République Algérienne Démocratique et Populaire

aevelopmep,
S, s \ . L. e
&y “<%, Ministere de I'Enseignement Supérieur et de la Recherche Scientifique r7
7 UDERZA 1%

g
H
o
c
T L LSS
{,:’Ii--- e

>

seuoz ™

Université d’El-Oued

\7

Faculté de Technologie

Unité de Développement des Energies Renouvelables dans les Zones Arides (UDERZA)

These de Doctorat
Présentée en vue de ’obtention du diplome de Docteur en Science
Filiére: Génie Mécanique

Spécialité: Construction Mécanique

Développement et analyse des performances d'un séchoir solaire
intégrant un stockage thermique par chaleur latente

Présenté par: BOUSBIA SALAH Seif Eddine

Soutenue le [Jour/Mois/2025], en présence du Comité de Jury:

ATIA Abdelmalek Prof. Université d’El Oued Président
BENSEDDIK Abdelouahab  Directeur de recherche URAER de Ghardaia Rapporteur
MENECEUR Noureddine MCA Université d’El Oued Co-Rapporteur
BOUKHARI Ali MCA Université d’El Oued Examinateur
DAOUD Djamel Directeur de recherche URAER de Ghardaia Examinateur
BOUBEKRI Abdelghani Prof. Université d’Ouargla Examinateur

Année universitaire: 2024-2025 / 1446-1447 AH



e People’s Democratic Republic of Algeria

‘\7}9* }'.;»""" iy -q_::”/}-
2 « . “ . - g
I} UDERZA \’&*’% Ministry of Higher Education and Scientific Research
~N
',,;,—;;.-5.};,( s University of El Oued

\7

Faculty of technology

Renewable Energy Development Unit in Arid Zones (UDERZA)

A Doctoral Thesis
Submitted in Fulfillment of the Requirements for the Degree of Doctor of Science
Field: Mechanical Engineering

Specialization: Mechanical Construction

Development and performance analysis of a solar dryer
integrating latent heat thermal storage

Presented by: BOUSBIA SALAH Seif Eddine

Defended on [Day/Month/2025], in the presence of the Jury Committee:

ATIA Abdelmalek Prof. University of El Oued Chair
BENSEDDIK Abdelouahab Director of research ~ URAER of Ghardaia Supervisor
MENECEUR Noureddine MCA University of EI Oued Co-Supervisor
BOUKHARI Ali MCA University of El Oued Examiner
DAOUD Djamel Director of research  URAER of Ghardaia Examiner
BOUBEKRI Abdelghani Prof. University of Ouargla Examiner

Academic Year: 2024-2025 / 1446-1447 AH



@ﬁ .y

To my generous parents, God save them.

To my dear wife and our lovely children.

Seif eddine



First and foremost, I thank ALLAH the Almighty and praise Him for granting

me the courage, willpower, patience, and success to carry out this work.

I would like to express my deepest gratitude to my thesis supervisor, Professor
Abdelouahab BENSEDDIK, for his availability, patience, and trust. I sincerely
thank him for guiding my work with great interest and passion, from which I
have learned and grown significantly in many areas, both scientific and in terms
of writing and organization. His support enabled me to complete my research

under highly enriching and satisfying conditions.

I also extend my thanks to the Co-Supervisor, Professor Noureddine

MENECEUR, for his assistance and for agreeing to supervise me on this thesis.

My thanks to Professor Khaled LOUSSIF, Head of the Renewable Energy
Development Unit in Arid Zones (UDERZA) in El-Oued, for kindly welcoming

me and facilitating the experimental work for my thesis at the Unit.

A big thank you to the members of the jury for their time, expertise, and thoughtful
evaluation of this thesis. Their comments were essential in refining and

strengthening the arguments presented.

My sincere thanks also go to everyone who, directly or indirectly, contributed to
the completion of this work, as well as to all those who enriched me with their

knowledge. I wish to express my heartfelt gratitude to all of them.



Thesis Hitract

This thesis presents the design, development, and performance evaluation of an innovative solar

Abstract

dryer that integrates a parabolic trough collector (PTC), a dual-axis solar tracking system, and a
thermal energy storage unit based on phase change materials (PCMs). The system addresses key
limitations of traditional solar drying methods, particularly their low efficiency during late
afternoon hours and under unstable weather conditions.

Constructed with cost-effective, locally available materials, the prototype was tested under real
environmental conditions in EI Oued, Algeria. The collector achieved a peak thermal efficiency of
45.25% and maintained drying chamber temperatures up to 70 °C. The integration of PCMs
allowed the system to extend drying activity up to four hours after sunset, enhancing energy
utilization and system autonomy.

The dryer successfully reduced the moisture content of apricot slices from 69% to 8% (wet basis)
and outperformed conventional methods: 65.8% more efficient than shade drying, 50.4% better
than open sun drying, and 15.4% more effective than the same system without PCM.

Economic analysis revealed short payback periods (0.36-0.43 years) and annual savings exceeding
3,000 USD, confirming the system’s viability for agricultural use. Numerical modeling validated
the experimental findings, with strong agreement (R? = 0.97228, x? = 0.21674). A patent (INAPI
No. 241370) was filed to protect the system's design. The study contributes to sustainable solar
drying technologies and supports energy transition and food preservation goals in solar-rich

regions like Algeria.

Keywords: Solar drying; parabolic trough concentrator (PTC); Dual-axis solar tracking system;
Phase change materials (PCM); Thermal energy storage; Energy efficiency; Optical efficiency;

Experimental validation; Economic analysis.



Résumé

Cette thése présente la conception, le développement et 1’évaluation des performances d’un séchoir
solaire innovant intégrant un concentrateur parabolique cylindro-parabolique (PTC), un systéme
de suivi solaire a deux axes, ainsi qu’une unité de stockage thermique a base de matériaux a
changement de phase (PCM). Le systéeme proposé vise a surmonter les principales limites des
méthodes traditionnelles de séchage solaire, notamment leur faible rendement durant les fins
d’apres-midi et sous des conditions climatiques instables.

Fabriqué a partir de matériaux locaux et économiques, le prototype a été testé dans des conditions
environnementales réelles a EI Oued, en Algérie. Le concentrateur a atteint un rendement
thermique maximal de 45,25 % et a permis de maintenir une température de 70 °C dans la chambre
de séchage. L’intégration des PCM a permis de prolonger 1’activité de séchage jusqu’a quatre
heures apres le coucher du soleil, améliorant ainsi I’autonomie énergétique du systéme.

Le séchoir a réduit I’humidité des tranches d’abricot de 69 % a 8 % (base humide) et a surpassé
les méthodes classiques : 65,8 % plus efficace que le séchage a I’ombre, 50,4 % plus performant
que le séchage a I’air libre, et 15,4 % plus efficace que le méme systéme sans PCM.

L’analyse économique a révélé des périodes de retour sur investissement tres courtes (0,36 a 0,43
an) et des économies annuelles dépassant 3 000 USD, confirmant la viabilité du systéme pour un
usage agricole. La modélisation numérique a validé les résultats expérimentaux avec une
excellente concordance (R? = 0,97228, 4> = 0,21674). Un brevet (INAPI n°® 241370) a ét¢ déposé
pour protéger le design du systeme. Cette étude contribue au développement des technologies de
séchage solaire durable et soutient les objectifs de transition énergétique et de conservation

alimentaire dans les régions riches en soleil comme 1’ Algérie.

Mots-clés : Séchage solaire ; concentrateur parabolique (PTC) ; systéme de suivi solaire a deux
axes ; matériaux a changement de phase (PCM) ; stockage thermique ; rendement énergétique ;
efficacite optique ; validation expérimentale ; analyse économique.
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Nomenclature and Indices

CDkg
Cdrys

hfus
Hmax

Nomenclature and Indices

Flow cross-section [m?]

Aperture surface area [m?]

Annualized cost of dryers [$]

Savings per batch for solar dryer [$/kg]

Savings per day for domestic solar dryer in the jth year [$]
Annual savings for domestic solar dryer in the jth year [$]
Savings per kg in comparison to branded product for solar dryer [$/kg]
Solar geometrical concentration factor

Geometric concentration ratio

Air constant p specific heat capacity [J kg™ °C™]

PCM Liquid specific heat capacity [J kg™t °C™]

PCM Solid specific heat capacity [J kg™t °C™]

Cost of the dryer's components [$]

Capital cost of solar dryer [$]

Unit price for electricity [$/kWh]

Cost of electrical energy [$]

Cost of maintenance [$]

Cost of drying per kg of dried product in dryer [$/kg]
Cost per kg of dried product for domestic solar dryer [$/kg]
Cost of fresh product per kg of dried product [$/kg]

Cost per kg of fresh product [$/kg]

External diameter of the receiver tube [m]

External tube diameter of the receiver [m]

Internal tube diameter of the receiver [m]

Circular duct [m]

Inner diameter of the receiver tube [m]

Hydraulic diameter [m]

Effective diffusivity coefficient
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Thermal conductivity [W m™ °C™]
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PCM Solid thermal conductivity [W m™ °C™]
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Length of the collector mirrors [m]
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Moisture ratio
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Receiver tube cross-section perimeter [m]
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Thermal power [W]

Incident concentrated solar irradiance [W m 2]
Useful thermal power flux [W m™2]
Half-thickness of the material sample [m]
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The salvage value[$]
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Temperature [K]

PCM melting temperature [°C ]

Thermal losses overall coefficient [W m™2 K™]
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Rectangular aperture total width [m]

Rated power of electric blower and axial fans [kKW]
Initial moisture content on a wet basis
Moisture content (dry basis) att =0

Moisture content (dry basis) at equilibrium
Moisture content (dry basis) at time t

Extended surface coefficient
Kinematic viscosity
Dimensionless temperature
Intercept factor
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Optical efficiency

Thermal efficiency
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General Introduction

Context

In light of the growing challenges related to energy security and climate change, it has become
essential to shift towards sustainable and efficient energy solutions, especially in countries with
limited conventional energy resources and high import costs. Among these solutions, solar energy
stands out as a renewable and clean source that can be harnessed in various applications, most
notably in agricultural and industrial drying processes, which represent a fundamental pillar in

food and pharmaceutical production chains.

