decn | I SPU S - S N U | - WP i een L
PEOPLE'S DEMOCRATIC REPUBLIC OF ALGERIA
“5_A_l_8.5‘ C,‘.>= AH} L}l 2“ \? :l = ’1“ SJ\J)

M

inistry of Higher Education and Scientific Research

— Ol NI SIS R Wi | P —

University of Abou Bekr Belkaid — Tlemcen —
Faculty of Technology

\92
THESIS
Presented to obtain of the degree of Doctorate, 3rd Cycle
In: Mechanical engineering
Specialty: Energetics

By: Embarek Noureddine

Subject

Experimental analysis of a new thermal energy storage system

for air conditioning

Publicly defended

on 16 June 2026, in front of the jury composed of:

Mr. SAIM RACHID Pr. Univ. Tlemcen President

Mr. GUELLIL HOCINE MCA. Univ. Tlemcen Supervisor
Mr. KORTI. A. NABIL Pr. Univ. Tlemcen Co-supervisor
Mr. BENZENINE HAMIDOU  Pr. Univ. Ain Temouchent Examiner

Mr. SELADJI CHAKIB Pr. Univ. Tlemcen Examiner

Academic year: 2025 - 2026




Acknowledgments

First and foremost, | express my deepest gratitude to Allah Almighty, who guided me
and granted me the strength, patience, and perseverance to successfully complete this work.

Without His blessings, this achievement would not have been possible.

I would like to extend my sincere appreciation to my supervisors, Dr. Guellil Hocine
and Professor Abdel llah Nabil korti, for their continuous guidance, insightful advice, and
unwavering support throughout this research. Their expertise, encouragement, and dedication
played a fundamental role in shaping this thesis and ensuring the successful completion of this

work.

| am also profoundly grateful to the members of the examination committee Professor Saim
Rachid, Professor Benzenine Hamidou and Professor Seladji Chakib for accepting to evaluate
this thesis. Their time, thoughtful remarks, and constructive feedback have greatly contributed

to improving the quality and clarity of this research.

My sincere thanks also go to Mr. Ibrahim Soulimieh for his valuable assistance, technical

support, and continuous efforts throughout this study.

Finally, I dedicate special thanks to my parents and my brothers for their constant en-
couragement, and unwavering belief in me. Their sacrifices and support have been the foun-
dation of my academic journey. To my family and friends, | am deeply thankful for your un-
derstanding, patience, and comforting presence during challenging moments. This work is the
result of the support, guidance, and encouragement of many people, and | am truly grateful to

all who contributed, directly or indirectly, to its completion.



Dedication

To Allah Almighty, for His endless blessings and guidance.

To my beloved parents, whose unconditional love, sacrifices, and constant prayers have been

the foundation of my success.

And to my dear friends, for their encouragement, support, and companionship throughout this

journey.

Embarek noureddine



Abstract

Maintaining a stable air temperature over prolonged periods in space heating and drying ap-
plications using solar air heaters remains a significant challenge, particularly under variable
solar irradiance conditions. This thesis presents a comprehensive experimental investigation
of a hybrid double-pass solar air heater integrated with a latent heat thermal storage unit, with
the aim of developing a reliable and efficient system capable of all-weather operation for
space heating and drying applications. To ensure a holistic evaluation of the proposed system,
a multi criteria assessment methodology that included energy, exergy, economic, and envi-
ronmental analyses was used. The experimental study was systematically conducted in three
consecutive phases. In the first phase, parametric and dimensional analyses were performed
on a baseline double-pass solar air heater to investigate the influence of air gap variation on
thermal and exergetic performance, showing that increasing the upper air channel height con-
siderably improved system performance, with a maximum thermal efficiency of 66.4%
achieved at a 12 cm air gap configuration, while smaller gaps led in higher irreversibility and
increased exergy destruction. The second phase focused on the integration of an auxiliary
electric heater and a latent heat thermal storage unit using paraffin wax to improve thermal
stability and extend operating hours. This configuration enabled a stable outlet temperature of
54+1.25 °C, prolonged system operation after sunset, and reduced electrical energy consump-
tion. At an air mass flow rate of 0.024 kg/s, the system achieved average thermal and exerget-
ic efficiencies of 72.3% and 3.5%, respectively. The third phase addressed further perfor-
mance optimization through the integration of wavy fins and the evaluation of auxiliary heater
positioning. A fin inclination angle of 45° enhanced thermal efficiency by 13.8% compared to
a flat absorber, while positioning the auxiliary heater at the outlet section improved tempera-
ture regulation, minimized fluctuations, and reduced electrical energy consumption by 4.23%.
Overall, the findings demonstrate that using both latent heat thermal storage and heat transfer
enhancement techniques significantly improves energy efficiency, thermal stability, sustaina-
bility, and practical applicability of hybrid solar air heaters, making the proposed system a

promising and sustainable solution for agricultural drying and space heating applications.

Keywords: Double pass solar air heater; Latent heat thermal storage unit; Thermal efficiency;

PCM; Exergy; Payback period.
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Résumeé

Le maintien d’une température d’air stable sur de longues durées dans les applications de
chauffage des locaux et de séchage a I’aide des capteurs solaires a air demeure un défi majeur,
notamment en raison des fluctuations de I’irradiation solaire. Cette thése présente une investi-
gation expérimentale approfondie d’un capteur solaire a air hybride a double passage inte-
grant une unité de stockage thermique latent, dans le but de développer un systeme fiable et
performant, capable de fonctionner sous des conditions climatiques variables pour des appli-
cations de chauffage et de séchage. Afin d’assurer une évaluation globale et cohérente du sys-
teme proposé, une méthodologie d’analyse multicritére a ét¢ adoptée, incluant des analyses
énergétique, exergétique, économique et environnementale. L’étude expérimentale a été me-
née de maniere systématique en trois phases successives. La premiére phase a porté sur des
analyses paramétriques et dimensionnelles d’un capteur solaire a air a double passage de réfé-
rence, visant a étudier I’influence de la variation de 1’espace d’air sur les performances ther-
miques et exergétiques. Les résultats ont montré que I’augmentation de la hauteur du canal
d’air supérieur améliore significativement les performances du systéme, avec un rendement
thermique maximal de 66,4 % obtenu pour une configuration d’espace d’air de 12 c¢m, tandis
que des espaces d’air plus réduits ont entrainé une augmentation des irréversibilités et de la
destruction d’exergie. La deuxiéme phase s’est concentrée sur ’intégration d’un chauffage
¢lectrique auxiliaire et d’une unité de stockage thermique latent utilisant de la paraffine, dans
le but d’améliorer la stabilité thermique et de prolonger la durée de fonctionnement du sys-
teme. Cette configuration a permis d’obtenir une température de sortie stable de 54 + 1,25 °C,
de prolonger le fonctionnement du capteur aprées le coucher du soleil et de réduire la consom-
mation d’énergie ¢€lectrique. Pour un débit massique d’air de 0,024 kg/s, le systéme a atteint
des rendements thermique et exergétique moyens de 72,3 % et 3,5 %, respectivement. La troi-
siéme phase a porté sur 1’optimisation supplémentaire des performances par I’intégration
d’ailettes ondulées et I’évaluation de la position optimale du chauffage auxiliaire. Une incli-
naison des ailettes de 45° a permis d’augmenter le rendement thermique de 13,8 % par rapport
a un absorbeur plan, tandis que le positionnement du chauffage auxiliaire au niveau de la sor-
tie a amélioré la régulation de la température, réduit les fluctuations thermiques et diminué la
consommation d’énergie électrique de 4,23 %. Dans I’ensemble, les résultats démontrent que
la combinaison du stockage thermique latent et des techniques d’amélioration du transfert de

chaleur permet d’améliorer de maniere significative 1’efficacité énergétique, la stabilité ther-



mique, la durabilité et ’applicabilité pratique des capteurs solaires a air hybrides. Le systéme

proposé constitue ainsi une solution prometteuse et durable pour les applications de séchage
agricole et de chauffage des locaux.

Mots-clés : Chauffe-air solaire a double passage ; Unité de stockage thermique a chaleur la-

tente ; Rendement thermique ; MCP ; Exergie ; Période de retour sur investissement.
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General introduction

The sustained growth in global energy demand has become one of the most pressing chal-
lenges of the modern era. Rapid population expansion, intensified industrialization, and in-
creasing geopolitical instability have placed unprecedented pressure on conventional energy
systems. As a result, the extraction, processing, and transportation of fossil fuels have become
increasingly complex, costly, and environmentally burdensome. In parallel, the accelerating
consumption of natural energy resources has raised serious concerns regarding long term en-
ergy security, while exacerbating environmental problems such as climate change, greenhouse
gas emissions, and ozone layer depletion [1].

In this situation, the transition toward sustainable and resilient energy systems has be-
come a strategic priority for both the scientific community and decision-makers worldwide.
Particular emphasis has been placed on renewable energy technologies and advanced thermal
energy management solutions as viable pathways to mitigate environmental impacts while
ensuring a reliable energy supply [2]. Among the available renewable resources, solar energy
stands out due to its abundance and wide geographical availability. It is estimated that the
Earth receives approximately 174 000 TW of solar radiation from the sun [3]. This immense
and continuously available resource positions solar energy as a cornerstone for the develop-
ment of clean, sustainable, and long-term energy solutions. Which has consequently stimulat-
ed the development of a wide range of advanced solar technologies, including photovoltaic
applications, concentrating solar power systems, and solar thermal collectors. Among these
technologies, solar thermal collectors are regarded as one of the most practical and efficient
means of harnessing solar energy [4], operating on a simple and robust principle, absorb inci-

dent solar radiation and convert it into useful thermal energy. Due to their operational simplic-
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ity, reliability, and cost effectiveness, solar thermal collectors have been widely adopted in
various applications, such as domestic water heating, solar distillation, agricultural and textile

drying, solar cooking, and space heating to ensure indoor thermal comfort in buildings.

Solar air heaters (SAHSs) represent one of the simplest and most practical configura-
tions within solar thermal collector technologies. This Type of collectors is distinguished by
its straightforward design, low manufacturing cost, and reliable operation, as it does not en-
counter typical issues associated with liquid-based systems, such as freezing, boiling, leakage,
or corrosion [5]. These characteristics make SAHSs particularly attractive for applications that
require robust, low maintenance, and cost-effective thermal energy systems. Despite these
advantages, conventional SAHs generally exhibit relatively limited thermal performance. This
drawback is mainly attributed to the inherently low thermal conductivity of air and its weak
convective heat transfer coefficient, which constrain effective heat exchange between the ab-
sorber surface and the airflow. Consequently, a considerable fraction of the absorbed solar
energy is not efficiently transferred to the working fluid, leading to reduced thermal efficien-
cy. To overcome the inherent performance limitations of conventional SAHSs, extensive re-
search efforts have been devoted to the development of various enhancement techniques
aimed at improving heat transfer efficiency. A major focus has been placed on absorber sur-
face modification, as it plays a central role in thermal energy exchange. Common approaches
include increasing the effective absorber surface area through the adding of fins, baffles, ribs,
and other flow-disturbing elements, as well as introducing surface roughness to promote tur-
bulence and enhance convective heat transfer. In addition, optimization of the airflow config-
uration has been widely investigated, particularly through the adoption of double-pass and
multi-pass designs, which increase air residence time and improve thermal interaction be-

tween the absorber and the working fluid.
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As a result of these combined strategies, several advanced SAH configurations report-
ed in the literature have achieved thermal efficiency levels ranging from approximately 70%
to 80%, depending on the operating conditions and design parameters. However, in practice,
the primary limitation hindering the widespread application of SAHSs is not their relatively
low thermal performance, but rather their complete dependence on solar radiation as the sole
energy source. This dependence significantly limits their ability to supply sufficient thermal
energy under cloudy conditions or during sunset periods. Such kind of inconsistency repre-
sents a major challenge for applications that require continuous heat delivery throughout the
day, particularly processes such as agricultural drying, where stable and uninterrupted thermal
input is essential. In response to this limitation, a considerable body of research has focused
on enhancing the operational reliability of SAHs through the integration of thermal energy
storage units (TSU). In recent years, two main storage approaches have been extensively in-
vestigated: sensible heat thermal energy storage, typically using materials such as rocks, grav-
el, or sand, and latent heat thermal energy storage, which commonly employs phase change
materials (PCMs) such as paraffin wax. The incorporation of these TSUs enables the operat-
ing duration of SAHSs to be extended by approximately 20 to 30% beyond sunshine hours [6].
In parallel, other studies have focused on the integration of auxiliary heating systems powered
by electrical energy or conventional energy sources to ensure continuous heat supply
throughout the day. Although the operation of auxiliary heaters inevitably leads to additional
energy consumption and increased operating costs, their incorporation has been shown to be

effective in compensating for the intermittency of solar radiation.

