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Abstract

Abstract

The accumulation of dust on the front faces of solar panels, the rise in the operating
temperature of photovoltaic cells, and the low humidity levels recorded in semi-arid regions are
considered major problems affecting negatively their performance. Therefore, over time, this
leads to deteriorating and damaging PV cells. Hybrid photovoltaic/thermal systems are
considered among the important technologies due to their efficiency in producing mainly
electrical and thermal energy. This contribution is aimed to get a new hybrid system capable to
reduce the PV cell's operating temperature with the use of passive and active cooling
techniques. A self-cleaning technique suitable for the front face has also been incorporated. A
numerical study of optimization of the geometrical and Thermo-hydrodynamic parameters
using the CFD software Ansys Fluent was performed. After the simulation and optimization
process, this new hybrid system was realized and tested under real climatic conditions in the
Ghardaria region. Thus, the PV module's backside is cooled by air, and flowing a thin film of
water over its front side to cool and clean the system. The numerical results show that the
optimal geometric parameters of the new hybrid PV / T air system (He = 0.05 m, We = 0.3 m,
Lene = 0.735 m and das = 0.03 m) enhancement of the average Nusselt number by about 20%
compared to the case without AFP integration. Increasing the tilt angle of the PV / T air system
improves the maximum flow velocity, especially for high Rayleigh number values (with and
without AFP). With the use of the active air cooling technique, an improvement in the average
Nusselt number was evaluated within 80% for the case of contra-current flow compared to in
the co-current case. The experimental results showed a reduction of the PV module average
temperature measured for the new hybrid system of around 15 °C, against the reference PV
module. An improvement of approximately 5.7% in electrical efficiency compared to the
reference case was obtained under the same operating conditions and at the peak of global solar
irradiation, (G = 650 W / m?). The overall energy efficiency and the average exergy efficiency
are approximately 85.3% and 14.7%, respectively.

Keywords: Hybrid PV / T Bi-fluid system, Natural convection, cooling system, tilt angle,
average Nusselt number, Rayleigh number, Solar heat gain, CFD, Energy performance,

Experimental study, and Photovoltaic self-cleaning.



Résumeé

Résume

L'accumulation de poussiere sur les faces avant des panneaux solaires, I'élévation de la
température de fonctionnement des cellules photovoltaiques et les faibles taux d’humidité
enregistrées dans les régions semi-arides sont considérées comme des problémes majeurs
affectant négativement leurs performances. Par conséquent, cela peut entrainer des
dégradations au cours du temps et méme 1’endommagement des cellules photovoltaiques. Les
systemes photovoltaiques/thermiques hybrides sont considérés parmi les technologies
importantes en raison de leur efficacité a produire essentiellement de 1’énergie électrique et
thermique. L'objectif principal de cette contribution est d'obtenir un nouveau systéme hybride
capable de réduire la température de fonctionnement des cellules photovoltaiques par des
techniques de refroidissement passives et actives. Une technique de nettoyage appropriée de
leurs faces avant a été également effectué. Une etude numérique d'optimisation des paramétres
géométriques et thermo-hydrodynamiques utilisant le logiciel CFD Ansys Fluent a été abordee.
Apres les étapes de simulation et 1’optimisation, ce systéme est réalisé et testé dans des
conditions climatiques réelles de la région de Ghardaia. Ainsi, la face arriere du module
photovoltaique est refroidi par 1'air, et un écoulement d’un film d’eau sur sa face avant ont servi
a refroidir et nettoyer le systeme. Les principaux résultats numériques montrent que les
parametres geométriques optimaux du nouveau systeme hybride PV/T air (He = 0,05 m, We =
0,3 m, Lche = 0,735 m et darp=0,03 m) ont amélioré le nombre moyen de Nusselt d'environ 20%
par rapport au cas sans intégration AFP. En plus, I’augmentation de I'angle d'inclinaison du
systéme PV/T air améliore la vitesse maximale de I’écoulement, en particulier pour les valeurs
élevées du nombre de Rayleigh (avec et sans AFP). L'utilisation de la technique de
refroidissement actif par air, et dans le cas d'écoulement a contre-courant, une amélioration du
nombre de Nusselt moyen a été estimer a 80% pour le cas de I'écoulement a contre-courant par
rapport au cas co-courant. Les résultats expérimentaux obtenus ont montré une reduction de la
température moyenne mesurée pour le nouveau systeme hybride d’environ 15 °C, par rapport
au module PV témoins (cas de référence). Une amélioration d'environ 5,7 % du rendement
électrique par rapport au cas de référence a été obtenue dans les mémes conditions de
fonctionnement et au pic de lirradiation solaire globale, (G = 650 W/m?). L'efficacité
énergétique globale et l'efficacité éxergétique moyenne ont été respectivement d’environ 85,3

% et 14,7 % respectivement.

Mots clés: Systeme hybride PV/T Bi-fluide, Convection naturelle, Systeme de
refroidissement, Angle d'inclinaison, Nombre moyen de Nusselt, Nombre de Rayleigh, Gain de
chaleur solaire, CFD, Performance énergétique, Etude expérimentale, Auto-nettoyage
photovoltaique.
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1. Context of the study

The exploitation of energy sources is an urgent necessity in human life, especially in
today's world. Therefore, the search for these sources is a global challenge that researchers,
politicians, and citizens must confront. However, the future holds sometimes-unexpected
surprises due to the decrease in global stocks of primary sources (oil, gas, and coal). In this
viewpoint, the ever-increasing demand for energy sources and the fear of the increasing spread
of environmental pollution needs to search for an alternative related to renewable and clean
energy sources. Therefore, the trend is scheduled towards harnessing renewable energies such
as biomass, solar energy, and wind power, which represents the best and most efficient
alternative. Where, the use of these sources of renewable energies plays an effective role in
improving three categories of sustainable development: social, environmental, and economic.
On the other hand, the promotion of renewable energies offers more independence and

advantages, moving towards a global energy transition and reducing the use of fossil fuels.

Solar photovoltaic energy is one of the most widely used renewable energies in the world.
It is based on the direct conversion of electromagnetic solar radiation into electricity through
the photoelectric effect. Photovoltaic panels have the ability to convert photons into electrons,

which provide energy in the form of a direct current (DC) that can be used immediately.

2. Problem statement

When solar radiation is fallen on the front side of PV panels, it is converted into electricity.
However, a significant part of this solar energy is converted into thermal energy, which raises
the operating temperature of the photovoltaic cells and thus deteriorates their electrical
efficiency. Moreover, these panels are exposed to the accumulation of a lot of dust and dirt,
which prevents the solar radiation from reaching the cells and decreases the output of electric
energy. Therefore, the operating temperature rise and the dust accumulation on the front side
of these solar panels, especially in arid and semi-arid desert areas, is a major issue that causes

low performance and damage to photovoltaic cells.

Therefore, the challenge that we must raise in exploiting this energy is to improve the
efficiency of these photovoltaic systems and reduce the cost of their production. Due to the
nonlinear electrical properties of photovoltaic cells, the performance of the photovoltaic module
can be improved by using passive or active cooling techniques. Thermal photovoltaic (PV/T)
solar collectors are systems that use photovoltaic modules connected to heat exchangers to
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extract heat and use it in various fields. Where the extraction of the heat from PV modules using
working fluids, and these hybrid solar collectors allow the production of thermal and electrical

energy at the same time.

Although there are effective and integrated cooling mechanisms in hybrid PV/T systems,
another major problem that reduces the performance and even damages the photovoltaic cells

is the accumulation of dust on the photovoltaic module's front side.

Most of the previous work mentioned in the literature focused on the use of passive or
active cooling systems with one or more coolants to reduce the temperature of the PV module,

without taking into account the risk of dust accumulation on its front side.

3. Motivations

Following the huge increase in the demand for traditional fossil energy sources and the trend
towards the exploitation of renewable energies, in particular, solar energy sources. It was found
that the production of electrical energy by using solar panels has increased significantly in
developing countries. However, high temperature and frequent sandstorms, especially in Arid
and semi-arid areas, which are characterized by a large hour of the clear sky throughout the

year, and negatively affect the efficiency of photovoltaic panels.

In light of these data, it appears that the solar hybrid Photovoltaic / Thermal Bi-fluid systems
are the most appropriate solution for providing local electricity and providing citizens with air
and hot water according to the following stimulating opportunities:

v Because of the vast area of Algeria and the tendency to build huge stations for the
production of electric power, especially in the desert areas that are characterized by clear
skies throughout the four seasons.

v If we consider the remote pastoral and agricultural areas, there is a common use of diesel
generators to power independent installations, which pose a great threat to
environmental pollution and thus pose a danger to plants, animals, and even to humans.

v" Moreover, these desert areas face a factor of high temperature and sudden sandstorms.
All these data were among the motivators that prompted us to take an interest in looking
at it and what | can contribute to a better understanding of it.

v The low cost of making this hybrid PV/T Bi-fluid system due to the abundance of local

materials and ease of maintenance.
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v In addition, among the motivators that prompted us to find an innovative hybrid system,
we have not yet registered any marketed hybrid system that cools and cleans itself in

the world.

4. Scope and objectives

The main scope of the work presented in this thesis is to contribute to the improvement of
the performance of solar panels through the optimization and the realization of a new simple
and efficient Bi-fluid PV / T hybrid solar system. This new hybrid system able to reduce PV
cells operating temperature by using passive and active cooling techniques, in more includes a

technique that ensures continuous self-cleaning of the front side of PV modules.

Accordingly, two working fluids, i.e., water and air, were used in a new concept of the
PV/T Bi-fluid hybrid system. In addition to generating electricity, this hybrid system provides
useful hot water and air. This goal will be achieved through the following main axes:

v This work is aimed to optimize numerically and achieve experimentally a new solar
hybrid PV/T system Bi-fluid solar collector, with a double role. The passive or active
air-cooling of the PV module backside, and its front side that subject to flowing of water
film to ensure self-cleaning and active water-cooling.

v This study is devoted to ensuring that the self and continuous cleaning of the PV module
front side, from the accumulation of solid particles and bird droppings, especially in
aerosol areas.

v To prevent dust deposition due to lack of moisture, dust, and dirt adhere to the front
faces of solar panels.

v In the purpose to provide hot water, hot air, and electricity at the same time

5. Thesis contribution and organization

In this thesis, a new solar hybrid PV/T Bi-fluid system has been optimized numerically,
fabricated, and tested experimentally under climatic conditions of arid regions to reduce the PV
module operating temperature and to clean it from the soiling. This new hybrid PV/T Bi-fluid
system contains a novel technique that ensures high performance and long life of the

photovoltaic panels without interruption.
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In fact, the cooling of stand-alone PV systems is a key factor that allows optimization of

the output of the generated electrical energy required to supply the loads and its on-demand

production.

In this context, the work of this thesis has been organized according to the following

main points: It begins with a general introduction, followed by five chapters showing the

methodology and the main results obtained, and ends with a general conclusion. Moreover,

these points are explained in detail in this thesis as follows:

Firstly, this contribution started with a general introduction, which includes the context of

the study, problem statement, motivations of this work, Scope and objectives, and thesis

contribution.

v

Chapter 1: Contains a generality on the hybrid solar systems and provides the state-
of-the-art of cleaning techniques and cooling methods.

Chapter 2: Comprises two parts. The first presents a generality on the CFD, and the
second the numerical modeling procedure.

Chapter 3: Contains numerical modeling of hybrid PV/ T system using passive air-
cooling.

Chapter 4: A novel concept of hybrid PV/T system using active air-cooling, and
comparison of new hybrid PV/T system Bi-fluid system with current experimental
data, has been presented.

Chapter 5: This section focuses on the presentation of experimental results of a new
solar hybrid PV/T Bi-fluid System.

Finally, a general conclusion of the main numerical and experimental results has been

presented, as well as future works.
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1.1 Introduction

This section presents the general framework of the study conducted during the thesis and the
importance of renewable energy use, in the climate change context and the energy crisis. These
world crises involved fossil energy resource depletion that the world must confront with all

available means and capabilities.

In this section, we will first provide the general focus for identifying solar PV thermal
systems challenges. Besides, the state-of-the-art will be presented in a more specific and detailed
way over a single and Bi-fluid hybrid solar system. In Fact, renewable energies improve
efficiently three categories of sustainable development: social, environmental, and economic. On
the other hand, promoting renewable energy offers more independence and advantage, by going
towards a global energy transition and by reducing fossil fuel use. Renewable energy sources are
inexhaustible and provided naturally from sunlight, biomass, waves, geothermal energy, wind,
and hydraulic energy. Renewable energies are the best option for sustainable economic growth,

coexistence between people and the environment [1-4].
1.2 Sources of renewable energies
The most important renewable energy sources are mentioned, as follows [5-6]:

Photovoltaic or thermal solar energy;
Wind Energy;

Geothermal energy;

Marine energies;

Hydraulic power;

D N N NN

Energy from biomass.

Global electricity demand increases and renewable energy generation growth, 2019-2025,

is plotted in Figure. 1.1. [7].
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Figure 1.2: Annual average of the global irradiation full clear sky(GHI)

Figure. 1.2 presents the annual average of the global irradiation in the case of completely
clear sky (GHI). Concerning the horizontal plane, GHI takes range values Algiers (latitude
=36°N), 5000<GHI<6000Wh/m?, Ghardaia (latitude =32°N), 6400<GHI<6800Wh/m?,
Tamanrasset (latitude =23°) 5000<GHI<6000Wh/m2.
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Besides, for tilted at latitude case, GHI take range values Algiers (latitude =36°N),
5000<GHI<6000Wh/m?, Ghardaia (latitude =32°N), 6400<GHI<6800Wh/m2, Tamanrasset
(latitude =23°) 5000<GHI<6000Wh/m2.

1.3 Limits and profits of using renewable energies

In the energy supply of any society, it is important to find a balance between three
fundamental factors: competition, security of supply, and its impact on the environment and

climate. It cannot find an ideal source of energy that includes all three aspects.

Table. I. 1: Advantage and limitations of renewable energies sources

RES Types

Advantages

Disadvantages

Solar energy

Solar energy is a form of renewable
energy that is clean, secure, and
unlimited.

Energy production depends on the bright
sun but is intermittent and erratic, and is still
expensive compared to other sources of
electricity generation.

provides a stable and wide range of
power generation.

Energy Biomass is an even source of energy | It may be difficult to provide large

biomass with geographically diverse assets | quantities and energy production is more
and little political risk. expensive than using energy sources.

Wind energy | There are no carbon dioxide | Energy production depends on the presence
emissions during wind power | of wind and Huge investment costs
production and is not necessary to
use fuel.

Hydraulic Hydropower does not affect by the | Hydroelectric power plants greatly affect

energy climate and the environment and | the landscape and the ecosystem and require

large investments to build a hydroelectric
power station.

It is mentioned in Table.l.1 most of the major advantages and disadvantages of different

renewable energy sources separately [8-15].

1.4 Hybrid renewable energy systems structure

Hybrid energy systems combine two or more renewable energy sources, plus one or more
conventional energy sources. Renewable energy sources, such as photovoltaics and wind turbines
do not provide static energy, but by their integration, their connection allows for continuous

electricity production.
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Hybrid energy systems are generally self-sufficient from large interconnected grids and are
often used in remote areas. The different sources in a hybrid system can be connected in two

configurations, DC and AC installations.

In the literature, several classifications have been proposed according to well-defined
criteria. In what follows, the classifications most used are presented. Hybrid energy systems can
be grouped into two categories. The first category includes hybrid systems that are connected to
the grid; they work in parallel with the network, these systems are connected to the network. In
the second category, we find autonomous hybrid systems. These systems are isolated from the

network.
1.5 Different types of hybrid photovoltaic systems structure

The structure of the hybrid system is classified into the systems types as shown in Figure
1.3 [16]. In the presence or absence of a conventional power source, a hybrid system can contain
a conventional power source such as a diesel generator or a gas turbine or simply a complete

installation of off-grid hybrid systems.

Classification

Operating mode Structure of Hybrid system
Connected to Isolated from Presence/Absence Presence/Absence Renewable
grid grid of conventional of storage energy used
source

Figure 1.3: Classification of hybrid systems [16]

Whether there is storage capacity for standalone hybrid systems, a storage device is required.
In case of an insufficient primary source, storage is load bearing. There are various storage
methods. The most used are rechargeable batteries, flywheels. The renewable energy source
used must include the structure of the hybrid renewable energy system on a renewable energy
source, either a photovoltaic generator or wind turbine or a combination of its sources. The
available energy potential (solar radiation, wind speed, etc.) is very important for source

selection.
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1.6 Photovoltaic systems with storage system

The photovoltaic installation must contain another source of energy, to meet the load
demand during the night period or if there is a lack of solar radiation due to clouds or air pollution.
This type of system is used to electrify homes and villages [17, 18].

The ideal parameter is either the cost of the energy produced or the potential for the load
loss [19]; the literature search examined the different types of storage: the author [20] addressed

the ideal storage.
1.6.1 Hybrid photovoltaic/wind/storage systems

A hybrid PV/wind /battery system consists of a PV generator, a wind generator (WT),
battery storage, a DC/DC converter, an AC/DC converter, and an inverter able to meet the peak
load demand [21].

1.6.2 Photovoltaic/wind/diesel systems

The photovoltaic and wind hybrid system must be designed as the basis for optimum
capacity bearing the officially specified load. An optimized hybrid system should fulfill two main

objectives: energy reliability and system cost [22].
1.7 Solar energy harvest techniques

Solar energy is the main source of renewable energy that is tapped [23-28]. There are two
basic passive or active technologies used to harvest solar energy by solar energy systems [29-
35].

1.7.1 Passive techniques

For passive solar energy harvesting techniques, such as windows, walls, roofs, and floors
are used to collect and store solar radiation as thermal energy and to be a source of heating during
cold days, especially at night [37-42].

1.7.2 Active techniques

Likewise, solar energy can be recovered through active systems, for example, using
photovoltaic panels, concentrating solar collectors, or thermal [43-47]. Solar thermal collectors
convert solar radiation into heat through an absorbing plate, where the energy of sunlight is
simultaneously absorbed and converted by gaseous or liquid fluids such as water or air [48-52].
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1.8 Solar energy collector systems

Solar energy is a primary source of renewable energy, and therefore, it is the subject of much
attention in research and development. Solar energy harvesting systems are divided into three
main categories as shown below, thermal collectors, photovoltaics, and combined systems in

hybrid systems Photovoltaics /thermal [53-60].
1.8.1 Solar thermal collectors

Solar thermal systems convert solar radiation into heat, where it is transferred by the heat
exchanger through liquid fluids such as water or gaseous like air. These systems are a special
type of heat exchangers that convert the energy of solar radiation into heat energy that is
transferred through gaseous or liquid fluids to be stored for use when needed [61]. There are two
main types of solar collectors: stationary and concentrated. An unfocused collector has the same
area to intercept and absorb solar radiation, while a concentrated solar collector typically has
concave reflective surfaces to intercept and focus solar radiation over a very small receiving area

to increase the flux of radiation [62]. Table 1.2 presents solar energy collector types.

Table 1.2 : Different type of Solar energy collectors [62]

Motion Collector type Absorber Concentration Indicative
type ratio temperature range
C)
Stationary Flat plate collector Flat 1 30-80
(FPC)
Evacuated tube Flat 1 50-200
collector(ETC)
Compound parabolic Tubular 1-5 60-240
collector (CPC)
Single-axis Linear Fresnel reflector Tubular 5-15 60-300
tracking (LFR)
Parabolic trough Tubular 10-40 60-250
collector(PTC)
Cylindrical trough Tubular 15-45 60-300
collector(CTC)
Two-axis Parabolic dish Point 10-50 100-500
tracking reflector(PDR)
Heliostat filed Point 10-50 150-2000

collector(HFC)

10



Chapter | Generality on solar hybrid systems and literature reviews

There are multiple applications of thermal solar collectors such as Building [63], thermal storage
systems [64], and geothermal heat pumps [65] .etc.

1.8.2 Photovoltaics systems

Photo-electricity is the direct conversion of light into electricity, using materials that absorb
photons of light and emit electronic charges. They can be used as electrical generators, and the
main component of these generators is called the PV cell [66]. The solar PV system converts
solar radiation into electricity that is used to power various devices. When it rains, very little
electricity is produced due to the clouds, which block solar radiation. At night, no electricity is
produced, even though the moon appears very bright. Since electricity is generally required at
night, the electricity produced on sunny days is stored in batteries. The battery can be used at any

time to do useful things such as powering lights, radios, and television [67].
a) Operating principle

The word "photovoltaic” comes from the original Greek word "image", which means light,
and from the word "voltage™ derived from "volta", which represents the name of the Italian
physicist Alessandro Volta, inventor of the first electric battery in the eighteenth century [68]. A
photocell is a sensor made of a semiconductor material that absorbs light energy and then turns
into an electric current. The principle of operation of this cell uses the properties of absorbing
light radiation by semiconductor materials. So, the materials used in the design of photovoltaics
are chosen according to the physical properties of some of their electrons that may be released

from their atoms when excited by the photons [69-73].
b) Photoelectric effect

The photoelectric effect is the production of electrical energy by a receiving system from the
light flux. It is based on the principle, which, the silicone disc reinforced it positively. One of
these faces is N-doped, so the PN junction is made. On both sides P and N, we have holes and
stationary electrons. These static charges give rise to an electric field E that tends to push the
mobile charges back and forth through the transition region. When the solar cell is illuminated,
some photons hitting it are reflected and the other part enters the junction. The absorbed photons
of sufficient energy release parts of the electron-hole pairs, which in turn move under the
influence of the electric field in the crystal by the phenomenon of diffusion, which causes a

voltage difference at these terminals [74-78].
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¢) Solar Photovoltaic technology

This section gives a brief description of solar PV technology and the technical terms used.
A solar photovoltaic installation is powered by many thin-film or crystalline photovoltaic
modules. Individual PV cells are interconnected to form a PV module.

It takes the form of a panel for easy installation. Photovoltaic cells are made of light-
sensitive semiconductor materials that use photons to dislodge electrons to drive an electric
current [79]. There are two main categories of technologies used for photovoltaic cells, namely
crystalline silicon, as shown in Figure 1.4, which accounts for the majority of PV cell production;

and thin film, which is newer and more and more popular.

( PV Cell Types j
I
|

I |
Crystalline Sili
E Twafelrnsasleltf}nn J [ Thin Film ) ( Special j
. Amorphous-Si Compound semiconductor
Poly-crystall
( A J ( (a-Sil J ( 69 GaAs-based J
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Mono-crystalline j [ a-Si/microcrystalline J

CIGS
(Copper Indium Gallium
Selenide)

Commercially
. CdTe . available product,
(Cadmium Telluride) suitable for Singapore

R&D or pilot stage, or
unsuitable for
Dye-sensitised (Ti0,) Singapore
\ J

Figure 1.4: Family tree of PV technology [79].
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Poly-Crystalline Silicon PV Cell

+ ¢
+ ¢
4+ 4
¢+ ¢
+ ¢
¢+ ¢
+ ¢
¢+ ¢
Mono-crystalline Poly-crystalline
silicon silicon

Flexible amorphous CIGS thin film
thin film

Figure 1.5: Mono, polycrystalline silicon PV cell, and thin-film PV module
technology [79].

The family tree in Figure 1.5 provides an overview of these technologies available today and

illustrate some of these technologies.
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d) Shape of photovoltaic cells

Photovoltaic cells are electrically connected in series or in parallel to produce higher voltages
and currents. In addition, mounting these photovoltaic cells interconnected to each other forming

a module can provide electricity.
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Figure 1.6: Photovoltaic cells, modules, and arrays [80]

When these photovoltaic panels are connected to each other in parallel or in series, it has allowed
us to build a mini solar power plant of photovoltaic panels. The combination of these small solar
power plants constituting several photovoltaic panels forms a large power plant for generating

electricity that can power an entire city as shown in figure 1.6 [80].
1.9 External factors affecting the photovoltaic performance

Various factors must be taken into account to ensure optimum efficiency of solar
photovoltaic modules. The main factors that can influence the efficiency of a photovoltaic

module during its production process are as follows.

There are many factors that negatively affect the performance of PV systems, and they can
be classified as follows, environmental factors, PV system factors, installation factors, cost
factors [81].
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1.9.1 Environmental factors

The different environmental factors greatly affect the performance of PV systems and are
represented in solar radiation, shadows, humidity, wind speed, temperature, and accumulated
dust, and each of these factors will be discussed in detail [82-85].

1.9.2 Direct solar radiation effect on the performance of PV panels

Solar irradiance is defined as the amount of energy from the solar source per unit area.
Irradiance is usually affected depending on the weather and the position of the sun in the sky.
The location of the sun changes throughout the day due to changes in the sun's altitude, which is
the angle between the sun's rays and the horizontal plane, and the azimuth angle, which is the
angle between true north and the projection of the sun's rays horizontally in the sky [86].

So, the energy produced by a photovoltaic module is directly related to the availability of

solar energy, and as a result, depends on the site of the installation of these systems [87, 88].
1.9.3 Shading effect on the performance of PV panels

The performance of photovoltaic panels is strongly affected by the effect of shading from
trees, passing clouds, neighboring buildings, and any other means as indicated in ref. [89-93].
Shading negatively affects the performance of photovoltaic panels. For this, all irregular shading

conditions should be avoided as much as possible.
1.9.4 Wind speed effect on the performance of PV panels

Recently, it is reported that wind speed can also help to improve solar cell temperature
performance due to its cooling effect [94-96]. There are other studies based on low wind speed

in mostly sunny and less windy regions.

They showed that in very windy places, the contribution of wind speed could be more

considered compared to less windy places [97-101].
1.9.5 Relative humidity effect on the performance of PV panels

To analyze how humidity affects the performance of solar panels, it is necessary to know the
extent to which water vapor particles influence the level of solar radiation. Moisture ions have
seeped into the solar cell. For this reason, much work has been done to find the optimal solution

to two major problems [102-104].

15



Chapter | Generality on solar hybrid systems and literature reviews

1.9.6 Dust deposition effect on the performance of PV panels

Due to the accumulation of dust particles on the front surfaces of the PV modules and air
pollution, the performance of the PV modules will inevitably be affected in a very bad way [105-
108].

1.9.7 Temperature effect on the performance of PV panels

Temperature affects the efficiency of the photovoltaic cell due to the properties of its
component material, which is the semiconductor. The performance of the solar PV modules
increases when the temperature reduced and drops at high temperatures, due to the voltage
between the cells drops [109-113].

It is known that the performance of photovoltaics is extremely sensitive to the temperature of
the cells. Photovoltaic temperature is a function of various parameters such as meteorological
variables (ambient temperature, wind speed, humidity, etc.), solar radiation, cell material, and
system-dependent characteristics, the permeability of the cover in glass, plate absorption, etc.
[114-118].

1.10 Hybrid photovoltaic/thermal systems

Hybrid photovoltaic/thermal solar collectors are systems using photovoltaic (PV) modules
as thermal absorbers. Much of the sun's radiation is not converted into electricity and increases
their temperature, thus reducing their electrical efficiency. By recovering part of the heat
dissipated by the PV modules using a heat transfer fluid, these hybrid solar collectors allow the

simultaneous production of thermal and electrical energy [119-125].

A photovoltaic/thermal hybrid solar system is obtained by combining solar thermal collectors
with solar photovoltaic cells to enable the simultaneous generation of electricity and heat
production. They are classified according to the type of fluids used to transfer the heat from the

plate to the heat exchanger and then store them in the thermal tanks as shown in figure 1.7.
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Figure 1.7: Classification of PV/T solar collectors [126]

PVIT hybrid thermal collectors are classified into three groups depending on the heat transfer
fluid used, namely [126].

1.10.1 Hybrid system (PV/T) based air

Hybrid system (PV/T) solar collector-based air: This is an air circulation system that is
installed under the PV module while allowing the unit to be cooled, with air heating, and it will

be used for interior preheating or ventilation.
1.10.2 Hybrid system (PV/T) based water

This is a dedicated tube system for circulating water and antifreeze, and the tubes are located
behind the PV module.

1.10.3 Combined hybrid system (Air/Water) (PV/T) - Bi-fluid

The hybrid PV/T Bi-fluid is a piping system intended for the circulation of water or
antifreeze, and the tubes are located behind the PV module and a channel with or without fins
that allow the circulation of air. In these hybrid systems, the cooling ensured by using two

working fluids, air, and water.
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1.11. Hybrid PV/T systems: A review

This part presents a review of scientific studies on the different types of PV / T hybrid
collectors, with a description of the different configurations proposed in order to improve the
performance of these systems. The first idea for a hybrid PVT system was discovered in the mid-
1970s when Joshi and Dhoble [127] had carried out several studies.

In 1976, Wolf [128] studied the liquid-type PV/T solar collector in monitoring the
performance of collectors for single-family homes over a full year. In 1979, Florschuetz [129]
modified the original parameters of the “Hottel Whillier model” which is the thermal modeling

of flat collectors and studied the electrical and thermal performances of PV/T collectors.

Flat plate PV/T Collector
Classification

PV/T Water PV/T Air
Collector Collector

Combination Water/Air

/ PV/T Collector / \

Sheet and _
Tube Single pass Double
/ \ pass
Round tube Square/rectangular Two- Channel
absorber tube absorber Absorber

Free Flow

Figure 1.8: Classification of Flat plate Hybrid photovoltaic/thermal collector [130]

Despite the fact that the concept of PV/T solar collectors has been established for more than
four decades, it is not yet fully commercialized. The flat plate PV/T collector can be classified as
PV/air collector, PV/T water collector, and PV/T water/air collector mixture, depending on the

type of working fluid used as shown in figure 1.8.

