In this condition, the only benefit obtained from the
ventilated facade is to increase the surface temperature of the inner glass pane inside the
channel (Figure 19) and reduce the heat loss from the interior room. When 0 < # < 1 during
the last two days of higher solar radiation at noon (29th and 30th November, Figure 22),
the air that exits from the fagade is preheated at a temperature which is higher than the
indoor one but the ventilation air still requires extra heating before being introduced into
the room. A maximum value of 1.83 of the pre-heating efficiency is reached at 11:00 a.m. on
the seventh day, for a maximum air temperature inside the DSF channel of 28.6 °C, which
is higher than the interior one of 19.7 °C, solar radiation intensity of 101 W/ m?2 and an
ambient air temperature of 14.8 °C. At this moment, the facade heats the ventilation air
to a higher temperature than the indoor temperature. Therefore, it allows the complete
compensation of ventilation losses and the partial compensation of other thermal losses
through the building elements.
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Figure 22. Pre-heating efficiency of DSF in the fourth period (24th-30th November) of cold season (thermal buffer,

closed channel).
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During the hot season, the dynamic insulation efficiency represents the quota of the
heat flux removed by the air flowing inside the DSF channel compared to the total heat
flux that enters through the outer glass pane. The results are presented in Tables 10-12
for the three ventilation modes (SET 1-3) when the velocities inside the channel were
measured. The measurements of air velocities were performed at representative values of
solar intensity and exterior and cavity temperatures.

Table 10. Dynamic insulation efficiency for the first ventilation mode (SET 1: 07th—13th July).

Day Uimed T, Toxn I 1y Qr Qs Qi Qinc €

Hour (m/s) (°O) ©Q) (W/m?) kgls) W) (W) W) W) (%)
12 July 10:00 0.46 29.2 39.3 402 0.11 1096 878 123 2097 52.3
12 July 15:00 0.43 26.9 37.9 14 0.10 1108 31 109 1247 88.8

12 July 17:00 046 221 255 54 0.11 369 118 —15 472 78.2
13 July 12:00 044 274 409 550 0.10 1380 1201 139 2720 50.7

Table 11. Dynamic insulation efficiency for the second ventilation mode (SET 2: 14th—20th July).

Day Uined T, Toxn I 1y Qr Qs Qi Qinc €

Hour (m/s) (°C) (O (Wm? (kg/ss W) W) (W) W) (%)
16 July 13:00 0.62 25.7 32.3 610 0.14 953 1332 53 2338 40.8
17 July 13:00 0.48 24.6 39.3 160 0.11 1641 349 123 2113 77.7

18 July 10:00 045 234 384 442 0.11 1592 965 114 2671 59.6
19 July 16:00 049 317 347 425 0.11 344 928 77 1349 25.5

Table 12. Dynamic insulation efficiency for the third ventilation mode (SET 3: 24th-30th July).

Day Omed T, Texn It 1y Qr Qs Qi Qinc €
Hour (m/s) Q) (O (Wm?) (kgls) W) W) (W) W) (%)

23 July 10:00 0.38 198 224 207 048 1261 452 —46 1667 75.6
23 July 15:00 045 277 347 499 0.58 4087 1090 77 5254 77.8
24 July 12:00 044 28.0 389 527 056 6177 1151 119 7447 82.9
25 July 16:00 039 353 37.2 408 0.50 954 891 102 1947 49.0

For lower values of solar radiation intensity and ambient air temperature and higher
ones for the air flow rate inside the channel, the dynamic insulation efficiency has the
highest importance. An average dynamic insulation efficiency of 71.3% was recorded for
the natural ventilation with both openings on the lateral outer glass and the vertical one in
the top of the channel (Table 12), relative to the first scenario with natural ventilation of
67.5% (Table 10) and the second one with forced ventilation of 50.9% (Table 11). Thus, in
order to prevent the overheating of the fagade during the hot season, combining vertical
and horizontal openings in natural ventilation gives the best efficiency of the double-skin
facade functioning.

4. Conclusions

In this work, the thermodynamic behavior of a double skin fagade (DSF) and per-
formance assessment in terms of pre-heating efficiency during the cold season and the
dynamic insulation efficiency during the hot one is studied using an experimental measure-
ment campaign in specific climate conditions of Romania. Experimental work was done on
naturally and mechanically ventilated single-story DSF built on southwest fagade of the
INCERC Laboratory of Applied Research and Testing in Constructions in Iasi. During the
hot season, three outdoor air curtain modes of ventilation were chosen: natural ventilation
with lateral openings on the exterior glazing, forced ventilation with lateral openings,
and natural ventilation combining lateral and vertical openings on the top of the channel.
During the cold season, the lateral and vertical openings are closed, and the channel fagade
behaves like a thermal buffer between the building and the exterior air.
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From the analysis of the measured data, the following considerations can be drawn.

During the cold season, the buffer facade offers the possibility to ensure the partial or
integral heating of the interior room for a solar radiation intensity higher than 100 W/m?,
when the temperatures inside the channel exceed the value of 20 °C with a difference of
14 °C relative to the exterior ones. On the other hand, for smaller solar radiation intensity
of 20 W/m?Z, the difference drops to around 2 °C. In this condition, the negative values of
the pre-heating efficiency showed that the only benefit obtained from the ventilated facade
is to increase the surface temperature of the inner glass pane inside the channel and reduce
the heat losses from the interior room. On the other hand, the condensation appearance
on the interior DSF surfaces was observed when the humidity reached values above 80%
between 06:00 p.m. and 10:00 a.m.

Results related to the summer period showed that the air and enclosing surfaces
temperatures in the channel can reach values above 40 °C mainly between 10:00 a.m. and
02:00 p.m. due to the location and facade orientation, with a difference of about 12 °C
relative to the exterior temperature, when the intensity of solar radiation reaches more than
500 W/m?. Direct solar radiation intensity influences the increase of air temperature in the
channel, even when the exterior temperature does not exceed 30 °C. In the evening and
during the night, the two temperatures become almost equal with a difference of around
2 °C for one of the channels. The forced ventilation does not reduce the channel air and
surface temperatures for the flow rates studied, but it can improve the cooling when no
solar radiation is present. On the other hand, using a controlled mechanical ventilation
system involves operating costs, energy consumption, and the need for an often complex
system of technical management. The average air relative humidity in the channel was
recorded around 48% and no risk of condensation phenomena was observed.

The supplementary opening at the top of the channel improves the natural ventilation
and the temperature difference between the channel and the ambient drops by around
9 °C at the noon and 1 °C during the night. A time shift of approximately one hour exists
between the highest solar radiation and the maximum temperature recorded in the channel.
In summer, the risk of overheating the DSF channel is obvious. Still, it can be minimized by
using natural ventilation with good-sized inlets and outlets, combining the vertical with
horizontal ones.

The airflow analyses during the summer showed that its velocity at the inlet section
depends on the wind speed and a higher temperature inside the channel determines higher
velocities in natural convection. The forced ventilation mode determines the turbulent
character of the flow in the middle of the channel with a variation of velocities between
0.25-0.42 m/s. This was confirmed by the visualizations of the airflow pattern inside the
channel’s median section, which highlighted an ascendant flow near the interior double
glazing of the DSF channel and a descendant one near the exterior glazing.

The performance indicator specific for the hot season in terms of dynamic insulation
efficiency recorded a value of 71.3% for natural ventilation with both openings on the lateral
outer glass and the vertical one at the top of the channel. Thus, in order to prevent the over-
heating of the fagade during the hot season, combining vertical and horizontal openings in
natural ventilation give the best efficiency of the double-skin facade functioning.
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Abstract: This paper presents a numerical model regarding the passive cooling of PV panels through
perforated and non-perforated heat sinks. A typical PV panel was studied in a fixed position, tilted at
45 degrees from the horizontal with the wind direction towards its backside. A challenging approach
was used in order to calibrate the base case of the numerical model according to the NOCT conditions.
Further validation of the accuracy of the numerical simulation consisted of a comparison between
the results obtained for the base case, or heat sink, with horizontal non-perforated fins and the
experiments presented in the literature. Six types of heat sink attached to the backside of the PV panel
were numerically studied. The analyzed configurations focused on heat sinks with both perforated
and non-perforated fins that were distributed horizontally and vertically. The CFD simulation was
also conducted by modeling the air volume around the PV panel in real wind conditions. The main
output parameters were the average temperature and the convective heat transfer coefficient on
the front and back of the PV panel. The most important effect of cooling was achieved in low
wind conditions and high levels of solar radiation. For v,;, = 1 m/s, G = 1000 W/m? and ambient
temperature t,;, = 35 °C, the percentage of maximum power production achieved 83.33% for the base
case, while in the best cooling scenario it reached 88.74%, assuring a rise in the power production
of 6.49%.

Keywords: power enhancement; perforated heat sinks; passive cooling; operating PV temperature;
NOCT validation; CFD analysis

1. Introduction

The current global energy context is characterized by the energy consumption of
humanity, which has reached impressive values in recent years. Thus, in the current
year (2021) the well-known Overshoot Day was “celebrated” on 29 July. This meant that
humanity had already used up all of the restorable resources of 2021. From 30 July we
started consuming more resources than the planet could regenerate in a year [1]. Therefore,
by the end of the year 2021, the energy consumption is projected to reach about 1.73x
Earth’s resource regeneration capacity. It is a global emergency and every small step in
reducing this tendency to over consume energy will become decisive in this fight.

Solar energy is a clean and sustainable source of energy. It is involved directly or
indirectly in the vast majority of other renewable energy sources, and it is also related to
the conventional fuels—as most of them are the result of photosynthesis. The solar energy
incident on the Earth could cover the annual energy demand for the entire world in only
1.5h [2,3].

Regarding the conversion of solar radiation into electricity, this can be achieved by
using photovoltaic (PV) cells or it can be generated through solar thermal technologies [1].
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Photovoltaic conversion has important advantages: the energy source is renewable
and free, and the processes of electricity production are environmentally friendly (in terms
of CO, and NOx emissions, waste, noise etc.). The generation of electricity is achieved
without the use of moving parts, so the cost of maintenance is reduced. Furthermore,
the energy produced is consumed locally, which results in reduced power losses.

By implementing efficient PV systems, the safety of the users of the electricity supply
is increased [4,5]. These systems also reduce the vulnerability of European space and could
eliminate future energy crises or the lack of an energy supply. Considering the long service
life and the low CO, emissions of PV systems, they represent a sustainable alternative to
electricity production. In addition, the energy market in Europe, which lately has been
affected by internal and external factors, could become more stable and competitive by
increasing the power it produces and the number of users of photovoltaic systems [6].

The main environmental parameters, which are influencing the efficiency and the
lifetime of PV panels are solar radiation, wind velocity and direction, dust, ambient
temperature and their operating temperature. Most of these meteorological parameters
are random and uncontrollable. From the point of view of the installation methods, the
tilt angle, orientation and positioning are very difficult to manage in the case of typical PV
systems [7,8]. However, the management of the operating temperature of PV cells has been
demonstrated to be a good solution for enhancing their efficiency [9].

Almost 80% of the solar energy incident on the PV panel’s surface is converted
into heat, and it is well known that the performance of PV panels is temperature-
dependent [9,10]. Skoplaki, E. et al. [10] analyzed different methods and relations for
calculating the dependence between conversion efficiency and photovoltaic cell temper-
ature; a linear dependence between efficiency and temperature has been proved. The
decrease in the efficiency of the produced power related to the increase in the temperature
has values between —0.46-—0.50%/°C and —0.47-—0.50%/°C, respectively [11-13].

Taking into account that the power of a photovoltaic cell is influenced by the tem-
perature and radiation levels, standard test condition (STC) parameters were defined:
tpy =25 °C, G = 1000 W/m?2, AM1.5 [14]. In STCs the PV panels produce the watt peak
power [Wp], but a real concern is that in regular operation, at 1000 W/ m?, the photovoltaic
panels can reach extreme temperatures of 70-80 °C [11,15,16], leading to a significant
decrease in the efficiency.

Complementary cooling solutions are recommended in order to achieve high produc-
tivity [17-21]. The literature presents a large number of papers on different solutions for
improving the conversion efficiency by decreasing the temperature of the photovoltaic
panels [13,15,20,22-27].

Concepts frequently used in analyzing PV systems are the NOCT (nominal operating
cell temperature) conditions. In contrast to STCs, the NOCT conditions are closer to
reality, taking into account the following operating conditions: tilt of PV panel = 45°;
G =800 W/m?; t,;, = 20 °C; v,;, = 1 m/s towards the backside of PV panel [15]. According
to these conditions, every producer must supply, via the data sheet, the average operating
temperature of the PV panel—tnocr.

The aim of this study was to overcome technological and conceptual barriers that were
currently attributed implicitly to photovoltaic systems by improving their efficiency during
months with maximum energy production but lower efficiencies due to high operating
temperatures. For example, in hot summer days it turned out that the most important cause
of the production potential not being reached, when the intensity of solar radiation had the
highest values of the year, was the uncontrolled increase in the operating temperatures of
the photovoltaic panels.

The improvement in the efficiency of PV panels when air-cooled heat sinks were used,
was reasonable for the residential sector, urban areas and power plants [28,29].
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The novelty of the present study consisted of analyzing the impact of longitudinal
and transversal heat sinks with perforated and non-perforated fins on the performance of
PV panels. The impact was analyzed using more realistic wind conditions and tilt of the
panel, compared to existing studies in the literature.

2. Related Research

Experimental tests and numerical analyses on monocrystalline or polycrystalline pho-
tovoltaic panels show that the decrease in efficiency, as the operating temperature increases,
and the necessity of cooling solutions are current concerns in the literature [11-13,16,30,31].

Different technologies to improve the efficiency of photovoltaic panels by passive
cooling, using air, are studied in the literature [8,13,32-39]. Detailed studies on air cooling
of photovoltaic panels are carried out in the following works [11,40]. Air cooling with heat
sinks and perforated fins is studied both numerically [11,32] and experimentally [34]. The
characteristic values for multiple photovoltaic panels cooled with aluminum and copper
heat sinks were compared through experimental tests under different conditions [34]. The
results of the simulation and from the experiment showed that the heat sink with perforated
fins can significantly reduce the temperature of the panel and increase its performance;
there was an increase in the heat extracted from the photovoltaic cell and a decrease in its
temperature, with values between 7 °C and 10 °C [34].

Also, numerical simulations on a particular case of backside ventilation [11,16,41]
revealed that the temperature was reduced by 10 °C below the value obtained in the base
case. This aspect was favorable for conversion efficiency, determining a generation of
approximately 90% of the maximum power produced in STCs [14], while the average
power production of PV panels was about 70-80% of P, in STCs [42].

3. Materials and Methods
3.1. Problem Description

The goal of this work was to develop a numerical model regarding the passive cooling
of the PV panels, through perforated and non-perforated heat sinks, and determine the
enhancement of operating temperatures compared to the base case (without cooling).
A photovoltaic panel with an area of approximately S = 1.6 m? was studied in a fixed
position and tilted at 45° from horizontal, as well as in variable solar radiation, wind
velocity and ambient temperature. This setup, together with the wind direction towards
the backside of the PV panel, was established according to NOCT conditions [14] in order
to validate the model.

A common monocrystalline Si-based PV panel (AE Solar AE320HM6-60), with an
advantageous position of the junction box, was analyzed with the following technical data
(Table 1) [43].

Table 1. General characteristic for the considered PV panel.

AE Solar AE320HM6-60 PV Panel

Py 320 Wp
Virp 3340 V
Ly 9.59 A
Voc 4090V
Isc 10.15 A

7 19.30%

B —0.37%/°C

tNoct 47 °C

Dimensions (L x [ x h) 1665 mm x 996 mm x 35 mm
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A step-by-step analysis of heat sink usage for cooling PV panels was conducted.
After the initial validation of the base case—PV panel without heat sink—a total of six
photovoltaic panels with attached heat sinks were analyzed. Two of them were non-
perforated, while the other four had perforated fins.

The heat sink consisted of a metal plate with copper attached to the photovoltaic panel
and perforated or non-perforated metal fins, Figure 1. The role of the designed holes on the
fins was assumed to be both quantitative (by reducing the amount of material necessary
for device construction) and qualitative (by amplifying the turbulence and heat transfer in
the immediate vicinity of the PV panel).

PV panel —
AE320M6-60

Frame of PV panel —.

/ TS Circular holes

of @30mm or
260mm

Plate of the heat sink —
attached to PV panel

" Perforated fins

Figure 1. Overview of the components of the heat sink attached to the PV panel for cooling (case
with perforated fins).

Due to preliminary analysis and the literature review [11,32,34,41], the 30 mm and
60 mm diameter circular perforations distributed on a single row turned out to be feasible.
It emerged that other shapes, dimensions or multiple rows of perforations were heading
towards lower performance of the heat sink (the operating temperatures were at least
2-3 °C higher). It must be specified that the literature comprises a diversity of heat sinks
with different approaches of fins [42,44]. The present study is focused on using heat sinks
with continuous fins.

Two types of heat sinks were analyzed:

Type 1—heat sinks with horizontal (transversal) fins of 100 mm height (with 3 sub-
types: non-perforated, @ = 30 mm perforations, ¢ = 60 mm perforations);

Type 2—heat sinks with vertical (longitudinal) fins of 100 mm height (with 3 subtypes:
non-perforated, @ = 30 mm perforations, @ = 60 mm perforations).

3.2. Numerical Simulation

The numerical simulation was performed using the ANSYS-Fluent 2021-R1 software.
The geometry and discretization of the computing domain was performed within the
platform using the Fluent-Meshing and SpaceClaim programs.

For simulation the control volume method, SIMPLE pressure—velocity coupling and
second-order accuracy for equation solving were used, taking into account that the flow
was not aligned with the mesh [45]. This method used a relationship between velocity and
pressure corrections to enforce mass conservation and to obtain the pressure field. A fully
implicit numerical scheme was employed, in which upwind differences were used for
the convective terms and central differences for the diffusion terms [11]. The calculation
was iterative, with a convergence criteria of 10~° for the energy equation and 102 for the
pressure, velocities, k, ¢ and continuity equations.