A review of the existing literature on the development of SAHs and hybrid solar air
heater HSAH systems indicates that auxiliary heating devices are most commonly installed
either at the outlet of the solar collector or in direct thermal contact with the absorber surface.

While these configurations are frequently adopted to ensure continuous heat delivery, limited
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attention has been devoted to systematically evaluating how the position of the auxiliary heat-
er influences collector performance, outlet air temperature, and the overall thermal behavior
of the system. In particular, the impact of heater placement on temperature fluctuations and
thermal stability remains insufficiently explored. In response to this research gap, the present
thesis focuses on achieving stable and well-regulated outlet air temperatures in a hybrid dou-
ble-pass solar air heater (HDPSAH) through the integration of an auxiliary electric resistance
heater equipped with fins. A particular focus is directed towards examing the impact of of
auxiliary heater positioning on the system’s thermal response and electrical energy consump-
tion. Furthermore, to enhance thermal regulation and extend the system operation, a latent
heat storage unit (LHSU) in the form of a heat exchanger loaded with PCM is incorporated,
using paraffin wax. The proposed system is subsequently evaluated through comprehensive
energy and exergy analyses, in addition to environmental and economic assessments. Accord-

ingly, this thesis is structred as follows:

Chapter 1 provides a comprehensive review of the existing literature on SAHSs, hybrid config-
urations, thermal energy storage techniques, and performance enhancement strategies, with

particular emphasis on double pass systems and PCMs.

Chapter 2 describes the experimental setup, instrumentation, measurement procedures, and

uncertainty analysis employed in this study.

Chapter 3 presents the experimental results and discussion, structured into three main phases:

e Parametric and dimensional analysis focusing on the effect of air gap variation under
controlled laboratory conditions.
e Evaluation of the integration of a LHTSU and auxiliary electric heating on system per-

formance
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e Optimization of the HDPSAH through the incorporation of wavy fins and investiga-

tion of fin inclination angle and auxiliary heater positioning.

Finally, the thesis is concluded with a general conclusion and outlines recommendations for

future research.
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I.1 Introduction

Solar air heaters (SAHs) represent one of the simplest and most practical devices for
harnessing solar energy [4], operating as heat exchangers by converting solar radiation into
useful thermal energy [7], with simple and low construction costs compared to other technol-
ogies. However, the SAH's performance remains constrained by the low thermal conductivity
of air, poor heat transfer coefficient, limited heat transfer area [8], and the strong dependence
on solar variability. To overcome these challenges, extensive research efforts have been con-
ducted, including increasing the absorber surface area, integrating baffles, fins, ribs, and vor-
tex generators, optimizing the number of air passes, integrating thermal storage units based on
sensible or latent heat, and incorporating auxiliary heaters powered by conventional or renew-

able energy sources.

1.2 Double pass and multi pass solar air heaters

The single pass solar air heater (SPSAH) represents the simplest and most convention-
al design of SAHSs, in which the air flows through a single channel located either above or
below the absorber plate. However, this design is characterized by relatively low thermal per-
formance due to the limited heat transfer area and considerable heat losses to the surround-
ings. In contrast, double and multi-pass SAHs allow the air stream to flow through two or
more channels arranged either in parallel or counterflow. These configurations substantially
reduce both top and bottom heat losses to the environment and increase the effective heat-
transfer area, thereby improving the overall thermal performance [9], as illustrated in Fig-

ure I.1.
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Figure 1.1. Schematic view of double pass SAH

Wijeysundera et al. [10] conducted a combined analytical and experimental study to
compare the performance of a conventional SPSAH with a double pass solar air heater
(DPSAH). The study involved developing detailed heat transfer models for two-pass flow
arrangements and validating these models using both previously published data and new out-
door experiments conducted according to ASHRAE testing procedures. The findings demon-
strated that the DPSAH is 10-15% more efficient than the SPSAH, primarily due to reduced

top and bottom heat losses and enhanced heat transfer between the absorber and the airflow.

Mahmood et al. [11] experimentally compared the thermal performance of an SPSAH with a
DPSAH equipped with 16 layers of steel wire mesh as the absorber material, and systemati-
cally installed four transverse fins to force air to follow a longer flow path, as shown in Fig-
ure 1.2. The study also examined the effect of varying the lower channel height in the DPSAH
configuration. The results showed that the DPSAH consistently outperformed the SPSAH,
achieving a maximum thermal efficiency of 62.5% compared with 55% for the SPSAH. The
temperature difference across the collector increased as the mass flow rate diminished. Addi-
tionally, the results indicated that reducing the lower channel height further enhanced the
thermal performance. However, the DPSAH exhibited a slightly higher pressure drop due to

the presence of the porous medium and the extended flow path.
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Figure 1.2. Schematic view of the DPSAH with transverse fins [11]

Abdulmejeed et al. [12] experimentally and numerically demonstrated that the number of air
passes and the flow arrangement in SAHs have a considerable effect on thermal losses and
overall performance. The study examined the thermal and flow characteristics of three types
of SAHSs: the parallel flow V-grooved SAH (PFVSAH), the triple flow V-grooved SAH
(TFVSAH), and a combined-SAH configuration under various climatic conditions, as pre-
sented in Figure 1.3, showing that the combined-SAH achieved the highest performance, out-
performing both the PFVSAH and TFVSAH with a maximum temperature difference of

29.1°C. The PFVSAH recorded the lowest outlet temperatures among the three configura-
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tions, while numerical analysis indicated that the TFVSAH exhibited more complex flow pat-

terns, including significant vortices generated by 180° flow deviations.

solar

outiet

-~

(b)

solar
radiation

radiation

(c)

solar
radiation

inlet W

Figure 1.3. Geometrical arrangements of the examined SAH configurations: (a) PFVSAH, (b)
TFVSAH, and (c) combined-SAH [12]

|.3 Heat transfer enhancement techniques in SAHs

To enhance the convective heat transfer between the absorber and the airflow, many
researchers have focused on increasing the absorber surface area through the utilization of
trapezoidal and corrugated surfaces, as well as employing ribs, packed beds, fins, baffles, vor-
tex generators, and artificially roughened surfaces. These techniques aim to create turbulence
and disrupt the laminar boundary layer, which is considered the primary cause of the high
thermal resistance to heat transfer.

Albdoor et al. [3] experimentally evaluated a modified SPSAH incorporating a new design of
triangular fins arranged in different configurations and compared it with a conventional flat-

plate SPSAH, as illustrated in Figure 1.4. The experiments were conducted under real outdoor

10
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conditions during the winter season, with air mass flow rates ranging from 0.02 to 0.1 kg/s.
The findings showed that, for all mass flow rates, the finned absorbers produced a higher
temperature rise than the flat absorber. The highest thermal efficiency, 86.4%, was achieved
by the inclined staggered double-triangular-fin configuration, accompanied by an exergetic
efficiency of 1.5%. However, the finned designs exhibited an increased pressure drop, which

was identified as a limitation of the system.

Figure 1.4. Experimental setup of the SPSAH with triangular-fin absorber configurations [3]

Borah et al. [13] experimentally investigated an SPSAH in which the flat absorber plate was
integrated with square obstacles fitted with threaded pin fins, and compared it with a conven-
tional flat-plate SPSAH using a comprehensive 4E analysis (energy, exergy, exergoeconomic,
and enviroeconomic). This design aimed to enhance heat transfer while keeping hydraulic
losses within reasonable limits. The modified SPSAH showed an increase in the outlet air

temperature of about 9%, raised the useful heat gain and energy efficiency by up to 28.8%

11
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and 23.6%, respectively, and improved exergy efficiency by approximately 30% compared to
the conventional configuration.

Elakrout et al. [14] evaluated the effect of three distinct fin configurations : parallel, vertical,
and opposed, integrated into the upper channel of a DPSAH as shown in Figure 1.5, over mass
flow rates ranging from 0.0036 to 0.0183 kg/s. The results reveal that parallel fins enhance
thermal efficiency, particularly at lower mass flow rates, while vertical and opposed fins lead

to increased pressure drops without a corresponding temperature rise.

-~
o "

~
-

(a) Standard geometry (b) Parallel fins

W

(¢) Vertical fins (d) Opposed fins

Figure 1.5. Schematic representation of different fin configurations in the DPSAH [14]

Kumar et al. [15] optimized the performance of a curved DPSAH by integrating circular and semi-
circular ribs and by varying the relative positions of the absorber plates, as shown in Figure 1.6. The
study revealed that asymmetric semi-circular ribs performed better than symmetric circular ribs, due to
the enhanced formation of vortices. Additionally, positioning the absorber plate at the mid-height of

the collector increased the outlet temperature by approximately 5 °C.

12
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Figure 1.6. Schematic of the curved DPSAH with varying relative absorber-plate positions (y/H) [15]

Pandey and Kumar [16] investigated the improvement of an SPAH by equipping the absorber
plate with novel V-baffle blocks featuring staggered racetrack-shaped perforations (Fig-
ure 1.7). The indoor experimental findings indicated that the VV-down baffles with e/H = 0.7
and p/e = 2 provided the highest heat-transfer enhancement, with Nu/Nus = 4.559 and f/fs =
39.07 relative to the smooth duct. Furthermore, the VV-down configuration with e/H = 0.5 and
p/e = 4 at Re =13 021 yielded the maximum thermohydraulic performance factor of 1.435.
However, the study was limited to indoor testing under a constant-flux configuration and con-

sidered only a specific range of Reynolds numbers and geometric factors.

13
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Figure 1.7. Schematic representation of the V-baffle block with staggered perforation arrays [16].

As shown in Table 1.1, most enhancement techniques are dependent on increasing the

effective heat transfer area or promoting turbulence near the absorber surface. Although these

methods consistently improve thermal performance, they often introduce additional pressure

losses, highlighting the need for optimization between heat-transfer enhancement and hydrau-

lic penalty.