In addition, the PV/T complexes can be determined by the presence of the absorbent
collector beneath the flat plate. The complete design of the flat panel PV/T collector should
consist of a glass cover (glaze or unglazed), a solar cell, encapsulated materials, and an absorbent
collector underneath. The absorber plays an important function in a PV/T system. It cools the

photovoltaic cell or module, and at the same time collects the thermal energy produced in the
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form of hot water or hot air. During the occurrence of this process, the efficiency of the cell or

PV module increases.
1.11.1 Hybrid PV/T air solar collectors

Air PVTs are simple, less expensive, and the most widely used systems according to Michael
et al., 2015 [131]. On the other hand, the air is passed through the bottom of the back surface of
the PV, so that the recovered heat is used for heating or drying applications. A general review of
studies on PV/T solar air collectors has been reviewed. Where different types of PV/T air
collectors were designed and evaluated experimentally and theoretically. These collectors are
classified according to the airflow pattern, i.e. below the absorber, whether the air flows over the
absorber, on both sides of the absorber, in a single and double path. The performance of PV/T
air collectors was evaluated through economic and environmental impact analyzes. Enviro-
Economic and Exergy-Economic Analytics. The environmental - economic - energy - analyzes
of these air collectors were studied and were reported during the years from 2010 to 2020 in
Table I. 3 [132-142].

Table 1.3 : Some studies availed on hybrid PV/T system air collectors in 2010-2020

Authors and year Contents references

Sarhaddi et al.,(2010) Energy—exergy analysis of theoretical and [132]
experimental study

Agrawal and Tiwari ,(2011) Energy—exergy analysis of theoretical study [133]

Amori and Al-Najjarv, (2012) | Energy analysis of theoretical study [134]

Rojaria et al., (2013) Energy—exergy—environmental analysis of [135]
experimental study

Kim et al., (2014) Energy analysis of experimental study [136]

Rajoria et al. ,(2015) Energy—exergy—enviro-economic analysis of [137]
theoretical study

Tabet, et al. ,(2016) Energy analysis of theoretical and experimental [138]
study

Zohri et al. ,(2017) Energy analysis of experimental study [139]

Nazri et al. ,(2018) Energy-economic analysis of theoretical study [140]

Fudholi et al.,(2019) Exergy analysis of theoretical and experimental [141]
study

Tariq et al.,(2020) Energetically, exergetically, and economically [142]

theoretical study
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There are several types of PV/T air collectors, among these types, single pass and double pass

where the air is the working fluid of heat transfer.

a) Single-pass PV/T air collector

There are three types of single-pass air PVT, with one side of the channel behind the PV
module, the channel in one side front of the PV module, and with two channels in both side front
and behind the module at the same time as cited in ref., [143-146]. A new PV/T model has been
evaluated in terms of solar electric and thermal efficiency, which was proposed by Takashima et
al., 1994 [147]. This system capable of keeping the cell at low temperature by placing a PV panel

parallel to the solar collector, while keeping a space between the two is shown in figure 1.9.

Sunlighz{m}\\ . T

Roof

Figure 1.9: Proposed model of a hybrid PV / T system [147]

They noted that they used natural convection as a way of cooling the cells. The main results
show that the effect of temperature on yield is so small that the change in overall yield is small.
On the other hand, the cooling effect of natural convection is effective in preventing PV
overheating.

Tiwari et al. in 2006 [148] evaluated the performance of the BIPV module integrated into the
building with the air duct for the climate of India. They demonstrated that the overall efficiency
increased dramatically due to the extraction of thermal energy from below the PV module, as

shown in figure 1.10a.
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Figure 1.10: a) photograph of hybrid PV / T air system hybrid, b) duct depth effect on overall
efficiency [148].
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Additionally, the effect of duct depth on varying an overall efficiency as shown in figure
1.10b indicates that overall efficiency increases with increasing duct depth, as expected. The

optimum values for the duct depth beyond 0.06 m were determined.
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Figure 1.11: The preliminary conception of the design of an air collector
PVT hybrid system [149].

Aste et al., 2008 [149] experimentally and theoretically examined a PV / T hybrid solar air
collector, integrated into a roof collector, see figure. 1.11. The numerical analysis was carried
out thanks to a program ensuring the possibility of updating technological innovation and its

potential for application in buildings.
b) Double-pass PV/T air collector

A novel design to analyze the performance of a single-pass and double-pass PV / T system
suitable for solar drying has been reviewed by Sopian et al., 1996 [150]. They identified
important parameters to improve the performance of both types of systems, as they showed that
the hybrid PV / T double air passage collector gives efficient performance (see figure 1.12 a).
figure 1.12 b shows the effect of mass flow on the yields (photovoltaic, thermal, and photovoltaic
combined) of the collector. The increased flow rate improves the heat transfer coefficient,

resulting in a lower PV panel temperature, hence increasing the efficiency of the collector.
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Figure 1.12: a) Schematic of the double-pass photovoltaic solar collector with heat transfer
coefficients. b) Effect of mass flow on the combined photovoltaic, thermal and
photovoltaic thermal yields [150].

Hegazy, 2000 [151], suggested four different models (see figure 1.13 (a, b)) aimed at
comparing and evaluating the thermal and electrical performance of these four hybrid PVT air
collectors. They noted that the performance of an air-powered PV/T hybrid solar collector
depends on the maximum outlet air temperature, thermal and electrical yields, and the net
electrical energy available after subtracting the energy required operating the system, fan, and
other powered devices (see figure 1.13 a). The overall efficiency values calculated for the PV/T
(I - IV) models are shown in figure 1.13b in the range 0.005 <G <0.04 (kg / s). In general, the
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overall efficiency of a particular PV / T model increases with an increase in the air mass rate G,

reaches a maximum value, and then decreases with a further increase in G.
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Figure 1.13: a) Diagram of the different PVT models with coefficients of heat
transfer. b) Daily overall efficiency of the sensor for models (I — IV) as a
function of the specific mass of the air [151].

Othman et al., 2005 [152], studied a double pass system fabricated and set up with a parabolic
element, a concentrator, and fins, the concentration reflectors were used to increase the power
produced by the solar cells (see figure 1.14(a, b)). They proved that using fins on the back of
the manifold improves heat transfer from the manifold. In addition, it has been shown that the
total efficiency of the PV/T system has been improved with a double pass collector and fins. Air
was made to flow through an upper channel and then under the absorption plate or the lower
channel of the manifold as shown in figure 1.14b. Nevertheless, figure 1.14b shows some
contribution of electrical efficiency to the total system efficiency. The combined efficiency
ranges from 39-70% at a mass flow rate of 0.015-0.16 kg / s and radiation intensity of 500 W /
m2. It was observed that the experimental results were slightly better than those predicted in the
mathematical model were. This characteristic may be due to the effect of IR radiation emitted by

tungsten halogen lamps during the test.
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Figure 1.14: a) The schematic model of a double pass photovoltaic solar
thermal collector with CPC and fins, b) The effect of mass flow on

= 31-32C °) [152].

solar radiation yields of 500 (w/ m2), (d1-16.5cm, d2 = 3cm, Ti = Ta

A new design of a double pass thermal photovoltaic air collector with a compound parabolic

concentrator and fins has been studied as shown in figure 1.15a, is reported also by Othman et

al., [153].
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Figure 1.15: a) Design of a double-pass thermal photovoltaic solar air heater
with CPC and fins, b) Effect of mass flow on solar radiation yields of 600
W/m?), (d1-16.5cm, d2 = 3cm, Ti = Ta = 31-32C °) [153].

The air enters through the upper channel formed by the glass cover and the photovoltaic
panel and is heated directly by the sun. Then it enters the lower channel formed by the backside
and the photovoltaic panel. Compound parabolic concentrators concentrate solar radiation on the
photovoltaic cells. Electricity from the collector can be used to drive the fan. A stand-alone solar
collector can be produced if appropriate sizing has been carried out. The fins on the back of the

photovoltaic panel increase heat transfer to the air and improve the efficiency of the system.
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Figure 1.15b shows the effect of mass flow on photovoltaic, thermal, and photovoltaic yields
combined with solar radiation of 600 W/m?. The combined efficiency of 70% can be achieved
with a higher mass flow. In the figure, it is indicated that a state of saturation has been reached
at a mass flow rate of 0.0568 kg/s and Re = 6.269. The efficiency of the system could be

improved by using a higher fin density at the rear of the absorbent plate.
1.11.2 PV/T water-based collector

Flat plate PV/T water-based technology has many advantages in overall performance

and space-saving than PV modules and solar thermal collectors installed separately.
a) Working fluid is pure water

Hottel-Whillier's well-known model for thermal analysis of flat panels is extended to the
analysis of photovoltaic/thermal collectors. It has been combined in such a way that, with a simple
modification of the conventional parameters of the original model, all existing relationships and

information available in the literature still apply has been reviewed by Florschuetz et al. [154].

Besides, the basic assumptions of the original model, it is necessary to assume that the
local electrical efficiency of the solar cell array (absorber) is a decreasing linear function of the
local temperature of the absorber over the operating temperature range. Based on the extended
model, thermal and electrical performance examples of the combined manifold are shown and
discussed based on the collector design parameters as shown in the normal cross-section and with

the direction of the flow direction of the manifold fluid in figure 1.16 a.

The configuration is shown in the normal cross-section and towards the direction of flow
of the collecting fluid as shown in figure 1.16a.The solar cells are bonded to the surface of the
plate, this cell/plate composite will be called absorber and below this plate, the tubes are installed
and are well insulated. The degradation of the electrical performance of glazed collectors
operating at higher temperatures compared to bare collectors operating at lower temperatures is
also visible in figure 1.16b. The resulting magnitude of this degradation depends both on the

transmittance of the glazing system and on the difference in operating temperature levels.
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Figure 1.16: a) Normal cross-section and towards the direction of flow of the
collecting fluid, b) Normalized Electrical output power as a function of the
overall thermal conductance of the absorber to the collecting fluid for the

combined collectors [154].

Although the performance of hybrid thermal photovoltaic PV/T collectors has been studied
both experimentally and numerically for a few years, the thermal models developed in previous

studies were mostly steady-state models that only predicted annual yields, evaluated by Chow et

28



Chapter | Generality on solar hybrid systems and literature reviews

al. [155]. The operation of a PV / T collector is inherently dynamic. A steady-state model is not
suitable for predicting the operating temperatures of the PV module and the coolant during
periods of fluctuating illumination or intermittent fluid flow. Based on the volume control finite
difference method, an explicit dynamic model was developed for a single glazed flat plate water
heater PV /T collector. The proposed model is suitable for dynamic systems, it allows a detailed
analysis of the transient energy flowing between different components of the collector and the
instantaneous energy yields. Figure 1.17a shows the front view of a PV water heater collector,
and a cross-section through a water tube between two mid planes of the absorbent plate. The
front glass cover is separated from the photovoltaic plate by airspace. The PV plate is fixed to
the absorbent plate by a thin adhesive layer. This adherent layer is a compound that also includes
the EVA (ethylene vinyl acetate) layer and the Tedlar layer. The absorber plate platforms the fins
of the heat exchanger water tubes, which are equally spaced across the width of the panel. The

water tubes are boned on the absorbent plate.
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Figure 1.17: a) Simple glazed PV / T collector, a) front view and, b) Z - Z section
(through a water tube). Evolution of thermal and electrical efficiency with a
mass flow rate of water at each tube, c) thermal efficiency, d) electrical
efficiency [155].

The arrangement of the two common heads at the upper and lower ends allows balanced
water flow in all the tubes and thermally renders the plane of symmetry halfway between two

adjacent water tubes. There will be no heat flow through this plane at any time under correct
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operation. The edges and the lower surface of the panel are inserted with thermal insulation. The
thermal behavior of the entire panel is then well-defined by analyzing the heat transfer near a

single water tube, as in section Z - Z of figure 1.17b.

As shown in figure 1.18a, the first node represents the glass cover. The second node is
for the PV plate. The third ‘b’ concerns the tinplate absorber. For hybrid water collectors, most
of the studies focused on the circulation of a pumped fluid through mini channels (sheet and tube)
or else, as proposed by Nahar et al. [156]; a channel attached directly behind the PV cells. As
can be seen in figures 1.18b, the heat collector without an absorbent plate gives slightly better
thermal performance; therefore, the thermal sensor excluding the absorbent plate may offer a

better solution for heat removal in the PV / T module.

Therefore, all subsequent evaluations in the present research were carried out without the
absorbent plate. This elimination of the absorbent plate will not only reduce the weight and cost
but also alleviate some technical problems such as the generation of leakage current in the PV/T

system, which is one of the reasons for potential induced degradation (PID).
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Figure 1.18: a) Sketch of PV/T water-based flat plate solar collector. b) Comparison of
PVIT overall efficiencies with and without absorber plate [156].

It observed that the overall efficiencies were best for the case without an absorber plate, which

indicated that integrating an absorber plate serves a role negative as shown in figure 1.8b.
b) Working fluid is water concentrated with nanofluid

The nanoparticle is an assembly of a few hundred to a few thousand atoms of Nano-metric
size (1 to 100 nm). Suspensions of nanoparticles in a fluid often called nanofluid, have interesting
thermal characteristics compared to traditional base fluids. The thermal conductivity of nanofluid
can be significantly higher than that of pure liquids according to the study reviewed by Glades

Bachir in 2010 [157]. Also cited the most used nanoparticles to obtain nanofluid are aluminum
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oxide, AlI203, aluminum, Al, copper, Cu, copper oxide, CuO, gold, Au, silver, Ag, carbon
nanotubes, silicon, Si and titanium dioxide, TiO2. The most commonly used base liquids are
water, ethylene glycol, EG, oils, and Toluene. Due to its renewable and non-polluting nature,
solar energy is often used in applications such as power generation, thermal heating, and
chemical processing. The most economical solar water heaters are of the "flat-plate” type, but
these suffer from relatively low efficiency and outlet temperatures. Taylor et al. [158] present
recent work indicating that optical filters can be constructed from suspensions of specialized
nanoparticles. Specifically, this paper describes the theoretical optimization process for the
design of Nanofluid-based filters for solar photovoltaic/thermal applications. This particular
application is suitable because nanofluid used as solar energy absorbers and as circulating heat
transfer fluids. The Nano-fluidic filters described in this work compare favorably with the optical
filters of five alternatives to PV cells: InGaP, CdTe, InGaAs, Si, and Ge. This study demonstrates
that nanofluid create efficient, compact, and potentially inexpensive optical filters. A general
diagram of this type of PV/T system is shown in figure 1.19a.

The spectral quench efficiency for the selection of the particle options calculated using the

above (see figure 1.19b).

The extinction efficiency is a non-dimensional parameter that is defined as the cross-section
of light extinction divided by the geometric cross-section. It can be seen that the particle options

are available in the UV to near-infrared wavelengths (0.25-2 mm).
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Figure 1.19: a) The experimental installation of a hybrid PV / T based-nanofluid system
solar collector, b) A selection from the wide range of particle options used to
creating nanofluid band-pass filters in this study [158].

In recent years, nanofluid has been proposed as efficient refrigerants and optical filters for

PV/T systems, for this reason, Hassani et al., [159] theoretically studied the life cycle exergy of
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three different configurations of Nanofluid-based PV/T hybrid systems and compared their
performance to that of a standard PV and PV/T system (see figure 1.20a).

They found that life cycle exergy analysis revealed that the Nanofluid-based PV / T system
performed better compared to standard PV and PV / T systems. At the optimum value of solar
concentration C, the Nanofluid-based PV/T configuration with optimized optical and thermal
properties produces 1.3 MW h / m? of high-quality exergy per year with exergy return time the
lowest of 2 years, when they are 0.36, 0.79 MW h / m2,
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Figure 1.20: Hybrid PV /T system diagram used for the four configurations studied;
(a) M-2 and M-3, (b) M-4 and M-5, b) Overall efficiency exergy produced by
the corresponding collector versus a solar concentration [159].

Overall, it has been found that Nanofluid-based PV/T with optimized optical and thermal
properties has potential for development in a high concentration solar system, as shown in figure
1.20b.

1.11.3 PV/T Bi-fluid solar collector

Known as a photovoltaic/thermal (PV/T) solar collector, this type of hybrid solar collector

involves the integration between conventional PV cells and a solar thermal component.

Up to now, all researches in this field has focused on either air or water as the working fluid.

When both water and air are utilized under the same PV/T solar collector, it is seen as more
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appealing due to its space-saving design and range of potential applications. Known as a Bi-
fluid-type PV/T solar collector, this type of hybrid system is the subject of this research.

Air-cooled or water-cooled systems supplying most of the electricity and hot air or hot water,
and recover infrared heat radiated from the cell, so dual fluid hybrid collectors can extract more

heat and achieve better overall efficiency.

Table.l.4: Nine different design concepts of PV/T Combi collectors cited in Ref. [161].

PV/T collectors Design concepts

classifications

@ Sheet-and tube : 1. Uncovered sheet-and-tube PV/T collector.

2.Single/one —cover sheet —and —tube PV/T
collector

3.Double/two-cover sheet-and-tube PV/T collector

(b) Channel : 4. Channel above PV

5.channel underneath opaque PV

6.channel underneath transparent PV

(c) Free flow 7. Free flow PV/T collector

(d) Two-absorber 8.Insulated two absorber PV/T collector

9.Insulated two absorber PV/T collector

Different concepts of combined PV/Thermal collectors are possible. These concepts differ in
their approach to obtaining maximum yields, and it is not easy to say whether the yield of a
complicated design will be significantly higher than the yield of a simpler one. In order to better
understand the expected performance of the different concepts, nine different designs have been
proposed [160].

Abdul Hamid et al. [161], reviewed different derived designs of hybrid systems PV/T
Combi, as shown in Table 2. This study showed that the use of photovoltaic thermal combination
technology (PV/T Combi) to cover the limitations and weaknesses of the PV/T water or PV/T

air collector systems use.
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channel, ¢) PVIT with free flow, d) PV/T with two isolated absorbers, €)
Thermal efficiency for the case with power generation different PV/T Bi-
fluid [162].
In 2003, Zondag et al. [162], wanted to obtain a clearer vision on the performance of the
different concepts of a hybrid system, a comparative study on four configurations of the hybrid

system was launched as mentioned in figure 1.21 (a,b). The Numerical analysis showed that the
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overall efficiencies of most configurations are over 50%. They found that the single blanket sheet
and tube design seemed the most promising of the concepts examined for hot water production.
Two absorber PV/T Sensors have an additional complication in that the condensate on the top
glass layer will cause additional reflection of the radiation, which will reduce the efficiency at
high temperatures even faster than that shown in figure 1.21b. One of the advantages of the free-
flow concept is its inherent prevention against overheating due to the very large increase in the

rate of evaporation towards higher temperatures.

In 2007, Tripanagnostopoulos [163] studied several modifications aimed at improving the
performance of the hybrid PV/T Bi-fluid system. A new type of PV/T collector with either double
heat extraction, water, or air circulation (see figure 1.22a). This system is simple and suitable for
integrating buildings, providing hot water, or air depending on the season and the thermal needs
of the building.
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Figure 1.22: a) Design of three alternative PV/T dual designs used to determine the
optimum arrangement of the water and air heat exchangers, b) Thermal
efficiencies for the three centers [163].

Experiments with double-type PV/T models of another arrangement of the heat exchange
elements of water and air were carried out. The most efficient design has been further explored,
making low-cost modifications to improve the extraction of heat from the air. These
modifications include a thin metal foil placed in the middle of the air channel, mounting the fins

on the wall opposite the PV back surface of the air channel, and placing the combined foil with

35



Chapter | Generality on solar hybrid systems and literature reviews

small ribs on the wall of the opposite air channel. In the double PV/T collector, the heat of the
water and the air exchangers are together in the same device and there are three main layout
modes as shown in figure 1.22a. The results of the PV/T/dual manifold experimental tests
concerning the three modes of placement of the water heat exchanger in the air channel are
shown. These results relate to the thermal efficiency nu of the PV/T/dual system for the
extraction of water and heat from the air, with regard to the DT/G ratio. The thermal efficiency
of the PV/water sub-collector is extended to the negative DT/G axis, certain experiments having
been carried out for the ambient temperature being higher than the temperature of the water at
the inlet of the system (Ta> Ti).

From the results shown in figure 1.22b, it can be seen that the first PV/T mode/dual design
(MODE A) with the water heat exchanger on the PV back surface, has the highest thermal
performance of the system. High for water heating, while air heating is considered satisfactory.
The second design mode (MODE B) has superior thermal performance for air heating and
moderate for water heating. The latest design mode (MODE C) has moderate performance for
air heating, but the performance for water heating is poor because the whole is far from the PV

back surface.

Assoa et al. [164] studied a collector that combines air preheating and hot water production
in addition to the conventional electrical function of solar cells. The alternative positioning of
the section of this solar thermal collector and the PV section allows water to be produced at
higher average temperatures than most existing hybrid collectors. These higher temperatures will
allow the coupling of components such as solar coolers during the summer and, of course, a
direct domestic hot water (DHW) system without the need for additional auxiliary heating
systems. A two-dimensional mathematical model was simplified and developed in a steady state
of a Bi-fluid PV/T collector (air and water) which consists of a metal absorber. Then, a parametric
study (numerical and experimental) is undertaken to determine the effect of various factors such
as the mass flow of water on the thermal performance of the solar collector. Finally, the results
of an experimental test bench and the first simulation results obtained on large-scale experiments
are compared. The studied photovoltaic solar air collector is shown schematically in figure 1.23a.
It consists of a ribbed sheet steel absorber on which a PV plate is fixed through a thin layer of
Tedlar. Each PV plate consists of a 240 mm x1980 mm polycrystalline photovoltaic module. The
electrical efficiencies of the solar collector were studied to vary the mass airflow rates for three

different collector lengths (see figure 1.23b).
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Figure 1.23: a) Cross-section of PV / T hybrid collector, b)Estimated efficiency of PV
modules as a function of air mass flow and sensor length, (Te = Ts = 36.3C °, Tsin =
24.7,Twin = 25.5C °) [164].

A 2D steady-state energy balance method for a Bi-fluid PV/T solar collector, using a
serpentine tube configuration was developed and validated, for a range of mass flow rates of
water and air as shown in figure 1.24b evaluated by ref. [165].
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As illustrated in figure 1.24c, for the same set of solar radiation, the increase in the peak
Power and the open-circuit voltage for the panel during the simultaneous mode of fluid operation
is higher than the independent model. The increase in the open-circuit voltage is observed owing

to the low mean temperature of PV cells during the simultaneous mode of fluid operation.

From the above-mentioned graph, it can be concluded that using both working fluids
simultaneously is one of the effective electricity enhancement techniques for a PV module. The
collector is capable of producing three different modes of fluid operation: air mode, water mode,
and simultaneous mode. The feasibility of the designed Bi-fluid PV/T solar collector was

demonstrated based on experimental results obtained indoors and outdoors [166].
1.11.4 Effect of dust deposition on the PV modules energy performance

In the long term, dust deposition on the front side of the PV module is an important factor
that negatively affects their energy performance. Besides, the reduced value of measured
irradiance creates an overall performance ratio error from PV power generation, due to the
radiation sensors afflicting similar types of soils covering the PV systems [167].

Figure 1.25 (A-F) displays real photographs of different dust deposition on PV modules
contains different materials such as minerals, bird droppings, engine gas exhaust, and agricultural
emissions [168]. The PV module energy performance is more degraded by dust deposition, which
affects directly the optical, thermal, and electrical characteristics of the PV module [169].

A Mineral dust

Figure 1.25: Overview of various pollution photographs types by (A) mineral dust in
a desert area, (B) bird droppings, (C) algae, lichen, mosses, and (D) pollen
in wet and moderate climates, (E) engine exhaust from an industrial area,
and (F) agricultural emissions [168].
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A relatively low ash deposition, equal to 0.06 mg / cm?, can lead to a decrease in energy
production of 2.5 %[170].

1.11.5 Factors affecting the dust accumulation

The characteristics of the dust particles vary depending on the location, as the sand grains
are scattered in arid desert areas, while in the coastal region, salts and dirt resulting from the rain
are prevalent. According to studies that have been conducted, the Middle East, and North Africa,
have some of the worst regions of dirt accumulation in the world, where peak losses can be as
high as 70% [171, 172]. Human activities and natural processes generate dust, which is present
in the air as suspended solid particles (PM). These particles deposited on PV surfaces typically

range in size from 1 to 50 microns [173].

Wind speed and direction all play an important role in dust deposition on PV module surfaces.
For example, a low wind speed allows dust accumulation, on the contrary, High wind speed has
the potential to remove dust from the photovoltaic surface [174]. The presence of humidity on
the PV module front area creates a cohesive force between the particles, which causes the
particles to adhere to the PV surface [175, 176]. The accumulation of dust is strongly influenced
when the adhesive force between the PV surfaces and the dust particles is strong enough. Indeed,

this presence of humidity in the atmosphere promotes high adhesive forces.

Light rains usually promote the dust deposition process, while heavy rains with the potential
to eliminate dust from the photovoltaic surface. It was found that below 20 mm of rain the PV

surface was not properly cleaned in a dry Californian climate [177, 178].

The front surface of the PV module includes glass for conventional modules and various
transparent polymer-based acrylics for lightweight structures. Acrylic materials are characterized
by a stronger ability to adhere to higher dust than the glass cover [179]. An increase in the tilted
angle of the PV module affects the stability of dust particles.

The stability of dust particles on the front surfaces of PV modules affected by the increased
tilt angle of these systems, up to a critical angle of 23.4° [176]. For a fixed exposure period,
increasing the tilt angle reduces the density of deposited dust. At a constant tilt angle, the density
of dust deposition increases with the number of days of exposure [180]. In urban settlements in
the regions of South Asia and the Middle East, the average dust reduction of 1.11% to 0.11%
when the tilt angle of the PV system is varied from 0° to 90° [181].
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1.11.6 Cleaning of PV module systems

To maintain the efficiency of the solar panels, they must be cleaned continuously. However,
this process requires hard work and is very costly, especially for large solar arrays. The
phenomenon of dust precipitation due to the surrounding environment on the glass PV panels is

a major impediment to the maintenance and operating costs of solar power plants [182].

Mazumder et al. [183], reported that the deposition of only 4 g/m? of dust (particle diameter
between 0.5 and 10 um) reduces the output power by about 40%. There are several methods for
removing dust, sand, and bird residues, such as natural means, mechanical means, self-cleaning

Nano-film, and electrostatic methods [184].

The self-cleaning technology can enhance the efficiency of electricity produced and protect
the solar cell. Scientific researchers have presented several methods of self-cleaning of the PV

module, such as the mechanical method, electrostatic method, and coating method [185].

The performance of the PV modules deteriorates due to the deposition of the artificial dust
on the panels when their surface is dry and wet. In addition, most results showed that particularly
artificial pollution on the wet front side of the PV modules causes serious deterioration in

electrical performance [186, 187].
1.12 Gaps and challenges of solar hybrid PV/T systems collectors

It is important to note that necessary to improve integrated solar PV/T hybrid systems for
buildings, house roofs, industrial factories, or in the field of solar water pumping. Several authors
studied hybrid PV/T Bi-fluid in buildings, but these systems remain unaesthetic and therefore
unattractive to the citizens and other users. For this reason, the improvement of hybrid PV/T
systems and the way to design different configurations with a beautiful interface are fundamental

needs.

Works of literature show that these systems rest generally on experimental platforms (strip
of the test) and only mounted on the ceiling; therefore, without proper design, it is difficult to
challenge the world PV/T market. For this reason, it is highly recommended that an appropriate
study be conducted on these systems not only to improve the aesthetic but also to optimize

different configurations and increase their performance.
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1.13 Conclusion

In this chapter, and based on the state of the art of PV/T hybrid systems presented in the
literature, there are no theoretical and experimental studies on the combination of cooling and
cleaning techniques at the same system.

In order to obtain hot air, hot water, electric power and protect the photovoltaic panels for a

long time, it is necessary to make an effective optimization of new hybrid PV/T Bi-fluid systems.

Accordingly, this study will focus on the combination of both cooling and self-cleaning

technologies in a single hybrid system.

The continuous self-cleaning of the PV module front side ensures that the build-up of solid
particles and bird droppings is removed, especially in arid and semi-arid regions, where
sandstorms occur frequently. While the PV module backside is cooled by passive or active air-

cooling.
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Chapter II Generality on CFD and numerical procedure

1.1 Introduction

Computational science depends on the use of computer systems to be able to solve
particularly simple and complex problems and to reach effective solutions in the fastest time
and at the lowest cost, and this makes it more widely used and popular in the scientific world.
Moreover, due to the massive advancement of computers, the resulting simulations became
better and faster. The future of all scientific experiments and engineering analyzes lies in
arithmetic and simulation, which in turn complements and facilitates all theoretical sciences for
their realization on the ground. This section of the study consists of two parts, the first part is
generalizations about CFD simulation, and the second part presents the numerical methods and

steps used to solve the governing equations that describe our physical problem.

Computational Fluid Dynamics often referred to as CFD, focuses to find a numerical
solution of partial differential equations (PDEs) to any problem. The definition of
computational fluid dynamics is cited in the dictionary as “The prediction of the behavior of
fluids and of the effects of fluid motion past objects by numerical methods rather than
model experiments"[1].