The simulation of solar radiation was realized using the Solar Ray Tracing model
of the Fluent program. The absorption of solar radiation by the front of the PV panel
was imposed as a global coefficient « = 0.7, taking into account all the layers of the PV
panel [11,46].
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The heat transfer balance was set in order to include the convection and radiation
with the surroundings [46]. The numerical simulation was realized using the k—¢ realizable
model [45]. For all studied configurations, the distance between fins was set to 150 mm.
The fins were perpendicular to the heat sink plate—Figure 1. For the case of perforated
fins, they had circular holes of 30 mm or 60 mm diameter, which were placed at a distance
of 100 mm to one to another [34]. Their role was to improve the air circulation near the
heat sink and to extract more heat from the PV panel.

The accuracy and the solution time were both highly depend on the characteristic
of the mesh. Computational fluid dynamics (CFDs) solvers depended on the highly
orthogonal mesh that could be difficult to achieve on different types of geometries. For the
present study, a polyhedral mesh was used for the surfaces and a poly-hex core for one of
the volumes. The choice of these types of cells was made due to an increase in speed of
simulation from 20 to 50% while maintaining the high level of accuracy. In addition, this
approach in the simulation opened up the possibility of improving the solver speed and
accuracy compared with the tetrahedral cells.

The mesh was realized with different refinements for the heat sink and air volume.
The mesh quality achieved for the numerical analysis was as follows:

- Aspect ratio was in the range 5-60;
- Skewness was in the range 0.4-0.7;
- Orthogonal quality was in the range 0.1-0.3.

A mesh independence study was carried out, taking into account the large number
of elements that resulted due to modeling the air volume that flowed over the PV panel
and heat sinks. Figure 2 presents the mesh independence study, which was achieved for
approximately 3 million cells in the base case and over 5.5 million cells for cases with heat
sinks and perforated fins.

Mesh independence
55.0

—=—T front PV BASE

T front PV HORIZ
SIMPLE

/ T front PV HORIZ
30MM

T front PV HORIZ
60MM

~. ——T front PV VERT
N —— SIMPLE

T front PV VERT
30MM

—e—T front PV VERT
60MM

IS
b
o

IS
4
o

PV panle temperature [°C]

w
«
o

30.0

1 2 3.1 5.5 6.5 8.5 9.1 20
Elements (x1076)

Figure 2. Mesh independence study for each model.

The numerical analysis was conducted on a workstation that had 48 cores, 256 GB of
RAM and a graphical computing video card Nvidia Quadro P6000.

Typical approaches from the literature considered the position of the PV panel as
either horizontal [31] or vertical [11,34], with a channel simulating the wind behind the PV
panel. There were only a few studies on cooling tilted PV panels [16,40].

During this study the modelling was realized by taking into account the air circulation
in the vicinity of a tilted PV panel cooled with heat sinks. In this way, by using an optimized
resource consumer mesh, the airflow and the heat transfer were more realistic and easier to
visualize and understand. The material properties used in the simulations are shown in
Table 2, and the sketch of the model is presented in Figure 3.
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Table 2. Material properties.

Material g [mm] A [W/m-K] p [kg/m?] cp [J/kgK]
Glass 3.00 1.00 2300 0.50
PV cells 0.35 168 2330 0.757
EVA 0.50 0.35 960 2.09
Tedlar 0.20 0.20 1500 1.20
Copper 1.00 386 8960 0.376
Air - 0.025 1.20 1.005

PV PANEy : g
i /
: & 4

/. SOLAR
RADIATION
Gmea

INLET _
V, tair

HEAT SINK

AR VOLUME

Figure 3. Main components of the numerical model.

OUTLET _

During the study, the non-perforated heat sinks were compared with perforated
heat sinks in order to determine the optimum configuration for implementation in NOCT
conditions of wind.
Simulations were realized in steady state conditions with the following input parame-

ters:

ambient temperature, t,;;, = 20, 25, 30 and 35 °C;

velocity of the air towards the back of the photovoltaic panel, v,;, = 1-5m/s;

the normal component of solar radiation varied between 200-1000 W/m?, assuming

the typical conditions of operation for the PV panel.

It should be mentioned that heat sinks were studied on some of the worst scenarios
of temperature operation for the base case. Therefore, some cases with low levels of solar
radiation, low ambient temperatures or high wind velocities were excluded from the results
presented during the paper.

The main outputs of the simulations were:

average temperature of the PV panel;

convective heat transfer coefficients, achieved for both the front and the back of the

PV panel or heat sink.

Studied Cases

A total of six configurations of heat sinks were analyzed, plus the base case, these are
shown in Table 3.
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Table 3. Studied configurations.

Case Name

Mesh Detail

Description

0 Base

Pilot photovoltaic panel—normal
installation—without cooling
solution.

1 Horiz Simple

Air-cooled photovoltaic panel with
heat sink and non-perforated
horizontal (transversal) fins.

2 Horiz 30 mm

Air-cooled photovoltaic panel with
heat sink and perforated horizontal
(transversal) fins @ = 30 mm.

3 Horiz 60 mm

Air-cooled photovoltaic panel with
heat sink and perforated horizontal
(transversal) fins @ = 60 mm.

4 Vert Simple

Air-cooled photovoltaic panel with
heat sink and non-perforated
vertical (longitudinal) fins.
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Table 3. Cont.

Case Name Mesh Detail Description

Air-cooled photovoltaic panel with
heat sink and perforated vertical

5 Vert 30 mm
(longitudinal) fins @ = 30 mm.
Air-cooled photovoltaic panel with
6 Vert 60 mm heat sink and perforated vertical

(longitudinal) fins @ = 60 mm.

The position of the PV panel and air circulation was set according to NOCT conditions:
the PV panel was tilted at 45° and wind direction toward the backside of the PV panel

(Figures 4 and 5).
PV panel —. e
AE320M6-60 ‘
i 61@'?\ .
" Mounting  Frame of PV panel — N “— Mounting
PV panel ' system = | system
AE320M6-60 . . ;
L gj\ﬂ o
! —
£ L 1.18
£ A8 m _
g8
E= =]
EEZ
&5
« E
sg
(a) (b)

Figure 4. Position of the PV panel (fixed, tilted at 45°): (a) top view; (b) side view.

PV panel — I Junction box

AE320M6-60

Frame of PV panel
Moaunting

I system

Figure 5. Base case—PV panel without cooling—3D perspective view.

Heat sinks consist of a metal plate and perforated or non-perforated longitudinal or
transversal fins arranged at equal distances of 150 mm from each other (Table 4). Both the
base plate and the fins were made of copper. The base plate was in direct contact with the



Appl. Sci. 2021,11, 11323 9 of 20

back of the photovoltaic panel. The fins had circular perforations with a diameter of 30 or
60 mm (Table 4).

Table 4. Components of the model and overall dimensions of the heat sinks.

Case 3D Perspective View Overall Dimensions of the Heat Sink
PV panel - Plate of the heat sink _ 0.10m
» attached to PV panel 0.88 m
AE320M5-60 P a - -
Junction box cmid ———
. Mounting 033m _ __ . 020m E'
Frame of PV panel 7+ system ! = Top view )
Y \ IS S
1 £ B |
& g
B L —
el Sr— g
= 0.86m =
e Non perforated fins Back view Side view Bottom view =2
PV panel — Plate of the heat sink . 6.10m 0.86 m
h PV |
AE320MB-60 \ aitachad o pans g g 033m ‘9,33 m
\ © + Junction box = = | EEEEEEEE )
o , — Mounting 4 < ooem . MUR LT .
Frame of PV panel " system ” 3 o
: L o
- Top view
2,3 £t 5 e |
= pr
Circular holes =t st elm Lo . L 040m
of @30mm or @60mm _4 B ’—&
£y £y 1
e g I —_E
1 >
i < ° . 086m J s
" Perforated fins Back view Side view Bottom view %
PV | _— Plate of the heat sink £|
AE 3201\?;'?5% - F atiachad to Py panel 013m Q3m __ _ 01om 0.86m 2
S Junction box
. s ! TTT T
) _r— Mounting 045 . . |.015m!
Frame of PV panel . 4 system )
G Yl Top view
/ £ £
4 E 3 9
g "‘" 013m — . 015m
; [ 1
—la [ 5 [ O i .
015m | 0.15m . 08m  _ b
i Nan-perforated fins Back view Side view Bottom view g
PV panel  Plate of the heat sink =
N attached to PV panel 0.13 3 - o 010m 086m =
AE320M8-60 . p & T" n S
5 .+ Junction box n | e
Mounting D.L:s.Jw o [ e1sm}
Frame of PV panel —. | ' system .
e . #° § Top view
g S E £
5,6 : 2 e @
: o
Circular holes of — ; y
& 4 0, 013m . 0.15m
@Z30mm or @60mm i N - |
; ' ' S I T [
—l 0.15m 015m .~ - 2.08m 088m &
Perforated fins Back view Side view Bottom view ‘3

During the study, the fins were arranged longitudinally (vertically—parallel to the
length of the PV panel) or transversally (horizontally—parallel to the width of the PV
panel). The distance between fins was s = 150 mm, while their height was fj;,,s = 100 mm.
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The approximate length of the fins was Lg,;; = 1520 mm (for longitudinal ones) and
Lfins = 860 mm (for transversal ones). The number of fins was 11 for the horizontal case and
5 for vertical case (Table 4).

The perforations had a circular shape and a diameter of @ = 30 mm or ¢ = 60 mm.
The distance measured on the fins between the centers of the perforations was d = 100 mm.
The perforations were staggered by 50 mm between two successive fins.

The back, side, top and bottom view of the heat sinks attached to the PV panel are
presented in Table 4. In addition, the main components of the geometry conceptions of the
photovoltaic panel, mounting system and heat sinks with perforated and non-perforated
fins were easy to follow in 3D perspective views.

4. Validation of the Model
4.1. NOCT Calibration

The PV panel tilted at 45° was initially exposed to a direct solar radiation of 800 W/m?,
air temperature of 20 °C and wind velocity of 1 m/s from behind, similar to the NOCT
conditions. According to the PV panel data sheet [43], in this scenario, the tyocr should
be 45 + 2 °C, while the operating temperature from simulation was 47.16 °C. Taking
into account the good matching between results and expectation, further validation was
conducted. Therefore, by comparing the results from modelling with those obtained by
using the acknowledged Equation (1) [14,47], the following variation of the operating
temperature was obtained (Figure 6).

-2
tnocr =20 - )

tpy = tair + 300

NOCT calibration

75 7 75
70.1
o070 T _ —u - 70
= T 68.7
o 1 T £
£65 ey o 629 65
© eI —.
260 T _x =T 620 £ g0
g 54.1 Ei ¥: S 55.9
€ T —_ A
I3 55 1 R T =T £ 55
< 53.7 F S T 55.2
(7] . - e
< 50 1 - P + 50
S 1472 o e
- ] L ¢ e = Current work v=1m/s, G=1000W/m2
=45 + - + 45
o ] 470 | —m— Current work v=1m/s, G=800W/m2
3 1403 - u work v=1m/s, G= m
&f’40 T+ | —#l— Current work v=1m/s, G=600W/m2 [ 40
g ] 40.2 «+-<Ae++ Literature eq. v=1m/s, G=1000W/m2
<35 T -«-:Ac-- Literature eq. v=1m/s, G=600W/m2 T 35
] «+oAce Literature eq. v=1m/s, G=800W/m2
30 : : : A Lterature eq. vilm/s G=800W) 30
20 25 30 35

Ambient air temperature [°C]

Figure 6. Calibration of the model according to NOCT conditions variation.

The results showed that the values computed using the current work differed from
those of Equation (1) within the range of 0.28-1.98%.

4.2. Base Case Validation

Nizetic et al. [16] experimentally studied the thermal performance of PV panels on
different inclination angles. In Case 1 of their study (45° tilt, v =1.5m/s, G =837 W/ mz)
the average temperature of the PV panel was 51.6 °C. For validation, the base case of the
present work was set for the same parameters. The average temperature of the PV panel
obtained in the current model was 53.68 °C, which represented a variation of 3.87%.

Also, experimental studies of Arifin et al. in 2020 [34], and Almuwailhi in 2021 [48],
were examined and the correlations with the present work were presented together in
Figure 7a.
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Figure 7. Validation of the model: (a) base case—without heat sink; (b) PV panel with heat sink.

4.3. Heat Sink Validation

An experimental study on heat sinks attached to a PV panel [34] were used in order to
compare the results with the present model (Figure 7b).

A reasonable variation of the simulated PV panel average temperature compared to
the literature for low and high ambient temperatures was recorded, in addition to different
levels of radiation (Figure 7). The differences recorded were between —5.18% and +4.03%.
According to the literature [49], this variation was acceptable so the study was considered
consistent and the next step consisted of modelling the heat sinks with perforated fins
(Cases 2-6) in the same conditions as those validated above.

5. Results and Discussion

Most simulations in the literature were realized by imposing a constant convective heat
transfer coefficient (h.), which determined a quasi-uniform temperature distribution [50].
In the present work, the simulation of the airflow near the PV panel determined a more
realistic temperature distribution on its surface compared with the typical approaches [42],
while the convective heat transfer coefficient was varying on the PV panel’s surface.

The results of the simulations consisted of the photovoltaic panel temperature and
convective heat transfer coefficient variation, depending on the type of the heat sink. The
spectra of the operating temperatures of the PV panels and velocity path lines on the
cross-sectional plane were obtained (Table 5). The following images present the qualita-
tive visualization of the results for cases simulated in NOCT configuration: ¢,;, = 20 °C,
vsir =1 m/s, G =800 W/m? (Table 5).

Table 5. Temperature distribution on the PV panel and air velocity profile for the NOCT configuration.

Front PV Temperature Distribution (fpy [°C]) Wind Velocity Cross-Section Plane (v,;,. [m/s])
contour-1 palhl\nes—! )
Static Temperature Velocity Magnitude
55.01 1.63
5151 . 1od6
L 4836 ‘ %
b 452 544 &=
b 4205 0975
[e8s 0813 e
L 3575 o :
- 326
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- 2945
26.3 0325
23145 0.183
20 0
[C] [m/s ]

Base case: (a) (b)
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Table 5. Cont.

Front PV Temperature Distribution (tpy [°C])

Wind Velocity Cross-Section Plane (v,;, [m/s])
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Static Temperature
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Table 5. Cont.

Front PV Temperature Distribution (tpy [°C]) Wind Velocity Cross-Section Plane (v,,;, [m/s])

contour-1 pathlines-1
Static Temperature Velocity Magnitude
45.53 1.71
42.98 1.54
40.43 1.37
37.87 12
3532 1.02
32.77 0.854
30.21 0.683
27.66 0512
25.11 0.341
22.55 07
20 0
[C] [mis]
Vertical 30 mm: (a) (b)
contour-1 pathlines-1
Static Temperature Velocity Magnitude
4535 167
. 4281 15
40.28 1.34
- 37.74 - 147
- 3521 -1
H 32567 0.836
- 3014 - 0.669 SN
- 276 - 0.502 .,
25.07 0.334
22.53 0.167
20
[c] (mis]
Vertical 60 mm: (a) (b)

The visual results clarify the temperature distribution achieved for each case analyzed,
together with the air velocity field on the cross-sectional plane. The effect of the heat sinks
was determining a decrease in maximum operating temperature of approximately 10 °C.
In addition, from a qualitative point of view, for this particular wind direction (towards
the backside of the PV panel), the air turbulence was increased compared to the base case,
determining an improved heat transfer and a better cooling of the PV panel. In addition,
each type of heat sink determined a slightly different distribution of wind velocities and
recirculation areas. It can be remarked that the cooling effect was decreased in the zones
with air recirculation in front of the PV panel compared to the rest of the area.

The results for v,;, = 1 m/s, various inlet temperatures (t,;, = 20-35 °C) and solar
radiation (G = 600-1000 W/m?) were merged in the following plots: Figures 8-10.
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Figure 8. Variation of average operating temperature and convective heat transfer coefficient for studied cases.

G =1000 W/m?, v, = 1 m/s and t,, = 20-35 °C.
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Figure 9. Variation of average operating temperature and convective heat transfer coefficient for studied cases
(G =800 W/m?, v,;, =1 m/s and t,, = 20-35 °C).
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Figure 10. Variation of average operating temperature and convective heat transfer coefficient for studied cases
(G =600 W/m?, v,;, =1 m/s and t,, = 20-35 °C).

An interesting aspect was recorded on convective heat transfer coefficients. Therefore,
for horizontal heat sinks the /1. on the front of the PV panel were much closer to the /. on the
back, compared to vertical ones, where an important difference was recorded. The ambient
temperature variation did not seem to change the best configuration (Case 2—horizontal
30 mm). This configuration determined a drop of temperature as presented in Table 6.

Table 6. Drop of the PV panel operating temperature for ambient air temperatures, t,; = 20-35 °C, wind velocity,
vaiy = 1-5 m/s and solar radiation, G = 600-1000 W/m?.

G = 600 W/m? G =800 W/m? G =1000 W/m?
Case Oair Drop of tpy Compared to Base Case, for t,;, = 20-35 °C
°C % °C % °C %
0. BASE CASE 40.3-55.9 - 47.2-62.9 - 54.1-70.1 -

1. HORIZ SIMPLE —6.02——8.59 —149--154 —8.22-—-11.54 —17.4--18.3 —10.52--14.46 —19.4--26.7
2. HORIZ 30MM —6.97-—8.66 —17.3-—15.5 —9.51--11.63 —20.2-—18.5 —12.05--14.61 —22.3--27
3. HORIZ 60MM 1m/s —6.35-—8.62 —15.8-—15.4 —8.55-—10.05 —18.1--16 —10.88——14.54 —20.1-—26.9
4. VERT SIMPLE —5.98--7.2 —14.8-—-129 —8.07--9.76 —17.1--15.5 —10.25--12.4 —18.9--229

5. VERT 30MM —4.49-—6.4 —-11.1--11.5 —6.4——8.61 —13.6-—13.7 —8.51--10.93 —15.7--20.2

6. VERT 60MM —-5.82-—6.97 —14.4--125 —7.84-—8.59 —16.6-—13.7 -9.97--10.87 —18.4--20.1
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Table 6. Cont.