Table 1.1. Heat transfer improvement approaches in SAH designs

Enhancement tech- SAH design Key findings Ref.

nique
Stainless-steel wire ynen The longest mesh (60 cm) at | [17]
mesh wrapped - 0.045 kg/s yielded the highest

n‘ -

around the absorber i ~ —— temperature difference and
with three lengths: | °  .~° — daily efficiency of 76%.
20, 40, and 60 cm —_————
Tubular  absorber Tubular absorber with porous | [18]
with and without material in double-pass mode
packed aluminum- Y ) achieved the best perfor-

fiber porous materi-
al

mance: higher exergy effi-
ciency, lower top losses,
shorter energy payback time,
and lower cost per kWh.
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Hollow obstacles on o === | Vertical cylindrical obstacles | [19]
the absorber surface = / delivered the best perfor-
(conical, cylindrical, : mance: 69% higher daily
spheri- M thermal efficiency and up to
cal,hemispherical,py / ; 168.7% increase in relative
ramidal,cubical) CO; reduction potential.
Discrete arc-pattern Xl The modified absorber en- | [20]
ribs combined with ¢ hanced heat transfer and fric-
staggered elements I = tion factor, achieving a peak
on the absorber thermohydraulic performance
plate R —t—e e of 1.86, thermal and effective
t efficiencies of 59.5% and
- : 57.6%, respectively

Circular  jet im- Design-1 achieved the highest | [21]
pingement in a lat- performance due to strong jet-
erally  corrugated induced mixing and recircula-
wavy channel; po- tion,with ther-
rous wire-mesh bed. mal/thermohydraulic efficien-

cies of 94-96% and 84-85%

for 40 holes. Design-2 (98%

porosity) showed lower effi-

ciencies.
Closed-cell  alumi- E— - All baffled designs outper- | [22]
num-foam  porous "‘r" : formed the smooth SAH. En-
baffles (6 mm and - - ergy and exergy efficiencies
10 mm), arranged R T ranged from 39-78% and 22-
sequentially or stag- it 55%. The 6 mm staggered
gered _—— = g configuration achieved the

[ — = highest efficiencies
|

I.4 Thermal storage integration in SAHs

To extend the operation of SAHs after sunset and ensure stable performance under
cloudy weather conditions, many researchers have focused on integrating thermal storage
units (TSUs), either through sensible heat storage (SHS) materials such as sand, rocks, water,

concrete, or through latent heat storage (LHS) using phase change materials (PCMs). These
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storage units enable excess thermal energy to be captured during peak solar periods and re-

leased when required, thereby improving the system reliability.

Din et al. [23] demonstrated that incorporating lava rock as a thermal storage medium in a
DPSAH (Figure 1.8) substantially improves its insulation characteristics and increases its
thermal efficiency, achieving values of up to 76.41% compared with 65.02% for the system
without lava rock. Additionally, charging and discharging tests showed that the lava rock can
store heat up to 87 °C and release it for 70 to 120 min after the heat source is switched off. In
a similar study, Algarni et al. [24] conducted an experimental investigation on three modified
SAH configurations in which brick powder, graphite powder, and desert sand were encapsu-
lated in small cylindrical containers. The systems were evaluated under both natural and
forced convection regimes and compared with a conventional SAH. The findings showed that
the collector using graphite powder delivered the best thermal performance, reaching an effi-
ciency of 37.62% and a peak outlet air temperature of 41.2 °C. In general, all modified models
performed significantly better than the conventional SAH, particularly in terms of heat trans-

fer rates and thermal efficiency.

— Cold Moderate — Hot

Inlet air -

0.10m

| |

Dutlet air

| Z4m |

Figure 1.8. Schematic of the DPSAH integrated with lava rock in the second channel [23]

Sachdeva et al. [25] carried out an experimental study on a novel SAH featuring a heat pipe
vacuum tube collector coupled with two types of finned tube heat exchangers (four-row and

eight-row) as shown in Figure 1.9, using Therminol-55 as both the heat transfer fluid and sen-
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sible heat storage medium under varying air flow rates. The results indicated that the eight-
row heat exchanger provided superior air heating performance due to its increased length and
larger heat transfer area, achieving an outlet air temperature of 89.4 °C and a maximum tem-
perature rise of 55.4 °C at an air flow rate of 100 kg/h. Additionally, in terms of cost savings,
the proposed system resulted in a monthly savings of $65.65 and a payback period of 12.4

months. The system also contributed to significantly lower CO, emissions.
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Figure 1.9. Schematic representation of a SAH with a heat pipe vacuum tube [25]

Recently, many studies have shifted toward integrating LHS systems, primarily be-
cause of their higher energy density and ability to store heat isothermally, wherein LHS mate-

rials can store approximately 5 to 14 times more heat than an equivalent volume of sensible
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SHS materials [26]. Kumar et al. [27] carried out an extensive experimental investigation on a
forced-convection SAH enhanced with PCM, using paraffin wax embedded within three dif-
ferent absorber designs : pin-fin, circular-tube, and triangular-tube plates. The inclusion of
PCM in these configurations resulted in an increase of 2 to 6 °C in outlet air temperature,
while thermohydraulic efficiency improved by 3 to 40% and exergy efficiency by 2 to 20%

compared with a conventional flat absorber plate.

Vengadesan et al. [8] experimentally examined a modified DPSAH equipped with PCM tubes
filled with paraffin wax and arranged in a staggered, inclined zigzag configuration to intensify
airflow mixing and extend the duration of heat release, as presented in Figure 1.10. The inte-
gration of PCM markedly improved the system’s thermal performance compared with the
conventional design, with the modified collector achieving a maximum outlet temperature of
65 °C and a temperature rise of 29.5 °C, in contrast to 58 °C and 23.8 °C for the conventional
configuration. Additionally, the modified DPSAH exhibited a higher thermal efficiency of
77.7% compared with 62.5% for the conventional system, along with a 252% increase in the
convective heat transfer coefficient and reduced overall thermal losses. However, the study
also reported certain limitations, notably the increased pressure drop, which requires greater

blower power.
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Figure 1.10. Pictorial view of the DPSAH with encapsulated PCM tubes [8]

In another study, Din [28] reported that integrating cylindrical PCM capsules into a photovol-
taic-thermal DPSAH (PVT-DPSAH) significantly boosts both its thermal and electrical out-
puts, as illustrated in Figure 1.11. The presence of PCM enhanced the system’s thermal effi-
ciency by 31.45%. Moreover, the PCM cylinders provided passive cooling to the photovoltaic

surface, thereby lowering its operating temperature and improving electrical performance.

|

T T S T T T

Inlet air

I

Outlet air
e

Figure 1.11. Test section of the PVT-DPSAH [28]

Brahma et al. [29] focused on the effect of three types of PCM (acetamide, stearic acid, and
paraffin wax) on the performance of a SAH, where the thermal storage unit was implemented

as a cavity positioned beneath the absorber plate. The experimental results showed that paraf-
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fin wax exhibited the highest performance, followed by stearic acid and acetamide. The re-
search further pointed out a few operational challenges, such as the need to optimize the PCM
container gap and poor thermal conductivity of the PCMs. Balakrishnan et al. [30] integrated
rectangular metallic fins packed with Paraffin wax along the absorber surface of an SPSAH
and arranged them in several configurations to enhance heat transfer performance while sim-
ultaneously providing short-term thermal storage, as depected in Figure 1.12. Experimental
results showed that the fin-PCM modules promoted strong flow mixing, leading to a notable
increase in the convective heat-transfer coefficient, reaching 20.4 W/mz2-K, and a correspond-
ing rise in the Nusselt number to 5.3, while the encapsulated PCM provided additional ther-

mal energy during the discharge period.

Glass Cover

Solar Radiation

Air Outlet
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Figure 1.12. Schematic representation of the SPSAH with embedded paraffin-wax PCM fins [30]

Sudhakar and Cheralathan [31] experimentally investigated a DPSAH integrated with spheri-
cally encapsulated PCM mounted in perforations on the absorber plate (Figure 1.13), where
the spherical capsules simultaneously act as turbulence promoters and latent heat storage

units. Under outdoor operation at a constant mass flow rate of 0.009 kg/s, the modified
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DPSAH increased the outlet air temperature and provided effective thermal storage, maintain-

ing the outlet temperature in the range of about 45-55 °C for up to 2 h after sunset.
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Figure 1.13. Schematic of the DPSAH with flat absorber plate and spherically encapsulated PCM
balls [31]

Dheyab et al. [32] developed a novel SAH configuration in which the traditional absorber plate was

replaced with a finned heat exchanger that functioned simultaneously as the absorber and the thermal
storage unit within a closed-loop DPSAH, as presented in Figure 1.14. The heat exchanger was filled
with 50 kg of PCM, using two different materials (RT42 and RT50) for comparison. The experiments
showed that the system performed particularly well with RT42, achieving a peak discharge efficiency

of 93.9%, while RT50 resulted in a slightly lower value of 88.1%.
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Figure 1.14. Schematic representation and photographs of the finned heat exchanger TSU[32]
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Additionally, Table 1.2 provides a comparative summary of selected studies that have
integrated latent heat thermal storage units (LHTSUSs) into SAHs. The table highlights devel-
opments in TSU optimization, proposed new designs, and modifications, including the inte-

gration of new shapes and fin models in conjunction with TSUs. It also summarizes investiga-

tions comparing different types of PCM and their effects on system performance.

Table 1.2. Comparative summary of LHTSUs integration in SAHSs.

TSU Shape SAH design Key findings Ref.
Spherical capsules SAH with graphite+paraffin | [33]
filled with compo- wax achieved the highest
site PCMs (graphite thermal efficiency (78.8%)

+ paraffin  wax, versus 74.3% for graph-
graphite + coconut ite+coconut oil, both systems
oil) provided discharge periods
exceeding 6 hours, demon-
strating strong thermal storage
capability.
i SAH with the paraffin wax | [34]
Spiral coil absorber w--mcmlo]f s filled in spiral coil achieved
filled with paraffin- the highest thermal efficiency
wax PCM 4 (29.86%) and a peak outlet
ol ‘, temperature of 59 °C at 0.0076
kg/s, offering improved short-
term energy storage and en-
hanced CO, mitigation com-
- - pared with the other tested
. ; configurations.
Cylindrical PCM ~ e Integration of PCM tubes re- | [35]
tubes used as TSU : g duced drying time by 33%
S A compared with open-sun dry-
ing, improved thermal stabil-
ity, and better preserved prod-
uct quality, including higher
vitamin C retention in dried
orange slices.
Rectangular alumin- PCM reached 56 °C at melting | [36]
ium cavity filled and up to 75 to 90 °C at full
with 60 kg of paraf- charge,70% of absorbed pow-
fin wax er stored at noon, delivered
nearly constant night-time
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heat flux, outlet air tempera-
ture remained 3to 7 °C higher
and stable at 34 to 35 °C
throughout the night

Packed bed of
spherical  capsules
filled with paraffin
wax

The system stored up to 45 %
of incident solar energy during
the day, delivered a nearly
uniform heat flux for 11h at
night, maintaining outlet air
17°C after sunset. Daily ener-
gy efficiency of 32to 45 %,
daily exergy efficiency: 22 %.
Compared with a commercial
flat plate SAH

[37]

Cylindrical PCM
capsules (40 units)
arranged along the
bottom plate of the
collector.

Numerical results showed that
combining fins and PCM gave
the highest outlet temperature
and energy efficiency. At
1000 W/m2 and  0.09 kg/s,
energy efficiency reached
66.5 % (fins+tPCM) vs 64.6 %
(fins only), 59.1 % (PCM on-
ly), and 60.7 % (convention-
al). Exergy efficiency im-
proved up to 48 % relative to
conventional DPSAH

[38]

1.5 Hybrid SAH configurations incorporating auxiliary heating and thermal

storage

Although the integration of TSUs can effectively extend the operating period of SAHs

without additional energy consumption, thereby maintaining a fully renewable mode of opera-

tion, the extra discharge duration typically achieved remains relatively limited. In most re-

ported systems, the incorporation of latent or sensible storage increases operating hours by

only 20 to 30% beyond periods of available solar radiation [6], which is often insufficient for

applications requiring long and continuous operation, such as agricultural drying or space

heating. This limitation has motivated researchers and practitioners to incorporate auxiliary

heaters into SAH systems, powered by electricity or by conventional energy sources such as
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natural gas or biomass. Such configurations are commonly referred to as hybrid SAHs

(HSAHs).