11.2 Historic of CFD and applications domain

Computational Fluid Dynamics CFD was originally started to appear from pioneering
research by scientists such as Richardson (1910), [2]. Over the past two decades, models have
been generally and widely used for computational fluid dynamics CFD to predict the parameters
that control internal environments [3]. The rapid development of computer systems and
capabilities has greatly contributed to the support and development of scientific research using
CFD [4]. Obtaining a reliable model is one of the most difficult modeling tasks, and therefore,
once achieved, can be an efficient and flexible method that can be combined with experimental

data to provide useful information on airflow patterns inside and outside an energy system [5].

CFD has become an essential numerical tool for many industrialists in the engineering field
[6]. The application of CFD modeling as an engineering tool can only be justified because of
its accuracy and the level of confidence in its results, [7]. In addition, can use the CFD for
Clinical Practice in Human Nose [8]. The CFD science serves to develop and permit a reliable
and accessible method for wind environmental studies. This is satisfied by a novel methodology
for architectural wind environment study and wind engineering by integrating CFD simulation,

multiple parametric tools, and evaluation Criteria [9, 10].
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The CFD also witnessed the development of several models in different buildings in order
to create or restore ideal plans, such as offices, historic establishments, and stadiums [11, 12].
Besides, some applications of Computational Fluid Dynamics in biomedical applications are
reviewed in Ref. [13]. Shahab et al. Reviewed and implemented CFD-DEM applied to
chemical process systems [14]. Computational Fluid Dynamics (CFD) has been recognized as
a very useful tool for predicting the movement of air in various locations of the indoor

environment to ensure proper ventilation.

These numerical techniques have been used for decades and years, as the best research tool
[15, 16]. The strategies of the sustainable ventilation strategies applied in buildings by using
CFD tools are examined by Erdem et al. [17]. Bournet et al. [18] reviewed numerical and
experimental studies of the effect of ventilator design on the distributed climate of greenhouses:
A review of experimental and CFD studies. Furthermore, CFD has been applied to deal with
problems in the environment and architecture. Table 11.1 summarizes the application area of
CFD in the different fields [19].

Table 11.1: CFD applications in various area [19]

Industrial Aerospace, Architecture, Automobile ,Biomedical, Combustion
applications

Chemical and process, Electronics and computers, Nuclear Glass,
manufacturing, HVAC(heat, ventilation and cooling), petroleum

Power, Marine, Mechanical, Metallurgical, Train design, Water, Turbo

machinery
Environmental Atmospheric pollution, Climate calculations, Oceanic flows, pollution of
applications natural waters, safety
physiological Cardiovascular flows (heart, major vessels)

applications

Flow in lungs breathing passages

11.3 Principles and Fundamentals of CFD simulation

The CFD simulations solve the governing equations, which compose of many nonlinear
differential equations combined to describe conservation laws, by discretizing them into a set
of algebraic equations with high capacity computers. Widely implemented discretization
methods during CFD simulation include the Finite Volume Method (FVM) [20, 21], Finite
Element Method (FEM), [22] and Finite Difference Method (FDM), [23]. The procedure that
represents the fundamentals of using CFD software to model flow problems numerically is

shown in the flowchart schematically in figure 11.1.
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Governing equations solve on a mesh
Transport Equations Phyvsical Models
» Mass » Turbulence
5> Creation of geometry .| > Momentum 4—] > Combustion
> Mesh generation " » Energy % Radiation
» Material properties » Other transport » Other processes
» Boundary conditions ‘ variable
» Equation of state
» Supporting physical
models
Post—processorl Solver Settings
5 X_Y graphs )r Initialization
3 Contour — y Solution control
3 Velocity vectors y Monitoring solution
% Others N » Convergence criteria

Figure 11.1: A representative scheme of main Fundamentals of CFD simulation
and different procedure that used their software [24]

There are three main steps for modeling a physical problem with CFD, first starts with the
preprocessor in which the creation of the geometry and the generation of the mesh and exported
forms a geometry with well-defined boundaries. The second step is the choice of the solver or
the choice of the numerical methods, models, and the discretization schemes as well as the type
of transient or permanent phenomenon or can solve with iterative methods the transport
equations in a continuous medium or medium porous. Third, by the post-processor or we can

do the processing of the results obtained, and the plot is formed of a graph or visualizations by
outlines.

11.3.1 Conservation of governing equations

The Computational fluid dynamic CFD is built on three basic principles of physic [25],

mass conservation, and momentum and energy conservation. The governing equations are as
the following form:

a) Mass conservation equations

The continuity equation, which is based on the principle of conservation of mass, is shown in
the equation. (11.1):
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a_p+8(pu)+a(pv)+a(pw):0 (1.1)
ot oy oz '

Where (u, v, w) are the velocities of the fluid in the (x, y, z) directions, p is the fluid density,

and t is the time.
v" Momentum conservation

The Navier-Stokes equations, which based on the principle of conservation of momentum in

the directions (X, y, w) are mentioned in equations (I1.2), (11.3) and (11.4) respectively:

X-direction
o( pu — 0
(o )+V.(puU):—@+aTXX+ T, 9%y ot (11.2)
ot oX  OX oy oz
Y-direction
o(pv — 0 0 0
(p)+V.(va):—@+ Dy Ty sz+pf (11.3)
ot oy X oy oz y
Z-direction
o( pw — 0
(p )+V.(pWU):—@+aTXZ+ Tyz+6rZZ+pr (11.4)
ot oz oOx oy oz

For the symbol, P is the pressure is the velocity vector U :(ui,vj,vk), f="f+f+f

is the body force vector.

Tx z-xy Ty

Body force vector, and 7 =| 7,,7,,7,, |, the symbol t is the shear stress tensor.

TZX TZX TZZ

If the non-Newtonian fluid, the volumetric effect of viscosity is considered negligible.
For the case where the fluid is a Newtonian fluid, it can calculate the shear stress with equation

(5) as follows:

ou,  Ou; 2\ou
=y — 5| ==k 1.5
Tl] lu(ax ox u(sjaka ( )

] 1
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While the symbol 7.

; Is the Kronecker delta; p is the dynamic viscosity; and the indices

J, k and I refer to the linear dimensions x, y and z.
v" Energy conservation

The equation that is based on the principle of conservation of total energy is expressed
below. To obtain the total energy conservation equation, it subtracts the product of the
momentum conservation equation by their velocities vector from the energy equation, which

can be written in Eq. (I1.6) equation as this way:

o(pe) .o, op) o, op) O, 0p

pi(a_u_@_f’_iji(a_“_@_@J + (11.6)

[(&JZ (avjz (awjz [au asz (au anZ (8v awﬂ2
2 — | +2| — | +2| — | +| —+— | +| —+— | +| —+—
OX oy 0z ox oy 0z 0oX oz oy

Where U the velocities vector, e is total energy and ¢ is heat source.

11.3.2 Numerical methods

An analytical solution of a set of partial differential equations is only possible with very
simple flows. For most practical applications, numerical methods (such as finite differences,
finite elements, or the finite size method) should be used to obtain an approximate solution of
the discretized equations with imposed initial and boundary conditions.

(Numeric?il methods J

v v A 4

[Finite differences] [ Finite element ] [ Finite volume ]

method (FVM) method (FVM) method (FVM)

Figure 11.2: Representative different procedure of CFD workflow simulation.

The discretization process consists of transferring the governing equations into the discrete
equivalents [26, 27] and transforming the partial differential function PDFs into algebraic
equations that can be solved by different numerical methods. There is many numerical methods
we can cite, the more used for the thermos-hydrodynamic flow as mentioned in figure 11.2.
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a) Finite element method

The finite element method (FEM) is a technique based on the discretization and the
resolution of systems of nonlinear partial differential equations. The principle of the finite
element method requires that a certain number of points in space called nodes define the
geometry of the system. Each node has a set of degrees of freedom (temperature, speed,
pressure, etc.). These nodes are interconnected by elements that define the mathematical
interactions of the degrees of freedom. The degrees of freedom are estimated by numerical

integration on the element.

All the individual elements of the model are combined to create a set of equations that
represent the system to be analyzed. Finally, these equations are solved to reveal useful
information about the behavior of the system [28]. The real advantage of finite element analysis
lies in the ability to solve arbitrarily complex problems for which analytical solutions are not

available or which would be excessively long and expensive to solve by hand [29].

The main basic steps in any finite element analysis. The first one trades by the creation of
the geometry of the solid model and then with a grid. The choice of the type of element and the
definition of the material properties [30]. Indeed, FEM finite element methods are versatile in
applications to multidimensional complex irregular geometries. Primary applications of FEM
began with structural analysis in the late 1950s and were primarily based on principles of
variation [31]. Early in the development of FEM, applications were made only for simple flow
problems, starting with Zienkiewicz and chneug [32], followed by Oden and Wellford [33], and
Chung [34].

b) Finite Difference method

This method consists of converting partial derivative equations by dividing the returns of
the point values of the function into a finite number of discrete points. This numerical technique

approximates the derivatives occurring in equations using the Taylor series development [35].

The finite difference method is based on an idea of such simple ones that, partial differential
equations are written in terms of discrete quantities of dependent and independent variables.
This makes it possible to transform these non-linear equations into simultaneous algebraic

equations with all the unknowns prescribed at discrete mesh points for the whole domain [36].
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¢) Finite volume method

The finite volume method FVM is a numerical technique for solving the governing
equations for fluid flow and mass transport, which calculate the values of variables kept on
average over a control volume [37]. Obviously, the most ordinary way to achieve the
representation of conservation laws in their exact integral form is to define the integral form of
the equations and not the differential form, which is the basis of the finite size method. The
term cell is used in the Finite Volume Method FVM instead of the term element, used in the
Finite Element Method FEM [38].

The finite volume method (FVM) is very popular in computational fluid dynamics (CFD)
due to the high flexibility that stems from their discretization [39, 40]. The FVM has played an
important role in the simulation of fluid flow problems thanks to the work carried out by the
CFD group of Imperial College in the early 1970s under the direction of Professor Spalding
[41], with such contributors as Patankar [42], and Gosman [43]. Due to the adaptability of
structured and unstructured meshes and conservative numerical rigor, FVM is used in a wide

range of engineering applications for complex engineering design [44-46].
11.3.3 Turbulent models

The majority of fluid flows encountered in nature that are of practical interest in
engineering are turbulent, very complex, and unstable based on a number of Reynolds numbers.
To know the nature of the flow, laminar or turbulent, we define a dimensionless number, the
Reynolds number of a flow, as a function of a characteristic velocity and length. Industry flows,
like those found in nature, are predominantly turbulent. Although there is no universal
definition of turbulence to date, its main properties are known. Turbulence results in the
presence of vortex movements continuously distributed over a wide range of scales. In the
space-time domain, turbulence is characterized by its non-linear three-dimensional dynamics,

subjected to energy transfer mechanisms between large and small structures.

Turbulence is the state of a fluid whose flow is irregular and is characterized mainly by the
presence of movements of all different sizes, which appear when the forces of inertia are large
compared to the viscous forces [47, 48]. The Navier-Stokes equations do not present an exact
analytical solution in the general case. It is, therefore, necessary to use a digital resolution
capable of rendering an account of all the scales involved in the case of turbulent flow

turbulence.
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The complexity of the dynamics of turbulent flows and its strong nonlinearity can lead to
consider different simulation approaches, more or less expensive in terms of computational
operations, which lead to models of which the degree of complexity varies. Three very distinct
approaches can be used in this study. For this, there are several approaches to model turbulent
flows whether at large scales, Direct numerical simulation, DNS and; Large eddy simulation,

LES, or at small scales, Reynolds average Navier stocks simulation, RANGS.
a) Direct Numerical simulation (DNS)

Indeed, the number of points needed to perform a DNS (Direct Numerical Simulation) is
directly related to the Reynolds number of the flow. DNS-type simulations are therefore limited
to "academic" calculations of the small-side cubic box type, or too low Reynolds number flows.
Even if it is not excluded that one day, the means of calculation will allow such simulations.

In DNS simulations, the Navier-Stokes equations are fully solved: turbulence is calculated
for all of its scales and no longer modeled. These simulations are therefore very precise but
have a calculation cost that is far too high for it to be possible (at least to date) to simulate an
industrial configuration in DNS. The DNS approach: A complete solution of the Navier-Stokes
equations involves discretization in space and time. It thus has the advantage of giving access

to all instantaneous quantities considered in the flow [49].
b) Large Eddy simulation (LES)

LES simulations solve spatially filtered Navier-Stokes equations; only small structures are
modeled, while all others are calculated. In practice, spatial filtering is imposed by the mesh:
only the structures larger than the mesh size will be solved. The LES (Large Eddy Simulation)
approach: This is a numerical method intermediate between DNS and statistical methods. In
fact, it consists of filtering the small scales that are modeled and directly calculating the large

scales of the turbulent cascade intended only for the three-dimensional geometries [50].

In addition, models, known as sub-mesh models, are introduced to simulate small-scale
turbulence. With this kind of simulation, it is possible to obtain average quantities but also
fluctuating quantities, which is of interest to the LES in comparison to RANS simulations. The
calculation costs, admittedly higher than for RANS simulations, remain reasonable and allow

the simulation of complex geometries on refined meshes.
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c) Statistical Modeling of Turbulence (RANS)

RANS simulations solve the averaged Navier-Stokes equations. In other words, the
turbulence is here fully modeled. As a result, the results obtained are not always representative
of reality, especially if the simulated configurations are complex (in a reactive situation in
particular). However, this type of simulation makes it possible to obtain a good order of
magnitude of the average flow, in terms of speed, temperature, or pressure. This is why many

of the industrial codes currently on the market are based on this principle.

The cost of computation (in CPU time) is indeed relatively low, which makes it possible to
simulate very complex configurations on refined meshes. In order to considerably reduce the
cost of a simulation, it is possible to envisage modeling all or part of the turbulent structures
present in the flow.

The RANS approach (Reynolds Averaged Navier-Stokes) has the principle to solve the
Navier-Stokes equations for the average quantities so that the only movement average is
calculated. This method consists of breaking down each quantity of the Navier-Stocks equations
into an average quantity and the other as a fluctuating one. The averaged equations show
correlation terms double fluctuating. These terms come from the non-linearity of the balance
equations and are called Reynolds tensions, reflecting the effect of turbulence on the evolution
of the mean motion and making the systems of equations open (the number of unknowns more
than the number of equations). It is the consequence of taking the average of the instantaneous
equations, which introduces a loss of information. Arises then the problem of the closure of the

system, that is to say of the link between the double correlations and the mean-field [51, 52].

The objective of the turbulence models for the RANS equations is to compute the Reynolds
stresses, which can be done by three main categories of RANS-based turbulence models, Linear
eddy viscosity models [53], Nonlinear eddy viscosity models [54], and Reynolds stress model
(RSM) [55]. In this context, the study is focused on linear eddy viscosity models, which are

widely used in CFD software and solar energy applications.
d) Linear eddy viscosity models

The Reynolds stresses, as obtained from a Reynolds averaging of the Navier-Stokes
equations, are modeled by a linear constitutive relationship with the mean flow-straining field
in these turbulence models. This linear relationship is also known as the Boussinesq hypothesis.

There are several subcategories for the linear eddy-viscosity models, depending on the number
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of (transport) equations solved to compute the eddy viscosity coefficient, such as Algebraic

models, One-equation models, and two-equation models.

In this study, attention has been given to listing more pieces of information for models with
two equations. Among these models, Two-equation turbulence models are one of the most
common types of turbulence models. Models like the K-¢ model and the k- model have
become industry-standard models and are commonly used for most types of engineering
problems. Two equation turbulence models are also very much still an active area of research
and new refined two-equation models are still being developed. By definition, two-equation
models include two extra transport equations to represent the turbulent properties of the flow.
This allows a two-equation model to account for historical effects like convection and diffusion

of turbulent energy.

However, most if not all flows in practical applications are turbulent and therefore the study
of turbulent flow is not purely theoretical. In engineering, it is therefore essential to have valid
theoretical physical models taking into account turbulence with its various scales and methods
of solving their differential equations, which are unfortunately nonlinear and strongly coupled.
The greatest difficulty, in solving the stored Navier equations, remains the use of an
indispensable turbulence scheme, for the simulation of turbulent flow. It is then a question of

finding a model, which can take into account with precision, the physical reality of the flow.

A turbulence model is a numerical procedure for closing the equations of the mean flow
so that several varieties of flow can be calculated [56]. There are also many derivatives of this
type of turbulence models particularly, algebraic turbulence models [57, 58], one-equation
turbulence models [59], and two-equation turbulence models [60, 61]. Among these turbulence
models, we were interested in the most used model in thermo-hydrodynamic work and solar
energy is the two-equation models. Two-equation models are models more used in many
research works. These models consist of three categories, which are as follows, Realizability
issues turbulence models [62, 63], k-omega turbulence models [64, 65], and K-epsilon
turbulence models [66, 67].

e) K-g turbulence model

The k-¢ turbulence model proposed by Harlow and Nakayama in 1968 [68] is by far the
most widely used two-equation eddy-viscosity-using turbulence model. These models have

been popular, widely used, and both their capabilities and limitations have been highlighted,
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which are well documented in the literature. PHOENICS provides the standard High-Reynolds-
number form of the k-¢ model, as presented by Launder and Spalding (1974), [69], with the
inclusion of allowance for buoyancy effects. It is a two-equation model that gives a general
description of turbulence by means of two transport equations (PDE) one for turbulent kinetic
energy (k) and the other for dissipation (g). Turbulent dissipation is the rate at which
fluctuations in speed dissipate. The coefficients are derived empirically; Valid only for
turbulent flows. In the standard k-& model, the turbulent viscosity is determined from a single
turbulence length scale, so the calculated turbulent diffusion is that which only occurs at the
specified scale when in reality all scales of motion will contribute to the turbulent diffusion.
The k-¢ model uses the gradient diffusion assumption to relate Reynolds stresses to mean
velocity gradients and turbulent viscosity. The k-& model is one of the most common turbulence
models, although it just does not perform well in cases of large adverse pressure gradients [70].
It is a two-equation model, which means, it includes two extra transport equations to represent
the turbulent properties of the flow. This allows a two-equation model to account for historical

effects like convection and diffusion of turbulent energy.

This model consisting of three models such as the Standard k-¢ model, the Realizable k-¢
model, and the RNG k-¢ model. This model proves to be inefficient for currents involving a
reverse pressure gradient, separation, and strong curvature of the pipes. The most troubling
weakness is the lack of sensitivity to negative pressure gradients; another disadvantage is the
numerical rigidity when the equations are integrated through the viscous under layer, which is
processed with damping functions that have stability problems [71, 72].

The two-equation turbulence closures of the Reynolds-Averaged Navier-Stokes equations
are applied widely in such engineering applications. This model contains four types of
turbulence models which are, k-¢ standard model, k-¢ Realizable models, k- RNG models,
and Low Reynolds turbulence models [73, 74].

» K-¢ Standards model

The k-¢ model is a turbulent viscosity group model, based on the Boussinesq gradient
hypothesis, which relates the turbulent stresses to the mean-field, as in the case of viscous
stresses. The constraints, which appear in the preceding equations. One of the advantages of
this method is taking into account the spatial variability of turbulent agitation and its simplicity
of implementation. It turns out to be one of the most popular models in practical applications.
In a turbulent flow, if we assume that the turbulence responds rather quickly to changes in the
mean flow [75, 76]. Launder and Spalding (1972), [77] first proposed the standard k-¢ model.
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Regarding the model, the transport equation for kinetic turbulent energy (k), is derived from
the exact equation, but the transport for € was obtained using physical reasoning and is therefore
similar to the transport equation derived mathematically from kinetic turbulent energy k, but is
not correct. The turbulent kinetic energy, k, and its dissipation rate ¢, for this model, are

obtained by the following equations.

v" Turbulent kinetic energy, k

8(pk) 0 0 M, | ok

+—(pku )=—I|| u+—+ |— [+G, +G, — pc-Y,, +S 1.7

ot ox, (p |) x| Kﬂ oX, )ox. k T =P~ T 9 (1.7)
v" Dissipation rate &

5(P8)+i( o) = 2| 2|28 e, 26, 40,6,)~Copiots (118)
8t ai p i aXJ H ; aj lé'k k 3¢ b ng k & '

While Gk is the generation of turbulent kinetic energy that occurs due to average velocity
gradients, Gy is the generation of turbulent kinetic energy that occurs due to buoyancy, and Y wm
represents the incompressible fluctuating expansion turbulence that contributes to the overall

dissipation rate.

Table 11.2: presentations of Turbulent variable and constant appears in equations k-¢ standard

Symbol | signification Formulation or
values
G, Generation of turbulent kinetic energy due to average velocity — au;
gradients G =puu; —
OX;
G generation of turbulent Kinetic energy that occurs due to buoyancy u, oT
Pr, ox;
Y, incompressible fluctuating expansion turbulence that contributes to Y, =2peM?
the overall dissipation rate
S Source created by turbulent kinetic energy S = [25 5.
& £ Uy}
S, Source created by turbulent kinetic energy S, =./2S; S
ij ~ij
C, Constant determined experimentally C,=144
C,, Constant determined experimentally C,, =192
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C# Constant determined experimentally C# =0.09

o turbulent Prandtl numbers for the turbulent kinetic energy o, =10

o, turbulent Prandtl numbers for the turbulent dissipation rate o,=13

L, Turbulent kinetic energy and its dissipation rate k2
My = pCu?

Se and Sk are source terms defined by the user. Ci, C 2¢, and Cp are constants, which have been
determined experimentally and are taken to have the following values. These entire symbols

were summarized in table 11.2.

> Realizable k-¢ model

A recent development is the Realizable k-¢ model that Shih and others have developed.
This model contains a new transport equation for the turbulent dissipation rate. Additionally, a
critical model coefficient is expressed as a function of the average flow and turbulence
properties, rather than an assumed constant as in the standard model. This procedure allows the
model to satisfy certain mathematical constraints on the normal constraints compatible with the
physics of turbulence (feasibility). The concept of variation is also consistent with experimental

observations in boundary layers.

The Realizable k-¢ model is significantly better than the standard k-e¢ model for many
applications and can generally be used to give answers that are at least as precise. Both standard
and workable models have been implemented in STAR-CCM + with a two-layer approach,
which enables them to be used with a fine mesh that resolves the viscous under layer [78-81].
The most recently developed model is achievable by Shih (1995), [82] comparatively of the
three variants of k-¢ and has two main differences from the standard k-¢ model. It expresses a
new equation for the turbulent viscosity, and the dissipation rate transport equation was derived

from the equation for the transport of the mean square vortex fluctuation.

The form of the turbulent viscosity equations is based on the feasibility constraints; the
positivity of the normal Reynolds stresses and the Schwarz inequality for the turbulent shear
stresses.  This is neither satisfied by the standard or by the RNG k-¢ models that make the
feasible model more accurate than the two models in predicting flows such as separate flows
and flows with complex secondary flow characteristics. In terms of modifications improved by

Shih (1995), appeared in the transport equations become:
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p +_j(pkUi):

i

9
OX.

s
2

ak
8x

88
6x

+G, +G, —ps—-Y,, +S, (1.9)

+ pC;se — pC, pngG +S, (11.10)

+«/_

Table 11.3: Presentations of the Turbulent variable and constant for k-¢ Realizable turbulent

model.

Symbol signification Formulation

G, Represents the generation of turbulent Kinetic energy that ou;
arises due to mean velocity gradients. Gy PU. j a

G, Represents generation of turbulent kinetic energy the arises M 0T
due to buoyancy =895, Pr, ax

Y, represents the fluctuating dilation in compressible turbulence Y, =2psM?

that contributes to the overall dissipation rate

t defined by th dissipati -
S source terms defined by the user dissipation S, = /ZSUS”
S ,/ZS S

S, source terms defined by the user kinetic energy
C, Constant determined experimentally C, =144
C,, =19 Constant determined experimentally C,, =19
C Constant determined experimentally c - 1
u g kU *
(A+A—)
&
C Constant determined experimentally C =100
Y] Vv
u” Constant determined experimentally

U =.[5,5, +Q,Q,

Constant determined experimentally

Q; =Q—-g0, — zgijka)k

A, Constant determined experimentally A, =4.04
A Constant determined experimentally A = \/g cos ¢
Constant determined experimentall S;S. S
¢ p y ¢=1COS_1[\/6 i~ jk J
3 s®
S Constant determined experimentally S=[s g

ij<ij
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Sij Constant determined experimentally B l % %
o2 OX;  OX;
o, =1.0 | Inverse effective Prandtl numbers for the turbulent Kinetic o, =10
energy
o Inverse effective Prandtl numbers for the turbulent kinetic | 5 =1.2
¢ energy dissipation rate ¢
4, Turbulent kinetic energy and its dissipation rate k2
1y =pCu?

> RNG k-¢£ model

Similar to the standard k-¢ model, the RNG k-¢ model was derived from the Navier Stokes
instantaneous equations, except that it uses a technique called renormalization group theory
described by Yakhot and Orszag, (1986) [83]. This derivation produces a model with constants
different from those used in the k-epsilon standard model, and adds new terms to the transport
equations for the turbulent kinetic energy and its dissipation. The effect of the vortex is also
taken into account in the RNG k-¢ model, improving the precision of the swirling flows. An
analytical formula for turbulent Prandtl numbers is provided in this model while the standard

model relies on user-specific constant values.

Finally, assuming proper treatment of the near-wall region, the RNG k-¢ model uses an
analytically derived differential formula for the effective turbulent viscosity, which accounts
for the low Reynolds number of streams. The RNG k-¢ model is, therefore, more precise and

more reliable than the standard k-¢ model for a wider range of flow rates [84, 85].

The RNG k-¢ model is, therefore, more precise and more reliable than the standard k-¢
model for a wider range of flow rates. Due to these differences, the transport equations appear

as follows.

v" Turbulent kinetic energy, k

o(pk) o 0 ok
(8'[ )"‘a_xi(/)kui):a_xj|:(akﬂeﬁ )a_xj:|+Gk+Gb_pg_YM +3, (1.11)

v" Dissipation rate €

o€

d(pe) o d ?
(o Ma(pgui):_[(agﬂeﬁ)_}clgEp(ebcsﬁek)—pczg%—Rg+sg (11.12)

ot

OX OX.

i i i
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The RNG k-¢ model theory has a scale removal method that defines the effective viscosity,

which is expressed by the following equation:

of 2% o170 P gy (11.13)
Jeu ) T Jo-1+C, '
Table I1. 4 represented the turbulent variable and constant appears in each equation.

Table 11.4: Presentations of the turbulent variable and constant appear in each equation for RNG.

Symbol Signification Formulation
G, Represents the generation of turbulent kinetic energy — du;
that arises due to mean velocity gradients. G, = pUU; .

j
G, Represents generation of turbulent kinetic energy the G, - Ag u, oT
arises due to buoyancy b j Pr. O,

Y represents the fluctuating dilation in compressible Y, =2psM?

M . M t

turbulence that contributes to

the overall dissipation rate

source terms defined by the user dissipation _
Sg u | Yy u ISsIpati Sg — zsijsij
t defined by th Kineti _
S, source terms defined by the user Kinetic energy S =4/25;S;
C, Constant determined experimentally C, =142
C,, Constant determined experimentally C,, =168
C, Constant determined experimentally 0.0845
C, Constant determined experimentally 100
o Inverse effective Prandtl numbers for the turbulent o =12
‘ kinetic energy ¢
o Inverse effective Prandtl numbers for the turbulent o, =10
Kinetic energy dissipation rate
n Turbulent kinetic energy and its dissipation rate k2
= pC, -
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11.3.4 Comparison of different K-g turbulent models and their applications

Computational fluid dynamics (CFD) for wind and environmental engineering continues
to rely on the conventional Reynolds-averaged Navier—Stokes (RANS) methods. Their
simplicity, robustness, and computational economy have not yet been seriously challenged by
any other turbulence simulation methods, and it is likely that RANS methods, in the present or
improved form or in combination, will continue to dominate the industrial and environmental
CFD for Some time to come.

However, industrial CFD tends to use overly simplistic turbulence models, which are
unable to reproduce some major phenomena encountered by wind and environmental
engineering such as flow collision, illusory body awakening, instability, and 3D boundary layer
separation, buoyancy effects, and others [86].

The RANS-based modeling approach therefore greatly reduces the computational effort
and resources required and is widely adopted for practical engineering applications. A whole
hierarchy of closure models is available in FLUENT, including Spalart-Allmaras (one
equation), feasible k-¢ (2 equations) and its variants, standard k-m(2 equations), transitional
shear stress transport (SST k-w) and the Reynolds stress model (RSM). All these turbulence
models have been compared according to their description, behavior, and uses [87-89].

The standard model k-g is the basic model with two transport equations solving k and &,
this is the default k-¢ model. The coefficients are calculated empirically; it is only valid for
fully turbulent flows. The options to account for viscous heating, buoyancy and compressibility
are shared with other k-¢ models. It is robust, widely used despite the known limitations of the
model. Performs poorly for complex flows involving a severe pressure gradient. It is suitable
for initial iterations, initial screening of alternative designs, and parametric studies.

The RNG k-g¢ model is a variation of the standard k-¢ model. The equations and the
coefficients are derived analytically. Significant changes in equation e improve the ability to
model highly stressed flows. Additional options help predict swirling and low Reynolds number
flows. It is suitable for complex shear flows involving rapid deformation, moderate vortex,
vortices, and locally transient flows.