G = 600 W/m? G =800 W/m? G = 1000 W/m?
Case Vair Drop of tpy Compared to Base Case, for f,;, = 20-35 °C
°C % °C % °C %
0. BASE CASE 34.5-49.9 - 39.4-54.9 - 44.3-59.9 -

1. HORIZ SIMPLE —6.11-—6.18 —17.7--12.4 —8.52-—8.6 —21.6—-—15.7 —10.26-—10.88 —23.2-—-18.2
2. HORIZ 30MM —6.36——6.79 —18.4-—13.6 —8.51-—9.32 —21.6——17 —10.7-—11.7 —24.2-—19.5
3. HORIZ 60MM 2m/s —6——6.37 —17.4--128 —8.01-—8.73 —20.3—-—15.9 —10.07-—10.68 —22.7--17.8
4. VERT SIMPLE —6.67-—6.17 —19.3-—124 —7.55-—8.26 —19.2--15 —9.5--10.38 —21.5--17.3

5. VERT 30MM —5.31-—6.21 —154--12.4 —7.27--8.3 —18.5--15.1 —9.26--10.42 —-20.9--17.4
6. VERT 60MM —5.59-—4.48 —-16.2-—9 —747--8.14 —19--14.8 —9.39--10.13 —21.2-—-16.9
0. BASE CASE 31.4-46.8 - 35.2-50.7 - 39.1-54.7 -

1. HORIZ SIMPLE —4.88-—5.24 —15.5--11.2 —6.72-—7.15 —-19.1--14.1 —8.53-—-9.33 —21.8-—-17.1
2. HORIZ 30MM —-5.3--5.77 —-16.9--12.3 —717--7.73 —20.3--15.2 —9--9.7 —23——17.7
3. HORIZ 60MM 3m/s —5.11--5.49 —16.3—-—11.7 —6.85-—7.56 —19.4--149 —8.62-—9.2 —22.1-—16.8
4. VERT SIMPLE —4.59--5.16 —14.6——11 —6.33-—6.92 —18--13.6 —7.96-—8.69 —20.4--15.9

5. VERT 30MM —5-—5.38 —15.9--11.5 —6.7-—7.21 —19--14.2 —8.41-—9.04 —21.5--16.5
6. VERT 60MM —4.53-—-5.06 —14.4--10.8 —6.08-—6.54 —-17.2-—129 —7.64——8.21 —19.5--15
0. BASE CASE 29.2-44.6 - 32.4-47.8 - 35.5-51.1 -

1. HORIZ SIMPLE —3.92-—4.07 —13.4--9.1 —5.41--5.68 —-16.7-—11.9 —6.88-—7.57 —19.4-—-148
2. HORIZ 30MM —4.25-—4.75 —14.5--10.6 —5.77--5.87 —-17.8--12.3 —7.26-—7.94 —20.5--15.5
3. HORIZ 60MM 4m/s —4.16——4.53 —14.2--10.2 —5.58-—-5.76 —-17.2——-12 —7.02-—-7.58 —19.8--14.8
4. VERT SIMPLE —3.66——4.05 —12.5--9.1 —4.92--541 —152--11.3 —6.21-—6.8 —17.5--13.3

5. VERT 30MM —4.13-—4.49 —14.1--10.1 —5.53-—6.02 —17.1--12.6 —6.95-—7.56 —19.6——14.8
6. VERT 60MM —3.46——3.72 —11.8--8.3 —4.64——4.98 —14.3-—104 —5.84——6.24 —16.5-—12.2
0. BASE CASE 27.7-43.1 - 30.4-45.8 - 33-48.5 -

1. HORIZ SIMPLE —3.15--3.54 —11.4--8.2 —4.38-—4.87 —14.4--10.6 —5.56-—6.15 —16.9--12.7
2. HORIZ 30MM —3.64——3.82 —13.1-—-89 —4.87--5.11 —-16.1-—11.2 —6.1-—6.41 —18.5-—-13.2
3. HORIZ 60MM 5m/s —3.41--3.73 —12.3--8.7 —4.57-—4.9 —-15.1--10.7 —5.76——6.21 —17.5--12.8
4. VERT SIMPLE —2.95--3.25 —10.6-—7.6 —3.95-—-4.36 —-13--9.5 —4.98-—-5.47 —15.1--11.3

5. VERT 30MM —3.42--3.73 —12.3--8.7 —4.59-—4.99 —15.1--10.9 —5.75-—6.26 —17.4--129
6. VERT 60MM —2.62--2.73 —9.4-—-63 —3.52-—-3.68 —11.6——8 —4.42——4.61 —13.4-—-9.5

The results showed that for the studied wind conditions, the perforations did not
improve the temperature of the PV panel when the fins were vertical. In addition, in
the case of vertical fins, the larger perforations (¢ = 60 mm) were better, while for the

horizontal fins the smaller ones (® = 30 mm) were better.

In terms of efficiency and power production, according to the assumption that the
efficiency dropped linearly with the rise in temperature of —0.37%/°C [43], the following

power production could be achieved—Table 7.
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Table 7. Percentage of maximum power production achieved by the PV panel for each studied case.

G = 600 W/m? G = 800 W/m? G = 1000 W/m?
Case Dair of P,, at 25 °C, for t,;, = 20-35 °C
% % %

0. BASE CASE 94.33-88.58 91.8-85.98 89.23-83.33
1. HORIZ SIMPLE 96.56-91.76 94.84-90.25 93.12-88.68
2. HORIZ 30MM 96.91-91.78 95.32-90.28 93.69-88.74
3. HORIZ 60MM 1m/s 96.68-91.77 94.96-89.7 93.25-88.71
4. VERT SIMPLE 96.55-91.24 94.79-89.59 93.02-87.92
5. VERT 30MM 96-90.95 94.17-89.16 92.38-87.37
6. VERT 60MM 96.49-91.16 94.7-89.16 92.92-87.35
0. BASE CASE 96.48-90.79 94.68-88.95 92.87-87.09
1. HORIZ SIMPLE 98.74-93.08 97.84-92.13 96.67-91.11
2. HORIZ 30MM 98.83-93.3 97.83-92.39 96.83-91.42
3. HORIZ 60MM 2m/s 98.7-93.15 97.65-92.18 96.6-91.04
4. VERT SIMPLE 98.95-93.07 97.47-92 96.39-90.93
5. VERT 30MM 98.44-93.09 97.37-92.02 96.3-90.94
6. VERT 60MM 98.55-92.45 97.45-91.96 96.35-90.83
0. BASE CASE 97.63-91.95 95.71-89.19 94.79-89.01
1. HORIZ SIMPLE 99.44-93.88 98.53-92.2 97.95-92.46
2. HORIZ 30MM 99.59-94.08 98.71-92.44 98.12-92.6
3. HORIZ 60MM 3m/s 99.52-93.98 98.58-92.37 97.98-92.41
4. VERT SIMPLE 99.33-93.85 98.36-92.1 97.74-92.23
5. VERT 30MM 99.48-93.93 98.52-92.22 97.91-92.36
6. VERT 60MM 99.31-93.82 98.26-91.94 97.62-92.05
0. BASE CASE 98.43-92.74 96.54-89.26 96.12-90.35
1. HORIZ SIMPLE 99.88-94.25 99.09-91.94 98.67-93.15
2. HORIZ 30MM 100-94.5 99.25-92.02 98.81-93.29
3. HORIZ 60MM 4m/s 99.97-94.42 99.16-91.97 98.72-93.15
4. VERT SIMPLE 99.79-94.24 98.85-91.81 98.42-92.86
5. VERT 30MM 99.96-94.41 99.14-92.09 98.69-93.14
6. VERT 60MM 99.71-94.12 98.72-91.61 98.28-92.66
0. BASE CASE 98.98-93.32 97.22-89.21 96.12-90.35
1. HORIZ SIMPLE 100.15-94.63 99.5-91.74 99.11-93.59
2. HORIZ 30MM 100.33-94.74 99.75-91.86 99.31-93.69
3. HORIZ 60MM 5m/s 100.25-94.7 99.6-91.76 99.18-93.61
4. VERT SIMPLE 100.07-94.52 99.27-91.47 98.9-93.34
5. VERT 30MM 100.25-94.7 99.6-91.8 99.18-93.63
6. VERT 60MM 99.95-94.33 99.05-91.12 98.69-93.02

The power production was calculated as the percentage of maximum power possible,
by assuming that at 25 °C the ratio achieved was 100% (320 Wp in STCs). From here on, we
considered that the rise of temperature determined a drop in power production for each
degree over tgrc = 25 °C, according to the PV panel’s data sheet [43].
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The most important effect of air cooling heat sinks was achieved in low wind condi-
tions and high levels of solar radiation. It could be observed, Table 7, that for v,;, =1 m/s,
G = 1000 W/m? and ambient temperature f,;, = 35 °C, the percentage of maximum power
production achieved was 83.33% for the base case, while the best cooling scenario (Case
3—horizontal 30 mm) could reach 88.74%. This meant a rise in power production of 6.49%
compared to the base case.

For the position of the PV panel and wind direction studied in the paper, the best
solution of heat sink for various conditions was the following: Case 3—Horizontal 30 mm.
For this type of heat sink, the enhancement of power production was also reached for
higher wind velocities (2-5 m/s), but with lower impact: from 3.60-4.97%, compared to
the base case.

When lower ambient temperatures were involved, the effect of the heat sinks was
decreased, this was due to inferior operating temperatures of the PV panel that were
reached for base case. Therefore, the improvement of the power production reached values
in the range 3.31-4.99%.

6. Conclusions

The goal of this manuscript was to develop and use a numerical model regarding the
passive cooling of PV panels through perforated and non-perforated heat sinks. The PV
panel was studied in a fixed position and tilted at 45 degrees from the horizontal, with
the wind direction towards its backside. The input parameters, such as solar radiation,
ambient temperature and wind velocity, were varied during the study. A challenging
approach was used in order to calibrate the base case of the numerical model according to
the NOCT parameters of the studied PV panel. A second validation of the accuracy of the
numerical simulation consisted of comparison between the results obtained for the case
of the heat sink with horizontal non-perforated fins and the experiments presented in the
literature. Six types of heat sinks attached to the backside of the PV panel were numerically
studied. The analyzed configurations focused on heat sinks with both perforated and non-
perforated fins that were distributed horizontally and vertically. The CFD simulation was
also conducted by modeling the air volume around the PV panel in real wind conditions.
The main output parameters were the average temperature and the convective heat transfer
coefficient on the front and back of the PV panel. In the best scenario, the perforated heat
sink could assure a rise of the photovoltaic panel power production of 6.49%, compared to
the base case.
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Nomenclature

STC Standard test conditions
NOCT Nominal operating cell temperature
AM Air mass

tpy Cell temperature [°C]

G Solar irradiance [W/m?]

Eair Ambient temperature [°C]

(" Wind speed towards backside of PV panel [m/s]
tnoct  Cell temperature in NOCT conditions [°C]

tsTc Cell temperature in STC conditions [°C]

Pup Maximum power produced [Wp]
Vinp Voltage at Py [V]

Tip Current at Py, [A]

Voe Open circuit voltage [V]

Ise Short-circuit current [A]

1 PV panel efficiency [%]

B Py, temperature coefficient [%/°C]

L Length of PV panel [m]

1 Width of PV panel [m]

h Thickness of PV panel [m]

g Thickness of the layers composing the PV panel [m]

A Thermal conductivity of the layers composing the PV panel [W/m-K]
0 Density of the layers composing the PV panel [kg/ m3]

Cp Specific heat of the layers composing the PV panel [J/kg-K]
s Distance between the fins of PV panel [m]

Lins Length of the fins [m]

Rfins Height of the fins [m]

() Diameter of the perforations of the fins [m]

d Distance between the centers of the perforations [m]

hefrons  Convective heat transfer coefficient on the front of PV panel [W/ m?-K]
hopack  Convective heat transfer coefficient on the back of PV panel [W/m? K]
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Abstract. The objective of the study was to perform a numerical analysis in order to determine the best
position for placing sunscreen inside the channel of a double skin fagade insulation relative to dynamic
insulation efficiency, using ANSYS-Fluent software. The analysis was performed for summer conditions in
forced convection for two airspeed regimes inside the channel: 0.2m/s and respectively 0.5m/s. Regime is
considered permanent and the only parameter changed is the position of the blinds in the channel. Results
are shown by spectra and profiles of temperature and velocity in order to analyse thermodynamic behaviour
of a double skin fagade. The numerical results emphasize that effectiveness of sunscreen such as blinds, is
proportional to the flow velocity inside the channel and inversely proportional to the distance from the outer
glazing. Ranked as the most effective sun protection is when it is located at the outer glazing and air

velocity at the entrance is 0.5m/s.

1 Introduction

Double skin fagade coating (DSF) represents a modern
solution for thermal protection of buildings. The fagade
consists in two layers of glazing, one towards the outside
and the other towards the protected area of the building.
The space between the two glass panels is often called
“channel facade” [1].

The study conducted by Amir Hossein [2]
recommends the intelligent facade for the further
development of buildings with low energy consumption.
Channel thickness varies from 5 centimetres to 2 meters
L. Xu et al. [3] analysed channel thicknesses ranged
from 0.5 meters to 1 meter. To enhance the effectiveness
of the facade in summer, the channel is often vented.
Ventilation must ensure reducing overheating in
summer, and also reducing energy consumption in
winter [4]. Another important component of this type of
facade is sunscreen and protection types most commonly
used are venetian blinds. In this way the level of natural
light inside the building is also controlled. Relevant
literature [5-7, 22] reveals studies on thermal behaviour
and the flow of air through the double glass fagade
equipped with solar protection. These studies have
focused on analysing the impact of sunscreen on
temperature fields, depending on the position of the
blinds and the angle of sun protection.

In the studies [8, 9], authors have analysed the
behaviour of double skin fagade for wvarious
configurations. These configurations must necessarily
relate to external climatic conditions and those inside the
building and a poor operation of the fagade could lead to
inappropriate results.

sk
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Numerical simulations on DSF [10-12] have shown
that with the increasing channel thickness, thermal
resistance of the fagade also increases. This is due to the
reduction of convective heat transfer coefficients of the
bounding surfaces.

Heating and cooling air inside the channel in
comparison with the inner glazed facade is analysed by
[13]. Analysis shows heating and cooling loads as well
as intermediate surface temperature estimation during
three months (January, April, and July) for west-facing
ordinary glass facade and high absorption glass. This
configuration has lower heat loss in winter, in January,
when the channel is closed, while in July this
configuration has the smallest facade heat gains.
Analysis of the glazing and the ventilation mode given
by [13] was performed on 90 combinations of double
skin facade glazing. The best results were obtained for
triple glazing configuration inside the double skin
facade.

The most important element of DSF is glass, and
different glass properties are studied in [14]. Climatic
conditions for the location of the building are very
important in choosing the right type of glass.

Analysis of the cold climate facade was performed
by [15] and the number of glass panels resulted in energy
performance compared with double and triple glazing, of
22% and 24%. For four and five glass panels’ energetic
performance was higher, about 40% or 60%, due to
external light and natural solar factor provided by the
number of panels.

Increased energy consumption for buildings in Hong
Kong, has led to the need to implement and study the
behaviour of double skin fagade. Studies were performed
on calculating the value of heat transfer rate for

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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commercial buildings by [16, 23]. The purpose of this
study is to obtain a set of correction factors for the
calculation of heat transfer rate for commercial buildings
with air conditioning, double skin fagade and naturally
ventilated. For another study, also in Hong Kong [17]
showed that photovoltaic panels placed in ventilated
double fagade glazing offers the lowest solar heat gain
coefficient, while for non-ventilated ones, photovoltaic
panels have a better coefficient and cuts heat loss.

Another channel ventilated fagade system is
presented in [18], which describes a new facade
insulation for new buildings and renovated based on
sandwich panels with ventilated channels. Calculations
show that the configuration examined of the ventilated
channel is able to provide a low humidity moisture
content and good insulating properties of the walls.

The main objective of this study was to determine the
sunscreen optimal position inside the channel fagade.
This analysis was conducted in relation to dynamic
isolation efficiency € [19] of the system at different flow
rates.

2 Model Description

Main characteristics of the model are (Fig. 1):

dimensions - 2.1m height, 1.5m length and 0.3m
channel width;

fagade channel consisting of one exterior simple
glass (2) of 6mm thickness and one interior double-
glazed type window (3) with 27mm thickness, made of 2
layers of glass of 6mm respectively Smm thickness and
16mm air interspace;

venetian type blinds (8) — made of horizontal
metallic adjustable blades of 25mm width and 22.5mm
interspaces; positioned at 1/4 D behind exterior glazing;
[1  air flow balancing grilles, with 50% obscuration
rate, mounted along the facade channel at both supply
and exhaust in/out of the channel (6 and 7).

-6

Legend

1 —supply;
2 — exterior glazing;
3 — interior glazing;
4 — ducts stand;
Wowcoor indoor 5 — exhaust;
P ! 6 — superior grille;
7 — inferior grille;
3] b 8 — blinds;

2 l‘-‘U 4 T -7 9 — air ventilator;
1. =+ 10 — valve;

11 — solar lamps.

= I
<)

Fig. 1. Main characteristics of the model.

Thermo-physical properties of the fagade component
are shown in Table 1.

Table 1. Thermo-physical properties.