Kosan [39] examined a DPSAH configuration in which an infrared heating film was installed
in the lower air channel to ensure that the outlet temperature remained above 45 °C for sus-
tainable drying applications (Figure 1.15), specifically for grape pomace, even under varying
levels of solar radiation. The hybrid system achieved thermal efficiencies between 45.63%
and 76.4%, with energy supplied 69% by solar radiation and 31% by electric power. Heydari
[40] conducted experimental tests on a hybrid spiral SAH under low solar radiation, with the
heating element located at the collector’s outlet. The results indicated that the spiral flow
channel significantly improves heat transfer between the absorber and the airflow, achieving

energy efficiency between 34.1 % and 58.5 %.
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Figure 1.15. Photograph and schematic of DPSAH integrated with infrared film [39].

Kalita et al. [6] investigated the performance of two hybrid-mode solar dryers incorporating
different auxiliary heating systems: one powered by electricity and the other by biogas, as
shown in Figure 1.16. The study focused on comparing drying time, thermal performance, and
overall energy consumption between the two configurations. The results revealed that the bio-
gas assisted dryer achieved approximately 6 % higher efficiency than the electrically powered
system. However, reduced biogas availability during winter constrains the system’s perfor-

mance and limits its sustainability in colder months.
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Figure 1.16. Schematic of electric and biogas hybrid-mode solar dryers [6]

Nwakuba et al. [41] performed an experimental analysis of a HSAH in which an electric re-
sistance wire was installed near the outlet to serve as an auxiliary heat source Figure 1.17. The
results indicated that the collector achieved thermal efficiencies between 15.67% and 38.17%.
Additionally, the auxiliary electric heater supplied roughly 43.76% of the overall energy in-
put, highlighting its substantial role in maintaining the desired temperature when solar radia-

tion was insufficient.

—Chimney

Drying chamber

Arduino control unit
—Solar collector/ glazing
~ material

Solar panel

Suction fan/air inlet

Figure 1.17. Pictorial view of the HSED with PV panel [41]

To minimize the high energy consumption of the auxiliary heater during operation,

which directly impacts the operating cost, integrating a TSU as a renewable energy source
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with hybrid HSAHSs is an effective strategy, demonstrating the optimization of SAH perfor-

mance while simultaneously reducing operational costs, as discussed in the following studies:

Singh et al. [42] carried out experimental tests on a recycled HSAH incorporating a TSU in
the form of a wavy PCM container (Figure 1.18), along with an auxiliary electric heater to
ensure stable thermal output during intermittent solar radiation. The system attained a peak

thermal efficiency of 52% and successfully maintained the outlet air temperature above 40 °C.

Figure 1.18. Experimental configuration of the recycled HSAH [42]

Hassan et al.[43] conducted both experimental and thermodynamic analyses of a hybrid V-
groove DPSAH coupled with a drying chamber and a TSU, as shown in Figure 1.19. The sys-
tem achieved a thermal efficiency of 88.8% at a mass flow rate of 0.051 kg/s, reducing specif-
ic energy consumption by 53.8% compared to conventional electric dryers, demonstrating its

economic viability with an energy payback period of 0.78 years.
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Figure 1.19. Experimental setup used by Hassan et al. [43]

Habibi et al. [44] carried out a comparative analysis of three solar dryer configurations: solar
electric drying (SED), intermittent solar electric drying (ISED), and intermittent solar electric
drying with a sensible heat storage medium (ISEDS), as illustrated in Figure 1.20. The study
evaluated the systems in terms of thermal performance and product quality. The results indi-
cated that the ISEDS system reduced drying time by approximately 2 h compared to ISED
while maintaining product quality. Furthermore, it demonstrated a short payback period of
0.70 years and annual cost savings of 16,203.7 CNY. Exergy efficiency and sustainability
index metrics also favored intermittent drying, with ISEDS exhibiting the highest overall per-

formance.
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Figure 1.20. Schematic representation of the solar electric dryer applied to SED, ISED, and ISEDS
techniques [44]

1.6 Discussion and research gaps

From the literature reviewed, it is evident that the enhancement of SAHs and HSAHs
has been widely pursued through multiple approaches, including the use of extended surfaces,
modified absorber geometries, various types of baffles and fins, and the integration of differ-
ent thermal storage materials and auxiliary heaters. Most existing studies have focused pri-
marily on improving thermal performance, either by comparing modified designs with con-
ventional systems or by examining the influence of operating parameters on the same configu-

ration. However, several research gaps remain.

First, only limited attention has been given to the optimization of fundamental design
parameters, such as the selection of air gap distances between the absorber and the glass cover
or between the absorber and the bottom plate, despite their critical influence on thermal losses
and overall performance. These parameters are essential for practitioners and system design-

ers, yet systematic guidelines are largely absent from the literature.
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Second, there is a lack of clear strategies for ensuring fully renewable and sustainable
operation, particularly in HSAHSs that continue to rely on auxiliary heaters powered by con-

ventional energy sources.

Third, further investigation is required to establish effective techniques for controlling
and regulating outlet-air temperature, especially in applications where temperature stability is
crucial, such as agricultural drying and space heating, where fluctuations can significantly

affect product quality or thermal comfort.

Finally, although the individual roles of fins, PCMs, and auxiliary heaters have been
well documented, there remains a notable shortage of research that examines the system-level
interactions among these components when integrated into an HSAH. Understanding these
interactions is essential for developing optimized, high-performance, and reliable solar air

heating systems.
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Chapter 11 Experimental procedures

I1.1 Introduction

To address the research gaps identified in the previous chapter, the present experimental study
focuses on the development of a novel hybrid DPSAH (HDPSAH) integrating a latent heat
thermal storage unit (LHTSU), intended for space heating and drying applications. Wherein
the experimental investigation was structured into three successive phases. The first phase
aimed to analyze the influence of varying the air gap distance on the thermal performance of
the DPSAH and to determine the optimal configuration to serve as a baseline for subsequent
enhancements. The second phase examined the effect of incorporating the LHTSU on temper-
ature regulation and thermal stabilization of the HDPSAH under real operating conditions.
Finally, the third phase investigated additional performance improvements through the inte-
gration of newly designed wavy fins and the evaluation of the most effective position for the

auxiliary heater to ensure optimal energy utilization.

11.2 Phase 1: Selection of the optimal air gap for DPSAH

As an initial experimental step, the study focused on a parametric evaluation aimed
specifically at determining the optimal distance (air gap) between the absorber plate and the
glass cover of the baseline DPSAH, based on both thermal and exergetic performance criteria,
where this phase of the work was conducted in collaboration with a Master’s student as part

of their thesis work [45].

11.2.1 Experimental procedures followed in the first phase

The DPSAH used in this study consists of two air passages, in which air is drawn from
the lower channel using an electric fan controlled by a DC power controller, with part of the
heat recovered in this channel before the air exits through the upper passage as hot air. The
collector was fabricated from a rectangular duct made of 19 mm-thick plywood, with overall

dimensions of 1335 mm X 636 mm x 180 mm. The upper surface was covered with 6 mm
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thick ordinary glass, while a flat absorber plate made of a 1.6 mm thick sheet, coated and

painted black, was installed, as presented in Figure 11.1.

Housing

- Absorber plate

Class cover

# Thermocouples

Outlet

Inlet

Figure I11.1. Schematic representation of the DPSAH structure.

To select the optimal configuration, the gap between the absorber and the glass cover
was adjusted to 3, 6, 9, and 12 cm, with tests conducted under controlled laboratory condi-
tions using an artificial solar simulator equipped with 12 halogen lamps, each rated at 100 W,
mounted perpendicularly at a distance of 300 mm from the glass cover, which effectively
simulated solar radiation, as depicted in Figure I1.2 (a-b). The radiation was adjusted to ap-
proximately 270 W/m?, with the average airflow rate maintained at 0.006 kg/s, while tempera-
ture data from the thermocouples were recorded every 2 seconds using a data acquisition unit
(DAQ9174) connected to LabVIEW software. For clarity and visualization, the experiments
were concluded once all measured temperatures, including the inlet and outlet air, absorber,

and glass, reached a steady state.
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(a)

(b)
Figure 11.2. Schematic representation of the DPSAH structure, (b) sectional view

11.3 Phase 2: Integration of the LHTSU into the HDPSAH

After completing the indoor experiments and identifying the optimal configuration, the
second phase involved further development of the HDPSAH with the objective of achieving
stable and well-regulated outlet air temperature, this was accomplished by integrating an aux-
iliary electric resistance heater equipped with fins (finned heater), consisting of two heating
elements fitted with 35 aluminum fins with a maximum power of 756 W, as illustrated in Fig-
ure 11.3. The auxiliary heater was strategically installed at the airflow U-turn based on fluid
dynamic principles, indicating that this region is characterized by recirculation zones and vor-
tex formation, as reported by the numerical study of Elakrout et al. [14] (Figure 11.4), which

promotes enhanced air mixing and improves convective heat transfer.
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Figure 11.4. Velocity-field visualization in the YZ plane for different DPSAH configurations developed
by Elakrout et al. [14]

To further enhance thermal regulation, an LHTSU was incorporated in the form of a
heat exchanger filled with paraffin wax (0.730 kg) and placed in the outlet section of the col-
lector (Figure 11.5). This part of the system was also insulated with a 20 mm layer of glass

wool to minimize thermal losses. Paraffin wax was selected as the PCM in this study due to

35



Chapter |1 Experimental procedures

its appropriate melting temperature of 55.68 °C, which matches the target operational temper-
ature range of the system. The thermophysical properties of the paraffin wax used are summa-

rized in Table 11.1, while a schematic representation of the developed HDPSAH is presented

in Figure I11.6.

Figure 11.5. (a) Heat exchanger, (b) Paraffin wax shown in solid and liquid states.

Table 11.1. Thermophysical properties of paraffin wax [35]

Parameter Value
Melting temperature 55.68 °C
Latent heat 98185.80 J/ kg
Specific heat capacity 2341.66 J/kg K
Thermal conductivity 0.40 W/ m K
Density 919.73 kg/ m
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Figure 11.6. (a) Schematic representation of the HDPSAH, (b) Sectional view

11.3.1 Experimental procedures followed in the second phase
To ensure a stable and regulated outlet air temperature of 55 °C under varying climatic
conditions, experimental tests were conducted over three consecutive days at the experimental

field of the University of Tlemcen, Algeria (34.920533° N, 1.301264° W) during the autumn
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season. These repeated tests were performed to verify the system’s reliability and reproduci-
bility, with data from November 24, 2024, selected for detailed analysis. The target tempera-
ture of 55 °C was chosen as it lies within the recommended range of 50—60 °C for drying and
low temperature heating applications [46,47], thereby ensuring efficient operation while pre-
venting thermal degradation of the product. The collector was positioned facing south to max-
imize solar exposure and tilted at an angle of 45°, corresponding to the local latitude

(34.92 ° N) plus 10°, which is suitable for winter and late autumn operation [48] (Figure 11.7).

Weather station Thermo anemometer
Solar irradiance meter
Storage unit

HDPSAH

Multimeater
Thermostat

r%

Blower
Power supply controller
Dataaquisition o

Weather logger \

W

o
s

o
2%

Figure 11.7. Experimental setup of the HDSAH.
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Meanwhile, the electric finned heater was controlled by a thermostat set at 55 °C, with
its temperature sensor installed immediately upstream of the TSU to maintain precise temper-
ature regulation. As illustrated in Figure 11.8, the auxiliary heater was automatically activated
whenever the measured temperature fell below 55 °C and deactivated when the temperature
exceeded this set point, thus ensuring complete charging of the PCM. The experimental pro-
cedure was carried out daily from 09:00 h, with the electric heater switched off at 17:00 h, and

the overall experiment concluding at 18:30 h.