The Realizable k-¢ model is a variant of the standard k-¢ model. Its "feasibility" results
from changes that make it possible to obey certain mathematical constraints, which ultimately

improves the performance of this model.
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Table I1.5: RANS model description, behavior and capabilities [90]

Models Description Behavior and use

Standard The baseline two-transport-equation model Robust and widely used despite the

k-g solving for k and ¢. This is the default k—¢ known limitations of the model.
model. Performs poorly for complex flows

involving severe pressure gradient,
separation, and strong line
curvature.

RNG k-¢ | A variant of the standard k—& model. Significant | More suitable for complex shear
changes in the € equation improve the ability to | flows involving rapid strain,
model highly strained flows. moderate vortex, vortices, and
locally transient flows.

A variant of the standard k—e model. Its Provides many of the same benefits
Realizable | “Realizability” stems from changes that allow and has similar applications to
k—-¢ certain mathematical constraints to be obeyed RNG k-& model
which ultimately improves the performance of Maybe more precise and easier to
this model. converge than RNG k- model.

It offers many of the same benefits, has similar applications to RNG k-& model, and perhaps it
is more accurate and easier to converge than RNG k- model. The table 11.5 summarize the

description, behavior and capabilities different k-epsilon models.
11.3.5 Radiation models

The procedure for setting up and solving a radiation problem is described below and
described in detail in the following sections. There are five radiation models that allow you to
include radiation, with or without a participating medium, in your heat transfer simulations that
are built into fluent software.

For modeling, issues causing the heating or cooling process of surfaces due to radiation
and/or heat sources or sinks due to radiation in the fluid phase can be included in your model
using one of the following radiation models.

» Discrete Transfer Radiation Model (DTRM) [91, 92]

P-1 Radiation Model [93, 94]
Rosseland Radiation Model [94]

Surface-to-Surface (S2S) Radiation Model [94]

YV V V V¥V

Discrete Ordinates (DO) Radiation Model [95, 96]
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Table 11.6:

Radiation model advantages and limitations [97]

Models

advantages

limitations

DTRM

The primary advantages of the DTRM are
threefold: it is a relatively simple model, you can
increase the accuracy by increasing the number of
rays, and it applies to a wide range of optical
thicknesses.

DTRM assumes that all surfaces are
diffuse. This means that the
reflection of incident radiation at the
surface is isotropic with respect to
the solid angle.

Model

The P-1 model has a diffusion equation, which is
easy to solve with little CPU demand. The model
includes the effect of scattering. In addition, the
P-1 model can easily be applied to complicated
geometries with curvilinear coordinates.

P-1 model considers that all surfaces
are diffuse, where the reflection of
incident radiation at the surface is
isotropic with respect to the solid
angle and The implementation
assumes gray radiation.

Rosseland
Model

The Rosseland model does not solve an extra
transport equation for the incident radiation, and
is very faster than the P-1 model and requires less
memory.

The Rosseland model can be used
only for optically thick media and for
the optical thickness exceeds 3. It is
not available for the pressure-based
solver, only.

DO
Model

The DO model covers the full range of optical
thicknesses and the current implementation is
limited to either gray radiation or non-gray
radiation using a gray band model. It also allows
the solution of radiation at semi-transparent
walls, the computational cost is moderate, and
memory requirements are modest.

The  weighted-sum-of-gray-gases
model (WSGGM) cannot be used for
the Do model to specify the
absorption coefficient in each band,
and the emissivity is assumed
constant within each band.

S2S
Model

The surface-to-surface (S2S) radiation model is
good for modeling the enclosure radiative transfer
without participating media.

The use of the S2S radiation model
requires the surface are diffuse, gray
radiation, not applicable for model
participating radiation problems, and
cannot be used with periodic and
symmetry boundary conditions.

For the use of radiation models, there are advantages and limitations, which must be taken into

consideration, and are summarized in table 11.6.

11.3.6 Modeling fluid a free surface

A study of the cooling of the PV module by the flow of water flowing over the surface

before modeling a two-phase problem (air and water) consists of simulating the flow of a

situation leading to solving a free surface problem (air-water). The free surface is implemented

as an asymmetry limit which means that no flow occurs across this border (i.e. normal speed is,
therefore, zero at the border) [98].
In problems with free or mobile interfaces, the area of study has unknown boundaries, the

determination of which is part of the solution. There are three methods for modeling the
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problem of the free surface (Volume of fluid (VOF) [99-101] model, level set model [102], and
hybrid model, [103, 104].
The phenomena encountered for free surface flow are very varied:

v The flow of immiscible fluids (fluid-fluid interface)

v Unsteady fluid-structure interaction (peristaltic flow)

v Flow with the propagation of a phase change front

v Atomization of jets...

The importance of industrial issues motivate the dynamism of research carried out in

this field, where the difficulties are of several types:

v Taking into account the physical interface phenomena (capillary voltage ...)
v Treatment of singular points

v' Spatial discretization and the evolution of interfaces

v"Imposition of boundary conditions

It is generally distinguished here the Eulerian method and the Lagrangian method, although
mixed methods combining the two strategies have also been proposed.

11.3.6 .1 Eulerian method

There are many types of research that were examined in this context, which reported in
Ref. [105, 106]. In this approach, the volume fractions of each phase are considered
mathematically as continuous functions in time and space and whose sum is equal to unity. The
balance equations for each phase make it possible to obtain a set of equations with a similar
structure for all phases. This method consists of giving the velocity fields ‘u’ and the pressure
‘p’ at any point at a given instant ‘t”: u=u(X,y,zt);p=p (XY, z1)
This approach allows several phenomena to be taken into account; it includes the VOF (Volume

Of Fluid) model as well as other methods:

v' Forehead tracking method
v" Marker and cell type method (MAC)
v" Level line method

11.3.6 .2 Lagrangian method

In the Lagrangian description of flows, we follow the movement of these particles over

time. The flow is described by giving their positions according to the starting one: x = x (X0,

79



Chapter II Generality on CFD and numerical procedure

y0, z0, t). The Lagrangian representation is linked to the notion of the trajectory. Many types

of research were implemented in The Lagrangian approach [107,108].
11.3.6 .3 Euler-Lagrange Multiphasic technique

The Discrete Phase Model (DPM) adopts this approach. In this model, the fluid phase is
treated as a continuous phase approximated by the Euler-Euler method by solving the Navier -
Stokes equations. For the dispersed phase, a number of particles, bubbles, or drops are followed
by a Lagrangian method. The DPM model simulates the exchange of energy, mass, and

momentum between the dispersed phase and the fluid [109,110].
11.3.6 .4 Selecting the right Multiphasic method

The VOF (Volume Of Fluid) model is the most appropriate in the case of stratified or free-
surface flows, the Euler model and the mixed model are adopted for flows in which the volume
fraction of a dispersed phase exceeds 10%. The VOF model is a surface tracking technique
applied to a fixed Eulerian mesh. It is designed for two or more immiscible fluids when the
position of the interface between the fluids is of interest. It is an appropriate model for stratified,
free surface, or gravity flows. In flows in which the volume fraction of the dispersed phase is
less than or equal to 10%, the DPM model is suitable [111].

11.3.6 .5 Principle of the VOF method

The VOF method is based on meshes that cover the entire computational domain (which
contains both liquid and gas). During a computation iteration, the resolution of the Navier-
Stokes equations is carried out only in cells full of liquid (or full of gas). Cells that are liquid
correspond to cells intersected by the free surface [112,113].

11.3.6 .6 The equations used in the VOF model

This section presents the adopted equations by the fluent calculation code in the VOF model,
which governs the flow, and is given below. The capture of the interface between the phases is
ensured by solving the equation of the continuity of the volume fraction of the phase, "q",

considered among "n" phases [114]:

+U,

o(a,)  ola)
ot Lo,

=%+Z(mm_mM) (11.13)

Temporal variation of fluid volume + Flow balance = Source of masses + Phase transfer
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aq is the volume fraction of the phase number to be checked for a mixture with n phases in the

following equations:

22 =Lp=2p, (1.14)
g=1 g=1

11.3.6 .7 Geometric reconstruction of the interface

Interface checking is the selection of the free area from the fluid volume fractions of

mixed cells. There are two methods are as follows.
a) The linear interpolation scheme

Youngs [115,116] generalized this method assuming that the interface follows a linear
slope between two successive meshes. This method consists of linearly connecting the
neighboring mixed cells as follows: For each mixed cell, the height of the fluid is determined,
which corresponds to its fraction of fluid volume (h = | C | o / X). Place a point at this height
and equidistant from the vertical edges of the cell. By connecting the dots like this defined from
a cell to these neighbors, we obtain a definition of the free surface as shown in figure I1. 3.

Figure I1. 3. Linear interpolation of free surface[116]

However, the method previously described can pose an important problem If the meshes
(supposed to be rectangular: the assumption of Cartesian mesh) are not of equal dimensions
according to x, it can pose problems of conservation of the mass. This is why very particular

care must be taken in the quality of the mesh.
b) Donor-acceptor scheme

As the name suggests, this method works on all mixed cells to identify which ones will
"donor" a quantity of fluid and neighboring cells that will "accept” this quantity of the fluid.

The volume of fluid that will pass through advection through the facets of the cells corresponds
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to the minimum of the two following values: the volume of fluid existing in the "donor" cell

and the free volume in the "acceptor” cell [117].
11.3.6 .8 Surface tension and wall adhesion

The VOF model can also include the effects of surface tension along with the interface
between each pair of phases. The model can be further improved by the specification of the
contact angles between the phases and the walls. There is a pressure difference between the
liquid and the gas, equal to the local curvature of the surface “k” multiplied by a coefficient
“c”, the value of the surface tensions. This coefficient depends on the two fluids present [118-

120]. The strongest pressure reigns in the fluid whose surface is convex:
P,—-R =20k (11.15)

Where k is the mean curvature of the surface. The importance of surface tensions is assessed
through knowledge of the Reynolds number and one of these two dimensionless quantities: the

number of capillaries and the number of Weber.

The effect of surface tension is determined on the basis of the Reynolds number (Re = UL/v),
where L is the characteristic length. If Re is less than 1, the next parameter to be considered is
the capillary number (Ca=pU/c), where o is the surface tension of the liquid, and, if Re is

greater than 1, the next parameter to be considered is the Weber number.

If Re << 1, then we are interested in the capillary constant,
= (11.16)

If Re >> 1, we are more interested in the Weber number:

2
w, = 2LV (1.17)
(o2

U is the speed of the free surface, and the length L corresponds in our case to the air gap d. In

both cases, the surface tension forces are considered negligible for Ca>>1 or We >> 1.
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11.3.7 Commercial CFD packages

A variety of CFD trading codes have been developed and are currently available. For
decades, various challenges in this field have led to notable competition among the developers
of these CFD codes. These CFD codes, applicable to the fields of modeling Newtonian and
non-Newtonian fluids, two-phase flows, flow-dependent properties, phase change and flow

through porous media, have gained great popularity.

Table 11.7 : Some commonly used commercial CFD codes and their important features

CFD Code provider Solver Parameters Features/capabilities
CFX and Fluent | ANSYS.inc FVM Temperature, Inbuilt geometry,
flux, meshing, pre-and
www.ANSYS.com convection, post-processing
radiation, heat features, Enthalpy
surce and latent heat-base
phase change models
available and CAD
compatible.
COMSOL COMSOL FEM, Temperature, Inbuilt geometry,
multiphasic FVM, and | flux, pre-and post-
www.comsol.com PTM convection, processing features,
radiation, Enthalpy and latent
electromagnetic | heat-base phase
change models
available and CAD
compatible. and live
link feature for
matlab, and excel.
Star-CCM CD-adapco Group FVM Temperature, Inbuilt geometry,
convection, pre-and post-
Star-CD www.cd-adapco.com radiation, processing features,
Enthalpy and latent
heat-base phase
change models
available and CAD
compatible.
PHONECS CHAM Ltd. FEM and | Temperature, Inbuilt geometry,
FVM convection, pre-and post-
www.chamo.co.uk radiation, processing features,
Enthalpy and latent
heat-base phase
change models
available and CAD
compatible. and live
link feature for
matlab, and excel.
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OpenFAOM OpenFAOM CFD FVM/FEM | Temperature, Inbuilt geometry,
flux, meshing, pre-and
(open source) convection, post-processing
radiation, heat | features. CAD
surce compatible.
Flow 3D Flow Science.inc. FVM convection, Inbuilt geometry,
radiation, heat | pre-and post-
www.flow3d.com surce, processing features.
Temperature, CAD import and edit
radiation, feature.
SOLIDWORKS | Dassault systems FVM convection, Inbuilt geometry,
radiation, flux, | pre-and post-
Flow simulation | SOLIDWORKS corps Temperature, | processing features.
. CAD import and edit
www.solidworks.com feature.
CFD-DEM CFDEM @ project DEM convection, . CAD import and
coupling radiation, flux, | edit feature. Inbuilt
LIGGHTS(open | www.cfdm.com Temperature, | geometry,  pre-and
source) post-processing
features.

A CFD code consists of input parameters, a temporal section, a discretization section, a
space discretization section, and an output parameter section [121,122]. Among these

commonly used commercial CFD codes are mentioned in Table 11.7 [123].
I1.4 Numerical procedure

11.4.1 Physical problem model description

Fluid flows, whether laminar or turbulent, are described by the system of partial differential
equations (P.D.E). Thus, all physical phenomena are governed by this system formed by the
equations of continuity, of the quantity of motion and energy that must be solved to know the
characteristics of the thermal field and the flow field. Unfortunately, it is practically impossible
to find an analytical and exact solution to such systems because the above equations are very
complex, that is to say, nonlinear on the one hand and coupled on the other hand. In this case,
the use of numerical resolution is necessary and prompts us to choose the appropriate numerical
method to obtain the best approximations. Theoretically, any study of turbulent flow must be
done by solving the Navier-Stokes equation and the continuity, which governs instantaneous
velocities. However, this view has proved to be very complicated, even impossible. Therefore,
it is preferable to approach turbulent flows by an approach that consists of breaking down any
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physical quantity (velocity, pressure, temperature with zero-time average. Only incompressible

flows will be developed here.

The numerical calculation was carried out using the “FLUENT 16" calculation software,
based on the finite volume method. First, the problem is addressed by considering the case of a
natural convection airflow passing through an inclined channel of an upper wall being heated.
The second case is a forced convection airflow in an inclined channel at a different inclination
angle and different Reynolds number with the objective of optimizing the hydrodynamic
parameters in terms of heat transfer rate such as Nusselt number. The third case is the mixed
convection of air and water flow, i.e. flow with a free surface in a channel cooled from below

by air and from above with a film of water flows on the front surface of the channel.

In this chapter, we will present the finite volume method, because it is reliable, its
adaptation to the problem, its guarantee for the conservation of mass and momentum, and of
any transportable scalar on each control volume and in any of the computational domain. The
calculation in question is performed on a PC machine equipped with a Pentium 4HT
microprocessor with a clock frequency of 3 GHz and 1 GB of RAM.

The use of FLUENT software allows us to build a numerical model capable of processing
and solving transport equations. We have treated three configurations in two-dimensional and

three-dimensional cases.

v" The first configuration is a question of simulating the case of turbulent natural
convection in a channel inclined by 60°C is heated upwards as shown in figure II. 1.

v The second configuration it constitutes an inclined channel provided with turbulent
forced convection of different angle and for different Reynolds number figure 11.2.

v" The third configuration is an inclined channel with an angle of 60 heated from the
top to cool from the bottom with the ambient air and upwards with a film of water
flowing over the front surface of the can see figure 11.3.

The current study is developed in order to simulate, the evolution of the turbulent flow of air
and water in an inclined channel in natural convection in order to optimize the geometric
parameters as well as the parameters hydrodynamic. To better assess the critical values
characterizing the transfer modes, the mesh test must comply with certain requirements. Then,
the modeling passes by a judicious choice of the various parameters of the computer code. With

the good settings being found, we will launch the simulations. Each time, one will wait for the
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convergence of the solution to be able to process the results and deduce the mean Nusselt

number as well as the tracing of the contours of thermal fields and of velocities fields.

This study aims to optimize the geometric parameters, such as the effect of the gap, the
effect of the length of the input channel, the effect of the input/output ratio of the input channel,
and the effect of the distance of the aluminum plate from the upper wall (PV module). This
study is done to understand the behavior of the airflow in turbulent natural convection of the
Rayleigh number Ra.> 10°.

Regarding the second configuration, the choice was based on the optimal configuration
obtained by the first configuration studied. In this study, we have simulated the forced
convection flow for different Reynolds numbers at different tilt angles. With the aim of
knowing the effect of the Reynolds number and the angle of inclination on the transfer rate and

the thermo-hydrodynamic flow behavior.

The third configuration was based on the comparison of a numerical model with current
experimental data, a fixed tilt angle DFC fans with varied velocity as a function of solar
irradiance. In this section, the modeling of the problem with a free surface by using the VOF

model. The water mass flow rate is fixed to mw=0.034kg/s.
11.4.2 Numerical method

The numerical calculation CFD is a tool that allows the numerical resolution of
conservation equations written in a local form. The latter are, generally, partial differential
equations whose solution depends on two to four variables: the time variable with one to three
spatial coordinates. This system of equations only very rarely has an analytical solution. It is,
therefore, necessary to resolve them by an adequate numerical method. In this context, the
choice of the software used to solve the non-linear transport equations is more essential.

In our problem, the choice is on the Ansys fluent software, which is based on the finite
volume method. In this section, we present the presentation of the software used and the
different steps used for the modeling by the use of fluent software as well as a representation

of the principle and procedure of the finite volume method.

Numerical flow simulation software can be considered as true "digital experiments" when
done with care. The advantage of "numerical methods" is that all the physical quantities related
to the flow (velocity field, pressure field, stresses, etc.), are immediately available at any point
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of flow. In an experiment, obtaining these physical quantities at any point in the field is often

impossible or very difficult to put into practice.
11.4.2.1 Various step for numerical modeling

The numerical resolution by Ansys FLUENT software, in general, is done by two pre-software
gambit software for the creation of the geometry, the definition of borders, and the generation
of the mesh. On the other hand, the fluent solver does the resolution where we can choose the

different appropriate models and the corresponding method and processing of the results:

Creation of the geometry using the GAMBIT software,
Choice of the mesh strategy and creation of several grids,
Definition of the boundary conditions in GAMBIT,
Definition of the problem using the FLUENT software,
Calculation with FLUENT for the different cases selected,

YV V. V V V

» Analysis of the obtained results in post treatment

The creation of the geometry as well as the choice of the adapted mesh is done by the
software package "Gambit. This mesh generator offers extended solutions for the most
complicated geometries. It is able to realize geometries in 2D or 3D and to build the mesh. It
generates files with an *. mesh extension and for FLUENT.

Gambit gathers three main essential functions one cites the tomorrow of computation by
the construction of the geometry, the generation and the checking of the quality of the selected
mesh and as well as the definitions of the borders and the precision of the type of fluid or solid
tomorrow. For the current case, the generation of the mesh constitutes an important phase
knowing that the precision and the accuracy of the numerical results depend on it. Under
Gambit, we can choose the three types of mesh mentioned below:

» Structured mesh (quadra / hexa)
» Unstructured mesh (tri / tetra.)
» Hybrid mesh

11.4.2.2 Mesh generation techniques

The generation of a very good mesh quality is essential for obtaining an accurate and
meaningful calculation result. Practically, there is no standard rule for creating a valid mesh;
however, different approaches lead to an acceptable mesh grid. We can summarize these rules
as follows [124]:
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» Maintain good quality of the elements,

» Ensure good Resolution in regions with strong gradients,

» Ensure good Smoothness in the transition zones between the fine-meshed
parts and the coarse meshed parts,

» Minimize the Total number of elements (reasonable calculation time).

In the present work, the choice fell on a structured mesh (Quadra / hexahedral).
11.4.2.3 Calculation by the FLUENT solver

Once the loading of the mesh file (carried out with the GAMBIT software) is carried out under
"FLUENT", we must scale the geometry (in our case, we use the millimeter).

GAMBIT
Geometries Boundaries Mesh
creations definitions generation
\ J

V

Export object, mesh and object.dbs

v

FLUENT

Choosing the Implementation Post

right model of boundaries treatment
conditions and
fluid properties

Figure I1. 4 : Procedure and steps follows in Gambit masher and Fluent solver

The "FLUENT" software makes it possible to reorder the nodes, the surfaces, and the

cells in memory, so that they have the same arrangement in the grid and in the memory, in order
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to improve the performance of calculation. Figure 11.4 represents the different steps that used

to solve a problem by using Ansys Fluent.
11.4.2.4 FLUENT solver presentation

FLUENT is a computer code for modeling fluid flows and heat transfers within or around
complex geometries. This software is widely used in industry (aerospace, automotive, nuclear,
chemical, biomedical, environment, weather, etc.). Capable of solving flow problems using
Structured mesh for simple or unstructured geometries, for complex geometries. The types of

mesh, which are supported, are:

» 2D, triangular or quadrilateral meshes,
» 3D mesh, tetrahedral/hexahedral/pyramidal,
» Mixed (hybrid) meshes

FLUENT is written in the C programming language and makes full use of the flexibility
and power offered by this language (dynamic memory allocation). In addition, it uses an
architecture that allows it to run multiple processes simultaneously on the same workstation or

on separate workstations for more efficient execution.

It is operated through a graphical interface and the advanced user can adapt or augment,
as needed, the interface by writing macros and menu functions in order to automate certain
procedures. On the other hand, FLUENT has the capacity to model the various problems of the

following flow fields:

Cases of two-dimensional (2D) or three-dimensional 3D flows;
Permanent or unsteady flow
Incompressible or compressible fluids (subsonic, transonic,

Supersonic or hypersonic);
Newtonian or non-Newtonian fluid;

Forced heat transfer mode, by conduction, convection, or radiative;

>

>

>

>

» Viscous or non-viscous, laminar or turbulent flows;

>

>

» Mono or multi-physical flow with or without phase changes;
>

Flow in a partially or very filled with porous medium.
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The FLUENT software is based on the numerical modeling method known for its computing
power and simplicity of implementation; finite volume method. Patankar and Spalding [125]
first described it.

11.4.2.5 Principle of the finite volume method (FVM)

This method is used to numerically solve partial differential equations such as the finite
difference method and the finite element method, but unlike the finite difference method, which
uses derived approximations. The finite element method is used by approximation of integrals.
In it, the conservation laws (of mass, momentum, and energy) are expressed locally in integral
form. The computed domain is divided into a specified number of main subdomains called
control volumes, each of which includes a node called a master node. The finite volume method
consists of integrating the partial differential equations described in the previous chapter on

each control volume.

The principle of this method is based on a discretization technique that converts nonlinear
partial differential conservation equations into linear algebraic equations and the latter is solved
numerically [126,127]. The control volumes technique consists of integrating partial
differential equations on each control volume to obtain discretized equations that keep all the

physical quantities on a control volume, as shown in figure I1. 5.
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Figure I1. 5 : Control volume [128]

For a principal node P, the points E and W (E = East, W = West) are neighbors in the x-
direction, while N and S (N = North, S = South) are neighbors in the y-direction. The

conservation equations presented in the previous chapter can be written in a common form, this
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formulation allows not reiterating the work of discretization for each equation. The studied

variable, each of the equations can be reduced to a single general equation according to the

form:
o9
,0¢ +Z px¢ Z— F +S (11.18)
ox | ox,
o¢ 0 0 ¢
D@y = -Zlr 2 |is
or Zl-laxi( ?) Z"laxji ¢5XJJ ¢ (11.19)
o e e @

(2): transient term

(2): convection transport term

(3): the term of transport by diffusion
(4): source term

Where ¢ is the transported property, I' indicates the diffusion coefficient and S, the

source term.

Table 11.8: List of transports equations terms

Equations Variable Diffusive term Source term
Equation type ) r S
Continuity equation 1 0 0
Momentum x-direction U ptut -
Momentum y-direction \ ptput -
Momentum z-direction W -
Energy equation T o 0
Turbulent Kinetic energy k - -
Turbulent dissipation energy € - -

All of these terms are listed in Table 11.8. Only this equation is discretized and the system of

partial differential equations is solved for each successive value of ¢.
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11.4.2.6 The general concept of the finite volume method

Uses of the finite volume method to solve a problem follows the following steps [129]:

» Clearly define the area of study and divide this area of calculation into a finite
number and discrete control volumes whose sum is exactly equal to the volume of
the computational domain. We say that we generate a mesh.

» Discretization of the differential equations governing the phenomenon. In the
end, we get a system of algebraic equations.

» Solve the final algebraic system by a solving method (method iterative or
direct).

a) Velocity- pressure coupling

If we notice the momentum equations, we note the presence of pressure in the source term
as a gradient. These equations can only be solved if the pressure p is known or estimated. In
case the correct pressure is known, the velocity field obtained after solving the linear algebraic
system will satisfy the continuity equation. As the pressure is not known, it is necessary to use
a procedure for the pressure calculation. The velocity pressure coupling is achieved by using
the equation to derive an equation for the pressure from the discretized continuity equation; we
have the choice between three velocity pressure-coupling algorithms, SIMPLE (Semi Implicit
Method for Pression-linked Equation), SIMPLEC (Semi Implicit Method for Pression-linked
Equation Consistent), et PISO (Pression - Implicit with Splitting of Operators) [130].

b) SIMPLE algorithm Flowchart based on FVM

In order to better explain the operation of the SIMPLE algorithm based on the finite
volume method FVM, the flowchart of the numerical simulation of the steady-state process has
been developed and presented in figure 4. The sequence of essential operations constituting the
SIMPLE algorithm is and all step of work the algorithm simple is mentioned in the following

main points.

Give a pressure field P *
solve the momentum equations to obtain the velocities U * and V *

solve the pressure correction equation P’

correct the speeds according to relations 111.74

>

>

>

» correct the pressure P, P *and P’

>

» solve the discretized equations of other dependent variables such as temperature
>

replacing the old pressure field with the new one and returned to step (2)
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Impose
initial conditions
Impose
boundary conditions

4

Update viscosity|

+
SIMPLE algorithm

Il

Solve
temperature filed

+

Is it converged?
Y

h

Solve stress
and strain fields

Il

Display and output
calculation results

Figure Il. 6. Flowchart of numerical simulation based on FVM [130]

F

utr=u,v¥=vy
wEr=w,p*=p

» The calculations will be repeated until reaching convergence

» Firstly, put the values of the initial conditions, such as the pressure fields, the speeds,
and the temperature.

» Implement the boundary conditions for the walls and the entrances and exits.

» Calculate the dynamic viscosity value as a function of the speed and temperature
fields defined by the initial conditions and the limit conditions.

» Calculate the velocity and pressure fields with the SIMPLE algorithm, then
calculates the temperature field according to a law of conservation of energy.

> Judge if the current iteration is satisfied with the predefined convergence criterion.

c) CFD FLUENT model and scheme setup

In this 3D CFD analysis, the VOF model of multiphase flow with an implicit volume

fraction parameter was used. For boundary conditions, the top surface was treated as a zero-
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shear a wall to remove the friction of air at the top wall, causing it to behave as open to the
atmosphere. On all solid boundaries, the no-slip boundary condition was applied. The non-
equilibrium wall function was used for near-wall treatment because the non-equilibrium wall
function partly accounts for non-equilibrium effects neglected in the standard wall function.
The RNG k-¢ turbulence model was adopted because it is an appropriate choice when the
turbulence transfer among the phases plays a dominant role (ANSYS, 2016). The inlet and
outlet faces were considered the pressure inlet and pressure outlet, respectively. The bounded
gradient maximization (BGM) scheme was applied for volume fraction discretization to get a
sharp interface of water. The height of the wall roughness was considered h=1.5 *10"% m for
Perspex glass as the experimental channel was fabricated using a Perspex glass sheet.

» Single precision or double-precision, in "double precision” mode: floating-point
numbers are represented using 64 bits, while "single-precision™ mode: uses a 32-bit
representation.

» The formulation based on the pressure, "Pressure based", or sequential (implicit): This
formulation makes it possible to solve the transport equations separately sequentially,
i.e. isolated from each other (implicit by default). The isolated solver is classic for
incompressible flows, therefore, it is the formulation that we have chosen to use for
our case since it requires less memory capacity and offers flexibility in the resolution
procedure.

» Choice of the discretization scheme, there are several discretization schemes such as
first-order, second-order, third-order MUSCL, Power-law, QUICK, hybrid. These
diagrams are integrated into Fluent to interpolate to the faces of the control volume
the variables stored in the center of the cell.

» In Choice of the interpolation diagram of the pressure on the faces, there are several
diagrams, in particular, standard diagrams, Body-Force-Weighted, PRESTO ",
Linear, and Second Order. These diagrams are integrated into FLUENT and the choice
is dealing with the second-order schemes as it is more recommended.

» Choice of pressure-velocity coupling method, "FLUENT™ offers three methods for
pressure-velocity coupling (only with the "Pressure based" formulation) we recall,
SIMPLE, SIMPLEC, and PISO algorithm. The choice of the algorithm is carried over
to SIMPLE because it is more suited to our problem.

» Choice of under relaxation, in case of convergence (criteria convergence take value

of 10°%") difficulties and because of the non-linearity of the transport equations, it is
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necessary to make a change of the variable ¢ by accelerating or slowing down from
one iteration to another the variation of the considered variable.

» Choice of interpolation methods (Gradients), the gradients of the variables are
necessary to evaluate the diffusive fluxes, the derivatives speed, and for high order
discretization schemes. The gradients, which are as follows, Green-Gauss cell-Based,
Green-Gauss Node-Based, and Least-Squares cell-Based.