Component

element P ‘ ; a t "
exterior 2500 |670 |53 011 082 [0.07
glazing

air 1.225 |[1006 0.0242 0 1 0
racks | steel [8030 [502.48 |43 0.65 |0* 0.35

blind | alum (2719 |871 202.4 0.76 | 0* 0.24

interior

. 2500 |670 1.4 0.18 ]0.69 |0.13
glazing

*during simulation, solar protection has been considered as semi-
transparent surface with refractive coefficient assimilated with the
corresponding percentage of free surface resulted for the blades
opening angle.

where:

p — Density [kg/m?]

¢p - Specific heat [J/kg.K]

A - Thermal conductivity [W/m.K]
a - Absorption index

7 - Refraction index

r - Reflection index

3 Numerical Hypothesis

Air system thermal behaviour simulation was performed
considering the following climatic parameters:

- direct solar radiation intensity, normal at the surface of
the fagade, with a constant value of 285 W/m?;

- diffuse solar radiation intensity: 82 W/m?;

- exterior air temperature: 30°C;

- protected surface temperature: 25°C — constant.

Ventilation is achieved by forced convection channel
with equivalent flow speed in input section of 0.2m/s
respectively 0.5m/s.

Placement distance of the sunscreen related to
exterior glass was: 1/4D; 2/4D and 3/4D.

Results were represented as velocity and temperature
spectra in the middle section of the channel at H =
0.10m; H = 1.05m; H = 2m (10cm upstream and
downstream, respectively input and output section and in
the middle of the facade).

Accordingly, there was adopted k-epsilon turbulence
model realizable. This model is specific for turbulent air
movement because it corresponds with the predominant
pressure and recirculation of air currents gradients
configurations. Compared with k-epsilon model
standard, this model contains alternative formula for the
turbulent viscosity and modifies the transport equation
for the dissipation rate €. Studies have shown that this
model was validated for configurations where pressure
gradients and recirculation are prevalent [20].

The effect of solar radiation was simulated using
(DO) model discrete coordinates that solves the radiation
transfer equation for a finite number of discrete solid
angles. This model is the only pattern that can specify
direct and diffuse solar radiation, and is recommended
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for tight spaces. DO is also the only pattern that allows
calculation of the non-grey radiation using an
approximation wavelength band for the radiation
spectrum. Diffusion fraction (d;) can be specified for
each surface and can ascertain the amount of radiation
reflected and transmitted by diffusion. For semi-
transparent materials it is possible to specify an incident
input radiation beam.

Solar protection was regarded as semi-transparent
surface with incident radiation reduction factor of 0.75
corresponding to a 45° angle to inclination of the slats of
the blind.

Numerical analysis was performed using Ansys-
Fluent simulation program based on the control volume
method using a SIMPLE algorithm.

An irregular structural mesh was chosen with small
cells near the wall and solar protections with bigger cells
inside airflow (Fig. 2). The calculation is an iterative
one, convergence criteria chosen are 107 for temperature
and 10 both for pressure and speed. An investigation on
the input speed of the fluid was performed to study its
influence on the heat flow and fluid transfer [21]

Fig. 2. Mesh of the model.

4 Modelling results

Place Solar protection divides the channel fagade into
two parallel channels of various thickness and thermo-
aeraulic regimes depending on its position.

Results obtained are shown in the temperature
spectra (Fig. 3 and Fig. 4) and respectively speed (Fig. 5
and Fig. 6).

Fig. 3. Spectrum of temperature corresponding to inlet velocity
of air of 0.2 m/s.

One can notice in Fig. 2 or Fig. 3 that the maximum
temperatures are reached in the solar protection area,
with values ranging between 70°C and 65°C, where the
protection is placed to the exterior glazing. Blinds
prevent heating the space between them and the inner
glazing. The blades temperature is dropping when
protection is shifted towards interior glazing, reaching
41°C for in the median area and remains approximately
constant at around 40°C, when it is shifted towards the
interior glazing. External channel air temperature starts
growing through the median area of the fagade, when
placing the blind in 2/4D position, while positioning the
blinds towards the interior glazing, outdoor air
temperature channel of the facade is high, especially in
the exhaust section.

Fig. 4. Spectra of temperature for inlet velocity of 0.5 nvs.

Also, it is noted that once the air flow is increased or
the input speed increases from 0.2m/s to 0.5m/s, the
temperature of the outside of the fagade channel is
decreased by about 2°C when sunscreen is located near
the middle of the channel or interior glazing. For
location of the solar protection near the outside glazing,
temperatures can reach values higher to 5°C.

For all three positions of placing the protection
velocities are higher in the inner channel, Fig. 4 with
values reaching 0.581m/s when the blinds are positioned
near the inner glazing.

Maximum speed is reached as soon as the air passes
the lower grille. In this way, the air velocity growth in
the inner channel causes a lower temperature in this area.

w

Fig. 5. Spectra of velocities for the three positions of solar
protections inside the channels for inlet velocity of 0.2 m/s.
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Fig. 6. Spectra of velocities for the three positions of solar
protections inside the channels for inlet velocity of 0.5 m/s.

For this purpose, the values for the parameters
studied were represented in three stationary regime
control sections in the input, median and output of the
fagade channel.

The parameter values were determined for each
regimen examined, on bounding surfaces inside channels
with a step of D/12 (2.5cm).

From the analysis of diagrams, it is noticeable the
increase in air temperature along the fagade, in particular
in the outer channel. In cross section, the temperatures
are rising from exterior glazing towards solar protection,
and it can be seen a reduction in temperature after the
protection towards interior glazing.

This phenomenon is caused by the evolution of the
airflow speed in the two channels, which are lower in the
outer channel of the fagade. Temperatures are dropping
on sunscreen when blinds are placed towards interior
glazing, ranging from 35...37°C to 31...32°C. For all
cases studied, interior glazing surface temperature is
between 27 to 30°C.

T°C
54
51
48
45

42 4

D D iD D dim)
Wenetian blind positioned at 7.5 cm from the exterior glazing

—e—v-02m/s -entry —®—v-02m/s-middle —&k—v- 0.2 mis - outlet
—e—v-0.5m/is - entry —m—-05m/fs -middle —a—v-0.5mis - cutlet

Fig. 7.a. Temperature variation curves for different position of
solar protection: 1/4D .

T°C
54 -
51 1
481
45
42

391

27

I |
i D D D dm
Venetian blind positioned in the middle of the channel.

—e—v-02mfs-entry —m—v-02mf-middle —& - 0.2 mis - outlet
—e—v-05m/fs-entry —W—v-0.5m/s -middle —a—v-05mfs- cutlet

Fig. 7.b. Temperature variation curves for different position of
solar protection: 2/4D.
T°C
54
51
48
45
42

397

367

D D iD D d(m)

Wenetian blind positioned at 7.5 cm from the interior glazing
—a—v-0.2 m/s - entry —m—v-0.2m/fs -middle —a&—v- 0.2 mis- outlet
—a—v-0.5 mfs - entry —a—-05m/fs -middle —a—w-05m/s - outlet

Fig. 7.c. Temperature variation curves for different position of
solar protection: 3/4D.

This result is influenced by the fact that part of the
incident energy is accumulated in the mass of metal
protection, as well as by the reduced solar radiation flow
due to the orientation of the blind.

The highest air temperature values are recorded in
the middle section and exhaust air channel, for 0.2m/s
and for 0.5m/s (Fig. 7a). For a placement of the
protection at 7.5cm distance against interior glazing,
temperatures become similar in all control sections for
both inlet velocities. The exterior glazing temperatures
are between 31°C and 34°C, while on the inner one they
vary between 27°C and 30°C.

Whether sunscreen is positioned in the middle of the
channel (Fig. 7b), the temperature inside inlet and outlet
sections have the same values for both the input speed of
0.2m/s and to 0.5m/s. In addition, in Fig. 7b one can
observed that the temperature of the exterior glazing is
almost identical in all control sections without depending
on inlet airflow. Interior glazing temperature varies in
the same way as if the protection is placed towards
exterior glazing.
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When the sun protections are placed towards interior
glazing (Fig. 7c), maximum temperature reaches 32.5°C
up to 18°C lower than if the protection was placed
towards exterior glazing. Protection surface temperature
difference, when it is placed in the middle of the channel
and to the outer glazing, is of only 0.5°C. Exterior
glazing temperature is around 30.5°C for all sections
studied, and for both speeds inlet. Interior glazing
temperature varies between 26.5°C and 29°C.

Highest speeds are achieved in the middle section of
the facade, inside inner channel, for inlet velocity rate of
0.2m/s and for 0.5m/s (Fig. 6 to Fig. 8). Average rates in
outer channel of the fagade are 10 times less than the
rates achieved in the inner channel. Maximum speeds are
reached near the inner glazing. For areas where
sunscreens are located, speeds do not exceed values
above 0.05m/s.

The evolution of phenomena throughout the height
and width of the channel is suggestively represented in
the temperature variation (Fig. 7) and the speed variation
diagrams (Fig. 8).
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Fig. 8.a. Velocity variation curves for different position of

solar protection 1/4D.
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Fig. 8.b. Velocity variation curves for different position of
solar protection 2/4D.

Average speed of the fagade outer channel is about
0.134m/s, while inside inner channel is almost double, of
0.248m/s when the air is introduced at a speed of 0.2m/s.
When the input speed is 0.5m/s, the average velocity is
about 0.318m/s to the outer channel and 0.647m/s to the
inner one (Fig. 8b). The speed value is recorded in the
inner channel of the facade, with the value of 0.95m/s for
inlet velocity of 0.5m/s. Therefore, speeds are
approximately equal for the two fagade channels, both at
the inlet air flow rate corresponding to 0.2m/s, as well as
for the one corresponding to an air flow rate of 0.5m/s
(Fig. 8c). These values do not exceed 0.8m/s.
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Fig. 8.c. Velocity variation curves for different position of
solar protection 3/4D.

In all positions of the protection, speeds between
blades do not exceed the value of 0.05m/s.

Sun protection was considered a semi-transparent
surface and the refractive index is equated to the
corresponding free surface percentage for an angle of
45° blinds opening.

For each position of the blind studied, dimensionless
criteria values Re, Nu were calculated, and convective
transfer coefficients (o) to the bounding elements
surfaces respectively a. (convective + radiative) inside
fagade channels (Table 2).

Table 2 presents the convective transfer coefficient
values calculated according to the flow regime and the
position of venetian blind for the two channels of the
fagade.

Table 2. Thermo-physical properties.

v, T a ac
Config| Position [n']"/"sd] [O’ai Re Nu [W/m | [W/m
ZK] ZK]
Ext. (1/4D 0.023 45.7 166.38 1.42 12 0.242
ch. (2/4)D 0.134 32.1 1846.40 10.35 12 0.927
V=0.
bm/s (3/4)D 0.194 31.6 3845.60 18.65 12 1.156
Int. (1/4)D 0.251 34.1 4975.49 10.13 8 0.628
ch. (2/49D 0.248 31.1 3417.22 17.03 8 1.525
IV=0.
/s (3/4)D 0.189 30.9 1367.23 8.24 8 1.400
Ext. (1/4D 0.029 42.3 209.78 1.73 12 0.294
ch. (2/49D 0.318 31.6 4381.76 20.72 12 1.856
IV=0.
5m/s (3/4)D 0.471 31.1 9336.48 38.02 12 2.357
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Int. (1/4)D 0.657 33.1 13023.5 49.28 8 3.055
ch. (2/4)D 0.647 31.2 8915.09 36.65 8 3.283
V=0.
Sm/s 3/4)D 0.518 30.7 3747.23 18.41 8 3.129

Convective transfer index varies between 0.242 and
1.156(W/m?K) for exterior channel and inlet speed of
0.2m/s, and when inlet speed increases to 0.5m/s indexes
values double for protection placements at 2/4D and
3/4D. Highest value of the convective exchange
coefficient for the inner channel is recorded when
protection is located in the middle of the channel,
reaching the value of 3.28 (W/m?K), while for other
positions, the convective heat exchange coefficient has a
close value, ranging between 3.05(W/m’K) and
3.12(W/m?K).

5 Dynamic insulation efficiency

For comparative and quantifies assessment of energetic
effect of the blinds over thermal regime inside DFC
susceptible to overheat during summer regime, dynamic
insulation efficiency has been calculated, for each blade
opening angle. Dynamic insulation efficiency is defined
as ratio between heat flow of exhausted air and (Q,) and
total heat flow supplied inside the protected area (Qinc).

e (1)
Qinc

Due to variable thermal regime, induced in the two
compartments of fagade by solar protection presence,
total flow exhausted, O,, has been determined as sum of
partial flows.

Qrcl = mvcl X cp x Atcl (2)
O, =M,y XC, XAL, 3)

where:

mye; - mass exhausted airflow from the exterior channel,;
my2 - mass air flow exhausted from inside interior
channel;

¢p- air specific heat;

At.;- difference between air temperatures at supply and
exhaust from the exterior channel of the facade;

At~ difference between air temperatures at supply and
exhaust from the interior channel of the fagade.

Thermal flow received from the external
environment supplied in the protected area, by radiation
and convection, in double skin fagade respectively is
determined by the following equation:

O, =z, xAxI+k,,x (tm —liy, ) 10,10, “4)

where:

IT;; - intermediate surfaces transmittance product;

kqio - global heat transfer coefficient;

tin: - inside air temperature, in the protected space;

text - OUtside air temperature;

I - global solar radiation component, normal along
facade surface;

A - fagade surface.

1 1

N

)

where: R; represent the thermal conductive, convective
and radiative transfer trough facade elements.

Table 3 presents consecutive values of solar
protection calculated accordingly relation no. (1),
accordingly with position of solar protection in channel
of double skin fagade.

Mass air flow determined inside the fagade channels
(myer and m,.2) was studied according with average
velocities for the chosen modelling hypothesis.

Incident solar radiation values over intermediate
surfaces had been calculated according to glazing
refraction indexes ;.

Table 3. Dynamic insulation efficiency.

No. Config. | IriAI| kg Myt | My Ater | Atez
ert. (W] [WI_[[ke/s] | [ke/s] IKI| IK]
(1/4)D| 60.47 0.072 10.0031] 0.1037 | 10 1.9
1 [v=0.[(2/4)D| 90.07 0.076_10.037 | 0.0683 2 0.9
2m/s| (3/4)D| 100.36 | 0.076 0.0802| 0.0260 | 1.6 0.4
(1/4)D| 60.47 0.076 10.0039] 0.271 5.9 1.2
2 |v=0.](2/4)D| 90.07 0.077 10.0876| 0.178 1.6 0.5

Sm/s|(3/4)D| 100.36 | 0.077 [0.1947| 0.0713 | 1.1 0.3

No. Config. | Ora Ore2 [0 Qinc &
ert. W] W] W] W] [%]
(1/49D| 31.90 | 198.29 230.19 291.38 79

1 [v=0.[(2/4)D| 74.34 | 6191 136.25 227.08 60
2m/s|(3/4)D| 129.15] 10.48 139.64 240.76 58
(1/49)D| 23.15 | 327.29 350.44 411.67 85

2 [v=0.|(2/4)D| 141.13| 89.73 230.86 321.76 72
Sm/s| (3/4)D| 215.54| 21.55 237.09 338.22 70

Dynamic insulation efficiency varies between 58%
and 85%. The optimal solution corresponds to the
placement of sun protection at (1/4D), 7.5cm from the
exterior glazing and air flow rate corresponding to air
inlet velocity of 0.5m/s.

Variation of thermal-energy indexes characteristic for
dynamic insulation efficiency &, relative to placement of
sun protection and air flow are shown in the following
image (Fig. 9).

Analysing this image, dynamic insulation efficiency
in summer decreases when protection is shifted towards
the interior of the channel and is significantly influenced
by the air flow.
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Fig. 9. Variation of dynamic insulation efficiency.
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Convective transfer index varies between 0.242 and
1.156 W/m’K for exterior channel and inlet speed of
0.2m/s, and when inlet speed increases to 0.5m/s indexes
values double for protection placements at 2/4D and
3/4D. Highest value of the convective exchange
coefficient for the inner channel is recorded when
protection is located in the middle of the channel,
reaching the value of 3.28 (W/m’K), while for other
positions, the convective heat exchange coefficient has a
close value, ranging between 3.05(W/m?K) and
3.12(W/m2K).

6 Conclusions

This study analysed the influence of sun protection
position inside the channel of a double-glazed facade in
relation to dynamic insulation efficiency under summer
conditions.

Analysing the numerical results, one can emphasize
that effective sun protection, blind types, is directly
proportional to the air flow speed inside the channel and
inversely proportional to the distance against the outer
glazing.

Ultimately, the best position of sunscreen with
regards to dynamic insulation efficiency is towards
exterior glazing, corresponding to an air velocity in inlet
section of 0.5m/s.
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Abstract

The present study analyses the effect of solar protection arrangements on thermo-aeraulic regime inside a double-glazed facade
coating (DFC), forced ventilated channel and under imposed working conditions. The facade has been considered being with "full
South" guidance, exposed to normal solar radiation, with constant intensity. The "Venetian blinds" protection type has been
investigated in optimum assumptions on the basis of previous researches [9], with regard to its positioning at 1/4th of the width of
the channel, near exterior glazing and forced ventilation, under constant flow rate of 1260 m>/h. The opening angle of the blinds, as
the sole variable parameter, has been amended in succession between 0° and 90°. Solar protection influence analysis has been
carried out by numerical simulation, with the specialized computing program ANSYS-Fluent, laying down, for each opening angle
of blinds, variation diagrams of air streams temperatures and velocity along the width and along front panel channels.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Recent technological developments have entailed glass as a highly used material for buildings envelope, due to
its multiple and complex functions which transform glazing in an active component regarding from thermal, optical
and electrical points of view [1].
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As far as functional-constructive point of view, double glazed fagade arose out of the necessity of protecting a
curtain wall by placing in front of it a glass surface. The envelope thus formed influences on the thermo-aeraulic
behavior of the hole building — directly or indirectly - based on the connection manner applied between the two
glazed surfaces and with inside and outside environments, and also, based on the ventilation solution chosen for the
intermediate channel [2].