In this context, Algeria is considered one of the richest countries in the world in terms of solar
radiation, with annual solar radiation rates ranging from 3 to 5.6 kWh/m? depending on the region,
and more than 3,900 hours of solar radiation recorded annually in the Sahara Desert [1, 2].
According to estimates by the National Agency for the Promotion and Rationalization of Energy
Use (APRUE), affiliated with the Ministry of Energy and Mines, Algeria has enormous potential
for solar energy production exceeding 14 TWh annually [3, 4]. Despite this wealth, the use of solar
energy in the agricultural sector remains limited, especially in drying processes, which are often
conducted using traditional methods that are costly or ineffective, leading to significant post-

harvest losses.

Official data from agricultural authorities indicate that post-harvest production loss in Algeria
exceeds 20 to 30% for some products, due to the absence of effective preservation methods such
as thermal control or rapid drying [5]. These losses are even higher in inland and southern regions,
where cooling methods are impractical due to limited energy infrastructure and high temperatures.
Therefore, solar drying presents a strategic option to enhance the quality of agricultural products,

reduce losses, and improve farmers' income, while also preserving the environment.

Moreover, the development of this technology aligns with Algeria's national energy transition
strategy, which aims to achieve 16 GW of renewable energy by 2035 and reduce reliance on natural
gas in non-critical sectors [6]. Integrating innovative solar drying systems is expected to support
this transition, especially in rural areas where they can be locally deployed without the need for

complex electrical networks.



General Introduction

Problematic and research objectives

Solar drying technologies, while sustainable and well-suited to sun-rich regions like Algeria,
continue to face significant limitations in dynamic and operational performance. Conventional
systems are often unable to maintain efficient operation during the late afternoon or under
intermittently cloudy skies, leading to inconsistent drying, increased energy losses, and reduced
product quality. These shortcomings are largely due to the absence of adaptive mechanisms,
particularly solar tracking systems and thermal energy storage units, which are essential for

maximizing solar utilization and maintaining thermal continuity.

In addition to the variability of solar radiation, environmental factors such as wind and ambient
temperature fluctuations can significantly disrupt the thermal stability of drying chambers,
especially in structures made from low-cost or poorly insulated materials. Most existing systems
lack the robustness and responsiveness required to sustain efficient drying under such real-world
conditions. As a result, post-harvest losses remain high, and adoption of solar drying technology

for agricultural use is limited.

This thesis addresses these limitations by developing an innovative solar dryer that integrates three
key technological solutions: (1) a dual-axis solar tracking system to optimize solar radiation
capture throughout the day, (2) a thermal energy storage unit using phase change materials (PCMs)
to extend operation into the evening or during solar intermittence, and (3) a thermally stable, wind-
resistant drying chamber designed to maintain consistent internal conditions under fluctuating

weather.

The significance of this research lies in its holistic response to the multifaceted challenges of solar
drying in Saharan and semi-arid environments. By combining mechanical innovation, material
optimization, and energy storage, the proposed system represents a major step forward in the
design of autonomous, cost-effective, and high-efficiency solar dryers for rural and semi-urban

agricultural contexts.
The main objectives of the study are as follows:

v" To design and construct a solar dryer equipped with a dual-axis tracking system for real-

time solar orientation.
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v" To develop and integrate a PCM-based thermal storage unit for ensuring continued drying
performance after sunset or during cloud cover.

v’ To assess the influence of environmental factors such as wind and temperature fluctuations
on the thermal stability and performance of the drying system.

v’ To evaluate the technical, thermal, and economic performance of the proposed dryer
through a combination of experimental tests and numerical simulations under real

operating conditions.

Methodology

The methodology of this thesis is structured into distinct chapters, each addressing a specific aspect
of the research. A systematic approach was adopted, combining engineering design, numerical
simulation, and experimental testing to evaluate the performance of the innovative solar dryer
under varying climatic conditions. An in-depth analytical framework was applied to thermal and
kinetic data to derive accurate results that support the development of a high-efficiency, stable-
performance drying system suitable for practical implementation. Below is an outline of the
methodology used in each chapter:

Chapter | presents a comprehensive and systematic review of the relevant scientific literature, with
a focus on key studies and the identification of existing knowledge gaps. The review covers the
research areas of drying processes, dryer technologies, and solar concentrator systems. Information
is meticulously collected, classified, and analyzed to develop a clear and in-depth understanding
of the field. The findings are organized and presented using tables, illustrative diagrams, and mind
maps to highlight conceptual relationships. Additionally, Bibliometric analysis is employed to
support the exploration of research trends and connections, contributing to a well-structured and

integrated perspective on the topic.

Chapter Il presents the design and construction of the first solar dryer that utilizes concentrated
solar radiation through a parabolic trough collector equipped with a dual-axis solar tracking system
to generate hot air. The system is capable of maintaining stable temperatures within the desired
range suited for drying agricultural products and is supported by a thermal energy storage feature
using phase change materials (PCMs). The optical and thermal efficiencies of the solar dryer were

also evaluated based on its thermal and geometric parameters. A patent application for this
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innovation has been filed with the National Institute of Industrial Property (INAPI) under

registration number 241370.
Chapter 111 presents the mathematical models contained in this thesis:

e The development and validation of numerical models to simulate solar drying systems.
Both mathematical and physical modeling approaches are used to evaluate the
performance of the developed solar drying system. This process has helped in
understanding how key design and operational variables such as solar irradiance, air mass
flow rate, and geometric concentration affect the outlet air temperature of the solar
receiver.

e Next, mathematical modeling equations for drying Kinetics are presented, aiming to predict
the moisture removal behavior of agricultural products under different thermal conditions.

e Finally, the mathematical formulations required to perform an economic analysis are
introduced to evaluate the financial feasibility and cost-effectiveness of the proposed
system, taking into account both investment and operating costs. Collectively, these
analyses contribute to providing a comprehensive view of the system’s technical and

economic performance.

Chapter IV presents the experimental setup, with tests carried out in a sunny outdoor area near the
Mechanical Engineering Laboratory at EI-Oued University, in collaboration with the Renewable
Energy Development Unit in Arid Zones (UDERZA). The chapter also explores the
meteorological and climatic characteristics, assesses the solar energy potential, and examines the
oasis—desert interactions specific to the El Oued study area. The experimental work focuses on

evaluating and enhancing the performance of the innovative solar dryer in four main areas:

e Evaluating the performance of the solar dryer under real and typical operating conditions.

e Improving the solar dryer by studying the effect of integrating thermal energy storage using
Phase Change Materials (PCM) on thermal performance.

e Assessing the ability of the PCM-enhanced solar dryer to overcome fluctuating natural
weather conditions.

e Conducting a comparative analysis of the drying process across different cases: using the
innovative solar dryer, the PCM-enhanced solar dryer, in shaded conditions, and under

direct sunlight.
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The experimental procedures include measuring temperature, solar radiation intensity, wind speed,
and airflow velocity, in addition to monitoring drying rates and moisture content. The drying
performance of the modified solar dryers is compared under both stable and fluctuating climatic

conditions.

Chapter V presents the results and discussions related to the work conducted in this thesis. It
evaluates and analyzes the performance of the innovative solar dryer through a series of field
experiments in a desert environment. The assessment focuses on four main aspects: the dryer’s
performance under real operating conditions, the impact of integrating Phase Change Materials
(PCM) on thermal efficiency, the system’s ability to operate under fluctuating weather conditions,
and a comparative analysis of drying effectiveness under different scenarios (with PCM, without
PCM, in the shade, and under direct sunlight). Additionally, the chapter includes an economic
analysis that demonstrates the system's financial viability, confirming its technical effectiveness

and cost-efficiency for agricultural solar drying.
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Chapter I:
Literature Review

I.1. Introduction

This chapter aims to review the relevant scientific literature by highlighting the most significant
previous research efforts and identifying existing knowledge gaps, thereby guiding the current study
toward making a valuable scientific contribution. It provides a comprehensive literature review
covering most aspects of the thesis research field through the systematic collection, classification,
and summarization of various types of information relevant to the topic. The data is presented in a
well-organized manner using tables, illustrative diagrams, and mind maps, to facilitate a clear
understanding of the relationships between concepts, extract key scientific insights, and reinforce

the research direction of the thesis through a structured and integrated approach.
1.2. Basic concepts and theoretical principles

1.2.1. Principles and operation of solar dryers

1.2.1.1. Principles of drying processes

Moisture content, defined as the ratio of a material's water content to its dry weight, is a critical
parameter in drying processes and is typically expressed as a percentage. Precise control of moisture
content is essential to ensure the stability and quality of dried products. The drying process itself is
commonly described using a drying rate curve, which includes two key phases: the constant rate
period, during which surface moisture evaporates at a steady rate influenced by external conditions
like temperature and airflow; and the falling rate period, where moisture migration from the interior
to the surface slows the drying process. The primary mechanisms responsible for moisture removal
are evaporation, where liquid water transforms into vapor and is carried away by airflow, and
diffusion, which involves the movement of water molecules from areas of higher concentration to
lower concentration within the material until they reach the surface and evaporate. Several factors
significantly influence the efficiency of the drying process, such as temperature, humidity, airflow,
and the physical and chemical properties of the material itself. Higher temperatures enhance

evaporation, low humidity accelerates drying by increasing the moisture gradient, and effective
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airflow facilitates moisture removal. Additionally, material characteristics like porosity and

hygroscopicity play a vital role in the overall drying performance [7, 8].
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Fig. I.1. Conceptual Schematic of the thermal drying process in solid food materials [7].