Electnic power

wr

0-220N

Heat exchanger
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Electnic resistance
4880Q
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Temperature sensor
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Figure 11.8. Schematic of the control unit.

11.4 Phase 3: Integration of the novel wavy fin design and evaluation of aux-
iliary heater position effects

The third phase of this experimental study focused on optimizing the performance of
the HDPSAH system through the integration of five wavy fins, each 100 mm high, mounted
at carefully selected angles on the absorber plate and spaced 200 mm apart, as illustrated in
Figure 11.9. The incorporation of these fins aimed to enhance convective heat transfer and,

consequently, improve overall thermal efficiency.
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Figure 11.9. lllustrative design of the wavy-fin arrangement

Moreover, this phase also included an analysis of the influence of the auxiliary heater
position, based on experimental testing, by comparing its placement at the U-turn section (po-
sition 1) and at the outlet section (position 2). This assessment examined the impact of heater
location on electrical energy consumption as well as the overall performance of the system, as

shown in Figure 11.10.

Figure 11.10. Schematic view of the HDPSAH with fins.
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11.4.1 Experimental procedures followed in the third phase

The third phase was carried out in two sequential steps. The first step consisted of pre-
liminary tests conducted under controlled laboratory conditions to identify the optimal fin-
inclination configuration in terms of thermal performance, while the second step focused on
analyzing the influence of the auxiliary heater position under real outdoor conditions. Fig-

ure 11.11 provides a detailed schematic of the procedures followed in this phase.

Indoor experimental tests Outdoor experimental tests

Figure 11.11. Overview of the experimental steps conducted during phase 3.

11.4.1.1 Indoor experimental tests

The indoor experiments were conducted under controlled laboratory conditions using
an artificial solar simulator equipped with halogen lamps, ensuring stable and repeatable op-
erating conditions. The objective of this stage was to identify the most effective fin-
inclination angle in terms of thermal performance. Accordingly, three fin inclination angles
(30°, 45°, and 60° relative to the absorber plate) were tested and compared against a flat ab-
sorber plate, as shown in Figure 11.12 (a-b). The solar simulator was positioned perpendicular

to the collector at a distance of 400 mm from the glass cover, with the intensity set to 500
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W/m2, as illustrated in Figure 11.13. During these indoor tests, both the LHTSU and the auxil-

iary heater were intentionally excluded to isolate the effect of fin inclination.

19 cm

(b)
(@)

Figure 11.12. (a-b) lllustration of fin arrangements at different inclination angles (30°, 45°, and 60°)

Figure 11.13. Laboratory setup
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11.4.1.2 Outdoor experimental tests

In the outdoor experiments, the objective remained consistent with that of Phase 2,
which was to maintain a stable outlet-air temperature under variable climatic conditions. In
this phase, the focus shifted to examining the influence of the auxiliary heater position on the
performance of the HDPSAH. The auxiliary heater was installed first in Position 1 and then in
Position 2, with each configuration tested on a separate day under comparable operating con-
ditions during the spring period from April 15 to 28, 2025, as shown in Figure 11.14. The con-
trol strategy, including thermostat operation, was kept identical to that used in Phase 2. The
experiments were conducted daily from 08:40 to 19:40, with the auxiliary heater automatical-
ly switching off around 18:20 due to the extended daylight duration characteristic of the

spring season.
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Figure 11.14. Experimental setup for outdoor testing

1.5 Experimental measurements and uncertainty evaluation

Before conducting any experimental tests, all measuring devices were inspected and
calibrated to ensure the reliability and accuracy of the recorded data. Solar irradiance was
measured using SOLAR-100, while ambient wind speed and relative humidity were obtained

from a professional AERCUS weather station installed near the test platform.

Airflow characteristics, including air velocity and mass flow rate, were measured us-
ing a 6190SI thermo-anemometer. Temperature measurements were performed using K-type
thermocouples positioned at well-defined locations of the collector, including the absorber

plate, glass cover, inlet and outlet sections, the auxiliary heater, and the TSU. All thermocou-
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ple signals were recorded continuously through a DAQ9174 data acquisition module connect-

ed to a LabVIEW interface, enabling real-time visualization and storage of temperature data.

During the experimental tests of Phases 2 and 3, the electrical voltage supplied to the aux-
iliary heater was measured using a Uni-T UT588 digital multimeter, and an electronic balance
was also used during the preparation of the paraffin-wax PCM. Table 11.2 presents details of

the instruments used.

Table 11.2. Instruments used for measurements

Devices Accuracy

Solar irradiance meter +5%
(SOLAR-100)

Data Acquisition System 50 ppm of sample rate

Thermo-anemometer +5%
(6190SI)
Power Supply controller +0.1%
(KPS305D)
Thermocouple type (K) +0.25 °C A 57 2 i
AERCUS weather station +5%
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Multimeter (Uni-T +0.5%
uT588)

Inclined liquid column +2% Wiy o= e
manometer -_—

Figure 11.15 shows the LabVIEW interface used for real-time monitoring and recording of
experimental data, providing visualization of temperatures, operational parameters, and other
measurements. It enables the simultaneous display of multiple signals, data storage for post-
processing, and precise control over measurement intervals, ensuring accurate and reliable

data collection.
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Figure 11.15. LabVIEW Interface with block diagram
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11.5.1 Thermocouple calibration procedure and measurement performance eval-
uation

To ensure reliable temperature measurements and to select the most suitable thermocou-
ples for the experimental setup, a systematic calibration procedure was adopted. Measurement
errors were minimized by using thermocouples of identical quality and sourced from the same
manufacturer, which reduces variability related to material composition and fabrication toler-
ances. The existing Type K thermocouples were calibrated by comparison with a high-
accuracy reference thermocouple. A Type T Testo AQ606 thermocouple, recognized for its
measurement stability and precision, was used as the calibration reference (Figure 11.16 (a)).
This comparative calibration approach is widely recommended for improving measurement
accuracy in thermal experiments. The calibration was carried out by simultaneously immers-
ing both the test thermocouples and the reference thermocouple in a controlled hot-water bath
within the experimental test bench, as illustrated in Figure 11.16 (b). The water temperature
was allowed to vary gradually, enabling continuous monitoring of the temperature response of

each sensor.

The recorded temperature evolution was then analysed to assess and compare the thermo-
couples’ measurement accuracy, response time, and overall reliability. This comparative anal-
ysis enabled the identification of the thermocouples exhibiting the most consistent and accu-

rate behavior, which were subsequently selected for use in the experimental measurements.
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(b)

Figure 11.16. Photograph of the calibration setup: (a) reference sensor; (b) experimental test bench.

The measurement uncertainties were assessed following Eq. (1) [49]:

2 2 2
ﬁwl + @WZ ..+ ﬁWn
ox, oX, oX,

In this formulation, R denotes the dependent variable, X;,X,,....., Xn represent the independent

1/2

W, = (1)

the independent variables, and W corresponds to the uncertainty associated with the depend-
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ent variable. The combined measurement uncertainty is then obtained using the following

relation:

Temperature:

, , 2 1/2
w T |:(\Nthermocouple ) + (WCOH”EC“O” ) * (Wreading ) :| (2)

Irradiation:

) o U2
W 1= [(Wsolarmetre ) + (Wreading ) i| (3)

Velocity:

9 ) Y2
W v= |:(Wanemometer ) + (Wreading ) :| (4)

Voltage:

1/2

W, =] Wi )+ (W) ©

The relative uncertainty of the mass flow rate can be written as:

WnD1 W, 2
m KTJ }

(6)

The relative uncertainty of the useful heat can be written as:

1/2

(7)

The relative uncertainty of the input solar radiation can be written as:

e
Qs I Aabs
(8)

The relative uncertainty of the thermal efficiency can be expressed as:

W77th — [WQU JZ_'_[WQS JZ_’_(%JZ
77th Qu Qs P

(9)

1/2
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11.6 Data analysis
11.6.1 Analysis of energy performance

The useful thermal energy delivered by the system is calculated according to Eq. (10).

0
Qu = me,f (Tout _Tin) (10)

Based on the useful heat gain, the thermal efficiency is evaluated as follows:

Q
= - 11
nth IAabs + I:)fan + I:)el ( )

Where P denotes the electrical power consumed by the auxiliary heater during phases 2 and

3. When the auxiliary heater is deactivated or excluded, the term P is eliminated.

During phases 2 and 3, the HDPSAH system operates using three distinct energy sources:
solar thermal energy (Es), electrical energy (Ee) consumed by the auxiliary heater and the
electric fan, and thermal storage energy (E) released from the storage medium. Accordingly,

the total energy input to the system can be expressed as:

E = Es + EeI (12)

total

Es = I%bs 'ts : Eel = P t + I:’eltr (13)

fan™fan
Here, ts, tan, trcorrespond to the time periods (in hours) associated with solar radiation, fan
operation, and auxiliary heater activity, respectively. According to Eq. (13), the solar energy
fraction (SEF) and the electric energy fraction (EEF) can be expressed as [44]:

B EEF = e

SEF = ;
Etotal Etotal

(14)

The top heat loss is calculated using Eqg. (15) [18]:

Qloss = Qconv + Qrad = Ahconv (Tg _Ta ) + Ao &y (Tg4 _Ts4) = Ahconv (Tg _Ta ) + Ahrad (Tg _Ta) (15)
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11.6.2 Analysis of exergy performance

Exergy analysis is employed to assess the effectiveness of the HDPSAH in converting
thermal energy into useful heat. Based on the second law of thermodynamics, this approach
enables the identification and quantification of irreversibility within the system. Accordingly,

the exergy balance for the HDPSAH is formulated as follows [22]:

ZExin B Exout = zExdest (16)

Accordingly, the exergy input to the collector can be expressed as follows [40]:

4
Exin = I'Aabs'l:l_%-ll-?_mb_l_%(-l-l}_mbj ]+Pfan +Pe| (17)

sun

Here, T, =6000 K [50].

While the exergy gain is expressed by the following equation [18]:

in

]
Exout = me,f |:(Tout _Tivn) _Tdmb In [%j} (18)

On this basis, the exergy efficiency of the HDPSAH is evaluated as given in [18]:

_ Exout 19
Moo = (19)

in

11.6.2.1 Sustainability assessment criteria

An understanding of exergy provides a valuable framework for linking energy perfor-
mance with sustainability considerations, enabling the identification of inefficiencies and the
reduction of resource losses and environmental impacts. Within this context, the sustainability
index (SI), relative CO, reduction potential (RCRP), and improvement potential (IP), are de-
fined as follows [51]:
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Sl = 1 (20)
1- Tex
rRCRp = N (21)
1-yy
IP = (1-7,,)(Ex,—Ex,) (22)
W, denotes the rational exergy management efficiency, which is defined as follows [51]:
1_ Tamb
T
WR — out
1 Tam (23)
TAbs

11.6.3 Environmental impact analysis

At both global and national levels, environmental analysis is now widely applied to
quantify the environmental impacts of fabricated systems, using metrics such as embodied
energy, energy payback time (EPBT), and carbon dioxide emissions. Where embodied energy
denotes the cumulative amount of energy consumed during the manufacture or construction of

a product, component, or system[52].

The energy payback time (EPBT) indicates the duration, expressed in years, required for the
system to offset the energy expended during its manufacturing process, and is defined as fol-
lows [49]:

Embodied energy (kWh) (24)

EPBT =
Annual thermal energy output (kWh/ year)

The annual thermal energy output is computed as follows:

Annual thermal energy output = Daily thermal output x N, (25)
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Ng corresponds to the total annual number of sunshine days, estimated at 320 days in Algeria

[53].
With an average emission factor of 0.98 kg CO,/kWh for coal-generated electricity, the total

annual CO, emissions are computed as follows [54]:

Embodied energy 1 y 1

CO, emission per year = —
Lifetime 1-1, 1-L

x0.98 (26)

given that L, (domestic appliance losses) and L; (transmission losses).