The two transparent glass elements, placed at a certain distance, form a channel where an air flow circulates [3]
and inside which, as applicable, a shading system can be integrated, in order to control the heat quantity acquired
from solar radiation [4, 5].

The main function of this system is to improve thermal protection during winter, by passive recovery of the solar
energy and exhaust excessive heat accumulated during warm season [6].

The special importance of this system as far as buildings energy efficiency is concerned justifies the technical and
scientific interest for thoroughgoing study and acknowledgment of functional outlines and solutions improvements.

In this regard, in the specialized literature are presented results of studies and researches carried out by teams of
specialists all over the world that clarifies many of the issues of great interest, such as:

recommended functional organizational design, geometry and dimensions;
ventilation methods and functional scenarios;

energy and comfort efficiency;

calculation models;

experimental testing on small scale or natural models and others.

Analyzing behavior of DFC equipped with solar protection is important as it allows identification of various
phenomena that influence on system’s efficiency [7, 8].

Thermal-aeraulic behavior of the facade depends equally on the geometry of the fagade, the characteristics of its
components, the ventilation system and the air flow regime inside the fagade channels [5].

The main objective of the study was to determine, by numerical modeling, the optimum opening angle of solar
protection type venetian blinds blades in relation to dynamic insulation efficiency (g).

As in a previous study [9], in which the optimum position of the blinds inside the facade channel had been
analyzed, resulting that, during summer conditions, maximum efficiency is achieved when blinds are closer to
exterior glazing, the present study was developed taking into consideration the above mentioned conclusions.

Numerical analysis has been elaborated for a double glazed fagade having the characteristics accordingly with
experimental setup, Table 1, inside the laboratory of Building Services Engineering Department, Technical
University “Gheorghe Asachi “of lasi — Fig. 1 [10].

Table 1. Thermo-physical properties of components

Component Density Specific heat Thermal conductivity Absorption  Refractive Reflection
element plkem’]  cp [VkgK] AW/m-K] index, a index, t index, r
exterior glazing 2500 670 53 0.11 0.82 0.07

air 1.225 1 006.43 0.0242 0 1 0

racks steel 8030 502.48 43 0.65 0* 0.35
blinds aluminum 2719 871 202.4 0.76 0* 0.24
interior glazing 2500 670 1.4 0.18 0.69 0.13

*during simulation, solar protection has been considered as semi-transparent surface with refractive coefficient assimilated with the
corresponding percentage of free surface resulted for the blades angle.

Main characteristics of the model are:

e dimensions- 2.1 m height, 1.5 m length, 30 cm channel width;
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e facade channel consisting of one exterior simple glass (2) of 6 mm thickness and one interior double glazed type
window (3) with 27 mm thickness, made of 2 layers of glass of 6 mm respectively 5 mm thickness and 16 mm air
interspace;

e Venetian type blinds (8) — made of horizontal metallic adjustable blades of 25 mm width and 22,5 mm
interspaces;-positioned at 1/4 D behind exterior glazing;

o Air flow balancing grilles, with 50% obscuration rate, mounted along the fagade channel at both at supply and
exhaust in/out of the channel (6 and 7).

Legend:

1 — supply;

2 — exterior glazing;
3 —interior glazing;
4 — entrance box;

:}Vrbi'inr: | Interior

{oair | | air

1*2 1 5 — exhaust;
: 1 lq‘. . T T . 6 — superior grille;
1 -="  —Hf 1 7 — inferior grille;
H ' 8 — blinds;

a)

Fig. 1. Description of the geometry (a) and the mesh (b) of the model
2. Modeling hypothesis

Modeling was carried out under permanent regime, for blades inclination angels of 0°, 30°, 45°, 60°, under the
following hypotheses:

e direct solar radiation intensity imposed on exterior glass of the fagade : 285 W/m®;

e diffuse solar radiation intensity: 82 W/m?;

¢ outside air temperature, T, : 30°C (which is the inlet temperature for simulated cases) and convective heat
transfer coefficient from the fagade with exterior air, a.. : 24 W/m*C;

e inside temperature, T;: 25 °C and convective heat transfer coefficient from the fagade with interior air, a.;: 8
W/m*°C;

e forced convection, with constant flow rate of 1260 m’/h, according to the average velocity of
0.5 m/s at the inlet section and turbulence intensity of 4.7 %.

Numerical simulations were conducted with the program ANSYS-Fluent [12] based on control volumes method
and using SIMPLE algorithm [13]. For meshing, has been used a non-uniform and rectangular mesh which has
maximum face size of 0.0035 m, 96333 elements, 99301 nodes and 195779 faces. The height of the first cell, near
the exterior and interior glass is 1.75 mm and the number of the prism layers in the boundary layer is 4.

In order to choose an appropriate model of turbulence were tested and analyzed different turbulence models (k-¢
realizable, k-¢ RNG and Spalart-Allmaras) and additionally the laminar model, for the opening angle of 45° (Fig. 2).
Temperature variations were represented in Fig. 2 and we can observe that is no notable difference between the
different turbulence models. Thus, it was chosen the use of k-¢ realizable in all cases of study, which is widely used
in computational fluid dynamics and validated for classical cases of turbulence flows including the channels with
obstacles and layer flows [12].
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For radiation, Discrete Ordinates model (DO) which solves the radiative transfer equation for a finite number of
discrete solid angles, was adopted to simulate the radiation, being the only model where solar direct and diffuse
radiation is mentioned. Calculation is iterative, having convergence limit of 10—6 for temperature and 10—4 for
pressure and velocity.

T°C, Tec,
49- Legend: 494 Legend:
48 —e-angle 45° lamina 48 —e—angle 45° |

aminar
4 nale 45 Allmaras 47 - an: lart-Allmaras
= —=-angle 45° tubulent realizable e —=—anale 45 turbulent realizable
p +—angle 45° tubulent RNG —e—angle 457 turbulent RNG
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414
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35
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p i D D dam) i n D D dim)

a) supply section, 10 cm above inferior grille (H=0,10m); b) exhaust section, 10 cm beneath superior grille (H=2m)

Fig. 2. Temperature variations for turbulence models simulated

3. Results interpretation

Results are presented as velocity and temperatures spectra (Fig. 3), graphs variations (Fig. 4 and 5) and velocity
vectors (Fig. 6), in the vertical median section of the facade, at H=0.10 m; H=1.05 m; H=2.00 m (10 cm upstream
and downstream the supply/exhaust section and half facade), with a 2.5 cm step alongside fagade width.

Analyzing the results given by the four versions of blades opening, we can underline the following aspects:
General

e Blinds blades opening induce local and transversal circulations between channels, comparatively more intense
alongside the supply and exhaust section due to disruptive effect of distribution grilles (Fig. 3) and the spread
difference between pressure and temperature;

o For opening angles of 45° and 60° transversal circulations are dominant.

Temperature related

e Temperature values differ along the fagade, as they are obviously higher inside exterior channel and decreasing
as we focus towards the glazing inside the interior channel;

e Temperature variation inside control sections is relatively uniform inside the interior channel unrelated to
opening angles and more pronounced inside the exterior channel (Fig. 4);

Fig. 3. Temperature (°C) and velocity spectrum (m/s)
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- Solar protection acts like a barrier for the radiative flow accumulating heat and reducing the air heating effect
inside the channel and alongside interior glazing for opening angles wider than 30°;

Maximum temperature along blinds is registered at 45° opening, reaching 65°C, when the minimum value is
reached at 0° opening angle;

Temperature specters are correlated with velocity specters as they are inversely proportionate;

For all angles, inside glazing temperatures vary between 27 to 29°C, and outside glazing temperatures vary

between 30 to 34°C;
Air temperatures vary between 30 to 31°C in the axis of inside channel and between 31 to 40°C inside exterior channel.
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Fig. 4. Temperature variation along channel width related with blinds opening angle

Velocity related

Velocities vary alongside facade with significantly higher values inside the interior channel;
Medium velocity values are between 0.52 m/s and 0.58 m/s for all sections inside the interior channel and
between 0.10 m/s and 0.18 m/s inside exterior channel, (Fig. 5);

o Along control sections maximum values of velocities are registered along channel axis reaching up to 0.5 m/s

inside exterior channel, respectively 1.0 m/s inside interior channel and decrease towards glazing and protection
section;
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Fig. 5. Velocity profiles

Mass transfer related

e Presence of sunscreen facade induces local turbulence and mass transfer between its channels, as shown in Fig. 5;
e Phenomenon intensity and direction of movement is influenced by the opening angle and the gap position control
section temperature / pressure between the two channels;
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In the supply area the flow lines indicate transfer from the exterior to the interior channel;
In the middle area are recorded, especially local circulation phenomena between blades, proportional to the

opening angle;

e In the exhaust area the mass transfer is increases from the inner channel to the outer channel.

/ f  id

Table 2. Dimensionless numbers and convective heat transfer coefficients inside fagade channel

a) supply (H=0,10m

Z i
<

b atic
¢) exhaust (H=2m)

Fig. 6. Velocity spectrum recorded between blades
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No.  Fagade Blade Vined Tined Re Pr Nu oy ap Ol
configuration angle [m/s] [°C] [W/m*C] [W/m?°C] [W/m?°C]
1 Exterior 0 0.182 3196 13166 077 643 24 231 0.56
channel 30 0.103 3872  745.10 077 408 24 145 0.35
45 0.108 4571 78127 077 424 24 1.66 0.37
60 0.023 3421 166.38 077 123 24 1.93 0.10
2 Interior 0 0718  30.6 142327 077 4320 8 231 1.34
channel 30 0.740 3203 1466879 077 4426 8 1.45 137
45 0763 3222 1512472 077 4536 8 1.66 1.40
60 0.728 3043 1443092 077 4368 8 1.93 1.35

For each blinds study position, dimensionless numbers, Re, Pr, Nu, values had been calculated, as well as
convective heat transfer coefficients at surface bounding elements (Table 2) for the two fagade channels related on
flowing regime and surfaces temperatures, for each opening blades angles, where: av, ap, ak represents convective
heat transfer coefficients respectively from glass surfaces to exterior and interior air (av), at the surface of the blades

(op) and from glass surfaces to air inside the channels (ok).

Convective transfer coefficient varies between 0.10 and 0.56 (W/m2K) for exterior glazing. The highest value of
the convective exchange coefficient is registered at blades opening angles of 45°, reaching 1.40 (W/m2K), as for
other angles, convective heat exchange coefficient remains steady around values between 1.37 (W/m2K) and 1.34

(W/m2K).

As far as interior glazing is concerned, coefficient value increases starting to 0° opening angle up to 45°, when it
reaches the maximum value, followed by a decrease around de 60° angle.
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4. Dynamic insulation efficiency

For comparative and quantifies assessment of energetic effect of the blinds over thermal regime inside DFC
susceptible to overheat during summer regime, dynamic insulation efficiency has been calculated, for each blades

opening angle. Dynamic insulation efficiency is defined as ratio between heat flow of exhausted air and (Q,) and
total heat flow supplied inside the protected area (Q;,.)-

_ 9
Qinc

&

(1)

Due to variable thermal regime, induced in the two compartments of fagade by solar protection presence, total
flow exhausted, Q,, has been determined as sum of partial flows.

Ore1 =My <p AT )
Ore2 =My Cp AT (3)

where: m,.; —mass exhausted airflow from the exterior channel; m,., —mass exhausted airflow from inside interior
channel; ¢, — air specific heat; At,; — temperature difference between supply and exhaust air from the exterior channel
of the facade; At., — temperature difference between supply and exhaust air from the interior channel of the facade.

Thermal flow received from the external environment supplied in the protected area, by radiation and convection
(Fig. 7), in double skin facade respectively is determined by the following equation:

Qinc = HT[ A1 +kglo '(Text _Tint )+Qrcl +Qr62 )

Where: [It; — intermediate surfaces transmittance product; k,, — global heat transfer coefficient; #,, — inside air

temperature, in the protected space; ¢,,, - outside air temperature; I- global solar radiation component, normal along
facade surface; A - facade surface.

®)

where R; represent the thermal-conductive-convective and radiative transfer trough fagade elements.
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Fig. 7. Energy flow schema along the facade
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Table 3 presents consecutive values of solar protection calculated, accordingly with blades opening angle,
Eq. (1).

Table 3. Dynamic insulation efficiency

No. Angle of It < AxI Keto My My Aty At Qr Qr2 Q: Qine €
blinds W] [W/m’K] [kgs]  [kgrs] K] [K] (W] w] w] (W] [%]
1 0° 632.70 0.077 0.0106  0.2269 2 09 21.33 205.52 22685 859.73 264
2 30° 208.77 0.076 0.0057  0.2327 69 1.6 39.58 374.71 41429 62386 664
3 45° 158.12 0.070 0.0039  0.2716 59 12 2315 328.01 351.17  509.83 689
4 60° 88.56 0.076 0.0023  0.2381 1.7 05 393 119.81 123.77 189.73  65.2

Dynamic insulation efficiency reaches the maxim value of 68.9% for an opening angle of 45°, and 26.4% for 0°,
which can be stated that the blinds offer the best protection for an opening blades angle of 45 degrees. Mass air flow
determined inside the fagade channels (mvcl and mvc2) was studied according with average velocities for the
chosen modeling hypothesis.

Incident solar radiation values over intermediate surfaces had been calculated according to glazing refraction
indexes Ti.

Solar protection has been considered as a semi-transparent surface, reflection index being assimilated with free
area ratio with regard to blades opening.

T_H—n-b-sinﬂ
H (6)

where: n — number of blind blades; b — blade width; H — total height of solar protection; S — opening blinds
blades angles.

5. Conclusions

In this paper, the influence of various angles of the venetian blind was studied in order to determine the
efficiency of the double skin fagade. The results consist of the optimum opening angle of solar protection.

Solar protection efficiency is directly proportional with air flow velocity inside fagade channel and inversely with
blades opening angle.

Opening blinds blades angles analysis for the interior surface of DFC reveals that the optimum opening angle is
at 45 degrees, when the dynamic insulation efficiency reaches the maxim value of 68.9%.
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Abstract

This paper presents a study of the thermoaerodynamic spectrum inside an asymmetrically heated vertical channel of a double-
skin fagade. A double-skin fagade is an envelope construction that consists of two transparent surfaces separated by an air
channel. The numerical modeling was developed using the Ansys-Fluent simulation software under conditions of forced
convection, using a three-dimensional geometry and a “k-¢ standard” turbulence model. Then, experimental tests were performed
on a full-scale stand in laboratory conditions, the results validating the adopted numerical model. The analysis of results for the
temperature and the velocity profiles in some horizontal sections of the channel was performed in order to determine the
thermoaerodynamic behavior of the double-skin glazed fagades. The temperatures of the experimental measurements are
compatible with the numerical results, within the limits of deviations between 0 - 6 °C. Further investigation will focus on a
numerical and experimental study of natural convection taking into account the impact of solar radiation on the channel of the
double fagades.
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1. Introduction

In the last few years, the promotion of this
particular type of a double glazed fagade as an
architectural element, important for both office and
residential buildings, has become relevant from a
functional, as well as from an energetic point of
view.

Double-skin fagades represent an alternative
to the improvement of the thermal performance of
the buildings with glass envelope using the natural
and organized ventilation and the reduction of the
energy consumption during the occupancy period by
the exploitation of the solar radiations.

The outdoor climate (temperature, humidity,
solar radiation and wind) determines the amount of
energy necessary for the heating and cooling of a
building. As the envelope of the building acts like a
mediator  between the inside and outside
environment, the architecture and the constructive
elements also affect the interior climate, the energy
consumption and the payback period of the
investment.

Therefore,  this  constructive  solution
characterized by the use of a transparent surface
before the curtain wall, creates an active and very
complex fagade from an architectural, technical and
functional point of view, which influences the
building’s thermodynamic behavior. Among the most

* Author to whom all correspondence should be addressed: e-mail: chereches@tuiasi.ro; Phone:+40 721976791
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important factors that determine the efficiency of a
double-skin fagade, we mention the geometry and the
ventilation type of the fagade channel.

From an energetic point of view, the double-
skin facades can reduce the heating requirements up
to 50 kWh/m?>an (Mazria, 2006). The air
temperature, in winter, can reach up to 60 °C inside
the channel created by the two glazed walls, in
accordance, of course, with the specificities of the
climate zone. But, the energetic efficiency doesn’t
only reside in the fact that the energy used for an
important part of the year doesn’t actually cost
anything, but it also reside in the fact that this system
provides a thermal compensation by reducing the
fossil fuels consumption in power stations, and thus,
decreasing the CO2 emissions.

In the specialized literature, studies regarding
air thermal behavior of double-skin fagcades mainly
focus on the following aspects:

e Fedorov (1997) conducted a study in which he
develops an induced flow and heat transfer in an
asymmetrically  heated, vertical parallel-plate
channel. This aspect is related to numerous industrial,
electronic and power equipment cooling applications.
Starting from the experimental results that Miyamoto
(1986) obtained, Fedorov develops a numerical
approach of this problem. He analyses an
asymmetrically  heated  vertical channel by
establishing a condition of constant temperature, or
of a constant flow, for the left wall. The right wall is
considered to be adiabatic. The simulations were
conducted for the air, taking into consideration the
thermophysical properties that remained constant and
the density that will vary according to the
Boussinesque law. The heat transfer through
radiation was considered to be negligible. By
comparing these results with the experimental ones
obtained by Miyamoto, we can see that the “Low
Reynolds number k-&” model can offer satisfactory
results regarding the turbulent flow in natural
convection from a vertically plane channel. The
model predictions were first compared with available
experimental data in order to validate the model.

e Numerical and experimental studies that refer to
heat transfer and fluids flow in double-skin facades
channels were also conducted by Chereches et al.
(2009), Popa et al. (2006, 2007), Fohanno (2006).
They studied the water flow in an asymmetrically
heated channel, determining the temperature and the
speed according to the variation of the modified
Rayleigh number (upon which depend the
thermophysical characteristics of the fluid and of the
heat flow), and the dimensions of the channel, thus
analyzing the hydrodynamic behavior in natural
convection, on the level along the heated channel’s
wall. Also, Ospir et al. (2006), simulated and
analyzed the water flow from the asymmetrically
heated channel comparing the thermodynamic
behavior of the water for different Rayleigh numbers
with the behavior of the air inside the double-skin
channel, using the similitude criteria between the two
fluids.
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In order to determine the thermal-
aerodynamic behavior inside the channel that
characterizes a double-skin fagade, a comparative
analysis of the results obtained by numerical and
experimental modeling have been made on a full-
scale facility in laboratory conditions in forced
convection.