Drying food materials is a highly complex process that involves simultaneous and transient
mechanisms of heat, mass, and momentum transfer, along with associated physical, chemical, and
phase change transformations. During this process, two primary transport mechanisms occur
concurrently: the transfer of heat from the drying medium or heat source to the food material, and
the movement of moisture from within the solid product to its surface. Once at the surface, the
moisture is removed either by a carrier gas or through vacuum application in the case of non-

convective dryers. These coupled transport phenomena are conceptually represented in Figure.l.1

[7].
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|.4. State of the art

Numerous empirical studies have explored the use of solar concentrators combined with air as the
heat transfer fluid, uncovering several key findings.

A study by Zhao et al. [29] investigated how different receiver tube designs in a parabolic trough
solar air collector affected its performance. They found that both solar radiation and the design of
the receiver tube played a significant role in determining the air temperature the collector could
achieve. Tubes with internal pin fins proved to be the most efficient at collecting heat, reaching a
temperature of 266°C. In contrast, smooth tubes without these fins could only reach 166°C,

highlighting the importance of design in maximizing heat collection (Figure 1.14).

parabolic trough reflector

| receiver tube

Fig. 1.14: A view of a PTAC with an IPF-Tube [29].

Nasir [30] Conducted experiments on a parabolic trough solar air heater, a device that uses sunlight
to heat air. The results showed that the heater could reach a maximum temperature of 97°C and
operated with a respectable 65% efficiency in converting sunlight to heat.

Pandey et al. [31] experimented with a solar heater that used a compound parabolic concentrator

to focus sunlight onto an evacuated tube receiver connected to a U-shaped copper pipe. This system
was able to achieve a maximum temperature of 151°C while operating at a thermal efficiency of
24.1%, meaning it converted almost a quarter of the sunlight it received into usable heat (Figure
1.15).
Wang et al. [32] conducted experiments using an all-glass evacuated tube solar air heater integrated
with a simplified compound parabolic concentrator. The system successfully achieved air
temperatures exceeding 200°C, highlighting its potential for high-temperature air heating
applications (Figure 1.16).
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Evacuated tube Compound parabolic

concentratog -

Fig. 1.15: PTC with U-shaped copper pipe [31]. Fig. 1.16: solar air heater CPC [32].

Good et al. [33] employed air as the heat transfer fluid in a pilot-scale solar power plant, replacing
thermal oil to address the temperature limitations associated with oil-based parabolic trough
receivers.

Fahad et al. [34] analyzed a humidification-dehumidification (HDH) system that utilized a
parabolic trough collector with air as the heat transfer fluid. Their findings indicated an average
collector efficiency of 71% and an outlet air temperature of 75°C, demonstrating the system's
effectiveness for solar-powered desalination applications.

Karoua et al. [35] combined two solar technologies, concentrated solar power and a flat plate
collector, into a single solar air heater using a Linear Fresnel Reflector. The system achieved air
temperatures ranging from 70°C to 150°C, highlighting its capability for medium-temperature
thermal applications (Figure 1.17).

Fig. 1.17: Linear Fresnel Reflector (SAHLFR) solar air heater with
a rectangular duct absorber [35].

Hongfei et al. [36] tested the efficiency of a multi-surface trough solar concentrator under actual
weather conditions, and an efficiency of over 45% was achieved (Figure 1.18).
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Fig. 1.18: Air heating using a multi-surface trough solar concentrator [36].
Chu et al. [37] developed and tested a pressurized air receiver integrated with a concentrated solar
dish system. The receiver featured an innovative design with double spiral tubes arranged in a
conical configuration. Under direct normal irradiation of around 651 W/m2 and a mass flow rate of
0.0048 kg/s, the system achieved an outlet air temperature of 787°C, produced a power output of
3.96 kW, and reached a thermal efficiency of 53.16%.

Fig. 1.19: Tubular air receiver in solar dish system [37].

While existing research showcases the potential of solar air heating systems across various
applications like space heating, drying, and desalination, most designs operate at temperatures far
exceeding those suitable for delicate processes like agricultural drying. This discrepancy arises
despite their use of air as a heat transfer fluid (HTF). The limited scientific literature on air heating
using parabolic trough collectors or similar concentrating technologies for drying applications
further underscores this gap. The experimental studies mentioned will delve into these specific
areas (Figure 1.19).

We mention these experimental studies: Laouini et al. [38] conducted a study employing a solar
Parabolic Dish Concentrator (PDC) as the heat source for drying red chili peppers. It's important

10
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to note that while the conversion unit receiver reached temperatures as high as 510°C, the
temperature within the drying chamber itself remained significantly lower, reaching a maximum of
55°C (Figure 1.20).

Fig. 1.20: Solar Parabolic Dish Concentrator (PDC) for drying [38].

Aamir et al. [39] developed and tested a small-scale Concentrating Parabolic Trough Solar
Collector (CPTSC) prototype specifically designed for drying applications. They evaluated the
CPTSC's performance using two different mass air flow rates, carefully measuring the inlet and
outlet air temperatures. Their findings showed that while the absorber tube within the CPTSC
reached a maximum temperature of 140°C, the drying chamber itself maintained a significantly

lower temperature, peaking at 60°C (Figure 1.21).

-
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Fig. 1.21: Small-scale Concentrating Parabolic Trough for Drying [39].

Fahim et al. [40] investigated the influence of airflow rate on both apple drying efficiency and the
overall performance of a parabolic trough solar collector. During their study, peak solar irradiation
reached 752 kJ.m2.hr?, coinciding with a maximum ambient temperature of 43°C at noon. Under

11
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these peak conditions, with the highest airflow rates, the drying chamber reached 51°C while the
absorber pipe within the collector reached 84°C.

In addition, Fahim Ullah et al. [41] examined the effectiveness of a Parabolic Trough Solar
Concentrator (PTSC) for dehydrating guavas. Their research demonstrated successful drying at a
controlled temperature of 65°C and a humidity level of 25%, with a total drying time of 19 hours.
Based on their findings, they recommended the PTSC as a viable option for drying various fruits

and vegetables, suggesting a potential operating time of up to 9 hours per day.

12
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Chapter II:

Design, Construction, and Performance of a
New Solar Dryer

I1.1. Introduction

Based on the content presented in chapter one, covering the review of previous studies, bibliometric
analysis, and the identification of research gaps, this chapter introduces the innovative design and
construction of the first solar dryer that generates hot air through concentrated solar radiation using
a parabolic trough concentrator equipped with a dual-axis solar tracking system. The unique
engineering features of this system have enabled the achievement of high optical performance and
stable and appropriate temperatures within the thermal range of 40-80 °C, making it highly effective
and suitable for drying a wide variety of agricultural products. It is worth noting that a patent
application for this solar dryer has been filed with the National Institute of Industrial Property
(INAPI) under registration number 241370, affirming the originality and technical value of the

innovation.

11.2. Design of prototype solar dryer with PTC system

As part of the preliminary design process, a 3D model along with the engineering projections of the
new solar dryer prototype including front, side, and top views was developed using SolidWorks.
These technical drawings provided an accurate representation of the structural components and
facilitated the visualization of the overall system assembly. The use of SolidWorks enabled precise

dimensional planning and played a pivotal role in optimizing the dryer’s design before fabrication.
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Fig. 11.1. Drawing the 3D model and geometric projections of the new solar dryer prototype
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Fig. 11.2. The projection views of the new solar dryer prototype were designed using SolidWorks

32
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11.3. Construction of prototype solar dryer with PTC system
11.3.1. Description of the different parts of the prototype

The experimental installation consists of an indirect solar dryer operating under forced load. The
schematic diagrams and photographs presented in Figures 11.5 and 11.6 illustrate the design and
geometric dimensions of the solar dryer, along with its main components, which include: (i) a
Parabolic Trough Concentrator (PTC), (ii) a receiver tube, (iii) a drying chamber, (iv) a dual-axis

solar tracking mechanism, (v) a bearing metal structure, and (vi) a concrete foundation.