» Choice of the temporal step for the case of unsteady flows, at each stage of
computation, the solver reiterates until convergence before advancing to the following
step. The initialization of the solution defines the initial solution and must be realistic.
At must be small enough to solve the time-dependent characteristics and ensure that

convergence is reached in the maximum number of iterations defined for each step.

Table 11.9: Summary of all numerical schemes and models are used to solve actual problems.

Variable case RANS

Multiphasic models VOF

Turbulence models K- RNG with wall treatment

Radiation models DO

Solver Segregated

Pressure-velocity coupling SIMPLE

Spatial Discretization transports equations( Third-order MUSCL scheme
continuity, momentum, energy) Third-order MUSCL scheme

Turbulence scheme of turbulence Second order upwind

Implemented fixed parameters scheme, models and method are reported in the Table 11.9 in

this study.
Table 11.10: The boundary conditions for numerical simulations implemented in the present
work.
place Type Description
PV module surface Wall T=Tpy,
Q =1, *A, *az, *ar,*(1-7,)
Insulation wall Wall Q=0W/m?
Entrance sloped Wall Q=0W/m?
channel
Aluminum Flat plate Wall Thermal coupled
Inlet channel Pressure inlet Gauge total pressure =0Pa
Velocity inlet T=T€=300k
Turbulent intensity of 5%
Outlet channel Pressure outlet | Gauge total pressure =0Pa
Velocity outlet | Back flow temperature T=T€=300k
Turbulent intensity of 5%
Backflow turbulent viscosity ratio =4
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The boundary conditions used to model our physical problem for the three configurations,
whether passive air-cooling, active air-cooling, or the configuration with active air and water-
cooling for the new hybrid PV/T Bi-fluid system are summarized in table 11.10.

d) Convergence criterion

The initialization procedure of the VOF model in an open channel analysis is critical
(ANSYS 2016). In addition, the convergence criterion of the VOF model is stricter than the
models for closed conduit or pressure flow. The standard initialization was accomplished with
the computed values from the inlet.

The most important convergence criterion for steady flow in the VOF model was
considered the difference between the mass flow rates at the inlet and the outlet. The solution
was manually stopped and considered to be converged when the difference between the mass
flow rates at the inlet and outlet was less than 0.5%. To speed up early convergence, the
monitoring residual for the velocity in the y-direction was set at 10”7. Other monitoring residuals
were set at 0.1s.

1.5 Conclusion

In the first part of the study, generalities have been presented to provide the reader with the
basics and principles of CFD digital modeling. This section of the study is also considered as
the best guide for the student or researcher to be able to understand everything related to
numerical modeling and use it in the best way.

As for the second part of this section, It is a statement of the methodology used in relation
to the current study, by providing all the carefully explained steps so that the reader will be able
to comprehend and benefiting as much as possible.

Based on what presented in this section of the current study, the next chapter will present a
detailed three-dimensional numerical study to optimize the geometric and dynamic parameters
of the new hybrid PVT system, using the only passive air-cooling technique.
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Chapter 111 Numerical modeling of hybrid PV/T system with passive air-cooling

111.1 Introduction

Hybrid photovoltaic/thermal systems are an important energy technology due to their
efficiency in producing both electrical and thermal energy, and their ease of incorporation into
the roofs of buildings.

The rising of solar photovoltaic modules operating temperature is a major problem, which
affects negatively their performance. The present study focused in detail on the turbulent natural
air circulation (passive technique) of a new hybrid PV/T system to reduce their operating
temperature and achieve an optimal design able to cool efficiently the PV module backside.

The finite volume method is used to solve the governing transport equations and the standard
k-¢ turbulence model is implemented for describing the turbulent fluctuations of natural
convection. A sloped entrance channel (SEC) and aluminum flat plate (AFP) are installed to
improve the heat transfer of a new hybrid PV/T system. Influences of SEC geometric
parameters, AFP number, and their distance to the PV module on average Nusselt number are
examining.

Besides, the impact of the PV/T system tilted angle and Rayleigh number on the thermo-
hydrodynamic flow behavior.

The main aims of the present CFD analysis are:

1. Investigating the effect of the sloped entrance channel dimension on the heat transfer
rate.

2. Rayleigh number and tilted angle effects on thermo-hydrodynamic flow behavior.

3. Proposing correlations of average Nusselt number versus of SEC dimension and
Rayleigh numbers for industry engineering use.

4. Developing numerically an optimal geometry of a new solar hybrid PV/T system
with high performance.

This part of the study is organized as follows: Section 2 describes the physical model. Section
3, thermal and hydrodynamic parameters are assessed. Discussion of the main results is
presented in Section 4. Section 5 shows the main conclusions and perspectives.

111.2 Physical model description

Figure 111. 1 represents both considered configurations of the hybrid PV/T air system in

the case by using a passive air cooling technique.
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Figure 111.1 Sketch of the physical model of the studied configurations

using passive air cooling

The first step is designed in a manner to cool the PV module from the backside with

natural air circulation for fixed a tilted angle to optimize the geometric parameters. The second

step is focused to study the hydrodynamic parameters such as tilted angle and modified

Rayleigh number on the average Nusselt number and heat gain.

Moreover, an aluminum flat plate AFP is installed in the air channel at different positions

to enhance the heat transfer of the PV module (see figure 111.1). Table I11. 1 summaries All

geometric parameters, symbols and their values of studied configurations.

Table. I11. 1 : Dimensions of the considered configurations of New hybrid PV/T system solar

collector

Geometric parameters Symbol Values

PV module length Lpv 1.2
Air channel gap S 0.14
Air channel length Len 1.2
Entrance sloped air channel length L che 0-1.2
Entrance channel Depth W, 0.15-0.57
Entrance channel size He 0.01-0.14
Aluminum Flat plate Length Latp 1.17
Aluminum Flat plate depth Watp 0.57
Aluminum Flat plate thickness Eafp 0.001
Aluminum Flat plate Number Nafp 0-6
Aluminum Flat plate distance to PV dafp 0-0.13
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Table 111 .2 shows the studied scenarios in this work. For the first time, the air channel tilted
angle is fixed to o =30° and carried the SEC dimensions to optimize the geometry and subject
for three Rayleigh numbers.

Table. 111. 2 : Studied cases in this work

Studied Ram, Ra, Lche(M) He (m) We(m) Narp dare( o
cases m)
Case 1 | Ra,=8.12*10°
Ra_ =244%10°| 0<Lene<12 | 0.01-014 | 0.15-0.57 1 0.07 | 30°
Ra, =4.06*10°
Case 2 | Ra,=8.12*10°
Ra, = 2.44*10° Lche=0.735 He=0.05 0.3 0-4 0.01- 30°
o 0.13
Ra, =4.06*10
Case 3 1.62*10° Lche*=0.625 He*=0.36 | We*=0.52 1 dapp= | 0°
<Ra, < 003 | <ax<
8.12*10° 90°
Case 4 1.62*10° Lene*=0.625 He*=0.36 | We*=0.52 1 dapp= | 0°
<Ra, < 003 | <acx<
8.12*10° 90°

After that, the optimal AFP number and distance to the PV module surface are obtained.
The third step of the new optimal geometry is tested for different tilted angles such as (0 =<a
=<90°) and for different Rayleigh numbers.

111.3 Computational method

3D Dimensional numerical simulations are used to compute the thermal and hydrodynamic
flow behavior of the PV/T system. The numerical solution of the governing equations presented
above with the associated boundary conditions is based on the finite volume technique.

The SIMPLE algorithm treats the pressure-velocity coupling. The standard k-¢ turbulence
model used for modeling the turbulent properties of the flow. Convergence criteria have
declared when the maximum relative change between two consecutive iterations fell below for
momentum and energy and mentioned as 10~ and 107, respectively.

111.3 .1 Numerical procedure

ANSYS FLUENT 16 is a CFD code based on the finite volume method and is a well-
established commercial software used in various fields including fluid dynamics .The steady
pressure-based solver is used to solve governing equations. A SIMPLE algorithm is used for
pressure and velocity terms coupling.

The central difference scheme is used for the discretization of momentum and energy

equations, whereas discretization of convective terms is done using a second-order upwind
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scheme. The present investigation is carried out in an Intel 5-core CPU with a RAM size of
8GB, 3.60 Hz, and 64-bit Windows 7.

111.3 .2 Simplifying assumptions

Several assumptions were prepared before performing numerical simulations, these
assumptions, which are imposed for the first application (passive air-cooling), second
application (active-air cooling), and third application (active hybrid PV/T Bi-fluid) were as
follows:

1. First application (passive air cooling)

The flow regime is a steady-state, turbulent regime.

The geometry is created in three-dimensional with a symmetry plane
The air channel walls are homogeneous and isotropic.

The working fluid (air) is assumed to be incompressible and Newtonian.

No-slip boundary condition is assigned to all walls.

vV vV VYV VYV V V

Negligible radiation heat transfer.

2. Second application (active air cooling)

The flow regime is a steady-state, turbulent regime.

The geometry is created in three-dimensional with a symmetry plane
The air channel walls are homogeneous and isotropic.

The working fluid (air) is assumed to be incompressible and Newtonian.

No-slip boundary condition is assigned to all walls.

YV V V VY V V

Negligible radiation heat transfer.

» The air inlet velocity is sopposed as uniform

111.3 .3 Governing equations

Three-dimensional numerical simulation was performed by CFD ANSYS to understand
thermo-hydrodynamic flow behaviors in a new hybrid PV/T system. The simulation was carried
out to calculate and explain the experimental conditions. It involves mathematical solutions of
the conservation equations for mass, momentum, and energy. Steady-state flow in the new
hybrid PV/T air solar collector was simulated in this study.

The mass conservation, momentum, and energy equations (111.1) - (111.4) are solved
numerically using the finite volume method evaluated by Patankar. Because of the small
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temperature difference in the air that occurs between the heated wall and the openings, the
Navier-Stokes equations and energy have been expressed with the Boussinesq approximation.

The fluid i1s Newtonian, incompressible and its constant thermophysical properties (p, Cp,
k, u. These governing equations for incompressible fluid expressed as follows [1, 2]:

Continuity equation

0
6_)/:(,,%):0 (111.1)

Momentum equations

op oP 0 ou,  Ou; —

—(puu;)=—-—+—|u| —+—L||-(pu.u. 1.2

axj (pl J) axi axl|: {8)(] 5Xi ]:| (p I j) ( )
Energy equation

i(puiT)zi U W |or (111.3)

OX; ox; |\ Pr o, )oX,

Where p is the air density, P static pressure, o, is the stress tensor, u is velocity. The governing

equations are discretized using the finite volume method, which is to convert the transport
equations to algebraic equations which are solved by an iterative process using CFD

software.The Reynolds-averaged techniques of turbulence modeling require suitable modeling

of the Reynolds stresses, puu; .

One common technique uses the Boussinesq approximation to relate Reynolds strains to
average velocity gradients.

— ou, ou;| 2
puiuj:ut[a+a—x.]]—§k5ij (|”4)

]

The turbulent viscosity term pt can be calculated from a suitable turbulence model. The

appearance of the turbulent viscosity is specified as.
K2

7 :pCH? (111.5)

111.3 .4 Turbulence models

The k-& model is a turbulent viscosity group model, based on the Boussinesq gradient
hypothesis, which relates the turbulent stresses to the mean-field, as in the case of viscous
stresses. The constraints, which appear in the preceding equations. One of the advantages of
this method is taking into account the spatial variability of turbulent agitation and its simplicity

of implementation. Its turbulent kinetic energy and its dissipation rate are given by [3]:
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op op 4 | ok

—(pku, )=— +L | —[+G, - 1.6
op op M, | O £ g

—(peu, ) =— +—=+ |— [+C,.—=(G, )-C,.p— .7
o, %) ox. ([“ o, )ox i (G =Car (-7

Where G, =—puu % represents the production of turbulent Kinetic energy.
uj

Where k represents the generation of turbulence kinetic energy due to the mean velocity
gradients, € and are the inverse effective Prandtl numbers for k, and, € respectively.

Table. 111. 3 summerizes the different constant for the standard turbulent model.

Table. I11. 3:Turbulent constant for k-¢ standard models

Constant | C1 | C» Co | 1 | T2 | Pri | ok | O

Value |144|192/0.09|10|10|085|1.01.3

111.3 .5 Boundary conditions applied for computational domain

Firstly, it considers a three-dimensional open channel asymmetrically heated by a constant
temperature imposed on the two PV modules and absorber (see Table. 111 4).

All walls in this system have no-slip and impermeable boundary conditions. The working
fluid applied to the interior domain is the air. The ambient temperature considered with constant
physical proprieties in the air channel. The following boundary conditions are implemented on
the CFD model:

» No-slip boundary condition for all the walls

> Fully developed air with non-uniform velocity enters at an inlet temperature and
turbulent intensity of 300 K and 5 % respectively.

» A pressure outlet is imposed at the outlet air channel.

» Pressure inlet is imposed at the sloped entrance air channel.

» A constant, uniform temperature is imposed uniformly on the PV module surface.

» Right sidewalls are imposed with symmetry boundary conditions, due to symmetrical
geometry.

» Adiabatic boundary conditions were imposed for the Left sidewall and base sidewall.
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» All these boundary conditions were localized in detail in the figure. 111.2.

Table I11. 4: Boundary conditions used in the present simulation for the fluid and solid

Wall surface

Boundary conditions

Mathematical expression

SEC inlet

Pressure inlet

AP, =0, (gauge pressure), T=T,,

Air channel outlet

Pressure Outlet

P=P

atm

'T = Tamb

PV module surface Wall u=v=0,T=T,,
Lateral side wall adiabatic a%x _ a%y -0,
Base wall adiabatic a%y _ a‘%z —0,
SEC surface adiabatic

6%x - 8%2 =0,

Aluminum Flat plate

(AFP)

Thermal coupled

k,VT. . =T,

AFP 1

k, VT,

al sup =Ra inf

Figure I11. 2 represents the computational domain of both configuration and implemented
boundary conditions. It is noticed that, boundary conditions, which implemented to describe
the current problem to solve it numerically.

In the numerical simulation, the mesh form has obeyed to the best distribution of volumes in
the domain, with the possibility of refining the details wherever necessary.

As an example, figure 111.3 shows the mesh detail for computational domain calculation
of the new hybrid PV/T system. The structured mesh type is the best grid for the CPU calculator
and the reliability of the solution.
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Pressure
outlet

Wall PV module
Tpv= Const

AFP thermal
coupled

Adiabatic base wall
and sidewall

SEC _/
adiabatic7/

Pressure
inlet

Figure 111. 2: The computational domain and Boundary conditions of both configurations of
PVIT system for passive air cooling case

Figure I11. 3: Mesh generation and computational domain calculating of PV/T air
solar collector
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I11.4 Thermo-hydrodynamic parameters assessment

» Grashof number
The Grashof number based on PV module length, Gr,  is defined as follows:

Gr,

Ley

(I11. 8)

_ 98 ey —Tams) Liv
V2

Where f is the thermal expansion coefficient, Tpy is the PV module average temperature,

Tamb IS ambient air temperature, v is the kinematic viscosity of air, and g is the acceleration of

gravity.

> Prandtl number

Pr== (1. 9)

Here v is fluid viscosity and thermal diffusivity.
» Rayleigh number
The Rayleigh number based on PV length, Ra is defined as follows:

_ 3
Ra, = Pr.Gr = /ey ;amb)" (111. 10)
Ve

Where B is the thermal expansion coefficient, T, is the PV module surface temperature, Tamb

is ambient air temperature, v is kinematics viscosity of air, ¢ is thermal diffusivity of air and g
is the acceleration of gravity.

Modified Rayleigh number is expressed by following equation.
Ra,, = Ra, cos(«) (1. 11)
> Nusselt number
The average Nusselt number of the solar panels is presented as [4]:

h. .. % Loy

_ ‘c_avg
NuL_avg - k
f

(1. 12)
Where ks is thermal conductivity of fluid (air), the heat transfer coefficient h, and L the

length of PV module. Where; h represents the average convective heat transfer

avg_c
coefficient is expressed:
h= | hy,xdn

exposed

surface (I | I 13)
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» Airflow consideration
The average air velocity inside the air channel depends on the difference in interior air
temperature between and entrance air ambient to the friction of the wall and drops pressure. In
addition, the average air velocity is mentioned by equations [5]:

2
f I—PV IOaV +k pav
D, 2 " 2

2 paV 2
2

+kout =Hch'g'5ina'(p0_pa) (“I 14)

With H, is the height H,, =L,,.sina

Correspondingly, the equation for the velocity of the air inside the air channel is obtained as

follows.

1/2

_| 29.Lpy-(sin a)z(po —P.)

(1.2 ko k),
h

(I11. 15)

Where f is the coefficient of friction (f = 0.056), kin and kout are the input and output
pressure drops (1.5 and 1.0), [6], L is the length of the channel, Dy is the hydraulic diameter of

the rectangular channel (Dh = 2wS /(w + S), p, is the density of the ambient air, p, is the

density of the air, V is the average air velocity, Hen is the difference of height between the inlet

and the outlet of the channel, W is the width of the channel and S is their spacing.
I11.5 Results and discussions

In this section, firstly the effect of geometric parameters by passive air cooling and
hydrodynamic parameters for active air-cooling has been presented.

Secondly, the impact of geometric parameters of the sloped entrance air channel such as
length, depth, and height on the transfer rate was performed.

Thirdly, the number of aluminum flat plates and their distance to the PV module on the
heat transfer rate is evaluated in this section.

Fourthly, the influence of Rayleigh number and tilted angle on the temperature and velocity
field was presented. Moreover, tilted angle and Rayleigh number effects on the mass flow rate,
heat gain rate, skin friction coefficient, pressure drop, and average Nusselt number were treated
in detail.

Finally, a comparison with previous works concerning the correlations of the average

Nusselt number against to the Rayleigh number for natural convection is carried out.
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111.5.1 Solver code validation

The validation of the numerical model is carried out under the same conditions of
experimental studies examined by Onur et al. [7]. Figure I11. 4 presents the average Nusselt

number evolution for fixed channel gap size as a function of Rayleigh numbers, Ra.

60 -
: -------- Correlation reported by Onur et al., 1997
55—5 @ Numerical results ,
o ] Correlation of current data
> ]
“]lNu  =0072Ra 0362 .
5 %09 L avg
= R? =0.99
45 3
40_: -
19
35 L DL L L L L L LA L L L B AL AL LS ML LLLELLLE LELLLLLE L
3E7 4E7 5E7 6E7 TE7 B8E7 9E7 1ES81.1E8
Ra|
Figure I11. 4: Variation of average Nusselt number versus
Rayleigh number for S = 10mm
From figure Ill. 4 appears that the numerical results are in good agreement with the

experimental data reported by the ref. [7]. It noticed also that the average Nusselt number is
very performed for high values Rayleigh number and with a maximum error of about € = 7%.
The correlation of the average Nusselt number against the Rayleigh number is fitted by the

following equation:

Nu, .. =0.072(Ra)>**, (111, 16)

H_avg

111.5.2 Grid generation and dependence study

Figure I11. 5 displays the average Nusselt number evolution versus nodes number for a
fixed modified Rayleigh, Ram. The mesh test study is used to ensure that the numerical solution

is independent of the grille nodes.
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160
150 o
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157 4
156 4
155

154 \
153 4 9

152 \

e
er ] \0 (112%28*14)

Error = 0.3% I \0"'--...._______0

Average Nusselt number

150

149 L] I L] l L) l T I L I L I L) l
2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10° 1.2x10° 1.4x10° 1.6x10° 1.8x10°

Nodes number

Figure 111. 5:  Nodes number effect on the average Nusselt number for a=30° and with
AFP configuration for fixed Rayleigh at Ray=4.06x10°

It is clear that the mesh (112*28*14) nodes, present a better solution, to optimize the CPU

time(2Hours) and the cost of the running calculations.

111.5.3 Sloped entrance air channel dimensions effect on the average Nusselt number

In this sub-section, geometric parameters of SEC such as length, height, and depth for the
fixed tilted angle (0=30°) with AFP case were analyzed. Figure 111.6 displays the average
Nusselt number distribution as a function of the sloped entrance channel length for different
Rayleigh numbers and for the fixed tilted angle of the hybrid system ( a=30°).

It seems from figure.6 (a) that the average Nusselt number decreases in the range of SEC
against the length (10<Lce<60). Whereas, in the range of 10<Le<60 of SEC length the
average Nusselt number stays constant. Figure 111.6 (b) displays the average Nusselt number
which decreases until Lene=60cm, after this value the NuL avg Starts to increase where the pant
becomes important. It also appears in figure 111.6 (c) that NuL avg increases by three phases as
a function of SEC length. The decreasing of the average Nusselt number versus SEC length for
the first phases for figure 111.6 (a) and figure 111.6 (b) can be explained by the fact that bouncy

forces are weaker than friction forces. Therefore, the average Nusselt number is more efficient
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for high SEC length and for high Rayleigh number. From these previous plotted profiles,

several correlations have been fitted by Origin software, as follows:

e  Forthe minimum Ra, =8.12*10°
_ * (-0.00278) . .
NU_,, =(100.5672)*L, ;0<L,, <60cm; (111.17)
_ * (7.052107%) . .
NU, ., =(99.16228) %L, ;60< L, <120cm; (111.18)
a) Ram:8.12E+08 b) Ram:2.44E+09
100.0 135.6 .
@ Numerical results @ Numerical results
998 1 - - . -0.00278 . o104 {
NUL_ayg=(100.5672)"Lgpe! ) 1355 NuL_avg=135_62*Lche( 449271077) @.-
99.8 - 2 .
R“=0.98 g R2=0.99 e =30
2 997 4 a=30°| | P
3 3 13541 W
= 996 - g
995 - g 135.3 4
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135.2 - (0.00163)
99.3 - o ~ Nu =(134.48)"L
< Nu_ avg=(99_1625)*|_che(7-052 10704) L_an2 che
99.2 _2 R“=0.926
R2=0.88 135.1
99.1 -
990 T T T T T T 1350 T T T T T T T T T T T T
0 20 40 60 80 100 120 0 10 20 30 40 50 60 70 80 90 100 110 120 130
Lapa(cm)
Lehe(cm) che
¢) Ra;,=4.06E+09
159.0
@ (c) Ray,=4 06E+09 )
+ =2 Nu avg:(149'9)*Lche(0'01322) S
158.8 = 5 .
e R“=0.97 °
_ » L o=300
_ * 3.69"10°
Z 1586 4— Nu__yg=157.91 Lgpel ) g
R? =0.75 Rt
158.4 of
4 A 0‘
o
)
158.2 | .77
oAUy = 56.2728)"L gy, 0 003 19)
2_
168.0 T T T T T |R _?'98 T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120 130
Lcne(Cm)

Figure 111. 6: Average Nusselt number distribution versus SEC length for three modified
Rayleigh numbers values, and tilted angle 0=30°.

e For the intermediate Ra,, =2.44*10°

0%

NU_ ., =(235.62)*L,, %) ;0 <L, <60cm; (111.19)

Nu ,, =(134.48)*L ™ ; 60<L,, <120cm; (111.20)
e For the maximum Ra_ =4.06*10°

NU_,,, =(@57.9D)*L,, ¥ ;0<L,, <40cm; (111.22)
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Nu_,, =(56.2729)*L,, *** ; 40<L,, <100cm; (111.22)

che
Nu ,, =@@49.9)*L, " ;100<L,, <120cm; (111.23)

Figure 111.7 (a-b) Illlustrations the variation of the average Nusselt number with respect

to SEC height for three fixed Ram (8.12*10°, 2.44*10°, 4.06*10°) and fixed tilted angle
(0=30°).
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Figure I11. 7: (a-c) Nusselt number evolution on the sloped air channel height for different
Rayleigh number, a=30°.

From He=5cm, a great decrease in the average Nusselt number with an increase in SEC
height is noticed. In more, for SEC height low than 5 cm, high average Nusselt number values
are recorded, especially for high Ram (figure 111. 7(c)) where NuL_avg Values are around 166. As
result, for SEC height greater than He=5cm The Nuy_avgimproved by about 3%, 4.1%, and 5.1%
for Ram take values8.12*10°%, 2.44*10° , and 4.06*10°, respectively.

Regarding to fitted correlations of average Nusselt numbers as a function of modified

Rayleigh numbers, the different equations are writen as follows:
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e  For the minimum Ra,, =8.12*10°
NU, o = (100.4255)*H, % 3< H, <5cm; (111.24)
Nu_,,, =(109.1159)*H % ;5 <H_ <ldcm; (111.25)
e For the intermediate Ra, =2.44*10°
Nu ,, =(140.3581)*H,®*™ ; 3<H, <5cm; (111.26)
Nu ,, =(151.84)*H %% ;5<H, <14cm; (111.27)

e For the maximum Ra_ =4.06*10°

Nu ,, =(164.61)*H " :3<H, <5cm; (111.28)
Nu ,, =@171.677)*H % :5<H, <1lcm; (111.29)
Nu_, =(224.9127)*H ) 11< H, <14cm; (111.30)

Figure 111.8 (a-c) illustrates average Nusselt number development as a function of the
SEC depth for three fixed Ram, 0=30°. It is recorded that there is a little increase in the average
Nusselt number against the SEC depth of about 0.39%,0.38%, and 0.25%, respectively.

The SEC depth has a negligible effect on the average Nusselt number. The average
Nusselt numbers on the PV module surface for several Ranm are fitted in figure 111.8 (a-c), and
were correlated by the following equations:

e For the minimum Ra,, =8.12*10°

Nu ,, =(100.5976)*W,®** ; 22 <w, <57cm; (11.31)
e For the intermediate Ra_ = 2.44*10°

Nu ,, =(139.39)*W,©** ; 0 <W, <60cm; Ra, =2.44*10° (111.32)
e For the maximum Ra, =4.06*10°

Nu_,, = (162.8604)*W, ) ; 22 <W, <57cm; Ra,, =4.06*10° (111.33)
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Figure I11. 8: (a-c) Average Nusselt number variation versus the SEC depth for Three
fixed Ram, a=30°.

111.5.4 AFP distance and number effect on the average Nusselt number

Figure 111.9 (a-c) presents the influence of AFP distance on the average Nusselt number
for various Ram, 0=30°. It observes that for low values of AFP distance the heat transfer is more
improved.

Besides, the values of AFP distance, in the range, which reaches between 0.02 to 0.04 m
and have optimum values of the average Nusselt number. The heat transfer rate is improved
when the AFP is installed near the surface of the PV module. This can be explained by the fact
of the air passage section is reduced; consequently, the heat transfer rate is increased.

This can be explained by the fact of the air passage section is reduced consequently the

heat transfer rate is increased.
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Figure I11. 9 (a-c) : Average Nusselt number distribution versus the AFP distance to PV
module for various Ram, a=30°.

Finally, the insertion of AFP closed to the PV module is more recommended for

enhancing the heat transfer rate, and were correlated by the following equations:

Nu

Nu

Nu

Nu

Nu

e For the minimum Ra, =8.12*10°

g = (88.0551)*d ™ ; 2<d,, <5em; (111. 34)
g = (128.798)*d (3" ; 5<d,, <13cm; (111.35)

e For the intermediate Ra_ = 2.44*10°

_ag = (131.3536)*d 2™ ; 2<d,, <3.50m; (111.36)
g = (148.9529)*d (57 35.<d, ., < 7cm; (111.37)
g = (201.3061) *d 5 ;7 <d,, <13cm; (111.38)
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e For the maximum Ra, =4.06*10°

NU_,,, =(159.4995)*d 22 ; 2<d,, <3cm; (111.39)
Nu . =(@180.51)*d{2™" ; 3<d, <9cm; (111.40)
Nu_, =(270.9692)*d{ 5" ; 9<d,, <13cm; (111.41)

Figure I11. 10 presents the average Nusselt number evolution as a function of the AFP
distance darp, for different values of the modified Rayleigh number. A better heat transfer rate
(maximum average Nusselt number) is obtained for an optimal value of the AFP distance
around 3 cm.

As the AFP closes to the PV module, the average Nusselt number becomes more
significant. The average Nusselt number as a function of darp and Ranm is fitted and expressed

in the following equations:

NU, ,,, =(—6.53+(6.63*exp ™) )xRa, *# ; 8.12*10° < Ra, <4.06*10° (111.42)
180 0.0136*d 0.328
0 1 —— Nu_ __ =(-6.53+(6.63%exp AFP))*Ra_’
o - R?=0.97
= 1604 O d,=0.02m ,
= 1 _ Numerical results
2 150] O d,,=0.03m
o] ¥ dg=0.13m
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Figure I11. 10: Average Nusselt number variation versus
Ram and dagp, for fixed a=30°.
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Figure 111.11 displays the average Nusselt number distribution as a function of the AFP

number for three fixed Ram. It seems that since integrating AFP, the average Nusselt number

was improved for the whole Ram.
However, for the same Ram, the AFP number rising has no effect on the average Nusselt
number. It is also clear that the heat transfer rate is enhanced compared to the case without AFP.

Consequently, the integration of AFP has a positive effect to improve the heat transfer rate,

Ra =4.06E+09

especially for high Ram.
[ ]Ra _=8.12E+08 Z] Ra_=2.44E+09

a=30°

NLLaVQ

Ra
m

Figure 111. 11: Average Nusselt number evolution as a function of AFP number with
darr=0.03m for various Ram number, a=30°.