11.6.4 Economic feasibility analysis

The economic evaluation was conducted by taking into account the specific socioeco-
nomic context of Algeria, including local energy prices and prevailing market conditions.
This contextualization ensures that the results of the economic assessment are realistic and
representative of the conditions under which the system is expected to operate. The analysis
focuses on estimating the key economic parameters of the system, including the investment
cost, capital recovery factor (CRF), first annual cost (FAC), annual salvage value, and pay-
back period (PBP). To enhance clarity and transparency, the methodology adopted for the
economic assessment is presented through a step-by-step calculation procedure, which can be

summarized as follows:

The CRF is calculated using Eq. (26) [18]:

i(L+i)"

CRF=—— "/ _
@+in"-1

(27)

Here, i denotes the interest rate and n the system lifetime, assumed to be 3[52] and 15 years,

respectively.

The First Annual Cost is determined using Eq. (27) [8]:
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FAC =CRF xP (28)
P is the capital cost
The ASV is determined using Eq. (28) [18]:
ASV =SFF xS (29)
in which SFF refers to the sinking fund factor, while S corresponds to the salvage value.
i

SFF=—— : S=02xP (30)
@+)"-1

The AMC is assumed 10% of the FAC

where the annual electrical energy cost (Ce) is determined as follows [44]:
Ce=E,.CuN, (31)

Cu is the unit price of electric energy (5.06 DZD/kWh) [52].
Thus, the total annual cost (TAC) is computed as follows [18]:
TAC = FAC + AMC +Ce— ASV (32)

The economic cost of useful heat output, expressed per kilowatt-hour (C/kWh) is obtained

using the following formulation [8]:

TAC

C _ 33
AWh annual useful heat (%)

While the PBP, defined as the minimum time required to recover the initial investment, is

calculated as follows [8]:
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pEp = [AC (34)
CUE

CUE denotes the annual cost associated with the useful energy produced by the collector.

1.7 Summary of experimental methodology

This chapter presented the experimental methodology employed to investigate and op-
timize the performance of the HDPSAH integrated with an LHTSU. The experimental work
was structured into three successive phases: the first phase focused on identifying the optimal
air gap configuration of the baseline DPSAH under controlled conditions, the second phase
examined the integration of an auxiliary electric heater and the LHTSU to enhance tempera-
ture regulation and stabilit, and the third phase assessed the influence of auxiliary heater posi-
tioning under outdoor operating conditions, together with the integration of a novel wavy-fin
design.
The measurement instruments, data acquisition system, and uncertainty analysis were also
described to ensure the reliability and accuracy of the experimental data. The experimental
procedures and data-processing methods detailed in this chapter provide a solid foundation for
the analysis and discussion of the results presented in the subsequent chapter. Figure 11.17

illustrates the adopted experimental methodology.
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Figure 11.17. Experimental methodology flowchart
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Chapter 111 Results and discussion

I11.1 Introduction

The HDPSAH system was assessed under different operating conditions, including
controlled laboratory conditions and real outdoor environments, through detailed energy, ex-
ergy, environmental, and economic analyses. The findings presented in this chapter highlight
key thermal behaviors, including the effect of air gap variation on DPSAH performance, the
impact of integrating an LHTSU and an auxiliary electric heater on temperature regulation
and thermal stability, and the influence of auxiliary heater positioning and wavy-fin integra-

tion on the overall system performance.

111.2 Effect of air gap variations on DPSAH Performance

Figure I11.1 illustrates the temporal behavior of the absorber and outlet temperatures
for the four configurations (3, 6, 9, and 12 cm) under a controlled irradiation of 270 W/mz2. At
the initial stage, when the collector is exposed to uniform irradiation, both the absorber and
outlet temperatures in all configurations exhibit a rapid increase. This behavior is primarily
attributed to the large temperature gradient between the collector components and the sur-
rounding environment. Subsequently, the temperature rise rate gradually decreases, and the
system stabilizes after approximately 2000 s (33 min). A steady-state regime is reached
around 4500 s (75 min), indicating that thermal equilibrium has been established throughout

all regions of the collector.
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Figure I11.1. Temperature evolution of the absorber and outlet temperatures for 3, 6, 9, and 12 cm
Configurations

As shown in Figure 111.2 (a), the thermal efficiency reaches a steady state after approx-
imately 75 minutes, attaining a maximum value of 66.4% for the 12 cm configuration. In
comparison, the 9, 6, and 3 cm configurations exhibit reductions in thermal efficiency of
2.4%, 7.8%, and 14.4%, respectively, relative to the optimal configuration. These results indi-
cate that increasing the height of the upper air channel significantly enhances thermal effi-
ciency, owing to improved heat absorption. As illustrated in Figure 111.2 (b), the 12 cm con-
figuration delivers the highest useful heat gain, reaching 126.2 W. Furthermore, the present
experimental findings are in good agreement with the DPSAH model (7th design) reported by

Verma et al. [55], in which a thermal efficiency of approximately 60% was achieved.
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Figure 111.2. Comparison of (a) thermal efficiencies for the 3, 6, 9, and 12 cm configurations and (b)
useful heat gain

In this work, an exergetic assessment is conducted to examine the DPSAH system's
capability to convert available thermal energy into useful heat. As illustrated in Figure 111.3,
the exergy efficiency is evaluated for four different configurations. The lowest exergy effi-
ciency is observed for the 3 cm configuration, at 2.1%. Increasing the height of the upper air
channel leads to a gradual enhancement in performance, yielding efficiencies of 2.4%, 2.5%,
and 2.6% for the 6, 9, and 12 cm configurations, respectively. This trend is mainly associated
with higher exergy destruction occurring at smaller channel heights, particularly in the 3 cm
configuration, where irreversibility and thermal losses to the surrounding are more pro-
nounced. The corresponding exergy destruction values are 148.81 W, 148.42 W, 148.29 W,
and 148.22 W for the 3, 6, 9, and 12 cm configurations, respectively, which negatively affects
the amount of useful heat produced. Overall, the average exergy efficiency across all tested
configurations is approximately 2.4%. These findings are in close agreement with the DPSAH

model reported by Abo-Elfadl et al. [56], where exergy efficiency values were found to vary
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between 1.6% and 3%. Consequently, additional design optimizations are required to further

reduce exergy losses and enhance system performance.

3,0

| |

Exergy efficiency Nex (%)

3cm 6cm 9cm 12cm

Figure 111.3. Comparison of exergy efficiency for various DPSAH configurations.

111.3 Effect of LHTSU integration on the thermal stability of the HDPSAH
To ensure continuous operation of the system, an electric finned heater is installed in
the U-turn section. In addition, an LHTSU is integrated into the outlet section, as described in
the previous chapter. The experimental tests on the HDPSAH were carried out at the Univer-
sity of Tlemcen, Algeria (34.920533° N, 1.301264° W) on 24 November 2024, during the
autumn season. The experimental setup was installed at 8:00 a.m, and data collection com-
menced one hour later. As shown in Figure I11.4, the measured solar irradiance during the
experimental period ranged from 32 W/m2 to a maximum of 1025 W/mz2, with an average val-
ue of 517 W/mz2, Solar radiation increased gradually during the morning hours, reaching its
peak intensity of 1025 W/m2 at 13:10, before decreasing in the afternoon. The ambient air
temperature varied from a minimum of 17 °C to a maximum of 29.5 °C recorded at 12:30,

with a mean value of 24.78 °C. Wind speed, an important parameter in outdoor experiments,
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exhibited an average value of 1.5 m/s, which is consistent with ASHRAE recommendations

indicating that wind velocity should not exceed 4.5 m/s.
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Figure I11.4.Variation of ambient temperature and solar irradiance over time.

Figure 111.5 presents the operating profile of the auxiliary heater over the course of the
experimental period. During the early hours of the day, the auxiliary heater was frequently
active, delivering an electrical power of 755.41 W, which indicates that the available solar
energy was insufficient to sustain the target temperature at the TSU inlet. As the intensity of
solar radiation increased, the activation duration of the auxiliary heater progressively de-
clined. Consequently, prolonged periods of inactivity for the electric resistance heater were
noted, with a cumulative operating time of 1.68 h recorded during this phase. At 12:04, the
resistance heater was deactivated, as solar radiation alone became adequate to maintain the
required temperature. The heater remained inactive until 15:02, after which it was reactivated

due to the reduction in solar irradiance in order to preserve the desired temperature. The auxil-
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iary heater continued operating until it was fully switched off at 17:00, resulting in a total op-

erating duration of 2.2 h for the entire experimental day.
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Figure I11.5. Impact of incident solar radiation on auxiliary electrical power usage.

Figure I11.6 illustrates the temperature variations of the system components, including
the absorber, ambient, outlet, auxiliary heater, and PCM, measured at 10 min intervals during
the experiment at a fixed mass flow rate of 0.024 kg/s. Throughout the morning, temperatures
of all components increased progressively, with the auxiliary heater reaching the highest tem-
perature of 102.4 °C. These fluctuations were influenced by the frequent on/off cycling of the
resistance heater, highlighting its function in compensating for insufficient solar radiation to
maintain the target outlet temperature. As solar radiation intensity increased around 10:20
a.m, the activity of the auxiliary heater decreased, leading to a gradual reduction in its tem-
perature. During midday, the absorber attained the highest temperatures, peaking at 67.8 °C
due to its efficient solar energy absorption, with an average temperature of 55 °C, demonstrat-
ing its effectiveness in capturing and transferring heat. Concurrently, the PCM began to melt
around 10:20, reaching a temperature of 56 °C. Once fully melted, the PCM temperature sta-
bilized at approximately 55 °C, enabling it to regulate and maintain the outlet temperature at
54 °C = 1.25 °C. As solar radiation declined later in the day, the auxiliary heater resumed op-

eration, increasing in temperature to sustain the desired outlet temperature until 17:00. Simul-
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taneously, the PCM released stored thermal energy, helping to maintain the outlet temperature

above ambient levels for approximately 1.5 h.
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Figure 111.6. Temporal temperature variations of the HDPSAH components.

To assess the influence of the LHTSU on the system’s thermal performance, two tem-
perature differences were analyzed: Pre-LHTSU (LHTSU inlet temperature - SAH inlet tem-
perature) and Post-LHTSU (LHTSU outlet temperature - SAH inlet temperature). As shown
in Figure 111.7, the Pre-LHTSU temperature difference exhibited higher values with signifi-
cant fluctuations, exceeding 15 °C, and reaching a maximum of 48 °C at 09:40 a.m. In con-
trast, the Post-LHTSU temperature difference remained considerably more stable, varying
within a narrower range of 25-30 °C. During the sunset period, the inlet temperature at the
heat exchanger dropped rapidly, approaching ambient conditions, whereas the outlet tempera-
ture decreased more gradually due to heat release from the PCM. This thermal storage effect

extended the system’s operational period by approximately 1.5 h. Similarly, Balakrishnan et
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al. [30] observed around 1 h of hot air supply after sunset in a modified SAH equipped with

rectangular fins containing 0.75 kg of paraffin wax.
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Figure 111.7. Temperature difference evaluation upstream and downstream of the LHTSU.