Reflector

Receiver
tube

Solar tracker
actuator Parabola

Ventilator with
speed regulator

Bearing metal

structure Circular duct

for passing
hot air

Drying chamber

Concrete foundation

Two-axis
sun tracker

=—
o

Fig. 11.5. The Solar dryer prototype designed using SolidWorks
2 [N L e I

Loy

. " Concrete foundation
Cay

Fig. 11.6. General V|ew and geometrlcaldlmensmns of a solar dryer assisted by (PTC) made at |
the University of EI Oued
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11.3.1.1. Reflector

The solar Parabolic Trough Concentrator (PTC) employed in the experiment features an aperture
width of 1.2 m, with a reflector measuring 2 m in length, 0.34 m in depth, and a focal length of
0.2647 m. The total reflective surface area amounts to 2.84 m?2. This surface is covered with small
rectangular segments of standard mirrors, each measuring 1 m in length and 0.05 m in width,
arranged along the aperture. These mirrors are designed to reflect direct solar radiation onto the
receiver, thereby enhancing the overall efficiency of the solar dryer.

Table I11.1. Geometric characteristics of the reflector

Geometric characteristics value
Diameter Wz=1.2m
Size h=0.34 m
Focal distance f=0.2647 m
The rim angle Y, =82.84°
Aperture area A.=2.4 m?

Before initiating the construction phase, the sizing of the solar concentrator was carried out to
determine its various geometric parameters. A parabolic arc was generated using the Parabola

Calculator 2.0 software, as illustrated in Figure I1.7.

\;/ Parabola Calculator 2.0 Ifzg ‘
File Options Wifi Calcuations Print About
Enter the Parabola g%“ea‘ Diam. 143-33 o
= < Diameter 20.
Dimensions Ré 5306
Both dimensions must use the Focal Length 26.47
same units (integers only). Volume 152265.47 .J
FLength/Diam 00.22 I
Diameter {120 ] Area 11309.73
5 4 < »
Deptiggls I 1 i x -60.00 y 34.00 Il
x -52.50 y 26.03 b
Focal Length 26.47 x -45.00 y 19.13 5 ‘
Linear Diameter 14211 x -37.50 y 13.28
x -30.00 y 8.50
x -22.50 y 4.78
Segments «|[ || 18 x -15.00 y 2.13
26.47 x -7.50 y 0.53
x 0.00 y 0.00
’ LCalculate X 7.50 ¥y 0.53
x 15.00 y 2.13
Save to Text File x 22.50 y 4.78
- x 30.00 y 8.50
Exit x 37.50 y 13.28 :

Fig. 11.7. Parabola calculator 2.0 software interface
To select an appropriate parabolic-cylindrical reflector, it is recommended to adopt an ideal
geometric profile to achieve effective geometric concentration, as illustrated in Figure 11.7. A high-
quality reflector can reflect up to 97% of the incident solar radiation. The design of the reflector is
based on the standard parabolic equation [58, 59, 60]. In Cartesian coordinates, the general equation

of the reflector is expressed as:

34



Chapter I1: Design, Construction, and Performance of a New Solar Dryer

x? =4fy (1)
And Focal distance:
_wi (2)
f= 16h

The rim angle, ¥p, which is directly related to the arc length of the concentrator, can be determined
using Eq. (3) as a function of the focal distance f of the parabola and the aperture width Wa [61]:

8.f.Wa

tan¥p = Wa%wfz (3)
11.3.1.2. Receiver

The receiver tube is made of galvanized steel with a thermal conductivity of 50 W/m-K. It has a
large diameter of 10 cm, which allows for efficient airflow, a wall thickness of 1 mm, and a total
length of 2.2 meters. The tube is installed without a glass cover and positioned at the focal area of
the reflector to effectively absorb concentrated solar radiation and convert it into heat. To enhance
its solar absorption capabilities, the tube is coated with a thin layer of matte black paint. It features
two openings that facilitate airflow: cold ambient air enters through the inlet and passes through the

receiver tube, where it is heated before continuing toward the drying chamber.

Table 11.2. Geometric characteristics of the receiver

Geometric characteristics value
Diameter d=0.1m
Size L =2 m in concentrator
Receiver area Ar=0.6283 m?
Geometric concentration ratio Cyg=3.82

The geometric concentration ratio, Cq is defined as the ratio of the collector's aperture area Aa to the
total surface area of the receiver tube Ay, It is expressed by Eq. (4) as follows [58, 61, 62, 63]:
_ A_a Wa

Cy = 7, == 3.82 (4)

11.3.1.3. Drying chamber

The drying chamber is constructed using sandwich panels insulated with polyethylene foam, which
has a low thermal conductivity of approximately 0.039 W/m-K and a thickness of 3 cm. This
insulation helps retain hot air within the chamber and minimizes heat loss. Heated air enters the
chamber through an opening at the bottom, while humid air is expelled through an exhaust opening
at the top, assisted by a ventilator equipped with a speed regulator to enhance airflow. The chamber

measures 0.5 m x 0.5 m x 0.8 m and includes multiple levels for sample placement during drying.
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The ventilator plays a key role in maintaining air circulation at a flow rate of 2.45 m/s, guiding air
from the receiver tube through an insulated connecting duct into the drying chamber (Figure 11.10).
11.3.1.4. Support structure

The support structure of this model is composed of three main mechanical assemblies: a metal frame
to hold the parabolic reflector, a rotating cylindrical metal column, and a metal stand for the drying
chamber. The entire assembly is anchored on a reinforced concrete base embedded 1.2 meters deep
into the ground, providing stability during rotation and sufficient strength to support the weight of
all components. The design of the structure offers several functional advantages, including:

e Support for the drying chamber in its designated position, allowing it to rotate along with
the entire system without obstructing the movement of the reflector.

e Carrying and framing the solar parabolic trough concentrator, enabling smooth rotation
along two axes vertically with a full aperture angle of 360°, and horizontally with a range
of 250°. This dual-axis movement, in combination with the tracking mechanism, ensures
efficient solar tracking throughout the day. It combines the benefits of a sensitive mono-axis
tracker with enhanced precision, improving performance particularly during seasonal

variations and shifts in the sun's inclination angle between summer and winter.

11.3.2. The different steps of prototype realization and construction
The construction of the solar dryer involves several sequential steps. Initially, a reinforced concrete
foundation is built, serving as the base for the entire system. This foundation has a depth of 0.8

meters and a width of 0.5 meters, providing stability for the overlying metal structure.

(@

Fig. 11.8. (a, b, c, d). The various stages of building a concrete foundation
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The next step includes welding the metal framework according to the planned design, followed by
the use of a lathe machine to install a tapered roller bearing to enable smooth rotation. Finally, the
different components of the system such as the parabolic trough concentrator, receiver tube, and

drying chamber are assembled onto the structure. These steps are illustrated in Figures 11.8 and 11.9.

© | )

Fig. 11.9. The various components of the support structure: (a, b, h) metal rotary cylindrical
column with two tapered rollers bearings using the lathing machine, (e, f) metal Frame incubator
for a reflector, (g) reflector mirror, (c, d) metal stand for a drying chamber
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11.4. Performance of Parabolic Trough Concentrator (PTC) of the solar dryer

The performance analysis characterizes the solar field under various operating conditions for the
system being studied. The key performance indicators considered in this analysis are the solar field

efficiency and the useful thermal energy output generated by the solar field.

11.4. 1. Optical Performance

The optical efficiency, (1) is defined as the ratio of radiation absorbed by the absorber tube to
the amount of direct typical radiation incident on the aperture area. When the incidence angle of the
solar flux onto the PTC aperture plane is 0° gives the peak optical efficiency in Eq (5) [58, 64]:

Nopt = Pc XY XT X (5)

The optical efficiency (1) is the multiplication of the mirror reflectance p., the intercept factor

Y, the glass transmittance 7, and the absorber absorptance « [65].

The optical efficiency is influenced by both the optical properties of the materials used and the
geometry of the collector. Properties such as reflectivity, transmissivity, and absorptivity can be
experimentally measured in the laboratory. Additionally, the intercept factor, a purely geometric
parameter, represents the proportion of solar radiation reflected by the concentrator that is
successfully intercepted by the absorber tube, reflecting the overall geometric precision of the

system.

Table 11.3. The optical efficiency and the optical properties of the materials involved in the
geometry of the PTC.

Parameters Value

optical efficiency (fopt) 0.8112

the absorber absorbance ( a) 0.94

concentrator reflectance ( p) 0.938

cover transmittance ( 1) 1 without a glass cover
intercept factor (y ) 0.92

11.4. 2. Thermal efficiency

The thermal efficiency () is the ratio of the useful output Q,, [W] delivered by the collector to
the global irradiance I, [W/m?] incident on the collector aperture area Aa [m?], to calculate the
thermal efficiency of the air heater the following expression is used Eq (6) [31, 58,61, 64]:

. Q, _Mm.C,.AT (6)
_Aa*lb_ Aa*lb

Nen
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The parameters in Table 11.4 are used to monitor the variation in thermal efficiency throughout the

day.
m = p.A.v = (1.146). (0.042.). (2.45)=0.0141 kg/s
AT
Ny = 5.904375.—
I
Table 11.4. The thermal efficiency changes with time during the day, thermal parameters, and the
geometry of the PTC.
Parameters Value
thermal efficiency () Variable in time
the mass flow rate of air (71) 0.0141 kg/s
the specific heat of the air (Cp) 1005 J/kg-K
the temperature difference between inlet and outlet air (A7) °C Variable in time
the aperture area (Aa) 2.4 m?
the global solar radiation (Ip) W/m? Variable in time

The thermal efficiency of the system depends on the temperature difference (AT) and the beam solar
irradiance (Ip), as these factors fluctuate while other parameters are held constant. The average
thermal efficiency (nth) recorded during the experiment is 25.93%, with a maximum observed

thermal efficiency reaching 45.25%.