111.5.5 Influence of Rayleigh number and tilted angle on the temperature filed

Figure 111. 12 (a, b) illustrates the isotherms contours inside the air channel with various
tilted angles and for fixed Rayleigh numbers for both cases. It noticed that the maximum

temperature inside the air channel is reduced with increasing the tilted angles.
For each angle, it appears that the temperature increase more in more when near the PV

module surface. The thermal boundary layer thickness is reduced against the augmentation of

tilted angles.
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Figure I11. 12 (a,b) : Isothermal contours versus tilted angle for fixed Rayleigh number.

In more, these configurations give more local characteristics to the thermo-hydrodynamic
flow behaviors. The stratification zone is attenuated with increase-tilted angles. For both cases,
and then more noted for horizontal configuration (a=0°).

Hence, the PV module becomes colder, Figure I11. 12b shows that a distinct vertical thermal

boundary layer is formed adjacent to the heated wall for all three Rayleigh numbers. Over this
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range of the Rayleigh numbers, the thickness of the thermal boundary layer, which decreases
as the Rayleigh number increases, is much smaller than the channel air gap size.

The absence of isotherms near the insulation wall suggests that convection is strong and
predominant near the PV module, as expected.

Figure I11. 13 (a, b) displays the temperature evolution profile against the dimensionless
position along the air channel for several tilted angles and Ra_ =8.12E*%at distance to the PV

module of 1.5 cm for both cases.
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Figure 111. 13 (a,b): Temperature evolution versus long position at distance to y=0.1cm to
PV module for various tilt angle and for fixed Rayleigh number for the of without and with AFP
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The temperature in the air channel decreases with the increase of the tilted angles. In more,
for the vertical PV system (a=90°) the temperature is lowest compared to the other tilted angles
for both cases. For tilted angles different from zero, it seems that with AFP configuration, the
temperature values are nearest compared to those for the case without AFP.

Figure 111. 14 (a, b) represents the temperature difference as a function of Rayleigh numbers

and tilted angles in both cases (with and without AFP).

[ Ja=0°

7] o=15°
7] a=30°
[T =452
[[TT7] o=60°
[ o=75°
H o=90°

Figure I11. 14 (a,b): Difference temperature evolution as a function of Rayleigh number
for various tilted angle for the case without and with AFP

It is noticed that the temperature difference is more significant for the case of AFP than

without. According to these figures, the tilted angles have not affected the temperature
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difference, except for the horizontal configurations. On the contrary, the Rayleigh number has

a high impact on the temperature difference.
111.5.6 Influence of Rayleigh number and tilted angle on the velocity filed

The velocity contours distribution inside the air channel with various tilted angles and for

fixed Rayleigh number is clarified in Figure 111.15 (a, b).
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Figure I11. 15 (a,b): Magnitude velocity contours versus
tilted angle for fixed Rayleigh numbers.
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It is observed that rising tilted angles produce an increase in the magnitude velocity in the
air channel for both cases. For the case with AFP, the maximum velocity was concentrated in
the gap between AFP and the PV module surface due the passage section is reduced.

While for the case without AFP, the maximum distribution velocity is localized at the SEC.
In more, the maximum velocity for both cases is significant for high tilted angles (o>=60°).
Figure I11. 16 (a, b) shows velocity magnitude evolution along the air channel at the level of
the PV module versus normalized length(X=x/LPV) for different tilted angles and for fixed
distance to PV surface (Y=y/H).
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Figure I11. 16 (a,b): Magnitude velocity profile evolution as a function of position at
distance to PV module of about y=0.0125 for various tilted angle and fixed Rayleigh number
for the case with and without AFP
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It is noticed that augmentation of the magnitude velocity in the air channel with increasing
of tilted angles for both cases (with and without). The magnitude velocity is more important in
the case with AFP (Figure 111.16b) compared to them without (see Figure I11.16a). For each
tilted angle, magnitude velocity appears constant with the AFP case.

In both cases, the maximum velocities vary versus the Rayleigh number and the tilted angle,
as shown in Figure I11. 17 (a, b). It is noticed that the maximum velocities values increase as
rising tilted angles and Rayleigh numbers, for cases with and without AFP. The optimum angles
for best enhancing of maximum velocity are superior to a=30°, where percentage enhanced take
values.

The maximum enhancement value is recorded for the tilted angle of a=45° reached 22% for
Ra_ =9.0E+9. Finally, it can be concluded that integrating AFP has been improved the maximum
magnitude velocity in the PV/T system.

111.5.7 Influence of tilted angle and Rayleigh number on the heat gain rate

The changing of heat gain rate at the air channel outlet against the Rayleigh numbers and

tilted angles for both cases (with and without AFP) is plotted in Figure 111.18 (a, b).

The rate of heat removal by the natural air cooling system is calculated as follows [8]:

é = Maircp (Tout _Tin) (l | |43)
Where Mair, Tout, Tin, and Cp are the mass flow rate, outlet temperature, inlet temperature,

and specific heat coefficient of the cooling air, respectively. The mass flow rate is calculated
using following equations.

M, =p*V*A, (111.44)

It notes that an increase in the heat gain is more significant for the case with AFP

compared to another case.

Figure 111.18 (a, b) shows heat gain variation as a function of Rayleigh numbers for various
air channel tilted angle for both cases with and without AFP. The heat gain is improved by
increasing Rayleigh number and air channel tilted angles for both cases without and with AFP.
On the other hand, the heat gain for the case with AFP is more enhanced compared to another
case. It appears clearly that the heat gain is more significant for high Rayleigh and for high

tilted angles.
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Figure 111. 17 (a,b): Maximum magnitude velocity evolution versus Rayleigh number and
for various tilted angle for the case without and with AFP
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Figure I11. 18 (a,b): Total heat gain evolution versus Rayleigh number for various tilted
angle at the case with and without AFP

111.5.8 Influence of air channel tilted angle on the average Nusselt number

Figure 111.19 shows average Nusselt number growth as a function of Rayleigh numbers
for various air channel tilted angles for both cases with and without AFP.
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Figure I11. 19 (a,b): Average Nusselt number variation versus Rayleigh number for
different tilted air channel

The average Nusselt number is enhanced by the progression of the air channel tilted angle
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It observes that an increase in the average Nusselt number of the PV module surface for
the case with AFP compared to another case.

From Figure I11. 19, it appears clearly that the heat transfer rate is enhanced by increasing
the sloped air channel.

Consequently, the rising in the sloped air channel length produces a high buoyancy force

for various Rayleigh numbers.

Figure 111.20 illustrates average Nusselt number changing versus Ram for the optimal geometry
obtained with (Lche=0.735m,We=0.3m,He=0.05m,darr=0.03m,Narr =1,0=30°) for the case
with AFP.
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Figure 1. 20: Nusselt number variation versus Rayleigh number
and AFP distance for fixed tilted angle,a=30°

It observes that an increase in the average Nusselt number of the PV module surface versus
Ram. A correlation is fitted of Average Nusselt number versus modified Rayleigh number, is

fitted and expressed in the following equations:

Nu, .. =0.1435Ra **" ; 8.12*10° < Ra,, <4.06*10° (111.45)

L_avg
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This correlation with multivariable can be used to calculate the average Nusselt number of PV

modules for different modified Rayleigh numbers.
111.5.9 Comparison with previous works

Table. I11. 5 collects some correlations employed in the air channel to calculate the
average Nusselt number for analyzed the heat transfer. The geometric parameters such as
spacing size effect on the heat transfer filed in laminar or turbulent natural convection are
presented.

Table. 111. 5: A Comparison of average Nusselt number correlations versus Rayleigh number of
natural convection in a channel.
Authors

Correlations Flow regime

Onur et al. (1997)[7] Turbulent

Nu ., = 0.669Ra%?*
(Ra<10% 15<L/s<50 and o =30°

combined Turbulent

Millteman et al. [9]

NUs ,,, = F(L/S)x(Rasina)**®

F(L/S)= - 3.38x10°(L/S)*+0.000687 (L/S)?
-0.04419(L/S)+1.833

(Ra<10°, 15<L/s<50 and 30° < a <90°)

convection/Radiation

Phiraphat et al.,(2017) Nug ., = 0.3282(Ra, sin 30)°%* Turbulent
[5] (S =15cm,S /L —0.125
Boutina et al. NUg ., = (0.04889* La*0.1914)Ra’** Turbulent
(2018)[4] (10° < Ra, <5*10°, (S/L)=0.0192,
o =30°
Present study Nu_ ., =x0.1435Ra,>**" ; Turbulent

8.12*10° < Ra,, < 4.06*10°

These authors suggested correlations to calculate the average Nusselt number for vertical and
tilted air channels.
111.6 Conclusions
In this three-dimensional numerical study, the improvement of heat transfer by passive
air-cooling of an innovative concept of the hybrid photovoltaic/thermal system is presented.
The effects of the geometric parameters of the SEC inlet air channel, the integration of the

aluminum flat plate on the heat transfer rate were analyzed. In addition, the impact of the PVT
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system tilt angle and Rayleigh number on the thermo-hydrodynamic flow behavior is

performed.

AN N NN

v

The analysis of the results obtained allows us to achieve the following main conclusions:
The obtained results have best agreement with experiment results of Onur et al. [7].
For He = 0.05 m, the average Nusselt number is improved by about 5.1 % .

AFP improving the heat transfer rate by about 20% compared to case without

An optimal value of the AFP distance (dare optimal = 3 cm).

Increasing the system tilt angle improved the maximum airflow velocity

Correlations of average Nusselt numbers versus modified Rayleigh numbers reported.
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IVV.1 Introduction

After presented a numerical study on the passive air-cooling effect on the dimensions of the

new hybrid system in the previous chapter.

This part of the study is divided into two sections, the first includes a three-dimensional
numerical study on the air-cooling effect ensured by two fans to improve the heat transfer rate,

friction coefficient, and total heat gain.

Another section concerning a comparison between the results of the numerical simulation of
new solar hybrid PV/T Bi-fluid collector, with the experimental data in order to verify the validity

of the proposed numerical model.

The finite volume method is used to solve the governing transport equations and the RNG k-

¢ turbulence model is elaborate for describing the turbulent mixed convection.

This new system hybrid PV/T Bi-fluid able to cool the PV module from their two sides and
cleaner their front side from the soiling and pollution. The main objectives of this contribution

are to achieve these principal important points:

v Influence of tilt angle and Grashof number on the average Nusselt number

v Influence of co-current and counter-current on the average Nusselt number

v Investigating the effect of air Reynolds number on heat transfer rate and friction
coefficient, and total heat gain

v Compared the new solar hybrid PV/T Bi-fluid collector with present experimental data

reported in Ref. [1] in terms of average electrical efficiency during the daytime.
V.2 Physical model description

Figure 1V.1 represents both considered configurations of the hybrid PV/T air system in
the case by using an active air cooling technique. The first step is designed in a manner to cool
the PV module from the backside with forced air circulation for different tilt angles to improve
the heat transfer rate. The second step is focused to study the effect of the hydrodynamic
parameters such as tilted angle and Reynolds number on the average Nusselt number and heat
gain.

The figure. V. 2 represents the physical model sketch of both configurations of PV/T Bi-

fluid solar collector considered for active cooling case.
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Figure. IV. 2: Physical model sketch of PV/T Bi-fluid solar collector configuration
considered for cooling case, Config (B) [1].
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In Table. IV. 1 All summarizes geometric parameters, symbols and their values of studied
configurations. Table. IV .2 shows Present different scenario studied for Config (A) and Config
(B).

Table. IV. 1: Dimensions of the considered configurations Config (A) and Config (B) of New
hybrid PV/T air and PV/T Bi-fluid system solar collector respectively.

Geometric parameter Symbol Values
PV module length Lpv 1.2
Air channel gap S 0.14
Air channel length Len 1.2
Entrance sloped air channel length Lche 0.735
Entrance channel Depth We 0.3
Entrance channel size He 0.14
Aluminum Flat plate Length Lafp 1.2
Aluminum Flat plate depth Wap 0.57
Aluminum Flat plate thickness Eafp 0.001
Aluminum Flat plate Number Nafp 1
Aluminum Flat plate distance to PV Jafp 0.03
Plastic perforated tube op 0.008
Inlet water nozzle on 0.002
Outlet water nozzle ONout 0.006

Table. IV. 2: Considered cases of active cooling by using air and water fluid as working flow

Studied Reynolds Lene” | He™ | We™ | Narp | darp o op n
cases number (m)
Config(A) | 2500 <Re.<10000 | 0.625 | 0.36 | 052 | 1 | 0.03 | 0°<g <90°| /Ml | 1l
Config( B) Rewater = 500 0.625 | 036 | 052 | 1 | 0.03 | 0°<¢ <90°| 0.008 | 0.002

IVV.3 Computational method

Three-dimensional numerical simulations are used to compute the thermal and
hydrodynamic flow behavior of the PV/T Bi-fluid system. The numerical solution of the
governing equations presented above with the associated boundary conditions is based on the
finite volume technique. The standard k-¢ turbulence model is used for modeling the turbulent
properties of the flow. Convergence criteria have declared when the maximum relative change

between two consecutive iterations fell below 107, for velocity and temperature

IV. 3.1 Numerical procedure

ANSYS FLUENT 16 is a CFD code based on the finite volume method and is a well-
established commercial software used in various fields including fluid dynamics. The steady
pressure-based solver is applied to solve governing equations. A SIMPLE algorithm is used for
pressure and velocity terms coupling. The central difference scheme is involved for the
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discretization of momentum and energy equations, whereas discretization of convective terms
is done using a second-order upwind scheme. The present investigation is carried out in an Intel
5-core CPU with a RAM size of 8 GB, 3.60 Hz, and 64-bit Windows 7.

V. 3. 2 Simplifying assumptions

For obtaining a simple mathematical model, the following simplifying assumptions are

adopted:

> The flow regime is forced turbulent for both configuration

» The geometry is created in three-dimensional with a symmetry plane

» The working fluid (air) and water are assumed to be Newtonian and incompressible.

» No-slip boundary condition is assigned to the walls

> Negligible radiation heat transfer mod in the wall.

» The flow regime is assumed permanent for config (A) and transient for config (B).

» The physical properties of the fluid are constant for config(A) and varied for config(B).
V. 3. 3 Water and air physical properties

The physical properties of water are affected by the changing of water temperature. The
next correlations provide respectively the water density, dynamic viscosity, thermal
conductivity, thermal expansion coefficient, and specific heat capacity [2, 3].

Table V1.3 Thermo-physical properties of air and water correlations between (0 to 100°C, 273.15-
to 373.15)[2,3]

Thermo- Air Water
physical
quantities
Density p =353/(0+273) p =-0.00380*6* —0.0505+1002.6

Heat capacity | C,, =1.0057 +0.000066(60 —20), =5631.3—9.2262T +1.4622x10°T?

Thermal A=757*10%0+0.0242 A =-9.87*10°*0* +2.238*10 0 +0.5536
conductivity

Dynamic |/ 105 (0,0046* @ +1.7176) =10™*(0.00200* 6 —0.33896 +17.199

viscosity
oxponsion | AT =~ B(T) =—1.908x10"° +7.318x10°°T
coefficient (1/k) (0+273)

Diffusivity | =107 x(0.0046* 9 +1.8343), =107 (~0.00360* 0 +1.34)

Prandtl number | pr — _2 54100 +0.7147 | Pr=1.577*10°*§? —0.261*0+12.501
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IV. 3.4 Governing equations

The CFD software Flow Simulation Ansys Fluent solves the Navier-Stokes equations. It
consists of mass, momentum, and energy conservation laws. It is supplemented by fluid state

equations defining the nature of the fluid.

The Reynolds-averaged Navier-Stokes equations are used for the prediction of turbulence
flow. These are the equations of fluid mechanics in the general case of turbulent flow:
conservation of mass conservation of momentum, conservation of energy, and for a simple

formulation of the problem.

These equations describe the behavior of the fluid and are the basis of all thermo-

hydrodynamic considerations, whether physical or numerical.

Taking into account the incompressible flow, where the density is constant, the Navier-
Stokes equations for the three-dimensional flow are shown in equations (IV1-1V5). Here, body

forces have not been included [4].

v Continuity equation

8(pu)+8(pv) .\ o(pw)
OX oy oz

=0 (IV.1)

v' Momentum equations in x-direction

8(pu)+8(puu)+8(pvu) . d(pwu) _@ﬂy{azu A" azu)

= +
ot oX oy oz ox \ad oyt o’

(IV.2)

v' Momentum equations in y-direction

a(pv)+a(puv)+a(pw)+8(pWV) _@W[Z_;Jrgy_z‘z’JrgTz‘z’j_pgﬂ(Tamb—T) (IV.3)

ot ox oy oz oy

v' Momentum equations in z-direction

a(pw)+a(puw)+a(pvw)+a(pww) o, [azw+azw aZWJ

= +
at ox oy oz oz Tl oy o

(IV.4)
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v' Energy equations

o) 2lpet) 2Aet) dAowet) (07,07 27

ot OX oy oz

v Boussinesq approximation

J+q’" (IV.5)

It consists in considering that the density (p) of the fluid varies only in the term of the

volume forces (gravity), whose variations with temperature, assumed linear, generate natural

convection. These variations are then translated by an equation of state that relates density to

temperature. However, the Boussinesq approximation is applied to the buoyancy term in the

averaged momentum equations Eqgs. (IV.6-11) where the density is calculated from Eq. (IV.6)

as [5]:

p=py(1- BT -T,))

The Boussinesq approximation is valid when [6]:
(BT-Ty)) <1

v' K-epsilon RNG Turbulence model equations

o(pk) o 0 meEs
_ k ___ i O Bt P —
a o k) axj_(“ak o, |
d(pe) o o L o¢ | £ . &
< (peu) = | p B | v, SR - pC, &
a o ) axj_[’”ag o, | KT

Where C”,, is calculate by the following equation:

3 p—
C*Zg — CZ5 + Cu77 (1 773/ 770)
1+ fn

And 7 is calculate by the following expressions

n=Sk/¢&
In addition, S is calculate by the formulate:

S =255,
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It is interesting to note that the values of all of the constants (except B) are derived

explicitly in the RNG procedure. Variable and constant that used in RNG k-e are summarized

in the Table. IV.4

Table. IV. 4: Presentations of the turbulent variable and constant appears in each equation
Symbol Signification Formulation
G Represents the generation of turbulent kinetic energy that — du.
X arises due to mean velocity gradients. G, = pUU; a—’
X .
J
Gb Represents generation of turbulent kinetic energy the arises u, oT
due to buoyanc G, = i o AL
yancy » =59, Pr. ox,
Y, represents the fluctuating dilation in compressible turbulence Y,, =2peM?
that contributes to
the overall dissipation rate
source terms defined by the user dissipation _
S, y P S, =./2S;S;
source terms defined by the user kinetic ener _
S y oy S =4/25;S;
C, Constant determined experimentally C, =142
r ¥
C, Constant determined experimentally C,, =1.68
& &
Cy Constant determined experimentally 0.0845
C Constant determined experimentally 100
Vv
o Inverse effective Prandtl numbers for the turbulent Kinetic o =12
¢ energy ¢
o Inverse effective Prandtl numbers for the turbulent Kinetic o =10
k energy dissipation rate k
H k2
t Turbulent kinetic energy and its dissipation rate M= pC# —
&

v" VOF model equations

As none of the earlier investigators used the volume of fluid (VOF) model as an
appropriate model for open channel flow, in the present study, a 3D CFD analysis using the
VOF model. ANSYS Fluent 16 software, and Gambit 2.4.6 preprocessor software, were used
to predict the for modeling an open channel geometry using of the model. In this present work,
the VOF model of Eulerian-Eulerian multiphase models was used.

A methodology for the numerical simulation and prediction of the water following over
the front surface of the PV module with free air was developed and subsequently used to
simulate the flow. In the actual work, Re is greater than 1, and it is also greater than 1. Therefore,
the surface tension effect was neglected. Other variables were given default values.

For the current model, the movement of the water surface is captured using the VOF

method. A step function F (X, v, z, t) is defined as unity at any cell occupied by fluid (liquid

146



Chapter IV A novel concept of active Bi-fluid cooling system for photovoltaic modules

cells) and zero in cells occupied by air (empty cells). Cells with an F function between zero and

one contain the water surface (surface cells).
For incompressible flows, the VOF method solves the following advection equation,

which is in the conservative form, to calculate the time evolution of the function F:

oF (IV.13)

—+V.(uF)=0
o V.(uF)
In the VOF model, all properties are calculated using the volume the fraction in each cell.

In a two-phase system, if the phases are represented by the subscripts 12 and 13, and of the

volume fraction of the second phase is being tracked, the density in each cell is determined as

follows.

P =0, +(1_a2)p1 (1V.14)

IV. 3. 5 Boundary conditions applied for computational domain
Figure. V.3 represents the computational domain of both configuration and implemented

boundary conditions.

Water velocity
inlet ™

Wall PV module
Tpv= Const

Symmetry K AFP thermal
coupled

Adiabatic base wall
and sidewall

SEC |
adiabatic}’

Pressure
inlet

Figure. 1V. 3: The computational domain and Boundary conditions of both configurations of
PVIT Bi-fluid system for active air and water cooling case

It is noticed that, boundary conditions, which implemented to describe the current
problem to solve it numerically. Firstly, we consider a Three-dimensional open channel

asymmetrically heated by a constant temperature imposed on the two PV modules and
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absorbers (see Table 1V.5). All walls in this system have no-slip and impermeable boundary
conditions. The working fluid applied to the interior domain is the air. The ambient temperature
considered with constant physical proprieties in the air channel. For modeling, the fluid, a free
surface in Ansys Fluent a short program (UDF) was used (see Annex A) to set all physical
proprieties varied as a function of air and water temperature and flow time. The time step was

calculated by used the courant number and expressed by the following equations:

At=—"2 (IV.15)

Where At is the time step, Ax isthe minimal grid size and V is mean velocity of water flow.

Following boundary conditions are implemented on the CFD model:

» No-slip boundary condition for all the walls

» Fully developed air with non-uniform velocity enters at an inlet temperature and
turbulent intensity of 300 K and 5 % respectively.

» A pressure outlet is executed at the outlet air channel.

> Pressure inlet is fixed at the sloped entrance air channel.

» A constant, uniform temperature is imposed uniformly on the PV module surface.
> Right sidewalls are implicated with symmetry boundary conditions, due to
symmetrical geometry.

» Adiabatic boundary conditions were implemented for the Left sidewall and base
sidewall.

Table. IV. 5: Boundary conditions used in the present simulation for the fluid and solid
phases

Wall surface Boundary conditions Mathematical expression
SEC inlet Pressure inlet AP =0, (gauge pressure), T =T_
Air channel outlet Pressure Outlet P=P, . T=T,,
PV module surface Wall u=v=0,T= TPV
Lateral side wall adiabatic a‘V _dT/ _p
ox— Joy 7

Base wall adiabatic or/ _oT/ _

Voy ="V ="
SEC surface adiabatic oT/ _oT/ _

/3x T /oL 0,
Aluminum Flat plate (AFP) Thermal coupled kalVT,,, =kalVT, =T,

All these boundary conditions were summarized in detail on the table. 1V.5.
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In the numerical simulation, the mesh form has obeyed to the best distribution of volumes
in the domain, with the possibility of refining the details wherever necessary. As an example,
figure. 1V.4 shows the mesh detail for computational domain calculation of new hybrid PV/T
system. The structured mesh type is the best grid for CPU calculator and the reliability of

solution.

Figure. 1V. 4: Mesh generation and computational domain calculating of PV/T Bi-fluid solar
collector

IVV.4 Thermo-hydrodynamic parameters assessment and airflow velocity consideration

» Grashof number

The Grashof number based on PV module length, Gryis defined as follows [7]:

Gr

Lpy

_ 98T,y _-Iz-amb)l_pv (IVv.16)
|14

Where B is the thermal expansion coefficient, Tw is the PV module surface temperature,
Tamb IS ambient air temperature, v is the kinematic viscosity of air, o is the thermal diffusivity

of air and g is the acceleration of gravity.
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» Prandtl number

|4
Pr.=— V.17
5 (IV.17)
Here, v: is fluid viscosity and thermal diffusivity.
» Water Reynolds number
VD,
Re, =—™ (1Vv.18)
14
» Air Reynolds number
VD
Re, =—™2 (IV.19)
1%
» Nusselt number
The average Nusselt number of the solar panels is presented as:
h x L
NUL_an _ c_avg:( PV
f (Iv.20)

Where ks is thermal conductivity of fluid (air), the heat transfer coefficient h, and L the

length of PV module. Where; h, .. represents the average convective heat transfer

coefficient is expressed:
H = I hconv X dn

exp osed

surface (|V21)
The thermal energy heat gain from air stream produced by the PV/T Bi-fluid is
calculated by using the Eqgs. (1V.22), [8]:
Qair = mair'Cpair (Tair,out _Tair,in) (IV22)
Where ;- is the air mass flow rate in Kg/s; Cpg;,- is air specific heat in J/(kg.K), Tqir out

and Tg;rin are the outlet and inlet tempertaures of air flow, respectivly.

The formula for calculating air mass flow rate is:

mair :pair 'Vair'An (IV23)
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Where, V,;,- is the air velocity inside the air channel. For forced convection V,;.is calculated
by Eq.(IV.24) according to Ref.[9]:

_ O'S'Q'ﬁ'LC(Tair,out _Tair,in) + (Ap / pair)
A AC, (L. /D) +C,, (A2/ A2)+C,, (A2 AZ)

n

(IV.24)

Where g is the thermal expansion of the air fluid and calculated by the expression
(IV.25):

1 2
B=—= (IV.25)
Tm (Tair,out +Tair,in)

Dn is the air channel’s hydraulic diameter, i.e.

D, = 2.( We.SC J (IV.26)
Wc +SC

Apis the pressure difference created by the DC fan provided by the manufacturer.

Ap = f(P,,) (IV.27)

A, is the cross-sectional area of the air duct (m?), A, =Wc.SC. A A,,.. The friction

factors of the air channel’s walls, entrance, and exhaust loss coefficients are C,,C, ;andC_,

respectively, and are calculated as follows:

C, =0.3*1.368.G>®,C,_=15,C , =15 (1v.28)

out
For forced convection, the air velocity is conveniently correlated to global solar irradiation

(G), as follows [10]

Vair = CFan G (|V29)

Where C_,. is a coefficient that represents the slope of the linear correlation, which is plotted

Fan
according to the experimental data of the present study of the air velocity through the air channel
with two DC fans compared to the global solar irradiation.

The thermal energy gain from the water stream generated by the PV/T Bi-fluid solar collector
is calculated using Eq. (1V.30) [11]:

Qw = mw'pr (Tw,out _Tw,in) (IV3O)
Where m,, is the water mass flow rate at the inlet nozzle pipe.

In this study, the hybrid PV/T Bi-fluid system is cooled down using both air and water working

fluids. This is, the total thermal energy of the system is the sum between that generated by air
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and water. Thus, the total thermal efficiency n, is calculated according to the relation given by
Duffie and Beckman [12]:

M = % (Iv.31)

The overall efficiency nyperqu  has been widely used in the performance evaluation of

hybrid PV/T system, according to Ref. [13] nyperqn 1S assessed as follow:

Moveat = T et | Tgower (1V.32)
where 7, and n,; are respectively the thermal efficiency and electrical efficiency of the

PVIT Bi-fluid system, n,,yer IS a conversion factor often assigned a value of 38%, which is

the second law efficiency of a conventional thermal power plant.

Exergy analysis is a practical thermodynamic tool to evaluate the effectiveness of an energy
system under irreversible conditions. In this study, the exergy efficiency of the system is the
sum of electrical efficiency and exergy efficiency of water and air stream, as expressed by Eq.
(IV.31) as cited in the [14]:

To To
77e><,overal| = 77eI,PVT + 77th,air l:l_ T—:I + ﬂth,w |:1_ T—:I (|V33)

air,out w,out

1V. 5 Results and discussions

In this section, the effect of air and water Reynolds numbers, and system tilt angle on the
heat transfer rate has been achieved. Moreover, the co-current and counter-current cooling flow
direction effect on the average Nusselt number was adopted. A comparison of new hybrid PV/T
Bi-fluid system performance in terms of energy with the present experimental setup was

examined and validated.

IV. 5. 1 Influence of Reynolds number on the average Nusselt number

Figure 1V.5 displays the average Nusselt number evolution as a function of the Grashof
number for different air Reynolds numbers of three tilt angles. It seems from figure (IV.5 a)

that the average Nusselt number improved versus the Reynolds number increasing.

The tilt angles affect positively the average Nusselt numbers, especially for low Reynolds
numbers values. However, for the high Reynolds number, the average Nusselt number stays

constant.
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Chapter IV
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Figure. IV. 5 (a-c): Average Nusselt number evolution versus Grashof number and Reynolds

number for different tilted angle

IV. 5. 2 Influence of tilt angle and Grashof number on the average Nusselt number

Figure 1V.6 shows average Nusselt number growth as a function of Grashof numbers and

tilt angles for both cases of various air channel tilted angles for both cases with and without

IV. 6 (a, b) it is observed that the average Nusselt number is enhanced by

AFP. From figure

<60°

the progression of the air channel tilted angle for tilt angles carried in the range, 15°< «

a <90°, the average, Nusselt numbers stay constant.

<

. Contrary, for up to 60°
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It noticed that the average Nusselt numbers are more enhanced for the case contra-current
than the other case. On the other hand, the average Nusselt number is improved by about 80%
for high Reynolds numbers.