Minimizing reliance on electrical energy and conventional fuels, such as natural gas, is
a primary objective in hybrid energy systems. This can be accomplished by maximizing the
utilization of renewable energy, thereby creating a more sustainable and cost-effective solu-
tion. As depicted in Figure 111.8, solar energy was the primary contributor, supplying 81.35%
of the total energy and substantially reducing dependence on electricity. The remaining ener-
gy requirement was met by electricity, which accounted for approximately 18.65% of the total
energy supplied. These findings are particularly notable when compared to the results report-
ed by Hadibi et al. [44] for an intermittent solar-electric drying system with a sensible storage
medium, where the energy contributions under cloudy conditions were 83% from electrical

energy, 14% from solar energy, and 3% from thermal storage.
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Figure 111.8. Relative contribution of solar and electrical energy to the total system energy.

Figure 111.9 illustrates the temporal variation of thermal efficiency throughout the ex-
perimental period. At the initial stage of operation, thermal efficiency increases rapidly,
reaching a peak around 10:20 a.m. This behavior is attributed to the combined contribution of
solar energy and the auxiliary electric heater, which facilitates rapid system response during
startup. Subsequently, thermal efficiency remains relatively stable during the midday period,
fluctuating between 67% and 80%. This stable performance is primarily driven by the domi-
nance of solar energy and the melting of the PCM, which absorbs surplus thermal energy and
helps maintain consistent efficiency, demonstrating the system’s capability to operate effec-
tively under conditions of maximum solar irradiance. In the afternoon, frequent activation of
the auxiliary heater influences the efficiency profile, which attains a maximum value of 94%
before declining as solar radiation intensity diminishes. Overall, the HDPSAH system
achieves an average thermal efficiency of 72.3%. Comparable performance has been reported
in the literature, where Sajawal et al. [57] achieved thermal efficiencies ranging from 53.2%
to 71.9% using a DPSAH integrated with metallic finned tubes filled with PCMs of different
melting temperatures. Similarly, Hedau and Singal [58] reported a thermal efficiency of 61%
for a DPSAH-PCM system employing semicircular tubes with perforated ribs at a mass flow
rate of 0.025 kg/s.
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Figure 111.9. Combined impact of solar energy input and auxiliary heater temperature on thermal
efficiency.

In contrast to the first law of thermodynamics, which addresses the conservation of
energy without considering its usefulness [59], Exergy analysis, on the other hand, focuses on
the quality and work potential of the energy produced. As illustrated in Figure 111.10, the ex-
ergetic performance of the collector depends on the balance between usable exergy output and
exergy destruction. During the initial operating period, the exergy output increases steadily,
reaching a maximum value of 37.5 W, driven mainly by the rise in solar irradiance in combi-
nation with the contribution of the auxiliary heater. As the operation continues, the influence
of the LHTSU becomes increasingly significant, supplying an exergy output in the range of
20.5-31.6 W. Consequently, the exergetic efficiency exhibits temporal variations between
3.02% and 4.08%, with an average value of approximately 3.5%. The relatively low exergetic
efficiency is largely associated with substantial exergy destruction, which varies between
778.09 W and 1132 W. This destruction is primarily governed by factors such as the tempera-

ture difference between the solar source and the absorber surface, thermal losses to the sur-
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roundings, and the temperature gradient between the absorber and the working fluid, as also
reported by Abo-Elfadl et al. [56]. In the present study, a noticeable reduction in exergy
destruction is observed around midday, reaching a minimum of 550 W as solar radiation in-
tensifies and the absorber temperature increases. Comparable trends have been documented in
the literature, Assadeg et al. [38] achieved an exergetic efficiency of 3.2% at a mass flow rate
of 0.09 kg/s in a DPSAH incorporating fins and PCM, while Ebadi et al. [60] reported ex-
ergetic efficiencies ranging from 1% to 3.5% for a hybrid dryer operating at an air mass flow

rate of 0.025 kg/s
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Figure 111.10. Variation of exergy gain and destruction and their impact on exergetic efficiency over
time.

According to Egs. (19), (20), (21), improving exergetic efficiency while reducing irre-
versibilities plays a crucial role in enhancing system sustainability. As depicted in
ure 111.11, the sustainability index (Si) attains an average value of 1.04, indicating efficient

resource utilization and environmentally favorable performance. Comparable outcomes were
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reported by Albdoor et al. [3], who achieved Si values ranging from 1.007 to 1.015 in a SAH
equipped with double triangular fins arranged in various configurations. Furthermore,
Nwakuba et al. [61] demonstrated that the Si increases with airflow rate, reporting values be-
tween 1.14 and 6.12 for a hybrid solar dryer system. The average improvement potential (IP)
of the present HDPSAH was found to be 0.709 kW, representing the theoretical margin for
further performance enhancement. In addition, the relative CO, reduction potential reached a
value of 2.89, highlighting the system’s capability to mitigate carbon emissions by nearly
threefold when compared to conventional systems. These findings compare favorably with
those reported by Fudholi et al. [62], who obtained average IP values ranging from 0.740 to
0.780 kW using a DPSAH collector integrated with longitudinal fins at mass flow rates be-

tween 0.03 and 0.1 kg/s.
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Figure 111.11. Evaluation of sustainability indicators for the system.
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111.3.1 Environmental and economic assessment

As detailed in Table 111.1, the HDPSAH is composed of multiple materials, resulting
in a total mass of 59.431 kg. The cumulative embodied energy of the system is estimated at
747.63 kWh, with aluminum contributing the largest proportion, accounting for 52.49% of the
total embodied energy. The calculated energy payback time is approximately 0.48 years, indi-
cating a rapid recovery of the invested energy when compared to the system’s expected opera-
tional lifespan of 15 years.

Table I111.1. Distribution of embodied energy among HDPSAH materials

Materials Quantity (kg) Embodied energy coeffi- Total (kWh)
cient (kWh/kg)
Glass 12.631 7.28[52] 91.94
Aluminum 7.1 55.28[52] 392.49
Plywood 16.785 0.44[63] 7.39
Steel 0.48 8.89[53] 4.27
Mild steel 17.17 8.89[64] 152.64
Glass wool 0.3 4.044[54] 1.21
Paraffin wax 0.73 16[63] 11.68
Paint 0.545 25.11[53] 13.68
Plastic 0.2 19.44[53] 3.88
Copper 3.49 19.61[54] 68.44
Total (KWh) 747.63

Table 111.2 shows the system’s estimated yearly CO, emissions over a projected opera-
tional lifespan of 5 to 15 years. The HDPSAH demonstrates relatively low emissions, produc-
ing 101.77 kg of CO, per year, which is significantly lower than the 182.78 kg/year reported
for the DPSAH-PCM system developed by Arun et al.[54] over the same 15-year period. This
comparison shows the environmental advantage of the HDPSAH in reducing carbon emis-
sions over its lifetime.

Table 111.2. Variation of CO_ emissions with operational lifespan.

Life span (years) 5 10 15
CO, emission 305.33 152.66 101.77
(kg/year)
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Economic evaluation is a crucial factor for stakeholders and industrial developers
seeking to determine the practical viability of a system. According to Table 111.3, the payback
period of the HDPSAH is estimated at 0.65 years, equivalent to roughly 7 months and 27
days, with an associated cost of 3.3 DZD/kWh. This exceptionally short PBP can be attributed
to the low cost of raw materials, affordable electricity rates in Algeria, and minimal interest
rates, which make the investment very appealing. Beyond the PBP, additional economic indi-
cators further support the system’s feasibility. The total annual cost of 5151.41 DZD/year,
coupled with an ASV of 322.2 DZD/year, demonstrates that the system maintains low opera-
tional expenses while preserving a reasonable residual value at the end of its service life,
which shows that it will be economically viable in the long run.

Table 111.3. Economic assessment of the HDPSAH system.

Parameters Cost/detail

Capital cost of HSAH 30000 DZD

Capital recovery factor (CRF) 0.0837

The fixed annual cost 2511 DZDl/year
The annual maintenance cost 251.1 DZDlyear
Salvage value (S) 6000 DZD

Annual salvage value (ASV) 322.2 DZDlyear
Electricity cost (Ce=5.06 DZD/kWh) 2711.512 DZDlyear
Total annual cost 5151.412 DZDlyear
Cost per kWh 3.3 DZD/kWh
Payback period (PBP) 0.65 years

1 USD=133.191 DZD

I11.4 Effect of wavy-fin Inclination and auxiliary heater position on
HDPSAH Performance

111.4.1 Indoor analysis: effect of wavy-fin inclination

In this phase, the study focuses on optimizing the performance of the HDPSAH
through the integration of wavy fins. A parametric investigation was conducted to identify the
optimal fin inclination angle. The experiments were carried out under controlled laboratory

conditions, where the solar radiation intensity was maintained at a constant value of 500
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W/m? and the air mass flow rate was fixed at m = 0.0114 kg/s. Figure 111.12 illustrates the
temporal evolution of the temperature difference between the outlet and inlet air for various
fin inclination angles (30°, 45°, and 60°), in comparison with a flat plate absorber. In all ar-
rangements, the temperature difference increases progressively over time before reaching a
stable regime after approximately 103 min. The results demonstrate that the incorporation of
inclined wavy fins leads to a significantly higher temperature rise than that obtained with the
flat plate absorber. This improvement can be attributed to the increased heat transfer surface
area and the extended residence time of air within the collector. Among the investigated con-
figurations, the 45° fin inclination produces the highest temperature difference, reaching
22.83 °C, which corresponds to an increase of about 5 °C relative to the flat plate absorber.
The 30° inclination follows closely with a temperature difference of 21.5 °C, whereas the 60°
configuration results in a lower value of 19.7 °C, representing only a 1.7 °C enhancement
compared to the reference case. These findings indicate that fin inclinations of 30° and 45°
favor the development of stronger secondary flow structures. This behavior is associated with
the larger air gaps between the fins and the glass cover, as well as between the wavy fins and
the absorber, which are approximately 19 mm and 15 mm, respectively, as reported in Ta-
ble I11.4. Such geometrical features promote improved air circulation and more effective con-
vective heat transfer. Conversely, increasing the fin inclination to 60° significantly reduces
these gaps, particularly the distance between the fins and the absorber, which decreases to
about 11 mm, thereby restricting airflow recirculation and weakening air mixing.

Table 111.4. Variation of air gap spacing with inclination angle.

Inclination angle (°) Air gap size (mm)
30 19
45 15
60 11
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Figure 111.12. Comparison of temperature difference for different configurations.

Figure 111.13 shows that the change in thermal efficiency follows a pattern similar to
that of the temperature difference, which indicates that thermal efficiency increases with ris-
ing outlet air temperature. Among the examined configurations, the 45° yields the highest
thermal efficiency, reaching a value of 73.3%. In contrast, configurations with fin inclination
angles of 30° and 60°, as well as the flat plate arrangement, show reductions in thermal effi-
ciency of approximately 3.8%, 9.3%, and 13.8%, respectively, when compared to the optimal
configuration. Based on these findings, the 45° fin inclination was identified as the most ef-

fective and was therefore selected for subsequent outdoor experimental investigations.
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Figure 111.13. Comparison of thermal efficiency for different configurations

111.4.2 Outdoor analysis: effect of auxiliary heater position

The outdoor experimental investigation was designed to examine the impact of the
electric auxiliary heater's placement on the thermal response and overall performance of the
HDPSAH system. Figure I11.14 presents the daily evolution of ambient temperature and solar
irradiance measured during two distinct experimental days in April. Tests conducted on April
23, corresponding to auxiliary heater position 1, and on April 27, corresponding to position 2,
exhibited comparable meteorological conditions. In both cases, solar irradiance increased
progressively during the morning hours, reaching peak values of 1066 W/m2 and 1050 W/m?
around midday, before decreasing gradually in the afternoon. The average daily solar radia-
tion was recorded at 660 W/m?2 and 630 W/m?, respectively. Ambient temperature followed a
similar diurnal pattern on both days, with maximum values of 28.8 °C and 27.5 °C, and mean
temperatures of 23.26 °C and 24.01 °C, respectively. Additionally, the average wind velocity
remained relatively stable, with measured values of 1.38 m/s and 1.42 m/s. The close corre-

spondence of these environmental parameters ensures comparable operating conditions,
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thereby enabling a reliable assessment of the effect of auxiliary heater positioning on the sys-

tem'’s outdoor thermal performance.
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Figure 111.14.Temporal variation of ambient temperature and solar irradiance.