11.6. Conclusion

In conclusion, this chapter presented the innovative design and engineering construction of a
prototype solar dryer. The work included the development of a 3D model and technical projections
using SolidWorks, which enabled an accurate visualization of the system’s components prior to
fabrication. The prototype was then built following a well-defined series of implementation steps.
A detailed description of the various parts of the solar dryer was provided, including the solar
collector, receiver tube, drying chamber, and air circulation system. The geometric characteristics
of each component were also described in terms of dimensions, materials used, and the rationale
behind their selection. These features collectively contributed to achieving effective solar radiation
concentration and thermal stability within the target temperature range of 40—70 °C. The optical
and thermal efficiencies demonstrated the system’s effectiveness in converting solar energy into

heat suitable for drying various agricultural products.
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Chapter 11
Mathematic Models

I11.1. Introduction

This chapter presents the mathematical models employed in this thesis to analyze and evaluate the
performance of the developed solar drying system from both technical and economic perspectives.
It begins with the development and validation of numerical models using both mathematical and
physical modeling approaches. These models are used to simulate the behavior of the solar drying
system and to study the influence of key design and operational parameters such as solar irradiance,
air mass flow rate, and geometric concentration on the outlet air temperature of the solar receiver.
Subsequently, mathematical models related to drying kinetics are introduced, aiming to predict the
moisture removal behavior of agricultural products under various thermal conditions. These models
help in improving drying efficiency and adapting the system to changing climatic conditions.
Finally, the chapter presents the mathematical formulations used for economic analysis, which
evaluate the financial feasibility and cost-effectiveness of the proposed system by considering both
investment and operating costs. Together, these models provide a comprehensive framework for

assessing the overall technical and economic performance of the solar drying system.

111.2. Effect of basic parameters on the outlet air temperature of the receiver

This section employs a simplified 1D analysis to establish a foundational framework for evaluating
the studied concept, as outlined in [66].

Linear concentrating collectors are typically arranged in rows, aligning multiple modules along their
axis to achieve a total length, denoted as L.. The cumulative mass flow rate is distributed among
several parallel rows. Each row consists of a rectangular mirror with a length L and an aperture
area Wa. The solar normal irradiance's beam fraction, denoted as G,,,, impacting the mirror aperture
width Wa, is concentrated on the tube perimeter Pex. This concentration results in a focused
irradiance on the external surface of the receiver tube, denoted as g, (Equation 7), determined by

the optical efficiency (n,,) and geometric concentration (C).
Ag =L W, qs = Gbnr]opC; C =Wy/Pex (7)
The circular receiver tube, with a diameter D, has an external perimeter Pex and an internal wet

perimeter P, reduced due to a wall thickness ew. The contact surface extension factor phi (¢)
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considers thin internal longitudinal fins, maintaining the cross-section A without significant
reduction. The hydraulic diameter Dy decreases as the fin thickness is considered negligible. Thus,

the cross-section parameters are defined in Equation (8).
A

Pox =7(D +2e,); P = guD ; A=nD?/4; Dy == = D/ (8)
In the absence of internal longitudinal fins, the contact surface extension factor ¢ is equal to 1.
Equation (9) formulates the heat balance at any cross-section of the receiver tube, where UL is the
local heat transfer coefficient determining heat losses, Tw is the temperature of the external wall,
and Tampb IS the ambient temperature.

qs — UL(Tw — Tamp) = qu (9)
The heat transfer coefficient UL depends on the geometry of the coaxial tubes and materials, slightly
increasing with Tw. For simplicity, UL is considered constant with typical values in the literature
(UL =3to6 Wm2°C1)[66]. In this analysis, UL is set to 3 W m2 °C L, The net heat flux ¢, is
transferred from the wall at temperature Ty to the inner flow at bulk temperature T, linked by the
heat transfer coefficient of the inner air h, (Equation 10).

_ heP(T,, —T) (10)

u
Pex
The heat transfer coefficient h, is expressed by the Dittus-Boelter correlation (Equation 11), where

Re_Dn is the Reynolds number, Pr is the Prandtl number, and 71 represents the mass flow rate.

hy = Diho.023Rengr°-4  Rep, = #Z’;‘(p (11)

The fluid (air) properties, including specific heat, dynamic viscosity, thermal conductivity, and
density (all temperature-dependent properties), are calculated using Equation (12) [67, 68]:

C, = (1.1788 — 2.8765 * 1073T + 1.8105 x 107°T% — 5.1000 x 107873 (12)
+ 5.4000 x 107117%) x« 1000
p=3.2575x107% — 7.56163 x 10~7T + 7.47253 x 107°T? — 2.86507 (13)
X 1071173 + 3.89067 x 10~14T*
k = —3.06000 x 10~* + 9.89089 x 10~°T — 3.46571 x 107872 (14)
_ Fam (15)
RT

The specific gas constant: R = 287 (J/kg K) and P, = 101325 P, . Here, T represents the
absolute air temperature in Kelvin.
The 1D model leads to the determination of the total solar heat power @, (Equation 16), expressed

in terms of Tin, Tou, and Tamp (Equations 17 and 18). Equation (19) introduces the collector
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efficiency factor £, using Equation (11) to obtain the last term. Equation (20) illustrates the origin

of the heat dissipation factor Fy [66], relying on constant U, , h,, g, and fluid properties, along L.

. L (16)
Qu = Pexf Gy dx
0

Qu= FRLPex[C.Is - UL(Tin - Tamb)] = M(lour — iint) (I 7)

In line with current practices, enthalpy is approximated using a temperature-varying Cp, allowing
the explicit representation of pressures and temperatures in turbomachines and solar collectors
(Equation 18).

Qu = M(ipur — line) = M(CpouTout — CpinTint) (18)
The connection between wall and flow temperature is given by the collector efficiency factor £’
(Equation 19), considering Pex > P. Equation (20) provides an analytical expression of Fiby
integrating temperature from the tube inlet (x =0, T = Tin) to the outlet (x =L, T = Tout), Using an

average specific heat C,, ,,,.

17 _ As—UL(Tw=Tamp) _ ULPeyx -1

F'(h) = 4s=UL(T-Tamp) [1 +ha<m>P] (19)
1/ _ mcp,det s\ 1.3 Lh<m) _ _ L
P1i) Pl = s = By = F i) 22 [ 1= exp (= 155 ) (20)

Here, Ln is a characteristic heating length (Equation 21). The dependence of hs, F’, Ln, and Fr on

mass flow rate m is indicated in Equations (19), (20), and (21).
.\ MCpm

Ln(m) = st (=)
The thermal efficiency of the receiver tube 1, can be expressed as a compact expression using
Equations (17) to (21), resulting in Equation (22). Tamy may differ slightly from the atmospheric

temperature Tatm due to the effective temperatures of the sky and ground.

_ Qu . _ U (Tin—Tamp)
0y = 7 = Fr(m) [1 — ] (22)

Combining Equations (18) to (21) determines the mass flow rate (Equation 24), ensuring the desired
outlet temperature T,,,;, for a given ¢, and a non-dimensional slenderness SI = L/Pex. For a given
gs, L determines the total magnitude of Q,,, while Pe is determined by Dex (Equation 7). Equation
(23) includes the enthalpy difference approximation of Equation (18).
4sCpm SIDg,m?U UL(Tin—Tamb)
Tout = <U—Z ll —exp <— (111Lp+)] (1 - g) + Cp,inTint>/Cp,ou (23)

+ha—D)me'm ds
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111.3. Drying kinetics

111.3.1. Moisture content

The process of moisture removal was monitored by regularly weighing the samples until their
weight remained constant, indicating the end of moisture loss. Before the start of drying, the initial
weights of the samples were accurately measured using a precision balance. The moisture content

was subsequently calculated using the following equation:

(24)
Mc = M~M + 100
MO

Here, Mc refers to the initial moisture content of the samples on a wet basis (%), M, represents the
initial mass of the samples before drying, and Ms indicates the final mass of the samples after the

drying process.