IV. 5. 4 Influence Reynolds number on the friction coefficient

Figure V1.8 illustrates friction coefficient distribution as a function of the Reynolds
number for different Grashof numbers at, a=60°. It is recorded that there is a little increase in

the average friction coefficient against the air Reynolds number.

0.014
O Gr,=2.30E+09 o = 60°
O  Gr,=6.89E+09 ~Numerical results
w 0.012
_Er e GIL=1.15E+10
.g Correlation , RZ=0.98
= 0.010 S - -
% £=27657 10 10 GrL0.7416 Re 0.00094353
o)
5)
N il ¢ o
jé 00081 r e )
3)
=
[
0.006 4
O_uﬁmmﬁﬁﬁuuuuuuu_g
0.004
] o d
0.002 W
T I T I T I T I T I L] I T I T I

2x10°  3x10° 4x10° 5x10°  6x10°  7x10°  8x10° 9x10° 1x10°

Reynolds number, Re

Figure. V. 8: Friction coefficient evolution versus air Reynolds number for various Gr. for
the case with AFP.

However, except for low Grashof numbers, it is observed that is the friction coefficient is

increase.

The friction coefficient on the PV module surface versus air Reynolds number are fitted as

the following correlations :

f =2.7657*10°Gr®"**Re *®®** ; 2 310° <Gr, <1.1510°; 2500 <Re, <10000 (IV.34)
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IV. 5. 5 Influence Reynolds number on the total heat transfer gain

Figure 1VV.9 demonstrates total heat transfer gain distribution as a function of the Reynolds
number for different Grashof numbers at, a=60°. It is noted that the improveing of the total

heat tansfer rate against air Reynolds number.

The total heat transfer rate evolution versus Reynolds number are fitted by following
correlation:

Q=7.96*10"°Gr*™°Re**™ ; 2.310° <Gr, <1.1510%; 2500 < Re, <10000 (1V.35)

O Gr,=2.30E+09

©  Gr,=6.89E+09 > Numerical results

—

B

o
]

o = 60°

120 -
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Q
o
1

Total Heat transfer rate, Q (w)

Q)
o
1

B
o
]

20 4

! | ! | ! | ! | ! | ! | ! | ! |
2x10°  3x10° 4x10° 5x10° 6x10°  7x10° 8x10° 9x10° 1x10°

Reynolds number

Figure. IV. 9: Total Heat transfer rate evolution versus tilt angle and for various Gry for the
case with AFP.

V. 5. 6 Influence of Reynolds number on the average Nusselt number

The average Nusselt number distribution as a function of the Reynolds number for
different Grashof numbers at, a=60° is presented in figure 1V.10. It is recorded that the

enhancement of the average Nusselt number versus the increasing of air Reynolds number.
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The average Nusselt number evolution versus Reynolds number is fitted by the following

correlation :

Nu =0.1516Gr****Re*** ; 2.310° <Gr, <1.1510°%; 2500 < Re, <10000

L_avg

(Iv.36)
V. 5.7 Comparison of the New hybrid PV/T Bi-fluid with experimental current data

It is noticed that the numerical results is very agreement with experimental data.
A comparative analysis on the average thermal energy, electrical power, and overall efficiency
between the present works against similar researches works reported in the literature is depicted
in Figure 1V.11.

It is noticed that the numerical results are very agreement with experimental data.

- 275
E' 0O Gr,=23E+09 a = 60°
g 550 | © Gr,=6.89E+09 ~Numerical results
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E ' —J__correlation , R =0.95
225
E NUp g = 0.1516 Gr, 0-2919 R 0.0498
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Figure. IV. 10: Average Nusselt number evolution versus tilted angle and for various
Gry for the case with
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Figure. IV. 11: Comparison of the average electrical efficiency of experimental and
numerical data for current study

1VV.6 Conclusions

In this numerical works, the improvement of heat transfer by active air and water-cooling
of a new concept of hybrid photovoltaic/thermal system is presented. The influence of air
Reynolds numbers, tilt angles and Grashof numbers on the average Nusselt number ,friction

coefficient and heat gain were studied.

In addition, a comparison of numerical simulation with current experimental data is

performed. The obtained results allows us to achieve the following main conclusions:

v' The tilt angles affect positively the average Nusselt numbers especially for low
Reynolds numbers values. However, for high Reynolds number the average Nusselt

number stay constant.
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v' Alittle increase in the average friction coefficient against air Reynolds number, while
for low Grashof numbers it is observed that is the friction coefficient is increase.

v Average Nusselt number affected by the increasing of air Reynolds number.

v' The average Nusselt number is improved by about 80% for high Reynolds numbers,

for the case of contra-current compared with the case of co-current flow direction.

As future work, a new air channel and water channel was proposed over the front side of
PV module to enhance the heat transfer consequently the system performance. Besides, the

effect of different position of DC fans and different tube plastic diameters will be proposed.

References

[1] M. Lebbi, K. Touafek, A. Benchatti, L. Boutina, A. Khelifa, M. T. Baissi, S. Hassani.
Energy performance improvement of a new hybrid PV/T Bi-fluid system using active
cooling and self-cleaning: Experimental study, Applied Thermal Engineering. 182 (2021)
116033. https://doi.org/10.1016/j.applthermaleng.2020.116033

[2] M. T. Bouzaher, N. Bouchahm, B. Guerira, C. E. Bensaci, M. Lebbi. On the thermal
stratification inside a spherical water storage tank during dynamic mode. Applied Thermal
Engineering, 159(2019) 113821. doi.org/10.1016/j.applthermaleng.2019.113821

[3] W. Al Hadad, Y. Jannot, D. Maillet. Modélisation du transfert de chaleur dans un demi-
échangeur, In Congres Francais de Thermique SFT 2015. (2015).

[4] M. Cable. An evaluation of turbulence models for the numerical study of forced and natural
convective flow in Atria (Doctoral dissertation, Queen's University). (2009).

[5] D. D. Gray, A. Giorgini. The validity of the Boussinesq approximation for liquids and
gases. International Journal of Heat and Mass Transfer, 19 (1976)545-551.
doi.org/10.1016/0017-9310(76)90168-X

[6] https://www.afs.enea.it/project/neptunius/docs/fluent/html/ug/node470.htm#eq-boussinesq

[7] L. Boutina A. Khelifa, K. Touafek, M. lebbi, M. T. Baissi. Improvement of PVT air-cooling
by the integration of a chimney tower (CT/PVT), Applied Thermal Engineering. 129(2018)
1181-1188. Doi.org/10.1016/j.applthermaleng.2017.10.097

[8] R. Kumar, M.A. Rosen. Performance evaluation of a double pass PV/T solar air heater with
and without fins, Appl. Therm. Eng, 31 (2011)1402-1410.
doi.org/10.1016/j.applthermaleng.2010.12.037

[9] H. U. Choi, Y. B. Kim, C. H. Son, J. I. Yoon, K. H. Choi. Experimental study on the

performance of heat pump water heating system coupled with air type PV/T

159


https://doi.org/10.1016/j.applthermaleng.2020.116033
https://doi.org/10.1016/j.applthermaleng.2019.113821
https://doi.org/10.1016/0017-9310(76)90168-X
https://doi.org/10.1016/j.applthermaleng.2017.10.097
https://doi.org/10.1016/j.applthermaleng.2010.12.037

Chapter IV A novel concept of active Bi-fluid cooling system for photovoltaic modules

collector, Applied Thermal Engineering. 178 (2020) 115427.
doi.org/10.1016/j.applthermaleng.2020.115427

[10] J. Jie, Y. Hua, P. Gang, J. Bin, H. Wei. Study of PV-Trombe wall assisted with DC

fan, Building and Environment. 42 (2007)3529-3539.
doi.org/10.1016/j.buildenv.2006.10.038
[11] H. Yi, J. Jie, H. Hanfeng, J. Aiguo, H. Chongwei, L. Chenglong. Optimized simulation
for PV-TW system using DC fan. In Proceedings of ISES World Congress 2007 Springer,
Berlin, Heidelberg. (2008) 1617-1622. doi.org/10.1007/978-3-540-75997-3 332

[12] J.A. Dufe, W.A. Beckman. Solar engineering of thermal processes, 2nd edn, Wiley, New
York. (1991).

[13] B. J. Huang, T. H. Lin, W. C. Hung, F. S. Sun. Performance evaluation of solar
photovoltaic/thermal systems, solar energy. 70(2001)443-448. doi.org/10.1016/S0038-
092X(00)00153-5

[14] S. Hassani, R. Saidur, S. Mekhilef, R. A. Taylor. Environmental and exergy benefit of
Nanofluid-based hybrid PV/T systems, Energy Conversion and Management. 123(2016),
431-444. doi.org/10.1016/j.enconman.2016.06.061.

160


https://doi.org/10.1016/j.applthermaleng.2020.115427
https://doi.org/10.1016/j.buildenv.2006.10.038
https://doi.org/10.1016/S0038-092X(00)00153-5
https://doi.org/10.1016/S0038-092X(00)00153-5
https://doi.org/10.1016/j.enconman.2016.06.061

Chapter V
Study, Design and

experiment of a new hybrid

PV/T Bi-fluid system



Chapter V Study, Design and experiment of a new hybrid PV / T Bi-fluid system

V.1 Introduction

The operating temperature rise and the dust accumulation on the front side of solar panels
especially in arid and semi-arid desert areas is a major issue that causes low performance and
damage to photovoltaic cells.

This experimental investigation aimed to improve the solar panel electrical performance
mounted in new hybrid system PV/T Bi-fluid that combines both active cooling and self-
cleaning technique simultaneously.

This new hybrid system was actively cooled from the backside of the PV module by forced
air circulation, while its front side was cooled and cleaned by flowing water. The impact of the
operating temperature and global solar radiation intensity on the PV module output voltage,
electrical current, electrical power output, and electrical efficiency was evaluated
experimentally.

Experimental results showed a decreasing linear relationship between electrical efficiency

and the increase in PV module’s temperature i.e. reference case without cooling.

V.2 System description

Figure V.1 (a, b) shows the air channel installed behind the PV module with and without
the integration of an aluminum plate at a well-determined distance from the PV module. The
installation of the aluminum plate serves to increase the transfer rate and therefore to maximize
the heat extraction from the back surface of the PV module.

To address experimentally the operating temperature rise issue as well as dust accumulation
in the PV/T system, an outdoor test platform is required to set up. Figure V.2 depicts the
experimental hybrid Bi-fluid PV/T prototype. The basic principle of the self-cleaning technique
SC used in this design is based on the formation of spherical drops of water flowing out from
small holes of a perforated pipe mounted on the front surface of the PV module. When these
droplets roll on the inclined PV surface, dust particles are pulled out and the surface become
clean. Itisworthy to mention that the water used is tap water without adding any cleaning agent.
Experimental tests were performed in the Applied Research Unit for Renewable Energy, at

Ghardaia province, Algeria, during a typical day (October 12 1", 2019).
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Figure. V. 1: a) Photograph of the experimental prototype with integrated of insulation air
channel at the bottom part of PV module, b) Insulation air channel with integrated of aluminium flat
plat
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Figure. V. 2. Photograph of the experimental prototype.

The Specification of the PV module reference under standard testing conditions (STC)
(Gstc= 1000 W/m2, Tret=25 °C, AM= 1.5) is shown in Table. V. 1.
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All components of the hybrid Bi-fluid PV/T system are presented in detail in the schematic

diagram as shown in Figure V. 2, and listed down in Table. V. 2.
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Figure. V. 3: a) Zoom of transparent pipe nozzle, b) Illustration diagram of the new hybrid system PV/T
Bi-fluid components.
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Table V. 1: Specification of the PV module under standard testing conditions (STC).

Components Symbol Properties
Nominal electrical power Pm 0 W
Hail resistance - Max. @25mm,at 23 m/s
Open circuit voltage Voc 2245V
Short-circuit current lsc 519 A
Voltage at max power Vimp 18.74 V
Current at max power Imp 48 A
Filling factor FF 77.24 %
PV module standard electrical efficiency Mo 13.62 %
Dimensions of the PV module Lpy, Wey, hpy 1200x550x30 mm
Glass thickness eg 3.2mm
Cell number Nc 36
Weight - 5.78 kg
Transmittance absorbance Product - 0.9
Specification (mm) Mono 125x/4*9 -
Temperature at standard testing conditions Tref 25°C
Global solar irradiation Gstc 1000W/m?
Air mass AM 1.5

An aluminum flat plate was installed rear of the PV module at an offset distance of d = 3cm.
Two DC fans were installed at the collector’s outlet to extract hot air out of the system. In the

purpose to ensure active cooling and self-cleaning of the PV module, a perforated plastic tube

with 16 nozzles was installed at the top edge of the PV module as shown in figure V.3.

Table V. 2: Specifications of the new hybrid PV/T Bi-fluid solar collector.

Components Symbol Specification

PV module dimensions (length, depth, thickness) Lpv*Wpyv*hpy 1200*550*30 mm
Insulator thickness e 5mm
Water transparent plastic tube diameter Dy 8mm
diameter of the water pipe nozzle inlet Dip 2mm
diameter of the water Outlet water nozzle Dout 5mm
Collector channel height Sc 140mm
Collector channel depth Wc 570mm
Collector channel length Lc 1300mm
Entrance sloped channel length Le 750mm
Entrance sloped channel depth from the inlet We 300mm
Entrance sloped channel depth from the outlet Ws 570mm
Entrance sloped channel height Se 50mm
Aluminum flat plat length Laim 1200mm
Aluminum flat plat depth Waim 570mm
Aluminum flat plat thickness Eaim 8mm
Aluminum flat plat distance to the PV module daim 30mm
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The hybrid system PV/T Bi-fluid includes an air channel mounted at the back of the PV
module to cool the rear surface via forced convection using two DC air fans. In order to pull in
cold air and to increase vortex inside the main air channel, a sloped inlet channel was attached
to the collector entrance.

Table V. 3: Characteristic and operating conditions of the DC Fans

Description Parameter Value

DC air fan maximum power Pran 3.6W
Dimension of air fan LfanX WanX hfan 92x92x25mm
Operating voltage Vtan 24V
Operating current lfan 150mA

The characteristics and specifications of the DC fan and water pump are listed in Table. V.3

and Table V. 4, respectively.

Table V. 4: Characteristic and operating conditions of the DC water pump

Description Parameter Value

DC Water pump maximum power Pw 4.2W
Dimension of water pump loumpX WpumpX Npump 54x37x42mm
Operating voltage Vpump 12v
Operating current lpump 375mA
Volumetric flow rate Qpump 240L/H
Inlet diameter din, pump 8 mm

Outlet diameter dout, pump 8mm

V.3 Measuring instrument and procedure

Equipment and measuring instruments used to collect experimental data output are shown in
Figure V. 4 (a-f), the following response parameters were measured during the experiment:
Temperature in the inlet air entrance channel.

Temperature in the air channel behind the PV.

Water inlet temperature.

Water outlet temperature.

Temperature air collector outlet

Water tank temperature.

Temperature of the PV module forward and backward.

Ambient temperature.

Solar intensity, G on the PV module.

Charging current, I_ PV, I_PVT L and charging voltage, PV and PVT.

vV V V V V V V V V V V

Short circuit current, Isc and open-circuit voltage, Voc
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e) Thermocouple type k f)Shunt resistors
:10A,100mV

Figure. V. 4 (a-f): Equipment used for data acquisition.

V.3.1 Temperature measurement

Many temperatures were measured using a type k or type ptl00 thermocouple sensor
connected to the data acquisition device. These thermocouples are placed on both systems,
whether control or PVT / Bi-fluid in well-defined situations as shown in figure V.5 (a, b).

We installed three type k thermocouples on the front surface and three on the last surface
for each PV module.

There are also three thermocouples are placed at the inlet and three on the outlet of the air
manifold in order to measure the average temperature of the airflow at the inlet and outlet.

There are two other thermocouples that have been installed at the inlet and outlet of the

water in order to measure the temperature of the water entering and leaving the PV / T collector.
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The other three type k thermocouples are placed in a shaded right to measure the average
ambient temperature.  Setup design, system dimensions, and temperature sensors’ locations

(see Figure V.5 (a, b).
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Figure. V. 5 (a, b): Systems dimensions and the temperature sensors locations, a) PV module
(reference case), b) PV/T Bi-fluid solar collector.
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Three thermocouple sensors were installed on the front and backside of each PV module in
both systems. Three other thermocouple sensors were added at the inlet and outlet air channel,
and two water thermocouple sensors were placed at the inlet of the perforated transparent tube
and the water outlet nozzle is represented in figure V.5 (a, b).

Experimental test platform dimensions are 0.57 m width, 1.87 m length, and an air-gap
height of 0.14 m. The slopped entrance channel length of 0.735 m. Before proceeding to the
experimental test, the thermocouples are calibrated by a water bath with a sensitivity of + 0.2
°C between 10 and 70 °C. A thermal data logger collects the thermocouple readings.

V .3.2 Global solar radiation intensity measurement

In designing the PV system, it is essential to know how much sunlight is available in a
particular location at any given time. Solar radiation is an instantaneous power density in units
of kKW/m?,

Solar radiation varies throughout the day from 0 kW/m? at night to a maximum of around 1
kW/ m?. Global solar radiation is highly dependent on location and local weather. It consists of
global or direct radiation measurements taken periodically throughout the day. The
measurements are carried out either using a pyranometer for the measurement of global solar
radiation.

V .3.3 Air channel and wind speed measurement

The TESTO 440 anemometer measures the average velocity of the airflow at the inlet air
channel, connected to two DC Fans at its outlet to extract the air outside the system. During
outdoor experimental tests, the electrical circuit of the photovoltaic modules is connected to an
electrical load consists of two lamps 60W and two DC fans as shown in figure 5. The mass flow
rate of air is mg;,- = 0.028 kg/s, and the average air velocity calculated using Eq. 13 equal to
V, =031m/s.

V .3.4 Water mass flow rate measurement

The water pump volumetric flow rate Q,ym,, is set to 2 L/min, and knowing the number of
water nozzles in the perforated tube is equal to 16 nozzles, hence the volumetric flow rate for
each nozzle Q,,,, is equal to 0.125 L/min. We have set this value in such a way that we ensure
that the water film must cover the entire surface of the PV module with a very thin thickness

reaching up to one millimeter.
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V .3.5 Voltage and current measurement

The measurement of the voltage produced by the two separate photovoltaic panels is done
directly using two wires placed at the positive and negative terminals of the panels and
connected directly with the data collection device.

For both systems, either reference PV module or hybrid PV/T Bi-fluid system, the
measurement of electric current intensity was carried out every five minutes through a shunt

resistor.

During outdoor experimental tests, the electrical circuit of the photovoltaic modules is connected
to an electrical load consists of two lamps 60W and two DC fans as shown in figure V. 6, the
mass flow rate of air is m,;,- = 0.028 kg /s, and the average air velocity calculated using Eq.
13 equal toV, = 0.31 m/s.

All experiment results were collected at a time resolution of one hour. Finally, all sensors
(temperature, solar radiation intensity, and resistors shunt) were connected to a data acquisition

apparatus Keithley 2700 monitored via personal computer i.e. PC.
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Figure. V. 6 (a, b): A representative diagram

of the experimental test procedure.
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V.4 Uncertainty analysis

Uncertainty and errors in data measurement are inevitable due to the accuracy level of used
equipment, and the manner in which results are taken, either by notes or by reading.

Therefore, it is important to calculate the uncertainty of all used measuring instruments and
variables.
The uncertainty of the measuring instruments was calculated according to the Holman method
[1] using the following equation:

2 2 2 Y2
OR OR oR
Wo =|| =W, | +] =W, | +-+| —w,
oV, ov, ov,

Where R = R (V4,V,...V,), and it is a function of n variables (V;, V, ...1;,) normally

(V.1)

distributed, and w;, w, ... w,, correspond to the uncertainty intervals for each single variable. The
uncertainty interval for the result is wy.
In instance, the total uncertainty for temperature measurements T can be derived from

uncertainty interval of thermocouples, Data Acquisition, and cable connection as follow;

1/2
2 2 2
WR,totaI = |:(\Nthermocouple ) + (Wdataaquision ) + (WCOnnection ) :|

» (V.2)
W,y = [(0.5)2 +(0.5) +(0.5)2} ~0.8°C

The calculated uncertainty values for each measuring instrument are depicted in Table V. 5.

Table V. 5: Operating range and uncertainty of the measurement instruments.

Nu. Instruments Measured Uncertainty Operating range
parameter (%)
1 Steel scale Air channel + 0.001m -
dimensions
2 Thermocouple Temperatures +0.8°C -50 ~ +400 °C
Type , Kand
Type PT100
4 Pyranometer Global solar +10 W/m? 0~2000W/m2
radiation intensity
5 Shunt Resistors Current intensity +0.5% 0~ 10A
6 Multifunction Wind speed and air +05% 0~25mf/s
anemometer Testo | flow velocity
440
7 Keithley 2700 Collect measured +0.1% -
Data Acquisition | data
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V.5 Performance computations

V.5.1 Electrical performance

Electrical performance of the new hybrid PV/T Bi-fluid system is compared to that obtained
for the PV reference panel. For both cases, the PV module supplies an electrical load likewise a
real operational system, where the current was measured using shunt resistors. Calculation of
the maximum electrical power output of the PV module, defined as follows [2]:

P.=1,V

mP *"mP

(V.3)

mP

The net electric power of the system P, pyr is Obtained after subtracting the total power
consumed by the pump and DC fans from the total gross power generated by the PV module.

Pnet,PVT = Pmp -P (V4)

consumed
Where P_.omeq 1S the total power consumed by the water pump and DC fans in case of hybrid

PV/T Bi-fluid system, which expressed by Eq (5):
P =2P._+P (V.5)

consumed Fan pump
Where the power DC fan calculated by formula:
P, =1V

Fan*

(V.6)

Fan Fan

The instantaneous electrical efficiency defined as the ratio of the maximum net power to the
global solar irradiation received by the PV module area [3]:

Pnet PVT
Morovr =~ o (V.7)
I,PVT GAPV

G is the global solar radiation intensity, and Apy is the PV module area.
The instantaneous efficiency for the PV reference panel is calculated by the following
formula [4]:
P
mp,PV
Mapy == (V.8)
Y GA,
Alternatively, electrical efficiency of the PV module can be expressed as function of

operating PV cells temperature as follow, Zondag et al. [4]:
77e|,PV =T, (1_ﬁref (TPV - 250C) (Vg)

Where B, is temperature coefficient, [1/K], and 7, is the standard electrical efficiency

evaluated under standard test condition (STC) reported in Ref. [5] as follow;
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Voo,
7, = (V.10)
Gsre - Aoy

V .5.2 Thermal performance calculation

The thermal energy gain from air stream produced by the PV/T Bi-fluid is calculated using
Egs. (12), [6]:

Qair = Mair CPair (Tair ot — Tairin) (V.11)

Where m,;, isthe air mass flow rate in kg/s; Cpg;,- is air specific heat in J/(kg.K), Tair out
and Tg; i, are the outlet and inlet tempertaures of air flow, respectivly.

The formula for calculating air mass flow rate is:

Maie = Pair Vair-An (V.12)
Where, V,;, is the air velocity inside the air channel. For forced convection V,;,is calculated

by Eq(14) according to Ref.[7]:
V . :\/ O'S'Q'ﬂ'LC(Tair,out _Tair,in) + (Ap / pair)

V.13
Cf(LC/Dh)+Cin'(AglAiz)_'_Cout'(As/AgUt) ( )

n

Where S is the thermal expansion of the air fluid and calculated by the expression (14):
1 2

p= ™ = —(l_air’om o) (V.14)
D is the air channel’s hydraulic diameter, i.e.

D, - 2.(V\\;\(’:CJ;SSCCJ (V.15)
Ap is the pressure difference created by the DC fan provided by the manufacturer.

Ap=f(P,,) (V.16)

A, is the cross-sectional area of the air duct (m?), A, =Wc.SC. A,.A,,. - The friction

factors of the air channel’s walls, entrance, and exhaust loss coefficients are C,,C, ;andC,_,
respectively, and are calculated as follow:
C, =0.3*1.368.G>®,C,_ =15,C , =15 (V.17)

For forced convection, the air velocity is conveniently correlated to global solar irradiation
(G), as follows [8]:

V, =C.. G (V.18)
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C... is a coefficient represents the slope of the linear correlation, which is plotted according to

Fan
the experimental data of the present study of the air velocity through the air channel with two
DC fans compared to the global solar radiation.

The thermal energy gain from the water stream generated by the PV/T Bi-fluid solar collector
is calculated using Eq. (20) [9]:

Qw = mw'cpw (Tw,out _Tw,in) (Vlg)

Where m,, is the water mass flow rate at the inlet nozzle pipe.

In this study, the hybrid PV/T Bi-fluid system is cooled down using both air and water
working fluids. This is, the total thermal energy of the system is the sum between that generated
by air and water. Thus, the total thermal efficiency nw, is calculated according to the relation
given by Duffie and Beckman [10]:

_ (Qair +Qw)
T = T (V.20)

The overall efficiency ny,eranr  has been widely used in the performance evaluation of
hybrid PV/T system, according to Ref. [11] 7yperqu 1S aSsessed as follow:

Howrat = T+ et | Mpower (V.21)

where n¢, and n,; are respectively the thermal efficiency and electrical efficiency of the
PVIT Bi-fluid system, 7,4 is @ conversion factor often assigned a value of 38%, which is
the second law efficiency of a conventional thermal power plant.

V .5.3 Exergy analysis

Exergy analysis is a practical thermodynamic tool to evaluate the effectiveness of an energy
system under irreversible conditions.

In this study, the exergy efficiency of the system is the sum of electrical efficiency and

exergy efficiency of water and air stream, as expressed by Eq. (22) as cited in the [12]:

To To
Nex,overall = et pyr + T air |:1_ —:| + Tt w |:1_ :| (V22)
Tair,out Tw,out

V.6 Results and discussion
V.6.1 Weather data
In this experimental study, a typical day was chosen to inspect the effect of the climatic
conditions on the PV module energy performance. After several experimental tests, the most

effective day chosen was characterized by climatic conditions.
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Figure. V. 7: Evolution of global solar radiation intensity, wind speed, and ambient
temperature during time of the day.

Figure V.7 presented the ambient temperature, wind speed, and global solar radiation
intensity during the day. The sky is semi-clear and partially cloudy, it was noticed that the
maximum ambient temperature, solar intensity, and wind speed was about 33 °C, 650 W/m? and

5.5 m/s, respectively.

V.6 .2 Temperatures profiles evolution

Figure V.8 shows the evolution of the average air and water temperature at the inlet and
outlet of the hybrid PV/T Bi-fluid system.

During the test period from 8:30 am to 12:00 pm, it was noted that the average outlet water
temperature was slightly below the average inlet water temperature.

This is justified by the fact that the flowing water was cooled by wind motion, whose speed
was about 5.5 m/s.

A similar observation was recorded for the air temperature. In contrast, in the evening
period, the outlet water temperature is mostly greater than the inlet.

This is due to the noticeable decrease in wind speed and the high intensity of global incident

solar radiation.
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Figure. V. 8: Evolution of water and air temperature profiles at the inlet and outlet of hybrid system
PVIT Bi-fluid solar collector, during the time of the day.
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Figure. V. 9: Evolution of average temperature profiles of the PV module in hybrid PV/T
Bi-fluid system and in PV reference panel during full daylight time.
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Figure V.9 shows the full day evolution of average PV module temperature for both cases;
new hybrid PV/T Bi-fluid system and PV reference panel. It can be seen that the reference PV
module’s temperature is higher than the average temperature of the hybrid PV/T Bi-fluid.

Therefore, the concept of the proposed hybrid PV/T Bi-fluid system induces a reduction of up
to 15 °C in the average PV module temperature compared to the PV reference panel.

From figure V.10, it is obvious that the PV module’s average temperature evolves linearly
with the global solar radiation intensity. It is clear that using an active cooling and self-cleaning
concept in the new hybrid PV/T Bi-fluid system the PV module average temperature increases
by 1.5 °C for every 100 W/m? increments in solar radiation intensity, whereas this is 3 °C per

100 W / m? in case of PV reference panel.
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Figure. V. 10: PV module average temperature as a function of global solar
radiation intensity.

Correlations of the average temperature evolution of PV modules as a function of global solar
radiation intensity for both systems are proposed in this study.

» For PV module (Reference case):
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T,, =24.59+0.0299G (V.23)

» For new hybrid PV/T Bi-fluid system:
Tor =25.48+0.015G (V.24)

V. 6. 3 Electrical performance analysis

Figure V.11 illustrates the closed-circuit voltage throughout the day for both the proposed
hybrid system and PV reference panel. A maximum voltage value of 18.35 V has been noticed
for the proposed hybrid system, whereas only 16.8 V for the PV reference panel case.

Consequently, an improvement of about 9.22% was observed.
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Figure. V. 11: Output voltage evolution in closed circuit, during the time of the day.
From figure V.12, it is evident that electric current increases proportionally with the intensity
of global solar radiation. Under similar solar radiation intensity i.e. 650W/m?, the electrical
current in the hybrid system has been found higher by 6.19% compared to the PV reference

panel.
Finally, correlations for electric current intensity as a function of the global solar radiation

were developed.
» For PV reference panel:

|, =0.64543+0.00497G (V.25)
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» For new hybrid PV/T Bi-fluid system:

I,y =0.7889+0.00513G (V.26)
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Figure. V. 12: Electrical current intensity evolution as a function
of the global solar radiation intensity

The daily evolution of electrical power produced by both systems and the power consumed

by DC fans and water pump in the hybrid system is presented in figure V.13. It is to be noted

that the power consumed by DC fans, and water pump have been evaluated by measuring their

currents and voltages.