2. Description and hypothesis

Both the numerical and the experimental
studies have been conducted with the same working
hypotheses, on a full-scale facility in the following
laboratory conditions:

- Double-skin fagade geometry: H =21 m, L =
1.5m,d=0.4m;

- Constant heat flux: q = 408 W/m2, which is
generated at the middle of the channel with a height
of A=0.6 m (Fig.1) ;

- Air temperature at the entrance (inlet) of the
channel is: Ti= 19.4 °C;

- Air velocity at the entrance (inlet) of the
channel is: Vi=0.1 m/s;

- Direct circulation of air inside the channel,
ensuring an exterior-exterior ventilation in forced
convection;

In order to find out whether in given
conditions we register forced convection, it is
necessary to apply the Richardson and Reynolds
(RiRe) similitude criteria that differentiates between
convection types (Padet, 1997):

- RiRe = 0 — 400 — natural convection;
- RiRe =400 — 1000 — mixed convection;
- RiRe > 1000 — forced convection.

The dimensionless number RiRe has been
calculated with Eq. (1).

9-BAT-(B) 74765
v W

RiRe =

where the air properties for the temperature of 19.4
°C are: $=3.43x102 1/K, v= 15.1x10° m?s, AT = 8
°C and V; = 0.1 m/s. The hydraulic diameter Dy, is
represented in Eq. (2).

Dh=2d"L/(d +L)=0.63m )

Consequently, the heat transfer inside the
channel takes place through forced convection. Also,
in order to characterize the air flow regime in forced
convection, the Reynolds criteria (Re) is Eq. (3).

_Vi-b,
v ®)

R

e

By replacing terms in Eq. (3) for the given
work conditions, it results a turbulent airflow, with Re
= 4172 > 2300.



Numerical and experimental study of the thermoaerodynamic behavior of a double-skin glazed facade

For a good observation and interpretation of
the results obtained with the Fluent software, and of
the manner in which the double-skin facade channel
reacts to certain inside and/or outside factors, we
have decided that the heated area in the middle of the
channel should be split into sections a, b, ¢ (Fig. 1).
Consequently, we can now study the temperature
variations and velocity profiles from the channel’s
main zone of interest.

3. Numerical simulation

The numerical simulation was made using
specialized software Ansys-Fluent, for the working
hypothesis described above, recorded from the
experimental measures, according to the airflow in
forced convection regime.

Geometry and meshing of the channel were
done using the Gambit software (Fig. 2) on a tri-
dimensional model.
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Fig. 1. The geometry of the double-skin fagade channel

The transport equations of mass, momentum,
energy, turbulent kinetic energy (k) and the
dissipation rate (g) are solved numerically using the
finite volume method (e.g. Fluent, 2006, Manca,
2011 and Militaru, 2013). The standard k-¢
turbulence model with enhanced wall treatment (e.g.
Kader, 1981) is used to close the system of equations.
This has the advantage of low time and computing
power consumption. The pressure-velocity coupling
is solved with the SIMPLE [Semi-Implicit Method
for Pressure-Linked Equations] algorithm (Patankar,
1980). This algorithm deals with:

- the approximation of the velocity field is
obtained by solving the momentum equation;

- the pressure gradient term is calculated
using the pressure distribution from the previous
iteration or an initial guess;

- the pressure equation is formulated and solved
in order to obtain the new pressure distribution.

Thermophysical properties of the fluid are
assumed to be constant, except for the density
(Boussinesq approximation) in the buoyancy force.
Moreover, the density is evaluated in relation to the
temperature at the entrance of the channel.

The computational domain was meshed with a
structured grid. In order to account for the steep
gradients near the walls, a boundary layer type mesh
was used in the proximity of these walls. A
preliminary study of grid independency from the
turbulence model was tested by varying the number
of mesh cells in the vertical and transverse directions.

Fig. 2. Meshing of double-skin fagade channel and interior
sections

A fully implicit numerical scheme is engaged,
in which upwind differences are used for the
convective terms and central differences for the
diffusion terms. Moreover, a structured uniform
mesh of 5400 x 2700 x 900 cells has been chosen for
the entire 3D system. The calculation is iterative, the
chosen convergence criteria are 10 for the
temperature and 10™* for both the pressure and the
velocities. The input data in the program is presented
in the working hypothesis along with a graphic
representation from (Fig. 1).

In Fig. 3 and Fig. 4 we present the
temperature and velocity profiles in the median
section of the double-skin fagade channel.

The temperature variation for different
sections is represented in Fig. 3. As we can observe,
the temperature is higher near the heated wall in the
first three sections and The heat flux that it is given
for a certain surface of the glass channel does not
have an important influence over the system.
becomes homogeneous before exiting the channel.

Given a specific velocity imposed at the entry
of the channel, the heat transfer at the glass surface is
made preponderant by forced convection.

7
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Fig. 5. Temperature and velocity ranges in forced convection, in representative sections,
a) temperature ranges, °C; b) velocity ranges, m/s;

Thus, Fig. 4 shows a variation of
approximately 0.05 m/s of the velocities in all three
sections of the channel (a, b, c), except for the exit
section, where the velocities decrease due to the re-
circulations existing in that zone. In exchange,
because the airflow tends first to cover the limit
zones of the channel, in the heated and in the
adiabatic areas of the channel the measured velocities
are 0.24 m/s and 0.2 m/s. The central zone registers
smaller velocity values, which contributes to better
temperature uniformity at the exit of the channel
(Fig. 3). For experimental verification of the thermal-
dynamic behavior, values of temperature and velocity
were selected and represented in three vertical equal
sections, according to the possibility of positioning
the thermocouples in the experimental stand (Fig. 5).

Due to the airflow generating conditions in the
middle of the channel and to the abrasion resistance
at the contact with the closing surfaces, the flow
velocity is 0.21 m/s on the surfaces that delimit the
channel and approximately 0.13 m/s in the channel’s
central section. The velocity range indicates the
presence of recirculation zones at the channel’s
superior section (Fig. 5b). In the heating zone, the
flow is stabilized, thus justifying the use of the
uniformity grill at the entrance in the heated zone and
at the exit zone where the airflow is turbulent.

The temperature shows a progressive
evolution between the extreme sections (input-output
areas) with an evident increase in the radiant plate
influence zone (Fig. 3, 5a).

On the horizontal sections, the temperatures
maintain an approximate constant level, with a slight
influence of the conductive transfer/ heat losses
through glass closing elements, the effect being
observed by comparing the images of the three
vertical sections (Fig. 5a).

4. Experimental simulation

In order to verify and to validate the
numerical results obtained using the numerical
simulation, we have achieved an experimental stand
that helps us observe the thermoaerodynamic
behavior inside the channel. We have used the same
working hypothesis as those used for the
experimental simulations: Vi = 0.1 m/s; T;i=19.4 °C,
and a heat flux at the heating wall: q = 408 W/m?.

In Fig. 6 we can see the functional scheme for
the experimental stand and its components. This
experimental study was made only in the double
glazing channel without taking into consideration the
adjacent chamber.
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Fig. 6. Experimental stand: a) schema; b) photo image; 1. air channel inlet; 2. variable geometry double-skin channel; 3 adjacent
chamber; 4. heating source for inside air; 5. adjustable speed centrifugal fan; 6. adjustable flap air control to the ventilation
manner chosen; 7. mobile framework for regulating channel opening from 5 up to 50 cm; 8. fixed part of the experimental stand,;
9. double-skin fagade channel inlet air grille;10. double-skin fagade channel outlet air grille

The outdoor air enters through the lower part
of the channel (1), gets heated from the hot plate (4)
before exiting through the upper part, being
exhausted by a fan (5) adjusted to ensure a speed of
0.1 m/s at the grid installed at the channel’s entrance
(9). The hot plate (4) is composed of a heating cable
placed in an insulating layer of polystyrene. In
addition, the inner glazing that separates the channel
(2) from the chamber (3) is insulated on his entire
surface with polystyrene. In this case, the flaps (6)
directing the air are closed, ensuring a direct exterior-
exterior ventilation.

In order to perform the experimental
measurements we have used the followings devices:
e The air and glass surfaces temperature was
measured with thermocouple model PT1000TGL40/0
for air, respectively model PT1000TG7/0 for glass
surfaces, positioned in the three sections (Fig. 7), as
follows:

- the lateral section 1 — thermocouples (T11-T12-
T13) for air and thermocouple (T41) for the interior
adiabatic glass surface;

- the lateral section 2 — thermocouples (T31-T32-
T33) for air and thermocouple (T43) for the interior
adiabatic glass surface;

- the median section - thermocouples (T21-T22-
T23-T24) for air and thermocouple (T42-T44) for
the adiabatic glass section.

e The air velocity in median plan was measured as
it follows:

- at the entry of the channel, with a hot wire
thermo manometer (measuring domain: 0-3 and 3.1-
30 m/s, accuracy =+ 3% applied to read value,
resolution: 0.01 m/s);

-at the exit if the channel, with turbine
anemometers (measuring domain: 0-3 and 3.1-30

m/s, accuracy = 3% applied to the read value,
resolution: 0.1 m/s).

The double-skin facade was divided into three
vertical sections (section 1, section 2, and the median
section), so that we can provide measurements in the

most representative points of the channel.

Fig. 7. Thermocouples positioning scheme in the
experimental stand channel

The registration of temperatures was made
with an acquisition data station (Data Logger MS5),
set to memorize temperatures at even time intervals,
after the flow regime is established.
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Fig. 8. Experimental and numerical comparative results in forced convection

The characteristic parameters (temperatures
and velocities) were registered in forced convection,
at time intervals: t = 0 min, t = 30 min, t=60 min.

The permanent regime was obtained one hour
after the start of the experiment, when the recorded
results suffered a variation smaller than 0.1 °C
between temperature values. For the velocity
registration, we used an AMI 300 STD apparatus,
equipped with a processing software.

5. Comparison

The comparison between numerical and
experimental results is showed in Fig. 8. The air
temperature decreases from the heated surface trough
the adiabatic wall, and the air temperature in the exit
section of the channel is approximately 27 °C.

From analysis of the results we can observe
that the experimental measured temperatures are
compatible with those numerical obtained, with a
deviation of 0 °C to 6 °C. These differences are
explained by the working conditions: the
experimental stand is not positioned in a thermal
stabilized room (climate chamber) and the air
extraction is made for the superior part of channel.
Since the study was performed under partial thermal
flow at the glass channel surface conditions, and
under non-stationary regime, the conclusions are only
available for the stabilized regime zone and adjacent
to incident flow.

6. Conclusions

This study was conducted on a three-
dimensional, physical model, in unsteady state in
forced convection. We emphasized here the
description of the thermaerodynamic behavior from a
double-skin facade and the validation of the
numerical results with the experimental ones.

The experimental results were numerically
validated, thus confirming the model studied in the
previously mentioned working hypothesis.

After comparing the experimental and the
numerical results, we can observe that the last ones

have bigger values varying with about 6 °C. This is
owed to the laboratory conditions, which influenced
the experimental system, both thought heat losses
from leaks and thought the lack of a climatic
chamber. In addition, the results show that the
airflow inside the channel is present especially near
the limiting surfaces, thus modifying the distribution
of temperatures.

For a better thermal efficiency of the double-
skin facade, it is necessary to use the forced
ventilation for the summer season in order to
facilitate the quick extraction of hot air from the
double-skin fagade channel. On the other hand, in
order to avoid the supplementary energetic costs for
the start of the mechanical ventilation equipments,
further studies on the thermal-aerodynamic behavior
of these channels will be conducted with the purpose
of achieving energetic optimization trough
dimensional modifications and configurations, so that
the suggested solution should reach, thus, a lower
energy consumption.

Practically, by studying the behavior of the air
inside a double-skin fagade channel, we can
determine the energetic consumption of buildings,
obtaining this way a thermal balance by taking into
consideration the data obtained from numerical
simulation and the solar energy according to the
climatic zone where the building is located.

This study will be further developed in similar
condition by modifying the geometry of the channel,
especially the distance between the channel surfaces
and to find the optimal configuration that provides
thermal comfort inside the buildings with minimum
energy consumption.

Nomenclature

A —heated zone height, m;

a,b,c — horizontal sections in the median zone of the
double-skin channel, m;

d — distance between interior and exterior surfaces, m;

Dn — hydraulic channel diameter;

g — gravitational acceleration, m/s? ;

H — channel height, m;
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L — channel width, m;

g — demanded heat flow for a certain double-skin surface,
W/m?;

Re —Reynolds number, - ;

Ri — Richardson number, - ;

t—time, s;

Tie — air temperature at the of the channel, respectively at
the exit of the channel, °C;

u, v — velocity axial and transversal components, m/s;

Vie — entrance, respectively exit for the air velocity, m/s;

X, ¥, Z— Cartesian coordinates, m.

Greek symbols

S — thermal expansion coefficient, 1/K;

AT — air temperature differences at channel entrance and
exit, °C;

v — kinematical viscosity of air at a given temperature,
m2/s.
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A dynamical study of the flow in a double-skin facade was carried out numerically for modified Rayleigh
numbers in a range corresponding to the boundary layer-type flow in the laminar regime. The facade
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Numerical results are compared with experiments carried out in water. This simulation allows finding
the patterns of the recirculation zone observed in the experiments. Numerically predicted recirculation
lengths are overestimated by about 6% compared with the experimental results.
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1. Introduction

In the civil engineering sector, controlling the consumption of
energy is still a relevant topic. Recent studies [1-4] have shown
that the implementation of the concept of double-skin facade in a
building with low inertia was essential to improve thermal com-
fort. This is indicative of an urgent need to deepen knowledge
of the dynamic and thermal behaviours of double-skin facades to
minimize energy losses. Double-skin facades can be classified into
three categories depending on their thickness (5cm<b<50cm,
50cm<b<200cm, b>200cm). Double-skin facades of the first cat-
egory (5cm<b<50cm)are commonly used. For example, they can
be found in high-rise buildings. In this case, the facade is gener-
ally divided horizontally level by level for a better thermal comfort
[4].

The constructive element of a double-skin envelope is the ver-
tical plane channel heated asymmetrically. Indeed, the heated
vertical plane channel is representative for several problems such
as the double-skin facade, the chimney, the solar panel or the
Trombe wall. In order to optimize the design of a double-skin enve-
lope, the simulation of the natural convection flow developing in
the channel needs to be performed with reliable numerical tools.
This requires the development of experimental setups to provide
the thermal and dynamic data for validating these numerical tools.

A great number of experimental and numerical studies con-
cerning the vertical plane channel were carried out [5-16]. Among

* Corresponding author. Tel.: +33 326918310; fax: +33 326918152.
E-mail address: stephane.fohanno@univ-reims.fr (S. Fohanno).

0378-7788/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.enbuild.2012.03.042

the experimental studies, most of them were limited to thermal
measurements for both uniform heat flux (UHF) and uniform wall
temperature (UWT) problems. Although uniform wall temperature
or uniform heat flux boundary conditions have been chosen for
the experiments, these conditions usually cannot be fully satis-
fied because of experimental constraints. Therefore, results coming
from these experiments should be analyzed and used in light
of these experimental difficulties. For example, Webb and Hill
[6] describe the possible causes of measurement errors and non-
uniformity of boundary conditions for their experiments. Although
heat loss by conduction through the insulation on the rear side of
the heat foil and radiation loss with the environment were taken
into account in their study, they point out that two-dimensional
conjugate effects are also present, particularly near the leading and
trailing edges of the heated foil, and alter the uniformity of the
thermal boundary conditions. Kim et al. [17] have also investigated
the effect of wall conduction on the wall heat flux distribution.
Fewer studies were also interested in the flow behaviour. Two
main flow regimes in heated vertical channels were experimen-
tally observed by Elenbaas [5]. Their appearance has been noticed
to be Rayleigh number dependent (Ra* is partly based on the
channel width and the aspect ratio between this width and the
heated channel length). A fully developed flow regime is observed
in the channel for low Rayleigh numbers and a boundary-layer
type flow regime along the heated walls occurs for high Rayleigh
numbers. In the case of an asymmetrical heating (only one wall
heated) and for sufficiently high Rayleigh numbers (Ra* > 1000), the
boundary-layer type flow regime is always present on the heated
wall, and a reverse flow is also observed close to the unheated wall
[6-8].
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Nomenclature
A heated length (m)
a thermal diffusivity (m?2/s)
b channel wall spacing (m)
G specific heat capacity (J/kgK)
g acceleration of gravity (m/s2)
k thermal conductivity (W/mK)
p pressure (Pa)
Pr Prandtl number (= v/a)
q’ heat flux (W/m?)
Ra Rayleigh number (= (g8q’b*/kv?)Pr)
Ra* modified Rayleigh number (=Ra/Ry)
R¢ aspect ratio (= A/b)
recirculation length (m)
t time (s)
u,v axial and transverse velocity components (m/s)
X,y axial and transverse coordinates (m)
Greek letters
B volume expansion coefficient (K-1)
0 density (kg/m?3)
v kinematic viscosity (m?2/s)
% dynamic viscosity (Pas)
Index
« ambient

In this paper, we report a dynamical study of the flow in a
double-skin fagcade carried out numerically. This numerical work
is part of studies initiated by the French research network Ameth
(Improved heat transfer) on convective heat transfer in open-
channels. The facade is modeled by an asymmetrically heated
vertical plane channel. 2D numerical simulations have been car-
ried out with the finite volume approach. The investigations focus
specifically on the influence of the aspect ratio (R¢) and the modified
Rayleigh number (Ra*) on the structure of the flow. The modi-
fied Rayleigh numbers was varied in a range corresponding to the
boundary layer-type flow in the laminar regime. Numerical results
on the flow dynamics are discussed and compared with experimen-
tal observations obtained by flow visualization.