111.3.2. Mathematical modeling of drying Kinetics

To evaluate the drying kinetics, the moisture ratio (MR) of the samples was calculated using the
following equation:

_ Mt—Me (25)

MR_MO—Me

In this equation, Mt, Me, and M, represent the moisture content (dry basis) at time t, at equilibrium,
and at the initial time (t = 0), respectively. The drying kinetics were analyzed using thin-layer drying
models. Among ten proposed models (as listed in Table 111.1), the most suitable model was selected
based on several statistical criteria. The coefficient of determination (R2) served as a primary metric
for identifying the model that best represented the drying behavior. In addition, other statistical
indicators such as the reduced chi-square (¥*) and the root mean square error (RMSE) were

employed to evaluate the goodness of fit.
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Table 111.1. Mathematical Models for Thin-Layer Drying

Model Expression
Newton MR = exp(—kt)
Page MR = exp(—kt™)
Henderson and Pabis MR = aexp(—kt)
Modified Page MR = exp(—(kt)")
Logarithmic MR = aexp(—kt) + ¢
Midilli-Kucuk MR = aexp(—kt™) + bt
Approximation of Diffusion MR = aexp(—kt) + (1 — a)exp(—kbt)
Two-Terms MR = aexp(—k1t) + bexp(—k2t)
Verma et al MR = aexp(—k1t) + (1 — a)exp(—k2t)
Two-Terms Exponential MR = aexp(—kt) + (1 — a)exp(—kat)

These coefficients were determined as follows [69]:

?:1(MRexp,i - MRpre,i)z (26)

RZ=1- e >
Zi=1(MRexp,l - MRpre,i)

XZ — Z?I:1(MRexp,i_MRpre,i)2 (27)
N—n
With
MR _ E£V=1 MRexp,i (28)
exp,lt — N

Where MRexp,i and MRpre,i represent the experimentally measured and model-predicted moisture
ratios, respectively. N denotes the total number of observations, and n is the number of constants in
the drying model.

111.3.3. Effective diffusivity coefficient

The mass transfer process of moisture content, characterized by the effective diffusivity coefficient
(Deff), plays a fundamental role in this study. Moisture diffusion is driven by concentration gradients,
and precise estimation of this coefficient is essential for accurately modeling the mass transfer
phenomenon according to Fick’s law. In this context, the mathematical formulation of Fick’s second

law is expressed in Equation 29 [70]:

a
22 = V[DeysVMR] (29)
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By assuming a constant value for "D, ," the equation can be simplified and expressed as Equation

13.

OMR (30)
— 2
—; = Desr7?MR
The dried product leaves were modeled as uniform plates subjected to unsteady (non-stationary)
drying conditions, with an initially uniform moisture distribution and a constant moisture
concentration at the surface. Assuming an infinite, rigid plate with negligible shrinkage or swelling,
uniform initial moisture content, negligible external mass transfer resistance, and constant effective

diffusivity, the analytical solution to Fick’s second law, as developed by Crank [71], is represented

8 1 —(2n + 1)212D, ot (31)
R=—E—exp( ( ) eff)
w? O(2n+1)2 412
n=

For extended drying times, the higher-order terms in the series (where n > 1) become negligible in

by Equation 31:

comparison to the first term. As a result, the equation simplifies to Equation 32.

—2Dys st 32
MR = % exp (Z22elt (52)
Rearranging Equation 32 yields:
De 33
Ln(MR) = Ln (%)—("szf) (33)

The experimental drying data are expressed as the natural logarithm of the moisture ratio, In(MR),
plotted against drying time at various temperatures. The effective diffusivity coefficient can be

determined using the slope of the resulting linear relationship, as described by Equation 30:

Slope(k) = (—=21L Deff) (%)

412

Finally, the effective diffusivity coefficient (D, /) can be calculated using Equation 35:

Slope (k) 402 (35)

Derr=—"2

In this context, (D) represents the effective diffusivity measured in (m?/s), while (t) denotes time
(s), (r) refers to the half-thickness of the material sample (m), and (n) is a positive integer indicating
the order of the diffusion process. By applying the slope method in conjunction with the
aforementioned equations, the effective diffusivity coefficient (D) can be accurately determined,
providing deeper insight into the mechanisms of moisture transfer during drying. This coefficient
plays a crucial role in analyzing and optimizing drying kinetics, as well as enhancing the design and

performance of drying systems.
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111.4. Economic analysis

Economic evaluation is a key factor in assessing the potential public acceptance and viability of a

project. In the context of a solar dryer project, a thorough economic analysis encompasses three

fundamental aspects: annual cost, lifecycle savings, and payback period. These components

collectively provide a clear understanding of the project's financial feasibility and long-term

benefits.

111.4.1. Annualized cost

The annualized cost accounts for several key factors, including the annualized salvage value (Sa),

the cost of electrical energy (Ce), maintenance expenses (Cm), and the cost of the dryer's

components (Cac). The total annual cost is calculated using the following expression [72, 73]:
AC=C,+ Cpe+Cp — S, (36)

Where Sa and Csc are determined using the following formulas:

i

Sa=5X (37)
i(1+)"
Cac == CCd X (1+i)n—1 (38)

Here, Ccq denotes the capital cost of the solar dryer, which is 521 USD, and S represents the salvage
value, calculated as 10% of Ceq.
The annual cost of electrical energy (Ce) needed to operate the dryer is calculated based on the
energy consumed by the fan, using Algeria’s electricity unit price (Cee) 0f 4.1 DZD, equivalent to
approximately 0.030 USD.

Cop = Cee X W, X t (39)
The cost required to dry one kilogram of the product (CDy,) is calculated by dividing the total

annualized cost by the annual quantity of dried product (M, ), as follows:

CDyq —_Aac

Myear (40)
111.4.2. Life cycle savings

The savings per drying day are calculated as the difference between the cost of the primary raw
material intended for drying and the cost per kilogram of the final dried product obtained from the

dryer:

M
_ fre
Cary = Crre X Mary (41)
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For the solar dryer, the cost per kilogram of dried product (Carys) is calculated by summing the initial

cost of the fresh item before drying (Cary) and the drying cost per kilogram (CDxg), as expressed in
the following equation:

Carys = Cary + CDyq (42)
The savings per kilogram of dried product obtained (Bkg), savings per batch (By), and savings per

drying day (Bq) in the reference year are calculated using the following formulas:

Bkg = dep - Cdrys (43)

By, = Byg X Mgry (44)
B

By = D_Z (#5)

The total annual savings of the drying system over its entire operational lifespan (B;) is calculated
as follows:

Bj = Bg X Dyegr X (1 +1)/71 (46)
111.4.3. Payback period
The payback period refers to the length of time needed to recover the initial investment made in the
drying system. Furthermore, as noted by:

B ln(l—%cf(i—r))

B = Inc) (47)

I11.5. Conclusion

In conclusion, this chapter focused on developing and validating numerical models to simulate solar
drying systems, using both mathematical and physical approaches, in preparation for their
comparison with experimental data. This methodology contributed to a deeper understanding of
how different configurations affect system performance, with the results to be used in the next

chapter for analyzing and evaluating the practical effectiveness of solar drying technologies.

The chapter also addressed drying kinetics through the study of moisture content evolution,
mathematical modeling of the drying behavior, and the calculation of the effective moisture
diffusivity. On the economic side, the mathematical foundations for evaluating the solar dryer’s
feasibility were presented, focusing on three key metrics: annual cost, life-cycle savings, and
payback period. These elements provide a basis for assessing financial viability and promoting the

broader adoption of the system.
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Chapter 1V:

Experimental Study and Methods

IV.1. Introduction

In this chapter, we present the experimental study conducted in a sunny outdoor environment near
the Mechanical Engineering Laboratory at EI-Oued University, in collaboration with the Renewable
Energy Development Unit in Arid Zones (UDERZA). This chapter provides a comprehensive
overview of the meteorological and climatic conditions of the study area, assesses the solar energy
potential, and explores the environmental interactions between the oasis and desert surroundings of
El Oued. The experimental work focuses on evaluating and improving the performance of the
innovative solar dryer through four main objectives: assessing its operation under real and typical
conditions, examining the impact of integrating Phase Change Materials (PCM) on thermal
performance, testing the enhanced system's ability to handle fluctuating weather conditions, and
performing a comparative analysis of the drying process under different scenarios including using
the original solar dryer, the PCM-enhanced version, shaded environments, and direct sunlight. The
methodology involves measuring key parameters such as temperature, solar radiation intensity,
wind speed, and airflow velocity, along with monitoring drying rates and moisture content. These
measurements enable a thorough evaluation of dryer performance under both stable and variable

climatic conditions.

IVV.2. Meteorological and climate characteristics of the study area
The meteorological and climate characteristics of the study area are essential for evaluating the solar
dryer's performance under real conditions. Factors such as solar radiation, temperature, wind, and
humidity directly influence drying efficiency. They also help interpret the results and assess the
system’s applicability in similar climatic regions.
IVV.2.1 The potential of solar energy in the experimental area
The experiments were conducted using the fabricated solar dryer in the open field of the Mechanical
Engineering Laboratory at El Oued University, Algeria. It is important to highlight that
approximately 77% of Algeria's territory is classified as arid or semi-arid. EI Oued is one such
region, situated in an oasis zone in the northern part of the Sahara. According to the Képpen-Geiger
climate classification, it falls under the BWh category, which denotes a hot desert climate. The
region is characterized by the following features:
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Table IV.1. The characteristics and meteorological data of the region EIl Oued [58, 74, 75, 76]

surfaces

The characteristics and meteorological data Valuer
Located west of the Mediterranean Sea on the Tunisian coast 361.7 km
Latitude 33°23’47” N
Longitude 6°51°43” E
The altitude above the sea level 69 m
Rate of sunny days per year 78%
The annual daily average of global solar irradiance at horizontal | 6.25 kWh/m?