In addition, since the mass flow rate of the cooling water is fixed throughout the experiment,

hence it comes out with a pumping power of 3.8W. Furthermore, it has been found that both DC

fans and water pump their average power consumption is 4.6W.

A maximum improvement in net electrical power output has been obtained at 13:00 am,

where the new hybrid system outperforms the PV reference panel by 13.17%.
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Figure. V. 13: Electrical output power of the PV module and PV/T Bi-fluid hybrid system, during the
time of the day.

Figure V.14 shows a comparison between the output electrical power of the PV reference
panel and the proposed hybrid PV/T Bi-fluid system as a function of the global solar radiation
intensity. It’s observed that the electrical output power curve increases linearly with the
progression of solar radiation, which has a similar trend to current values evolution.

In addition, it is clear that under the value of solar radiation of 400W/m? the hybrid system
has lower competitiveness compared to the PV reference panel.

This is due to the supplementary electric load i.e. 2 DC fans, in the hybrid system, however,
from 400W/m? onward the hybrid system compensates for all extra electrical load and mainly
performs better than the PV reference panel.

For instance, at 650 W/m?, the power produced in PV/T Bi-fluid was superior to that
produced in the PV reference panel by 13.17%. Correlations for electric power as a function of

incident solar radiation are proposed for both systems, see Egs. 27 and 28.

> For PV module (Reference case):
P,, =-20.4926+0.1298G (V.27)
> For PV/T Bi-fluid new hybrid system:

179



Chapter V

Study, Design and experiment of a new hybrid PV / T Bi-fluid system

P oy =—32.7884+0.1585G (V.28)
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Figure. V. 14: Evolution of electrical power output of the PV reference panel and the new hybrid

system PV/T Bi-fluid, as a function of the global solar radiation intensity.

The PV module electrical efficiencies varied for both systems are plotted in Figure V.15.

Straightforwardly, in both systems, the electrical efficiencies decrease during morning hours

from 8h00 to 12h00. This is due essentially to the increase in solar radiation intensity, which

induces a rise in PV cells temperature, leading to a drop in their efficiencies.

However, it is clear view the decrease slope in the PV reference panel is drastic compared to

the hybrid system. For instance, an improvement in daily average electrical efficiency of 3.7%

was recorded in the hybrid system against PV reference panel under daily average solar radiation

of 524.3 W/m?.
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Figure. V. 15: Electrical efficiency evolution during time of the day

Figure V.16 depicts the average electrical efficiencies versus the PV module average
temperature. A linear progression of the electrical efficiency was noted for both systems. As
discussed previously in Figure 14, electrical efficiency decreases in both cases when PV module
temperature increases. However, due to the efficient active cooling and self-cleaning mechanism
implemented in the hybrid system, the latter largely exceed the PV reference panel’s
performance.

For instance, at the peak value of solar radiation of 650W/m?, a rate increase in electrical
efficiency of 5.7% has been observed in the hybrid systems compared to PV reference panels.
Correlations for electric efficiencies as a function of the PV module average temperature were

correlated for both systems.

» For PV reference panel:

7.y =—0.1475-0.00044T, (V.29)

V ,avg
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» For new hybrid PV/T Bi-fluid system:
N vy =—0.1422-0.0003T,,, (V.30)
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Figure. V. 16: Electrical efficiency evolution as a function of the PV module average temperature

V. 6. 4 Comparison of Electrical efficiency of the present study with previous works

In order to assess the competitiveness of the proposed hybrid PV/T Bi-fluid system in
terms of electrical power output performance, a comparative study has been carried out between
the proposed hybrid system against existing other systems reported in the literature.

Therefore, figure V.17 shows the evolution of electrical efficiencies for several systems
as a function of PV module temperature.
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Figure. V. 17: Electrical efficiency evolution as a function of the PV module average temperature,
compared to existing works from literature

It is obvious that all electrical efficiency curves from the literature’s works linearly
decrease with a steep slope, whereas the present hybrid PV/T Bi-fluid system’s efficiency
decreases with a gentle slope.

This clearly proves the effectiveness of our System.

For instance, at PV module average temperatures varying from 24 °C to 39 °C the electrical
efficiency in our hybrid PV/T Bi-fluid system drops by 3.5%, in contrast, this is 10.7% in Teo
etal., [13], 10.1% in Tounui et al., [14], and 7.33% in Souliotis et al. [15], respectively.

Experimental linear correlations of the electrical efficiencies as a function of PV module

average temperature reported by authors [13, 14, and 15] are respectively as follows:

Tapvr =—0.1577-0.0009T,, (V.31)
T pyr =—0.147-0.0008T,, .. (V.32)
T pvr =—0.1385-0.0007 T, (V.33)
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V. 6. 5. Thermal Energy performance analysis

A comparative analysis on the average thermal energy, electrical power, and overall
efficiency between the present works against similar researches works reported in the literature

is depicted in figure V.18.
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Figure. V. 18: Comparison of the average energy efficiency for different design types of PV/T found in
previous studies.

The daily average thermal efficiency of the hybrid system is calculated by using Eq. 34:

Zm

N

(V.34)

77’[h avg

where 7; is the instantaneous efficiency measured every 1h and N is the number of readings.

Hence, a peak in thermal efficiency of the hybrid system has been found to be 50 %, and the

overall efficiency i.e. Eqg. 21, equal to ~85.3%. In contrast, overall efficiencies for the reported
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works vary between 44.66-64.89%, and they are remarkably below the performance of the
present hybrid system.
V. 6. 6. Average exergy efficiency
Figure V.19 shows the daily average exergy efficiency of the hybrid PV/T Bi-fluid system
compared to similar studies brought from literature. It is obvious that our system hybrid PV/T
Bi-fluid holds the highest record in terms of exergy efficiency compared to the rest of the other
systems. This confirms the performance of the proposed design of using Bi-fluid as coolants and

combining cooling & self-cleaning mechanism simultaneously in a PV/T system.
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Figure. V. 19: Comparison of the average exergy efficiency for different system
types of PV/T in previous works.
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V.7 Conclusion

The experimental study carried out is based on the geometric parameters obtained during
the simulation. A parametric study made it possible to find the expected trends concerning the

performance of the hybrid system as a function of time and solar irradiation.

A new hybrid PV/T Bi-fluid system has been designed, built, and tested experimentally
under outdoor operating conditions. The proposed hybrid system endowed by a combined
mechanism of active cooling and self-cleaning. All apparatus and measuring instruments used

during the experimental test presented in this chapter.

This chapter has recalled some formulations to calculate the efficiency and the uncertainty
to perform during the measurement of values experimentally. The performance of the new
hybrid system, as a function of operating temperature and solar radiation intensity, has been

assessed and discussed.
The main concluding remarks extracted from this current study are as follows:

» PV module’s average temperature in the new hybrid system has been decreased by
about 15°C compared to the PV reference panel.

» PV module average temperature of the hybrid system increases by 1.5°C for every
100W/m? increments in solar radiation intensity, whereas this is 3 °C per 100 W / m?
in the case of PV reference panel. This is, the hybrid system is effective to maintain the
stability of the PV module’s electrical efficiency.

» An improvement in the output voltage, and electrical current by 9.22% and 6.19%,
respectively, compared to the reference case.

» A gain of up to 13.17% in electrical power output for the new hybrid system was
recorded compared to the reference case.

> Correlations for electric current intensity, electrical power output, and electrical
efficiency as functions of average PV module temperature, or global solar radiation
intensity, were correlated and presented.

» The overall energy efficiency of 85.3% has been registered, while 14.7% was the
average exergy efficiency for the hybrid PV/T Bi-fluid system.

» A comparative study against similar works from literature certifies the effectiveness of

the proposed new design hybrid system.
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To sum up, the active cooling and self-cleaning combination and the utilization of Bi-Fluid
coolants has proved the design efficacy of the hybrid PV/T Bi-fluids system in terms of yield
either electrical and/or thermal energy.

Therefore, as future work, an application of the present hybrid system to enhance solar
pumping irrigation for large applications in the agricultural field, as well as the detailed
economic feasibility of the project is intended.
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General conclusion and perspectives

1. Conclusions

In the present dissertation, most efforts in this study were devoted to demonstrating the
need for cooling and self-cleaning to improve the performance of photovoltaic panels.
Application of two cooling techniques passive or active by using two heat transfer working
fluids in optimized geometry concept of hybrid PV/T Bi-fluid system helps to improve PV
panels’ performance. During this study, generalities on CFD numerical modeling were
presented, as well as the methods used systematically so that the reader could understand them
and re-work them in order to improve them if necessary. To achieve this purpose, passive air-
cooling technology was used to improve the geometric and hydrodynamic parameters in a new
hybrid system by means of turbulent natural air circulation. The geometry parameters effect of
the SEC air inlet duct and the installation of a flat aluminum plat (AFP) near the back surface
of the photovoltaic panel on the heat transfer rate was analyzed. In addition, the effect of the
tilt angle of the PV/T system and Rayleigh number on the thermo-hydrodynamic flow behavior
and the average heat transfer rate was examined. The second part of this work has been
approached numerically using active cooling, but this time two coolants used, which are air and
water. The back surface of the PV module is air-cooled, while the front face is cleaned and
cooled with flowing water. Based on the optimum design obtained in the first part of our study,
a three-dimensional numerical study was carried out, including active cooling by installing two
DC fans at the system outlet. Furthermore, in the same system, a transparent perforated plastic
tube was installed to allow water to flow over the entire front face of the PV module.

A new hybrid PV/T Bi-fluid system has been designed, built, and tested experimentally
under outdoor operating conditions. The proposed hybrid system endowed by a combined
mechanism of active cooling and self-cleaning. In addition, the different performances of the
hybrid system, as a function of PV modules operating temperature and solar radiation intensity,
have been assessed and discussed. As a reminder, the main objective of this contribution is to
obtain a new solar hybrid PV/T Bi-fluid system, realized and then outdoor experimentally tested
under the real climatic conditions of Ghardaia city, in order to improve its performance. The
main conclusions based on the numerical results and outdoor experimental data of the present

study can be summarized as follows:

» The obtained numerical results are in very agreement with the experiment results of
Onur et al. [49], for the case of passive air-cooling.
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For passive air-cooling of hybrid PV/T air collector:

» For high modified Rayleigh numbers, an improvement by about 6 % has been registered
for an optimal value of sloped entrance channel dimensions, (He =0.05m, Lche=0.735m, and
We=0.3m).

» The integration of aluminum flat plat with an optimal value of the AFP distance to the
PV module backsides surface (darp optimal = 3 cm), has a positive effect on improving the heat
transfer rate by about 20%, contrary to their number which no effect on the average Nusselt
number.

» Increasing the system tilt angle improved the maximum airflow velocity, in particular
for high Rayleigh number values (with and without AFP).

» Correlations of average Nusselt numbers versus modified Rayleigh numbers and sloped

entrance air channel dimensions are presented and discussed.
For active air-cooling of hybrid PV/T air collector:

» The tilt angles affect positively the average Nusselt numbers, especially for low
Reynolds numbers values.

» An increase in the air Reynolds number leads to a low increase in the average friction
coefficient, while increases significantly as a function of the Grashoff number.

» Average Nusselt number affected by the increase of air Reynolds number.

» The average Nusselt number is improved by about 80% for high Reynolds numbers,

for the case of contra-current compared with the case of co-current flow direction.

For active cooling of the new hybrid PV/T Bi-fluid collector (numeric and experimental

results):

» PV modules' average temperature in the new hybrid system by about 15°C compared to
the PV reference panel has been dropped.

» PV module average temperature of the hybrid system increases by 1.5°C for every 100
W/m2 increments in solar radiation intensity, whereas this is 3 °C per 100 W / m2 in the case
of PV reference panel.

» For this reason, this hybrid system has been shown to be effective in maintaining the
stability of the electrical efficiency of the PV modules shown.

» An improvement in the output voltage and mains was recorded by 9.22% and 6.19%,

respectively, compared to the reference condition.
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» A gain of up to 13.17% in electrical power output for the new hybrid system was
registered compared to the reference case.

» Correlations for electric current intensity, electrical power output, and electrical
efficiency as functions of average PV module temperature, or global solar radiation intensity,
were proposed and presented.

» An overall energy efficiency increase of about 85.3% has been recorded, while the

average exergy efficiency is estimated at around 14.7%.

2. Recommendations and suggested perspectives works

In this contribution, a new solar optimal hybrid PV/T Bi-fluid system with the ability to
cool and self-cleaning has been obtained and tested under outdoor climatic conditions. It can
be recommended that the proposed new hybrid of PV/T Bi-fluid system will be a favorable
green solution to satisfy the energy demand at large scale applications such as in the residential
industry-building, hotel, as well remote off-grid regions. To improve the performance of
photovoltaic panels and significantly extend their lifespan, are proposed, the works mentioned

below.

» To improve the performance of photovoltaic panels and significantly extend their
lifespan, are proposed, the works mentioned below.

» The effect of the integration of a new absorber behind the hybrid PV/T Bi-fluid system
to improve the energy performance will be proposed.

» The influence of different shapes and materials of the plate integrated under the PV
module on the heat transfer rate will be studied.

» Proposed a new hybrid system used to enhance solar pumping irrigation for large
applications in the agricultural field, due to its low cost, especially in this field.

» The use of the Canadian wells technique (geothermal energy) to cool with a lower
temperature, resulting in an increase in the heat transfer rate.

» The integration of different shapes of chimney towers to increase the heat transfer of PV

modules by using the passive air-cooling technique.
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UDF for calculate physical proprieties of air and water versus time and temperature

/*********************************************************************/

/* UDF for het flux profil NEW */
/*********************************************************************/
#include "udf.h"

DEFINE_PROFILE(heat_flux,thread,i)

{

face_tf;
begin_f_loop(f, thread)
{

real t = CURRENT _TIME;

real b1=-80945.79042;

real b2=47553.25075;

real b3=-12046.74669;

real b4=1715.25113;

real b5=-149.69946;

real b6=8.16904;

real b7=-0.27068;

real b8=0.00494;

real b9=-3.76675*pow(10,-5);

F_PROFILE(f, thread, i)
=(b9*pow(t,9))+(b8*pow(t,8))+(b7*pow(t,7))+(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4))+(b3
*pow(t,3))+(b2*pow(t,2))+(b1*t)+82.1309423267143;

}
end_f _loop(f, thread);
}

/*********************************************************************/

[* UDF for AIR density property NEW */
/*********************************************************************/
#include "udf.h"
DEFINE_PROPERTY/(cell_density_air,cell,thread)
{

real t=CURRENT _TIME;

real b1=22482.24132;

real b2=-14528.36168;

real b3=4064.64828;

real b4=-643.42052;

real b5=63.0692;

real b6=-3.92243;

real b7=0.15124;

real b8=-0.00331;

real b9=3.1422*pow(10,-5);

real Tamb;
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real density;

real den;
Tamb=(b9*pow(t,9))+(b8*pow(t,8))+(b7*pow(t,7))+(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4)
)+(b3*pow(t,3))+(b2*pow(t,2))+(b1*t)+293.8300268;
den=(1.1774-(0.00359*((Tamb-273.16)-27)));

density=den;

return density;

¥

/'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k***********************/

/* UDF for AIR SPECIFIC HEAT property NEW */
/-k-k-k-k-k-k-k-k-k-k-k**********************************************************/
#include "udf.h"
DEFINE_SPECIFIC_HEAT(SPECIFIC_HEAT _air, T, Tref, h, yi)
{

real t=CURRENT_TIME;

real b1=22482.24132;

real b2=-14528.36168;

real b3=4064.64828;

real b4=-643.42052,;

real b5=63.0692;

real b6=-3.92243,;

real b7=0.15124;

real b8=-0.00331;

real b9=3.1422*pow(10,-5);

real Tamb;

real cp;
Tamb=(b9*pow(t,9))+(b8*pow(t,8))+(b7*pow(t,7))+(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4)
)+(b3*pow(t,3))+(b2*pow(t,2))+(b1*t)+293.8300268;
cp=1005.7+(0.066*((Tamb-273.16)-27));

*h =cp*(T-Tamb);

return cp;

¥

/*********************************************************************/

/* UDF for AIR conductivity property NEW */
/*********************************************************************/
#include "udf.h"

DEFINE_PROPERTY ((cell_conductivity_air,cell,thread)
{

real =CURRENT_TIME;

real b1=22482.24132;

real b2=-14528.36168;

real b3=4064.64828;

real b4=-643.42052,;

real b5=63.0692;

real b6=-3.92243,;

real b7=0.15124;

194



real b8=-0.00331,;

real b9=3.1422*pow(10,-5);

real Tamb;

real conductivity;

real cond,;
Tamb=(b9*pow(t,9))+(b8*pow(t,8))+(b7*pow(t,7))+(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4)
)+(b3*pow(t,3))+(b2*pow(t,2))+(b1*t)+293.8300268;
cond=(0.02624+(0.0000758*((Tamb-273.16)-27)));

conductivity=cond;

return conductivity;

¥

/*********************************************************************/

[* UDF for AIR viscosity property NEW */
/********************************************************************* /
#include "udf.h"
DEFINE_PROPERTY/(cell_viscosity_air,cell,thread)

{

real =CURRENT_TIME;

real h1=22482.24132;

real b2=-14528.36168;

real b3=4064.64828;

real b4=-643.42052,;

real b5=63.0692;

real b6=-3.92243;

real b7=0.15124;

real b8=-0.00331;

real b9=3.1422*pow(10,-5);

real Tamb;

real viscosity;

real visc;
Tamb=(b9*pow(t,9))+(b8*pow(t,8))+(b7*pow(t,7))+(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4)
)+(b3*pow(t,3))+(b2*pow(t,2))+(b1*t)+293.8300268;
visc=(1.983+(0.00184*((Tamb-273.16)-27)))*pow(10,-5);
ViSCosity=Visc;

return viscosity;

¥

/*********************************************************************/

/* UDF for water density property NEW */
/*********************************************************************/
#include "udf.h"

DEFINE_PROPERTY ((cell_density_water,cell,thread)

{

real t=CURRENT _TIME;

real b1=-265.33808;

real b2=100.0293;

real b3=-14.85769;
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real b4=1.09303;

real b5=-0.03992;

real b6=5.79541*pow(10,-4);

real Tamb;

real density;

real den;
Tamb=(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4))+(b3*pow(t,3))+(b2*pow(t,2))+(b1*t)+295.9
974271,
den=756.42+(1.8595*Tamb)-(0.0035360*pow(Tamb,2));
density=den;

return density;

¥

/'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k***********************/

/* UDF for water SPECIFIC HEAT property NEW */
/*********************************************************************/
#include "udf.h"

DEFINE_SPECIFIC_HEAT(SPECIFIC_HEAT water, T, Tref, h, yi)

{

real t=CURRENT _TIME;

real b1=-265.33808;

real b2=100.0293;

real b3=-14.85769;

real b4=1.09303;

real b5=-0.03992;

real b6=5.79541*pow(10,-4);

real Tamb;

real cp;
Tamb=(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4))+(b3*pow(t,3))+(b2*pow(t,2))+(b1*t)+295.9
974271,

cp=5631.3-(9.2262*Tamb)+(0.014622*pow(Tamb,2));

*h =cp*(T-Tamb);

return cp;

¥

/*********************************************************************/

/* UDF for water conductivity property NEW */
/*********************************************************************/
#include "udf.h"

DEFINE_PROPERTY/(cell_conductivity water,cell,thread)
{

real t=CURRENT _TIME;

real b1=-265.33808;

real b2=100.0293;

real b3=-14.85769;

real b4=1.09303;

real b5=-0.03992;

real b6=5.79541*pow(10,-4);
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real Tamb;

real conductivity;

real cond,
Tamb=(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4))+(b3*pow(t,3))+(b2*pow(t,2))+(b1*t)+295.9
974271,

cond=-0.581798+(0.00635704*Tamb)-(0.00000796625*pow(Tamb,2));

conductivity=cond,;

return conductivity;

¥

/*********************************************************************l

/* UDF for water viscosity property NEW */
/********************************************************************* /
#include "udf.h"

DEFINE_PROPERTY (cell_viscosity water,cell,thread)
{

real =CURRENT_TIME;

real b1=-265.33808;

real b2=100.0293;

real b3=-14.85769;

real b4=1.09303;

real b5=-0.03992;

real b6=5.79541*pow(10,-4);

real Tamb;

real viscosity;

real visc;

real nn;
Tamb=(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4))+(b3*pow(t,3))+(b2*pow(t,2))+(b1*t)+295.9
974271,

nn=(247.8/(Tamb-140));

visc=0.00002414*pow(10,nn);

Viscosity=visc;

return viscosity;

/*********************************************************************/
/* UDF for temperature_air_in profil NEW */

/*********************************************************************/

#include "udf.h"
DEFINE_PROFILE(temperature_air_in,thread,i)

{

face tf;

begin_f _loop(f, thread)
{

real t = CURRENT _TIME;
real b1=22482.24132;
real b2=-14528.36168;
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real b3=4064.64828;

real b4=-643.42052;

real b5=63.0692;

real b6=-3.92243;

real b7=0.15124;

real b8=-0.00331;

real b9=3.1422*pow(10,-5);

F_PROFILE(f, thread,
1)=(b9*pow(t,9))+(b8*pow(t,8))+(b7*pow(t,7))+(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4))+(b
3*pow(t,3))+(b2*pow(t,2))+(b1*t)+293.8300268;

end_f_loop(f, thread);
/*********************************************************************/
/* UDF for temperature_ambiante profil NEW */

/'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k***********************/

#include "udf.h"
DEFINE_PROFILE(temperature_ambiante,thread,i)

{

face tf;
begin_f_loop(f, thread)
{

real t = CURRENT_TIME;

real b1=63.16335;

real b2=-29.74396;

real b3=5.3492;

real b4=-0.4635;

real b5=0.01955;

real b6=-3.23145*pow(10,-4);

F_PROFILE(T, thread, i)
=(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4))+(b3*pow(t,3))+(b2*pow(t,2))+(b1*t)+295.12456
34;

}

end_f_loop(f, thread);

}
/*********************************************************************/
/* UDF for temperature_water_in profil NEW */

/*********************************************************************/

#include "udf.h"
DEFINE_PROFILE(temperature_water_in,thread,i)

{
face tf;
begin_f _loop(f, thread)

real t = CURRENT_TIME;
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real b1=-265.33808;

real b2=100.0293,;

real b3=-14.85769;

real b4=1.09303;

real b5=-0.03992;

real b6=5.79541*pow(10,-4);

F_PROFILE(f, thread, i)
=(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4))+(b3*pow(t,3))+(b2*pow(t,2))+(b1*t)+295.99742
71;

end_f_loop(f, thread);
/*-k-k-k-k-k-k-k**-k-k**-k-k**-k-k-k*-k-k-k**-k-k**-k-k**-k-k-k-k-k-k-k-k-k-k-k***********************/
/* UDF for velocity_fan profil NEW */

/*********************************************************************/

#include "udf.h"
DEFINE_PROFILE(velocity_fan,thread,i)
{

face tf;

begin_f _loop(f, thread)

real t = CURRENT_TIME;

real b1=-9381.74803;

real b2=5885.95905;

real b3=-1599.35913;

real b4=245.87147;

real b5=-23.39215;

real b6=1.41049;

real b7=-0.05264;

real b8=0.00111;

real b9=-1.01735*pow(10,-5);
F_PROFILE(f, thread, i) =-
((b9*pow(t,9))+(b8*pow(t,8))+(b7*pow(t,7))+(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4))+(b3
*pow(t,3))+(b2*pow(t,2))+(b1*t)+1.8);

end_f_loop(f, thread);
/*********************************************************************/
/* UDF for wind-speed profil NEW */

/*********************************************************************/

#include "udf.h"
DEFINE_PROFILE(wind_speed,thread,i)

{

face tf;
begin_f_loop(f, thread)
{
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real t = CURRENT_TIME;

real b1=-55163.97396;

real b2=36978.55319;

real b3=-10747.91586;

real b4=1769.20291;

real b5=-180.41496;

real b6=11.67291;

real b7=-0.46805;

real b8=0.01064;

real b9=-1.0491*pow(10,-4);
F_PROFILE(f, thread, i)
=(b9*pow(t,9))+(b8*pow(t,8))+(b7*pow(t,7))+(b6*pow(t,6))+(b5*pow(t,5))+(b4*pow(t,4))+(b3
*pow(t,3))+(b2*pow(t,2))+(b1*t)+1.2;

}
end_f _loop(f, thread);
}
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Abstract: The accumulation of dust on the front faces of solar panels, the rise in the operating temperature of photovoltaic cells,
and the low humidity levels recorded in semi-arid regions are considered major problems affecting negatively their performance.
Therefore, over time, this leads to deteriorating and damaging PV cells. Hybrid photovoltaic/thermal systems are considered among
the important technologies due to their efficiency in producing mainly electrical and thermal energy. This contribution is aimed to
get a new hybrid system capable to reduce the PV cell's operating temperature with the use of passive and active cooling techniques.
A self-cleaning technique suitable for the front face has also been incorporated. A numerical study of optimization of the geometrical
and Thermo-hydrodynamic parameters using the CFD software Ansys Fluent was performed. After the simulation and optimization
process, this new hybrid system was realized and tested under real climatic conditions in the Ghardaia region. Thus, the PV module's
backside is cooled by air, and flowing a thin film of water over its front side to cool and clean the system. The numerical results
show that the optimal geometric parameters of the new hybrid PV / T air system (He = 0.05 m, We = 0.3 m, Lche = 0.735 m and dap
= 0.03 m) enhancement of the average Nusselt number by about 20% compared to the case without AFP integration. Increasing the
tilt angle of the PV / T air system improves the maximum flow velocity, especially for high Rayleigh number values (with and
without AFP). Using the active air-cooling technique and counter-current flow improves the average Nusselt number by about 80%
compared to the co-current case. The experimental results showed a reduction of the PV module average temperature measured for
the new hybrid system of around 15 °C, against the reference PV module. An improvement of approximately 5.7% in electrical
efficiency compared to the reference case was obtained under the same operating conditions and at the peak of global solar
irradiation, (G = 650 W / m?). The overall energy efficiency and the average exergy efficiency are approximately 85.3% and 14.7%,
respectively.
Keywords: Hybrid PV / T Bi-fluid system, Natural convection, cooling system, tilt angle, average Nusselt number, Rayleigh
number, Solar heat gain, CFD, Energy performance, Experimental study, and Photovoltaic self-cleaning.
Résume : L’accumulation de poussiére sur les faces avant des panneaux solaires, 1'élévation de la température de fonctionnement
des cellules photovoltaiques et les faibles taux d’humidité enregistrées dans les régions semi-arides sont considérées comme des
problemes majeurs affectant négativement leurs performances. Par conséquent, cela peut entrainer des dégradations au cours du
temps et méme 1’endommagement des cellules photovoltaiques. Les systémes photovoltaiques/thermiques hybrides sont considérés
parmi les technologies importantes en raison de leur efficacité a produire essentiellement de I’énergie électrique et thermique.
L'objectif principal de cette contribution est d'obtenir un nouveau systéme hybride capable de réduire la température de
fonctionnement des cellules photovoltaiques par des techniques de refroidissement passives et actives. Une technique de nettoyage
appropriée de leurs faces avant a été également effectué. Une étude numérique d'optimisation des paramétres géométriques et
thermo-hydrodynamiques utilisant le logiciel CFD Ansys Fluent a été abordée. Aprés les étapes de simulation et I’optimisation, ce
systeme est réalisé et testé dans des conditions climatiques réelles de la région de Ghardaia. Ainsi, la face arriere du module
photovoltaique est refroidi par l'air, et un écoulement d’un film d’eau sur sa face avant ont servi a refroidir et nettoyer le systéme.
Les principaux résultats numériques montrent que les paraméetres géométriques optimaux du nouveau systeme hybride PV/T air
(He = 0,05 m, We = 0,3 m, Lche = 0,735 m et darp=0,03 m) ont amélioré le nombre moyen de Nusselt d'environ 20% par rapport au
cas sans intégration AFP. En plus, ’augmentation de 1'angle d'inclinaison du systéme PV/T air améliore la vitesse maximale de
I’écoulement, en particulier pour les valeurs élevées du nombre de Rayleigh (avec et sans AFP. L'utilisation de la technique de
refroidissement actif par air, et dans le cas d'écoulement a contre-courant améliore du nombre de Nusselt moyen d'environ 80%
comparativement au cas co-courant. Les résultats expérimentaux obtenus ont montré une réduction de la température moyenne
mesurée pour le nouveau systéme hybride d’environ 15 °C, par rapport au module PV témoins (cas de référence). Une amélioration
d'environ 5,7 % du rendement électrique par rapport au cas de référence a été obtenue dans les mémes conditions de fonctionnement
et au pic de lirradiation solaire globale, (G = 650 W/m?). L'efficacité énergétique globale et l'efficacité éxergétique moyenne ont
été respectivement d’environ 85,3 % et 14,7 % respectivement.
Mots clés : Systeme hybride PV/T Bi-fluide, Convection naturelle, Systéme de refroidissement, Angle d'inclinaison, Nombre
moyen de Nusselt, Nombre de Rayleigh, Gain de chaleur solaire, CFD, Performance énergétique, Etude expérimentale, Auto-
nettoyage photovoltaique.