2. Experimental device and visualization technique

Experimental investigations of the dynamics of the natural con-
vection flow have been carried out in a vertical plane channel
heated asymmetrically [16]. The channel is located in a vertical
tank filled with water. The choice of water as working fluid leads to
anegligible effect of heat transfer by radiation. The channel is com-
posed of two vertical parallel plane walls separated by an adjustable
distance (b). One wall is composed of a heated central part (height
A=188 mm)and two unheated extensions (height A/2) respectively
located at the bottom and top open-ends of the channel while the
opposite wall remains entirely unheated throughout the duration
of the experiments (Fig. 1). The heating of the central half part of
the heated wall is provided by a fabric heater which delivers a heat
flux density uniformly distributed throughout the heating zone.
This thermal system (Fig. 1) consists of a vertical plane thermofoil
heater, covered by a 3 mm-thick aluminum plate on the channel
side, delivering an adjustable heat flux (q”) to water in the chan-
nel. A flow visualization technique based on laser tomography and
the use of discrete tracers was used to get the velocity vector field
(Fig. 2) and to deduce streamline patterns within the channel [16].

X
Af2
$=0
——
FLUID
90
A
] [
u
——
\
$=0
A/2

Fig. 1. Sketch of the vertical channel.

2.1. Physical model

The numerical simulations of the channel flow are carried out for
a two-dimensional steady laminar flow. The transport equations of
mass, momentum and energy (Egs. (1)-(4)) are solved numerically
using the finite volume method [18]. Thermo-physical properties
of the fluid are assumed constant except the density (Boussinesq
approximation) in the buoyancy force. Moreover, the density is
evaluated in relation to the temperature at the channel entrance.

e Continuity equation:

ou v

x oy =0 (1)

¢ Momentum equations:

u@+y@ __8£+ &4_& (3)
Pl ™y ) =y T G T 52
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Fig. 2. Experimental recirculation zones: (a) Rg=5.2, Ra*~4 x 10 and numerical
(b) Re=5.2, Ra*~4 x 10%, (c) Ry=6, Ra*~4 x 10, (d) Rf=6.9, Ra*~4 x 106, (e) R; =6,
Ra*~2 x 106, (f) Rf=6, Ra*~ 4 x 10,

e Energy equation:
aT aT °T  3°T
0Cp (uax +U8y) = <<8x2+8y?) (4)

The results are made dimensionless by means of the thermal dif-
fusivity (a) and the distance between the walls (b). Dimensionless
quantities are given below (Egs. (5)-(8)).

X -7 _A4 _ub
X_b’ Y_b7 Rf_b’ U—a5
b . T-T _q'b
V= < T = AT AT = X (5)
Prandtl number, Pr= g (6)
gﬂq//b4
Rayleigh number, Ra= % Pr (7)
. . . Ra
Modified Rayleigh number, Ra* = " (8)
f

In natural convection flow, the fluid flow rate in the channel
depends strongly on the wall heat flux. Therefore, the choice of
appropriate boundary conditions becomes critical. Indeed, when
the wall is heated, an ascending boundary layer develops along this
wall due to the buoyancy force resulting from the local decrease in
density of the warmer fluid in the vicinity of the wall. This boundary
layer thickens during the progression of the flow along the wall,
being supplied by fluid coming from a reverse flow observed near
the unheated wall. This reverse flow is itself fed by ambient fluid
entering through the top of the channel, near the unheated wall
[16]. The pressure boundary conditions chosen to account for these

experimental observations are the local Bernoulli relation at the
inlet (Eq. (9)) and a zero relative pressure at the outlet (Eq. (10)).
Boundary conditions are as follows:

- at the inlet,

e X=0andO0<Y<1

T=0, p(X.Y)= 5 pu(X, Y} (©)
- at the outlet

e X=2Rrand0<Y<1

T =0, p(X,Y)=0 (10)

- at the wall
e y=band 0 <X < 2Ry

ux,Y)=v(x,y)=0, q"'=0

e y=0and 0 <X <R¢/2 or 3R¢/2 <X <2R¢

uX,Y)=vX,Y)=0, q'=0

e y=0and R¢/2 <X <3R¢/2

uX,Y)=vX,Y)=0, q">0

2.2. Numerical method

The system of governing Eqs. (1)-(4) with appropriate bound-
ary conditions has been successfully solved by using a numerical
method mainly based on the volume control approach [18]. This
method is based on the spatial integration of the conservation equa-
tions over finite control volumes. Numerical simulations have been
carried out with the commercial Ansys Fluent® CFD code [19]. The
fluid domain is meshed using a structured grid with refined mesh
in the vicinity of the walls. The convergence criteria were based on
the residuals resulting from the integration of the conservation Eqs.
(1)-(4) over finite control-volumes. During the iterative calculation
process, these residuals were constantly monitored and carefully
scrutinized. For all simulations performed in this study, converged
solutions were achieved with residuals as low as 1076 (or less) for
all the governing equations.

3. Results

The flow dynamics in the asymmetrically heated vertical chan-
nel is investigated numerically. Only the convective aspects related
to natural ventilation are studied by carrying out simulation with
water as working fluid, thus allowing neglecting radiation effects.
First, a comparison of these numerical results is made with corre-
sponding experimental observations. Then, two sets of numerical
studies are considered. The simulations were carried out for three
modified Rayleigh number Ra*=4 x 10°; 2 x 106 and 4 x 10° and
three aspect ratios Rf=5.2, 6 and 6.9. The modified Rayleigh num-
ber based on the heat flux density (q”) and the thickness of the
channel (b) also takes into account the aspect ratio of the heated
part (Rf) through Eq. (8). As concerns the aspect ratios, their val-
ues are within the range of those found for horizontally divided
double-skin fagcades of high-rise buildings.
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Fig. 3. Comparison of the total recirculation length.

3.1. Comparison with experiments

In Fig. 2, one may observe a boundary layer-type flow which
develops near the heated wall due to the fluid alimentation from
the bottom of the channel. In the same time, cooler ambient fluid
enters the channel from the upper side of the adiabatic wall (reverse
flow). This leads to the formation of a recirculation zone which
can be observed at the exit of the channel, near the adiabatic wall.
The experimental visualization of the flow for Ra*=4 x 106 and
R¢=5.2 is presented over the entire height (2A) of the channel in
Fig. 2a. The photo is taken when a steady flow regime is reached
after about 30 min of heating (Fig. 2a). Regarding the reverse flow,
it may be characterized by its eight-shape structure with two
recirculation cells. This recirculation zone extends over three quar-
ters of the channel height. For this case, the numerical simulation
(Fig. 2b) allows finding the global patterns of the recirculation zone
observed in the experiment, especially its penetration in the chan-
nel. However, although the total length of the recirculation was well
predicted, none of the numerical simulations was able to detect the
second recirculation cell observed experimentally.

The same comparison performed for the other aspect ratios
(R=6and 6.9) also leads to a good agreement between experimen-
tal and numerical results. Numerically predicted total recirculation
lengths are only overestimated by 6% compared with the experi-
mental ones (Fig. 3).

3.2. Influence of aspect ratio and Ra*

Then, two sets of numerical studies were conducted. The first
set involved the investigation of the influence of the aspect ratio
(Rf=5.2, 6 and 6.9) for a fixed Rayleigh number (Ra*=4 x 10%),
whereas the second one was conducted to analyze the influence
of modified Rayleigh number (Ra*=4 x 106, 2 x 10% and 4 x 10°)
on the flow structure for a given aspect ratio (Rf=6).

Fig. 2b-d shows the streamlines patterns numerically predicted
for the first set of conditions. A single recirculation zone can always
be observed at the exit of the channel whatever the aspect ratio. Its
length gradually decreases with increase of the aspect ratio. The
increase in the aspect ratio was obtained by reducing the channel
width (b) while keeping a constant height (A) of the heated zone.
For the second set of conditions, the decrease in Ra*, for a fixed
aspect ratio, generates a reduction of the reverse flow height and
the modulation of the recirculation length (Fig. 2c-e).

Axial velocity profiles at the entrance (x=A/2) and exit (x=3A/2)
of the heated zone are presented in dimensionless form as given in
Eq. (5).In Fig. 4, axial velocity profiles are presented at the entrance
of the heated zone for three aspect ratios. The laminar flow profiles
observed in all three cases show a slight asymmetry highlighted by
a small acceleration near the heated wall. Axial velocity profiles at
the exit of the heated zone are presented in Fig. 5. A strong accel-
eration of the fluid can be observed near the heated wall whereas a
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Fig. 4. Axial velocity profiles at the entrance of the heated channel (x=0.094 m) for
Ra*=4 x 106 and different aspects ratio (Ry).
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Fig. 5. Axial velocity profiles at the exit of the heated channel (x=0.282m) for
Ra*=4 x 106 and different aspects ratio (Ry).

deceleration is observed near the adiabatic wall where the negative
velocities indicate the recirculation zone. The recirculation zone is
initiated by density difference between the warm (lighter) fluid,
near the heated wall, and the cold (denser) ambient fluid, near the
adiabatic wall. This is also due to the pressure drop in the moving
fluid in the vicinity of the heated wall.

It can be seen that maximum values of the axial velocity in all
three cases are obtained at a distance y=0.1 x b from the heated
wall. It can be established that for a higher aspect ratio (R¢) and a
smaller channel width (b) respectively, the axial velocity magni-
tude is higher which will lead to higher fluid flow rate through the
channel for the same modified Rayleigh number (Ra*).

500 -
====Ra*=4x10"5
a0 T e,
.................... Ra*=2x1076
400 e

e Ra*=4x10"6

D 250

Fig. 6. Axial velocity profiles at the entrance of the heated channel (x=0.094 m) for
R¢=6 and different numbers of modified Rayleigh (Ra*).
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Fig. 7. Axial velocity profiles at the exit of the heated channel (x=0.282 m) for Ry=6
and different numbers of modified Rayleigh (Ra*).

Figs. 6 and 7 present the axial velocity profiles at the entrance
and exit respectively of the heated zone for the same aspect ratio
(Rf=6) and three Rayleigh numbers (Ra*=4 x 10°, 2 x 106 and
4 x 10°). The maximum values for axial velocity at the exit of the
heated zone is also obtained for a distance y =0.1 x b. It can be noted
that the axial velocities and the recirculation length increase with
the Rayleigh number.

4. Conclusion

A dynamical study of the flow in a double-skin facade was car-
ried out numerically for modified Rayleigh numbers in a range
corresponding to the boundary layer flow regime. The facade is
modeled by an asymmetrically heated vertical plane channel.

A boundary layer-type flow develops near the heated wall in all
cases. The presence of a recirculation zone at the channel outlet
near the unheated wall has been highlighted. The channel alimen-
tation is made at the bottom end of the channel across the channel
width. This boundary layer-type flow is accompanied by a reverse
flow with variable length, fed by the ambient fluid entering through
the upper part of the channel near the unheated wall.

In this study, a recirculation zone was always observed at the
exit of the channel whatever the aspect ratio or the modified
Rayleigh number. Numerically predicted length of the total recir-
culation zone is overestimated by about 6% compared with the
experimental results. Furthermore, the recirculation length grad-
ually decreases with increasing aspect ratio. Moreover, for a fixed
aspect ratio, both the axial velocity magnitude and the recirculation
length increase with the modified Rayleigh number.
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ARTICLE INFO ABSTRACT

Available online 16 February 2012 A dynamical study of the flow in an asymmetrically heated vertical plane channel has been conducted experi-
mentally. Experiments were carried out in water for three aspect ratios and for a range of modified Rayleigh
numbers corresponding to the boundary layer flow regime. The flow dynamics were characterized by means
of visualization techniques based on laser tomography using discrete and continuous tracers. Flow visualizations
were carried out in the plane of symmetry of the channel along its entire height. The investigations focused more
specifically on the influence of the aspect ratio and the modified Rayleigh number on the flow structure both in
steady-state regime and during the transitional phase occurring just after the start of the heating. An upward
boundary layer flow is found near the heated wall, accompanied by a reverse flow developing on the opposite
side from the top open-end of the channel. In steady state, the reverse flow takes the form of an elongated
eight-shaped structure with two main recirculation cells. The length of the upper cell of the eight-shape structure
decreases with increasing aspect ratio. For a fixed aspect ratio, the increase in modified Rayleigh number results
in a decrease in the penetration of the reverse flow. During the transient the flow structure is shown to evolve
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from a single cell to a final eight-shaped structure.
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1. Introduction

This study deals with the experimental investigation of the flow
dynamics in a vertical plane channel heated asymmetrically. The heated
vertical plane channel is representative of several problems such as the
chimney, the solar panel or the Trombe wall [1,2]. The simulation of
natural convection flow developing in vertical channels needs to be
performed with reliable numerical tools. Therefore, the validation step
of these numerical simulation tools for the reliable prediction of the
thermoconvective behavior requires the development, in parallel, of
experimental setups to provide the necessary thermal and dynamic
data. Heat transfer and flow dynamics in a vertical channel heated or
cooled have been studied for many years. Two main flow regimes in
heated vertical channels were experimentally observed by Elenbaas [3].
Their appearance has been noticed to be Rayleigh number dependent.
The modified Rayleigh number (Ra*) is partly based on the channel
wall spacing (b) and the aspect ratio (Rf =%) between the heated
channel height (A) and the spacing (b). For a symmetric heating, a fully
developed flow regime is observed in the channel for low Rayleigh
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* Corresponding author at: GRESPI/Thermomécanique, Université de Reims
Champagne-Ardenne, Moulin de la Housse, BP 1039, 51687 Reims Cedex 2, France.
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0735-1933/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.icheatmasstransfer.2012.02.005

numbers (Ra*<100) while a boundary-layer type flow regime along
the heated walls occurs for high Rayleigh numbers. In the case of an
asymmetrical heating (only one heated wall) and for sufficiently high
Rayleigh numbers (Ra*>1000), the boundary-layer type flow regime is
always present along the heated wall, and a reverse flow is also observed
close to the unheated wall [4,5].

Furthermore, although many experimental studies on the vertical
plane channel have been conducted [3-14], most studies were limited
to thermal measurements (flow and wall temperature) both for uniform
heat flux (UHF) and for uniform wall temperature (UWT) problems.
Fewer studies were interested in the flow dynamics [5,9-14]. However,
these dynamic quantities are essential data for validation of numerical
simulation tools.

In order to access these data, this paper presents an experimental
investigation of the flow dynamics in an asymmetrically heated
vertical plane channel by means of flow visualization techniques
based on laser tomography using discrete (small solid particles) and
continuous (dye) tracers. Experiments were carried out in water for
three aspect ratios (Rr) and for a range of modified Rayleigh numbers
(Ra*) corresponding to the boundary layer flow regime. Flow visuali-
zations were performed in the plane of symmetry of the channel
along its entire height. The investigations focused more specifically
on the influence of the aspect ratio (Rf) and the modified Rayleigh
number (Ra*) on the flow structure both in steady-state regime and
during the transitional phase occurring just after the start of the
heating.
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Nomenclature

Symbols

A heated length, m

b channel wall spacing, m

g acceleration of gravity, m/s2

k thermal conductivity, W/m.K

Pr Prandtl number

Gr Grashof number based on heat flux and channel wall
spacing

Ra Rayleigh number based on heat flux and channel wall
spacing

Ra* (=Ra/R¢) modified Rayleigh number

R¢ aspect ratio (=A/b)
recirculation length, m

t time, s

y vertical coordinate, m

Greek letters

B volume expansion coefficient, 1/K
p density, kg/m?>

v kinematic viscosity, m2/s

© heat flux, W/m?

Indices / Exponents

p particle
w wall
low lower
up upper

2. Experimental setup
2.1. Tank and working fluid

The present work deals with the experimental investigation of the
dynamics of the natural convection flow generated inside a vertical
plane channel heated asymmetrically. The channel is located in a
vertical tank (inner dimensions : 460 x 460 x 960 mm?>) made up of
20 mm-thick Plexiglas ® plates and filled with water, as shown in
Fig. 1. The choice of water as working fluid leads to a negligible effect
of heat transfer by radiation.

2.2. Channel geometry

An edge view of the channel is illustrated in Fig. 2. The channel is
composed of two vertical parallel plane walls separated by an adjustable
distance (b). One wall is composed of a heated central part (height
A=188 mm) and two unheated extensions (height A/2) respectively
located at the bottom and top open-ends of the channel while the
opposite wall remains entirely unheated throughout the duration of
the experiments. Dimensions of these walls (height: 2A=376 mm,
width: W=300 mm) are such that investigations were performed for
aspect ratios in the range 5.2<R¢<6.9 and 8.3<W/b<11. Two vertical
walls were added on side ends to bind the fluid. Therefore, the
fluid can only flow through the bottom and top open-ends of the
channel. For the sake of brevity, and because the flow is mainly
directed upwards, the bottom and top open-ends will respectively
be denoted inlet and outlet in the rest of the text. In addition, for
a better control of flow conditions at the inlet, a quarter of a circle
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Fig. 1. Schematic edge view and top view of the experimental setup.

(radius of curvature R=36 mm) was added at the bottom of each
wall.

2.3. Composition of walls and heating system

The channel was mainly built in a PMMA transparent material that
enables taking photographs. Therefore, the channel walls were built
from 10 mm and 20 mm thick PMMA plates. The heating of the
central half part of the heated wall is provided by a fabric heater
which delivers a heat flux density uniformly distributed throughout
the heating zone. As shown in Fig. 2, this thermal system consists of
a vertical plane thermofoil heater (20x 30 cm?2), covered by a 3 mm-
thick aluminum plate on the channel side, delivering an adjustable
heat flux density (¢y,) to water in the channel. In addition, the backside
of the heated wall is heavily insulated (by adding a 140 mm thick layer of
extruded polystyrene) in order to minimize heat losses to this side and
to prevent the onset of convection phenomena into the environment.