The annual duration of Daylight

3328.17 hours

The annual average temperature change can reach 30.23° C
The annual average Air temperature 21.5°C
The annual average rainfall distribution 66.91 mm
The annual average relative humidity 48.7 %

The geographical location of EI-Oued province is highlighted in red on the map, which presents
solar resource data obtained from the Global Solar Atlas (GSA) [77]. The map illustrates global

horizontal irradiation levels, as shown in Figure IV.1.

SOLAR RESOURCE MAP
GLOBAL HORIZONTAL IRRADIATION
ALGERIA

@ WORLD BANKGROUP

ESMAP IIED
e

Long term average of GHI, period 1994-2018
Daily totals: 46 5.0 54 58 6.2 66
PO
Yearly totals: 1680 1826 1972 218 2264 2410

Fig. IV.1. Solar resource map showing global horizontal irradiation and the geographical location

of El Oued province, based on data from the Global Solar Atlas (GSA) [77].
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The city benefits from excellent solar potential year-round, primarily due to its favorable

geographical location. The average daily solar radiation received on a horizontal surface is

approximately 6250 Wh/mz2, as illustrated in Figures IV.1 and IV.2.
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Fig. IV.2. Average Daily Shortwave Solar Radiation Received in EI Oued [74].
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Based on the sun path diagrams for EI Oued (Figure 1V.3), the solar altitude and azimuth angles can

be directly determined for any day of the year and at any hour. These diagrams clearly illustrate the

variation between the solar angles during the summer and winter solstices, as well as the time

interval between them.

Given this divergence, and to ensure optimal solar capture throughout the year, it is proposed that

the solar dryer be equipped with a dual-axis solar tracking system. This recommendation stems from

the performance limitations of single-axis trackers, which are less effective in covering the full

seasonal range of solar angles.

© Gaisma.com

Fig. IV. 3. Sun Path Diagrams for El Oued, sourced from Gaisma.com [78].
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SOLAR INFORMATION

LIGHT TIMES

Fig. IV.4. DP Earth/Sun for El Oued, from drajmarsh.bitbucket.io [79].

Mode: | course du soleil v |
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Fig. IV.5. Local position of Sun path at El Oued University's study area, from SunEarthTools.com
[80].
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I1V.3. Experimental setup and methodology

1V.3.1. Experiment 1: The solar dryer (SDPTC) under real and typical operating conditions.

The study methodology relies on experimental work under clear sky conditions and stable weather
in the previously designated sunny experimental field. Various parameters, including solar
radiation, wind speed, and temperature, were measured using different instruments such as a
Pyranometer, Temperature Recorder, Thermocouples, and Anemometer. Data were collected
hourly from 6:00 a.m. to 6:00 p.m, during the first week of July.

Solar tracking was performed every 15 minutes using a semi-automatic system to maximize solar
energy capture. This setup is illustrated schematically and through photographs, as shown in Figures
IV.8 and IV.9.

. P A 7=

(@) Local Timeat11: 00 (b) at 13: 00 (c) at 15: 00 (d)at17:00
Fig. I\V.8. Various positions of the solar dryer equipped with a PTC system, tracking the sun

along two axes throughout the day.
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Fig. IV. 9. Schematic representation of the experimental setup of the solar dryer assisted by (PTC)

This experiment aims to utilize solar energy to produce hot air through a parabolic trough
concentrator (PTC) that is mounted on a two-axis tracker to efficiently collect sunlight. The receiver
tube, situated along the focal line of the PTC, efficiently absorbs sunlight and converts it into
thermal energy. The wall of the receiver tube acts as the site of thermal conversion, where
concentrated solar radiation is converted into high-temperature heat, which is then used to heat the
air required for the drying process. The tracking of the sun was carried out by monitoring the solar
radiation incident on the parabolic trough concentrator, using a Pyranometer (model: PYR-1307)
placed in an open, unshaded location adjacent to the solar dryer. Wind speed was recorded using an
Anemometer (model: AM-4206). Temperature measurements at various points within the solar
dryer were taken using K-type thermocouples. These included the inlet and outlet of the receiver
tube, the tube wall, the inlet and outlet of the drying chamber, as well as the ambient temperature.
To ensure continuous data monitoring, a data Acquisition system (model: BTM-4208SD) was
connected to the outputs of the Pyranometer and the Thermocouples. The experimental setup is

provided in Figures 1\VV.8 and IV.9.
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IV.6. Economic study

IVV.6.1. The cost of the setup’s materials for the prototype solar dryer

To provide a low-cost solar dryer, an experimental system was built using materials selected for
their malleability, affordability, and availability in the local market. Table V.4 provides a detailed
breakdown of the costs associated with the various materials and components required for
constructing the solar dryer. The total cost of the entire setup amounts to 76,350 DZD, which is
approximately USD 520, based on the exchange rate of 1 USD = 146.40 DZD.

Table 1V.4. Material cost for construction [58].

Equipment/material used Quantity Total Price in
DZD
metal structure (flat bar, angle, square Rect tubing, H - 20000
beam, Steel Pipes ...)
tapered roller bearing 2 1800
Concrete foundation (Sand, gravel, Cement, rebar ) -- 4000
receiver tube (galvanized steel) 2.2m 3500
matte black paint (2 kg 800
Reflector (ordinary mirror) 3m? 6000
drying chamber (sandwich panels with polyethylene 1 5000
foam insulation)
Ventilator 1 1200
Tracker motor (actuator Parabola) 1 4500
Chimney 1 400
Glue, transparent silicone 3 1050
insulating adhesive tape 3 900
PVC suction hose (80 mm) 2m 1600
glass wool insulation 2 m? 600
Cost of welding - 10000
Cost of Lathing -- 5000
Cost of glass agent - 5000
Transportation and installation cost - 5000
Totale cost  (146.40 DZD=1%) 76350 DZD
=~ 521 US Dollar
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Chapter V: Results and Discussions

Chapter V:
Results and Discussions

V.1. Introduction

This chapter presents the results and discussions related to the experimental work conducted in this
thesis. The performance of the innovative solar dryer was evaluated and analyzed through a series
of field experiments carried out in a real desert environment. The assessment focused on four main
aspects: first, evaluating the dryer’s performance under actual operating conditions and validating
the model by comparing experimental data with numerical simulations; second, analyzing the
impact of integrating Phase Change Materials (PCM) on the system’s thermal efficiency; third,
assessing the system’s ability to maintain effective operation under fluctuating weather conditions;
and fourth, performing a comparative analysis of drying effectiveness under various scenarios (with
PCM, without PCM, in the shade, and under direct sunlight).

In addition, this chapter includes an economic analysis that highlights the system’s financial
feasibility, confirming its technical efficiency and cost-effectiveness for agricultural solar drying
applications. These findings support the system’s potential as a sustainable solution in regions with

high solar radiation.

V.2. Experiment 1: The solar dryer (SDPTC) under real and typical operating
conditions.

V.2.1. Meteorological conditions during the experimental day: Real-time solar
irradiance and ambient temperature

To ensure the reliability and repeatability of the solar drying experiment, real-time meteorological
data were recorded throughout the test, from 6:00 AM to 6:00 PM. As illustrated in Figure V.1,
hourly variations in solar irradiance and ambient temperature were observed under clear sky
conditions. The maximum solar irradiance reached 1012 W/m?2 at solar noon, with an average value
of approximately 750 W/m?. Similarly, ambient temperature peaked at 45.1 °C, while the average
temperature during the daylight period was 40.8 °C. These meteorological conditions provided a
favorable environment for evaluating the thermal and drying performance of the system under

realistic operational scenarios.
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Fig. V.1. Real-time solar irradiance and ambient temperature measurements
V.2.2. Thermal performance of the solar dryer
V.2.2.1. Thermal behavior of the receiver
To evaluate the effectiveness of the solar dryer in converting solar radiation into usable thermal
energy, the receiver wall temperatures were monitored in real-time alongside the solar irradiance
throughout the experiment. The results revealed a clear proportional relationship between the
incident solar radiation and the receiver wall temperature, reflecting the system’s thermal response
under actual operating conditions.
Figure V.2 illustrates the variation in solar irradiance and receiver wall temperature, highlighting
this thermal correlation. As solar radiation increased, the receiver wall temperature rose
progressively over time, with peak values recorded at 13:00, 992 W/m? for solar irradiance, and

115 °C for receiver temperature, as shown in Figures V.2 and V.3.
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Fig. V.2. Evolution of solar radiation and receiver wall temperature T5
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Despite occasional weather fluctuations, such as short wind gusts reaching 2.96 m/s during certain
periods, the experiment demonstrated that hot air could be efficiently generated inside the receiver
tube for the drying process, even in the absence of a glass cover. The influence of wind speed on
the surface heat loss of the receiver wall was also observed, emphasizing the importance of proper

thermal insulation and design optimization to counteract variable environmental conditions.
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Fig. V.3. Effect of wind speed on the heat of the receiver wall

Figures V.4 and 5 illustrate the temporal trends of both solar irradiance and the temperature
difference (AT) between the inlet and outlet air in the receiver tube. As shown in the results, the
temperature difference (AT) increases significantly with the rise in solar irradiance and ambient
temperature, indicating improved heat transfer efficiency within the receiver tube. This difference
reaches its peak at midday, when ambient weather conditions are more stable, allowing the system
to achieve a more consistent thermal performance. However, some temporary fluctuations in AT
were observed due to wind variations, which affect heat loss from the receiver surface. The
relationship between AT and solar radiation serves as a direct indicator of the system’s ability to
convert solar energy into effective heat used for air heating in the drying process.