2.4. Wall heat flux distribution

The wall heat flux distribution was checked by means of temperature
measurements along the heated plate. For this check, a configuration of
natural convection boundary layer flow along a vertical flat plate
immersed in a semi-infinite fluid medium was selected. This flow
configuration was obtained by simply removing the cold wall of the
channel from the experimental setup. Wall surface temperature
measurements were carried out along the heated vertical plate. Then,
the evolution in the vertical direction of the experimental wall-to-
ambient fluid temperature difference was compared with the theoretical
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Fig. 2. Edge view of the vertical channel.

one-fifth power law (Twan — Thuia = Cy /) expected for laminar natural
convection along a uniformly heated vertical plane plate [15]. The one-
fifth power law was found on the majority of the heated vertical surface,
except close to the bottom-end of the heated surface where an increase
in the wall-to-ambient fluid temperature difference was observed. These
higher temperature differences observed at the bottom-end of the plate
may be attributed to two-dimensional effects due to the combination of
the high thermal conductivity of the plate and the vertical wall surface
temperature gradient due to the boundary layer [16]. Axial heat flux in
the heated wall takes place in the downward direction, particularly at
the bottom-end of the heated plate where the boundary layer starts its
development and the vertical temperature gradients are the most im-
portant. The downward axial heat flux leads to a local increase in the
wall temperature. This results in an additional heat flux to be transferred
from the wall to the fluid in the upstream region of the boundary layer.
As shown by Kim et al. [16], the additional heat flux may depend on
several parameters such as the thermal conductivity, the thickness of
the plate, but also the Grashof number and the thickness of the channel.
However, in the present study, the influence of axial conduction is
essentially observed over the first 15% of the heated zone. The limited
impact of wall conduction on the temperature increase may be explained
by the relatively high value of the Grashof number [16], which is about
106 for these experiments.

2.5. Flow visualization techniques

The dynamic structure of the flow is characterized by means of flow
visualization techniques based on laser tomography and the use of
discrete (small solid particles) [17] and continuous (dye) tracers [18].

These two flow visualization techniques are used to provide streamline
patterns (discrete tracers) as well as streakline patterns (dye tracers)
within the channel. In this study, laser tomography consisted in creating
a single plane laser sheet in the mid-plane of the channel as shown in
Fig. 1. For both methods, the lighting of the flow was obtained through
a 490 mW maximum power Ar-lon laser source (model 177G Spectra
Physics ®) coupled to a sphero-cylindrical optical system to create a
laser sheet in the mid-plane of the channel.

The dye flow visualization technique consists in employing one or
several fluorescent dye tracers, under laser excitation, in order to
provide streaklines in the flow [18]. In the present study, the injection
of distinct dye tracers at different locations in the flow allowed to
clearly distinguish several types of flow structures in the channel
and to observe them simultaneously. Fig. 3 shows an example of
application of this technique where fluorescein was used for the
boundary layer flow visualization while sulforhodamine was used
for the reverse flow visualization.

The main technique used in this study was Particle Tracking
Velocimetry. This method consists in the use of discrete solid tracers
illuminated by the laser sheet [17]. These tracers are fine (average
diameter :d,~100um) suspended quasi-spherical Rilsan® particles
having a density (pp, = 1060 kg m~) close to that of water. Under
these conditions, the particle settling velocity remains negligible
relative to the flow velocity. One can then consider that the flow
dynamics is well approximated by the particle trajectories. In order
to get these trajectories, photographs of the illuminated fine solid
tracers, as those illustrated in Fig. 4, were taken by a high-resolution
digital camera (Pentax® K10D) during a time exposure suitable for
the flow dynamics. In the context of the current study, which
concerns natural convection flow in water with moderate heating,
time-exposures up to 20 s were necessary. The streamline patterns
of the water flow were then deduced from the elements of trajectories

Fig. 3. Dye flow visualization of the eight-shape structure in steady state regime for
Ra*=4.5x10° and Ry=>5.2.
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Fig. 4. Flow visualizations showing the influence of the aspect ratio (a, b, c) and of time (c, d) on the flow structure for Ra*=4.5x 10°.

captured on digital photographs. Given the high resolution of the
camera, the uncertainty about the recirculation lengths is primarily
due to the uncertainty about the location of the cell ends. There is not
necessarily presence of particles (elements of trajectories) to these
ends during the reconstruction of the streamlines. This uncertainty is
estimated to be 5 mm in size. The flow region under study corresponds
to a cross-section of the channel illuminated by a thin laser plane
perpendicular to the channel walls. The vertical sides of this illuminated
plane cross-section are well localized with a higher brightness at the

fluid/vertical wall interfaces. In comparison, optical distortion/lens
effects are minimal and may be neglected in the present situation.

3. Results and discussion
3.1. Experimental conditions

Both the influence of the distance between the walls and that of
the modified Rayleigh number (Ra*) on the water flow dynamics
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were investigated by means of flow visualization techniques. The
modified Rayleigh number based on the heat flux density (¢,,) and
the thickness of the channel (b) also takes into account the aspect
ratio of the heated part (R¢) through Eqs. (1) and (2):

4
Ra :gﬁlfjgb Pr (1)
Ra' = %‘: @)

Fluid properties were estimated at the film temperature defined by
T¢ = TweTw where T, is the average wall temperature. The uncertainty

4
in the modified Rayleigh number, Ra* = %Wzb (5)Pr, is primarily due to
the uncertainty in the channel wall spacing b. To a lesser extent, the
uncertainty in Ra* is also due to uncertainties in the thermophysical

property grouping ;{% Pr and in the heat flux ¢,. The maximum
uncertainty in the modified Rayleigh number is estimated at 10%.

Two sets of experiments were carried out. The first series of experi-
ments involved the study of the influence of the aspect ratio
(Re = $for a fixed modified Rayleigh number (Ra*). Three aspect ratios
(Re=5.2, 6 and 6.9) were tested and the fixed modified Rayleigh
number (Ra*=4.5x10°) was chosen in order to correspond to the
boundary layer flow regime. The second series of experiments was
conducted to analyze the influence of the modified Rayleigh number
(Ra*) on the flow structure for a given aspect ratio (Ry). This second set
of experiments was carried out for a range of modified Rayleigh
numbers (4.3 x 10°<Ra*<4.5 x 10°) still corresponding to the boundary
layer flow regime. For both series, results were obtained in the form of
flow visualizations of the natural convection flow dynamics in the
mid-plane of the channel, over its entire height (2A). Photographs
were taken with a time-exposure suitable for low speed flows and the
type of tracers used (1/8 s for dye tracers and 20 s for discrete particles).
Regarding flow visualizations with discrete tracers, photographs were
taken at a frequency of one image per minute since the start of heating
until a steady flow regime is reached. The steady state was determined
by comparing the images obtained every minute since the start of the
heating. The steady state was considered achieved when the geometrical
dimensions of the visualized structures no longer evolved.

In all experiments conducted for this study, the structure of the flow
became steady from about 30 min of heating. In fact, the time needed to
reach steady state decreases with increasing Ra* and is about 20 to
30 min in this case. Nevertheless, experiments were carried on for
50 min to make sure the steady flow regime was reached.

3.2. Heating and temperature stratification of the ambient fluid

The initial bulk water temperature before heating was set at 16 °C.
Then the temperature gradually increases during the experiments due
to heating. The average bulk water temperature increase is proportional
to the imposed heat flux and the duration of heating. In addition, vertical
temperature stratification also occurs from bottom to top of the water
tank. Table 1 reports temperature increases observed in ambient water
for Ra*=4.5x10% and R;=5.2 and corresponding to the maximum
heat flux used in these experiments. After an hour of heating, tempera-
ture increases range from + 0.4 °C below the channel bottom-end to +

Table 1
Temperature increase of ambient water as a function of altitude for Ra*=4.5x 10° and
Re=5.2 after one hour of heating. Vertical coordinate origin at the channel inlet (see
Fig. 2).

Vertical coordinate (y, inm) —0.132 +0.028 +0.188 +0.348 +0.508
Temperature increase (°C) +0.4 +0.6 +0.9 +14 +1.7

1.7 °C above the channel top-end, which gives an average temperature
stratification of 2.0 °C/m along the channel.

3.3. Cold wall surface temperatures

The temperature field in the PMMA cold plate has been estimated
from temperature measurements on the inner surface (channel side)
and outer surface (ambient fluid side) of the wall for vertical posi-
tions corresponding to the beginning (y=A/2) and end (y=3A/2)
of the heated zone. These measurements show that the cold wall
inner surface temperature remains low and close to that of the fluid
entering at the inlet of the channel (Tiye:) with differences of about
0.2°C between these temperatures. As for the temperatures
measured on the cold wall outer surface, they remain very close to
the temperature of the ambient fluid located at the same altitude.
The evolution of the temperature on this outer surface corresponds
to the temperature stratification observed in the ambient fluid.

3.4. Influence of the aspect ratio

For this first part of the study, the aspect ratio was changed by
varying the distance (b) between the plates. Three aspect ratios
have been investigated (Rr=5.2, 6 and 6.9 corresponding to distances
b=36 mm, 31.3 mm and 27.3 mm, respectively) and the modified
Rayleigh number was kept constant (Ra*=4.5x10°). This value
was chosen so as to obtain a boundary-layer type flow regime along
the heated wall. As a consequence, the Rayleigh number was kept
constant by adjusting the electric power delivered to the fabric heat-
er. Fig. 4 provides flow visualizations carried out in the mid-plane of the
channel for Ra*=4.5x10° showing the typical structures of the flow
obtained in steady-state regime (at t =50 min) and during the transient
(at t=20 min) before the steady state was reached. In all cases, an up-
ward boundary layer flow is observed near the heated wall. After apply-
ing the heat, the dynamics of the convective flow generated in the
channel is changing dramatically during a transitional period of about
30 min before reaching a steady state.

In steady state, an ascending boundary-layer flow develops near the
heated wall due to a supply of fluid from the bottom of the channel. At
the same time, cold fluid enters the channel from its top-end, near the
unheated wall and supplies a reverse flow developing near the
unheated wall. Indeed, as shown by dye flow visualization in Fig. 3 or
discrete flow visualization in Fig. 4 (a, b, c), this gives rise to a vortex
structure characterized by two large recirculation cells, connected by a
neck and forming an elongated eight-shaped structure. These recircula-
tion cells extend over a distance of up to three-quarters of the channel
height. This distance is all the more important than the aspect ratio is
small. Furthermore, the adverse pressure gradients at the interface of
the upward flow and reverse flow lead to a separation of the upward
flow from the unheated wall. This upward flow is then quickly deflected
and confined near the heated wall. Regarding the reverse flow, it can be
characterized by the lengths of the two main recirculation cells. These
lengths are illustrated in Fig. 4 and will be denoted L, (upper recircula-
tion cell length) and Lo, (lower recirculation cell length), respectively.
In Fig. 5, one can observe that the upper recirculation cell stretches out
with decreasing aspect ratio. In contrast, the length of the lower
recirculation cell remains stable regardless of the aspect ratio.

3.5. Influence of Rayleigh number

The second part of this experimental study has investigated the
influence of the change in the modified Rayleigh number. In the
same way as in Fig. 4, Fig. 6 shows flow visualizations performed in
the mid-plane of the channel with discrete solid particles as tracers.
Experiments were carried out for three values of the modified
Rayleigh number (Ra*=4.3x10% 1.7x10°% and 4.5x10°%) which
were obtained by fitting the thermal power delivered by the fabric
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Fig. 6. Influence of Ra* for a constant aspect ratio (Ry==6).

heater. The aspect ratio was kept constant (Rf=6). Whatever the
value of Ra* the steady state is still characterized by an ascending
boundary-layer flow in the vicinity of the heated plate and a reverse
flow on the opposite side with its two large recirculation cells. With
a fixed aspect ratio, the increase in Ra* has resulted in a decrease in
the penetration of the reverse flow in the channel and the modulation
of the upper and lower recirculation cell lengths. Fig. 7 shows the
evolution of the lengths of the vortex zones according to Ra*. The
length of the upper recirculation cell (L), as well as that of the
total recirculation zone (L), decrease with increasing Ra*. This
decrease is much more noticeable for the upper recirculation cell. In
that case, the reduced extension of the reverse flow can be explained
by a higher adverse pressure from the upward flow with increasing
Ra*, delaying the upward flow separation from the unheated wall.
In contrast, the lower recirculation cell length (Lo) increases with
Ra*. This can also be explained by the growing pressure exerted by
the upward flow. This extension occurs mainly at the expense of the
upper recirculation.

3.6. Transient flow dynamics

The time-evolution of the flow structure during the transient will now
be discussed in this section. As mentioned previously, the steady-state
regime was generally observed after about 30 min of heating and was
characterized by two main recirculation cells. Fig. 4d shows the flow
structure obtained during the transient, at t=20 min, for an aspect
ratio and a modified Rayleigh number Ra* = 4.5 x 10°. It can be compared
with the corresponding steady state flow regime shown in Fig. 4c. Fig. 4d
shows a transient dynamic structure where the lower recirculation cell is
just emerging. However, the extension of the recirculation in the channel
remains substantially the same as at t=50 min, once the steady state
regime is reached.

In order to provide a more detailed analysis of the mechanism
leading to the steady-state flow structure, streamline patterns showing
the flow structure in the channel at three different moments are plotted
in Fig. 8. One may note that similar patterns were observed in the range
of aspect ratios and modified Rayleigh numbers investigated in this
study. Therefore, for the sake of brevity, streamline patterns are only
provided for one case, i.e. and Ra*=4.5x 10°. Thus, two intermediate
structures obtained during the transient (at t =10 min and t =20 min
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Fig. 7. Recirculation cell lengths as a function of modified Rayleigh number.
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Fig. 8. Streamline patterns during the transient (t=10 min and t=20 min) and in steady state regime (t=50 min) for Ra*=4.5x10° and Ry=5.2.

after the start of the heating) as well as one in steady state regime (at
t=>50 min) were chosen. From the beginning of the wall heating, a
recirculation cell grows on almost all the width of the channel top-
end. This recirculation cell appears only minutes after the start of the
heating and is as the recirculation cell that can be observed at the exit
of the channel in Fig. 8a. Then, the recirculation extends over most of
the channel width. One may also note that the total length of the single
recirculation cell observed after 10 min of heating, as illustrated in
Fig. 8a, is only slightly shorter than the eight-shaped structure
characterizing the steady state regime shown in Fig. 8c. In addition,
Fig. 8b shows that, after 20minutes of heating, the single recirculation
cell begins to be deformed at the base. This seems to be due to the
presence of a strong adverse pressure gradient near the unheated wall
exerted by the upward flow. This separation was also highlighted by
dye tracers in Fig. 3. In addition, Fig. 8a shows that the eight-shaped
structure comes from a large single recirculation cell that developed
during the transitional phase corresponding to the first moments of
heating. Then, a second cell is progressively forming, as illustrated by
Fig. 8b, in order to finally give the eight-shaped structure consisting of
two cells observed in Fig. 8c. The bifurcation observed from the stream-
line patterns in Fig. 8 is due to the presence of a separation point at the

cold wall (right wall in Fig. 8) and separation line (not drawn in Fig. 8)
occurring in counter-courant flow situations at wall. At the cold wall,
the main flow from bottom to top encounters the primary vortex
penetrating the open channel from the top. The principal influence on
the viscous flow between the main primary vortex and the right cold
wall is the induced adverse pressure gradient impressed to the bottom
of the primary vortex shown with the distortion of the streamlines (see
Fig. 8b; t =20 min). Consequently, the compression of the vorticity field
near the bottom of the primary vortex leads to “break” this primary
vortex to create a secondary co-rotating vortex. The presence of this
secondary vortex is essentially similar to that frequently mentioned in
descriptions of vortex interactions with walls [19]. The characteristics
of the upper cell are similar to that of the initial single cell of the
transitional phase, except for its reduced length. As concerns the
lower cell, it is located at the bottom of the zone previously occupied
by the initial cell and extends a bit further down the channel.

4. Conclusion

A study of the flow dynamics in a vertical water channel asymmetrical-
ly heated was carried out experimentally. Flow visualization techniques
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using laser tomography with discrete and continuous tracers were
employed. Flow visualizations performed in the mid-plane of the channel
allowed the observation of the flow dynamics during both the transient
and the steady state regimes. Three modified Rayleigh numbers in a
range (4.3x10°<Ra*<4.5x10°) corresponding to the boundary-layer
type flow regime as well as three aspect ratios (Ry=>5.2; 6; 6.9) were in-
vestigated. Two sets of experiments were carried out for several values
of the modified Rayleigh number (Ra*) and of the aspect ratio (R¢). Both
the influence of the aspect ratio and that of the modified Rayleigh number
on the flow structure were investigated.

In all cases, an upward boundary layer flow is found near the heated
wall, accompanied by a reverse flow developing on the opposite side
from the top-end of the channel. In steady state, the reverse flow
takes the form of an elongated eight-shaped structure with two main
recirculation cells. For a fixed Ra*, the total length of the structure is
all the more important than the aspect ratio is small. Indeed, the
lower recirculation cell length remains constant while the upper cell
length decreases when the aspect ratio increases. Furthermore, the
increase of Ra* with a fixed aspect ratio still leads to an eight-shape
structure. In the range of Ra* investigated in this study, and roughly
corresponding to an order of magnitude, the increase in Ra* results in
a reduction of the overall size of the recirculation, mainly consisting in
a strong reduction of the upper recirculation cell length. Further
investigations extending the range of Ra* could be considered to confirm
this trend. Moreover, the investigation of the time-evolution of the flow
dynamics during the transient has shown how the flow structure evolved
from a single cell to a more complex eight-shaped structure with two
main recirculation cells.
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