This performance highlights the system’s good thermal efficiency, as the temperature difference
reflects the receiver's capacity to absorb solar energy and raise the temperature of the flowing air.
The more stable and elevated this difference is, the more it demonstrates the effectiveness of the

receiver’s thermal design in minimizing heat losses under variable weather conditions.
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The thermal efficiency of the system (nth) was calculated by comparing the thermal energy gained
by the air with the incident solar energy on the collector. As shown in Figure V.6, the thermal
efficiency exhibits a fluctuating trend throughout the day, influenced by various climatic factors
such as solar irradiance, wind speed, and the temperature difference (AT) between the inlet and
outlet air of the receiver.

During certain periods, the system achieves higher performance, with a peak thermal efficiency of
45.25%. However, in other intervals, the efficiency drops below 20%, mainly due to sudden

variations in weather conditions. Notably, the system demonstrates more stable performance around
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noon, when solar radiation is at its peak, with an average daily thermal efficiency recorded at
25.93%.
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Fig. V.6. Thermal efficiency (nth)

V.2.2.2. Thermal Behavior within the Drying Chamber

Figure V.7 illustrates the temporal variation of ambient temperature alongside the temperatures
measured inside the drying chamber, revealing a strong correlation between the two. As ambient
temperature increases throughout the day, the internal chamber temperature also rises progressively,
reaching a peak of 68 °C at around 13:00. This behavior highlights the system’s responsiveness to

external thermal conditions.
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Fig. V.7. Temporal variation of ambient and drying air temperatures during the
drying test
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The data also demonstrate the dynamic nature of the temperature difference (AT) between the
ambient air and the drying air. At sunrise and sunset, AT is relatively modest around 10 °C due to
the mild environmental conditions. As solar radiation intensifies with the rising sun, the heating
process within the drying system initiates, resulting in a steady increase in AT.

At midday (13:00), this temperature difference reaches a maximum value of 33 °C, corresponding
to the peak solar radiation and maximum thermal absorption by the solar dryer. The cylindrical-
parabolic solar collector plays a crucial role in this performance, effectively capturing and
concentrating solar energy to significantly increase drying air temperature.

Overall, the observed temperature trends confirm the system’s ability to efficiently generate and
maintain hot air within the drying chamber. The substantial AT at peak hours is a clear indicator of
the dryer’s capacity to support the effective dehydration of agricultural products. These insights are
essential for assessing system performance and guiding operational strategies for different drying

scenarios.

V.2.3. Thermal model calibration and validation through experimental and simulated
data comparison

V.2.3.1. Model validation

In the process of validating our model, we scrutinized the simulated and experimental outlet air
temperatures of the receiver, as illustrated in Fig. 17. The critical parameter in this validation
process was the heat transfer coefficient (UL), which governs the local heat losses from the external
wall of the receiver tube, characterized by a temperature (Tw), towards the ambient environment at
a temperature (Tamb). TO enhance the model's accuracy, UL was meticulously calibrated to achieve
optimal alignment with the experimental data.

Remarkably, our model exhibits a commendable agreement with the experimental observations,
particularly during daylight hours. The simulated outlet air temperature of the receiver was
rigorously validated against experimental data obtained from a state-of-the-art solar dryer. This
solar dryer is equipped with a parabolic trough concentrator (PTC) and features a dual-axis solar
tracker. The experiments were conducted in the open field of the Mechanical Engineering
Laboratory situated at EI Oued University in Algeria. The validation process solidifies the reliability
and predictive capability of our model, showcasing its robust performance in simulating the intricate

dynamics of the solar drying system under investigation.
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Fig. V.8. Comparison between simulated and experimental outlet temperature

V.2.3.2. Effect of basic parameters on the outlet air temperature of the receiver

In this section, we delve into an exploration of the pivotal parameters influencing the outlet air
temperature of the receiver within the innovative solar dryer, augmented by a parabolic trough
concentrator (PTC) featuring a dual-axis solar tracker. Our investigation is conducted on a clear sky
day, precisely on July 2nd, 2022, at EI Oued University in the southeastern region of Algeria.
Comprehensive details outlining the specifications of the PTC employed in our simulations are
provided in Tables I1.1, 2, 3, and 4.

V.2.3.2.1. Air mass flow rate influence:

Examining Figure V.9 reveals the variation in the outlet air temperature of the receiver at distinct
times of the day. Notably, a discernible trend emerges the outlet air temperature experiences a
decline with an escalation in the air mass flow rate. This observation holds for distinct time points
during the day, specifically at 10:00 AM, 12:00 PM, and 5:00 PM.
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Fig. V.9 Receiver outlet air temperature variations with mass flow rate at different time

V.2.3.2.2. Receiver tube diameter impact:

Figure V.10 presents an in-depth exploration of how the outlet air temperature of the receiver

evolves. Intriguingly, a consistent pattern is discerned as the diameter of the galvanized steel

receiver tube, devoid of a glass cover, increases, and there is a corresponding decrease in the outlet

air temperature. This trend is evident across multiple time intervals during the day, spanning from
10:00 AM to 6:00 PM.
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Fig. V.10 Receiver outlet air temperature variations with receiver tube diameter at different time
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These findings illuminate the intricate interplay between key parameters and the outlet air
temperature of the receiver, contributing valuable insights into the performance dynamics of the

solar drying system under investigation.
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General Conclusion

This thesis set out to tackle a common and persistent problem in solar drying systems: their poor
performance during late afternoon hours and under changing weather conditions. These
shortcomings are mainly due to the lack of solar tracking and reliable thermal energy storage, which

limits the system’s ability to make full use of available solar radiation throughout the day.

To address this, a new solar dryer was designed, built, and tested. The system brings together three
essential innovations: a parabolic trough collector (PTC) that concentrates solar energy, a dual-axis
tracking system to follow the sun’s path and increase energy capture, and a thermal storage unit
using phase change materials (PCMs) to retain heat and extend drying beyond daylight hours. The
prototype was installed and evaluated under real operating conditions at the University of EI Oued,
located in the Saharan region of Algeria. A combination of experimental trials, simulations, and

economic analyses were carried out to assess its performance.

The work presented here shows that combining solar concentration, tracking systems, and latent
heat storage can result in a highly efficient and scalable solar dryer. The system offers a practical
solution for reducing post-harvest losses, especially in sun-rich but infrastructure-limited areas like
southern Algeria. It also supports broader goals of promoting renewable energy use in agriculture

and improving food preservation.

Looking ahead, there are several ways this work could be extended. Future studies might explore
PCMs with better thermal properties, test the system on different crops or in other regions,
incorporate smart control systems to adjust temperature and airflow automatically, and examine

Iong-term performance across various seasons.

In the final word, this thesis presents an original scientific and technical contribution to the field of
solar drying by proposing an efficient, low-cost, and environmentally friendly solution. The
outcomes pave the way for practical applications that align with Algeria's goals in food security and

energy transition.
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Appendices

Appendix A: List of used software

Software Information

1 MATLAB Is a proprietary programming language and numerical
computing environment developed by MathWorks. It is widely
used for matrix operations, simulations, data analysis, and
algorithm development.

2 Parabola calculator Is a software tool that computes key properties of a parabola,
such as its vertex, focus, axis of symmetry, and intercepts.

3 SOLIDWORKS Is a professional 3d cad software used for designing, simulating,
and analyzing mechanical products and systems.

4 VOS VIEWER Is a software tool used for creating and visualizing Bibliometric
networks

5 ORIGIN Is a software application used for data analysis and scientific
graphing, widely employed in research and engineering fields

6 EXCEL Is the industry-leading spreadsheet program and a powerful tool
for data visualization and analysis.
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ABSTRACT

Keywords:

Solar drying

Parabolic trough concentrator (PTC)
Solar tracking system

Heat transfer fluid (HTF)

Apricot

This article presents the design, fabrication, and testing of a new solar dryer equipped with a tracking system.
The dryer was assisted by a cyﬁndrical-psrabolic concemmmr which moved along two vertical and horizontal
axes. The study was d d at EI-Oued Uni y (latitude 33°23'N and longitude 6°51'E). The experimental

i evaluation involved drying 10 kg ofapncots from 69 % to 8 % moisture content (wb). The thermal
eﬁimncv of the dryer was tested under no-load and full-load conditions. The results indicated that the solar
dryer achieved a temperature of up to 115 °C at the recelver in the focal line and 70 'C in the drying chamber,
which was sufficient for effective drying of various agri Additionally, an ic analysis
further substantiates the viability of our solar dryer, shom:asing a notably low capital cost and negligible
electricity exp With a sub ial diffe in the cost of fresh versus dried apricots, our system boasts a
reduced payback period estimated at 0.43 years. This research demonstrates the potential of using solar power to
dry crops and reduce dependence on fossil fuels.

1. Introduction

are based on numerical simulations, while others are based on experi-
mental results. So, most research focused their work on the reduction of
losses and the improvement of the heat transfer between the receiving
tube and the heat transfer ﬂuld by using thermal oil, water, air, nano-

Solar energy is one of the most promising energy sources for fluid ate 11 ire i wnra limitad ta the fBald af hat nir
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