Figure 111.15 (a) illustrates the operating duration of the electric auxiliary heater during
the experimental tests conducted for two different installation configurations, referred to as
position 1 and position 2. In both configurations, the auxiliary heater was intermittently acti-
vated, delivering a maximum electrical power of 755.41 W, which indicates that solar energy
alone was insufficient to maintain the desired outlet air temperature throughout the experi-
mental period. As solar irradiance increased during the day, a corresponding decrease in the
operating duration of the auxiliary heater was observed.

When the auxiliary heater was installed in position 1, longer activation periods were
recorded, particularly during the morning hours and toward the end of the test. In contrast,
positioning the auxiliary heater in position 2 resulted in shorter and more frequent on/off cy-
cles, with some activation intervals limited to approximately one minute. The total operating
time of the auxiliary heater reached 135 min for configuration 1, compared to 102 min for
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configuration 2, corresponding to a reduction of 33 min.

Solar energy remained the dominant energy source in both configurations. As shown in
Figure I11.5 (b), solar energy contributions accounted for 74.76% and 78.99% of the total en-
ergy input in configurations 1 and 2, respectively. However, configuration 1 exhibited a high-
er dependence on electrical energy, which represented 25.24% of the total input, compared to
21.01% for configuration 2. These results demonstrate improved solar energy utilization in
configuration 2 and are consistent with previously reported findings, such as those of Kosan
[39], who reported a solar energy contribution of 69% and an electrical share of 31% for a

DPSAH system equipped with an infrared heating film.
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Figure 111.15. (a) Operating profile of the auxiliary heater under variable solar irradiance; (b) dis-
tribution of energy contributions for the two configurations.

Figure 111.16 illustrates the diurnal evolution of the absorber and outlet air tempera-
tures for the two investigated configurations. When the auxiliary heater was mounted in posi-
tion 1, the absorber temperature remained consistently higher, reaching a peak value of 73 °C,
compared with 69 °C for position 2. Over the entire experimental duration, an average tem-
perature difference of approximately 6.5 °C was observed between the two configurations.
This behavior is attributed to the heater placement at the U-turn section, which enhances ab-
sorber heating through combined convective and radiative heat transfer, in addition to the
energy supplied by solar irradiation. In contrast, when the auxiliary heater was located in po-
sition 2, its contribution to absorber heating was limited, and the absorber temperature was
predominantly governed by solar energy input. for the outlet air temperature, configuration 2
exhibited a more stable thermal response, with an average value of 54 + 1.3 °C. On the other
hand, configuration 1 showed larger fluctuations in the outlet temperature, indicating a slower
thermal response and less effective temperature regulation. Furthermore, during the late after-

noon period, the outlet temperature in configuration 2 exceeded that of configuration 1 by
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approximately 2 °C, which can be attributed to the efficient thermal energy release from the

LHTSU.
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Figure 111.16. Evolution of absorber and outlet air temperatures for two configurations

To further elucidate these trends, Figure I11.17 presents the variation of the tempera-
ture difference between outlet and inlet air for both configurations. In configuration 1, higher
temperature differences were recorded, reaching a maximum of 34.6 °C, accompanied by
pronounced fluctuations exceeding 11 °C. By contrast, configuration 2 demonstrated a more
uniform thermal behavior, with the temperature difference varying within a narrower range of

24-32 °C, reflecting improved thermal stability.

78



Chapter 111 Results and discussion

—— AT (P1)
35

~~ 2N

30

e

3

Q 25

(b

|-

(5}

£ 20 1

©

[}

S

2 154

|-

(<5}

Q.

£ 10

(¢b]

|_

5_
->
OII'I'III'III'I'I'I'I'I'I'I'I
o O O O O O O O O O O O O o o o o
T N9 I 9o I VS I NS I VST A
N OO O O « N N O <~ < 1 © © i~ O o o
O O d d 4 4 4 94 A4 d4 494 A d d A A

Time (h:min)

Figure 111.17. Comparison of the temperature differences.

Figure 111.18 depicts the time-dependent variation of the PCM temperature inside the
heat exchanger for both examined configurations. The results indicate that, in configuration 2,
the PCM reaches its melting temperature at an earlier stage compared to configuration 1, sig-
nifying an earlier onset of the charging process. Throughout the operational period, the PCM
temperature remains consistently higher in configuration 2, suggesting that heat is supplied to
the PCM more directly and in a more concentrated manner when the auxiliary heater is in-
stalled near the outlet section. By contrast, when the auxiliary heater is positioned in the U-
turn section (configuration 1), the heated airflow travels a longer distance and undergoes
greater mixing before entering the heat exchanger. This flow behavior leads to a comparative-
ly lower and more uniform PCM temperature. Nevertheless, placing the auxiliary heater clos-
er to the heat exchanger in configuration 2 induces more frequent temperature oscillations in
the PCM, which are associated with the intermittent on/off operation of the heater. These os-

cillations become more pronounced during the late afternoon period, particularly when the
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PCM temperature exceeds 70 °C, as longer heater activation intervals are required to compen-
sate for the reduction in solar irradiance. During the discharging phase, the PCM temperature
in configuration 2 remains higher than that observed in configuration 1, confirming a greater
thermal energy storage capacity in this configuration. This enhanced energy storage contrib-
utes to sustaining a higher outlet air temperature, in agreement with the thermal performance

trends discussed previously.
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Figure 111.18. Comparison of PCM temperature evolution under different configurations.

Figure 111.19 illustrates the temporal variation of top heat losses for the two investigat-
ed configurations. The results indicate that configuration one has consistently larger heat loss-
es, especially in the morning and late afternoon, with a maximum value approaching 341 W
and an average loss of 241.66 W over the whole operating period. This behavior is mainly
related to the installation of the auxiliary heater in the U-turn section, which leads to an in-
crease in absorber temperature. As a result, enhanced convective and radiative heat transfer

occurs between the absorber and the glass cover, causing substantial thermal losses to the sur-

80



Chapter 111 Results and discussion

rounding environment. On the other hand, configuration 2 exhibits significantly lower top
heat losses, with an average value of 164.43 W. The reduction in heat dissipation can be at-
tributed to the relocation of the auxiliary heater to the outlet section, which limits the tempera-

ture difference across the absorber and consequently reduces heat transfer to the glass cover.
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Figure 111.19. Temporal variation of top heat losses.

Figure 111.20 illustrates the evolution of thermal efficiency throughout the day for both
configurations. Configuration 2 exhibits higher thermal efficiency during the early morning
and late afternoon periods compared to configuration 1. This improvement is mainly attribut-
ed to the lower electrical energy demand of the auxiliary heater during these intervals. Around
midday, both configurations maintain similarly high thermal efficiency values, ranging from
approximately 70% to 79%, due to the dominant contribution of solar energy as the primary
heat source. Over the entire operating period, the DPSAH achieves average thermal efficien-
cies of 65.62% and 68.14% for configurations 1 and 2, respectively. These results compare

favorably with those reported for similar system designs, as summarized in Table I11.5.
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Figure 111.20. Variation of thermal efficiency during the operating period

Table 111.5. Comparison between the present study and previously reported works.

Details Thermal PCM type Auxiliary Heater Ref.
efficiency
(%)

HDPSAH Integrated 76.4 Infrared film [39]
with Rectangular Fins
Recycled HSAH with 53 Paraffin wax Electrical heater [42]
LHTSU (RT38) (2000 W)
Hybrid SAH integrat- 58.5 Electrical heater [40]
ed with vertical baffles (1000 W)
DPSAH with Cylin- 65% paraffin wax [8]
drical Tubes Filled
with PCM
DPSAH integrated 71.9% RT44HC and [57]
with semi-circular RT18HC
finned tubes filled with
PCM
DPSAH Integrated 61% Paraffin wax [58]
with Perforated Ribs
and PCM
SAH with V- 57.02% Paraffin wax+ [63]
corrugated absorber MWCNT

comprising PCM

Present study 65.6-68.1 Paraffin wax electric finned electric finned
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heater heater

Table I111.6 summarizes the measurement accuracy associated with the experimental instru-
ments and apparatus employed in this study.

Table I11.6. Accuracy characteristics of the experimental equipment.

Measured and computed parameters Uncertainty (Phase 2 and Phase 3)
Irradiation *10 *10
Temperature +0.27 +0.27
Velocity 0.2 +0.22
Voltage +0.97 +0.97
mass flow rate 5% +11.5%
useful heat 15.1% +11.6%
input solar radiation +1.9% +1.6%
thermal efficiency 15.5% +14.2%

111.5 Conclusion

This chapter presented a comprehensive experimental analysis of a hybrid double-pass so-
lar air heater integrated with a latent heat thermal storage unit, based on energy, exergy, eco-
nomic, and environmental evaluations. The experimental work was divided into three main
phases: parametric and dimensional analysis, assessment of the impact of latent heat thermal
storage on system performance, and optimization of the HDPSAH through fin integration and
auxiliary heater positioning. The reliability of the experimental results was ensured through
uncertainty analysis, confirming the accuracy of the measurements. The findings demonstrate
that the proposed configurations significantly influence the thermal behavior and performance

of the hybrid system, highlighting the effectiveness of the implemented enhancements. Over-
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all, the results provide valuable insight into performance improvement strategies for hybrid

solar air heater systems.
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General Conclusion

This thesis presented a comprehensive experimental investigation of a hybrid double-pass
solar air heater (HDPSAH) integrated with a latent heat thermal storage unit, with the objec-
tive of developing a reliable system suitable for all-weather operation in space heating and
drying applications. A multi-criteria evaluation framework was adopted, incorporating ener-
gy, exergy, economic, and environmental analyses to provide a holistic assessment of the pro-
posed system’s performance and sustainability.

The experimental work was systematically structured into three main phases. The first
phase focused on parametric and dimensional investigations to establish baseline performance
characteristics and to evaluate the influence of key geometric and operational parameters. The
second phase examined the integration of the latent heat thermal storage unit (LHTSU) and
assessed its impact on thermal stability, energy efficiency, and system reliability. The third
phase addressed further system optimization through the integration of wavy fins and the
evaluation of the optimal position of the auxiliary electric heater. Throughout the experi-
mental campaign, particular emphasis was placed on the accuracy and reliability of the meas-
ured data. A detailed uncertainty analysis was conducted to account for instrumental accuracy
and measurement errors, thereby ensuring the validity of the experimental results and ena-
bling meaningful comparison with existing studies reported in the literature. The experimental

work yielded the following key findings:
Phase 1- Effect of air gap variation

e Increasing the height of the upper air channel was found to significantly enhance

thermal performance. The maximum thermal efficiency of 66.4% was achieved for the
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12 cm configuration, while reductions of 2.4%, 7.8%, and 14.4 % were observed for
the 9, 6, and 3 cm configurations, respectively.
Smaller upper channel heights resulted in higher exergy destruction, indicating in-

creased irreversibility and heat losses under these configurations.

Phase 2- Integration of latent heat thermal storage

The integration of the LHTSU enabled stable outlet air temperatures of 54 + 1.25 °C,
with a temperature difference ranging between 25 °C and 30 °C, and extended the sys-
tem’s operating period by approximately 1.5 hours after sunset.

The use of latent heat storage significantly reduced reliance on electrical energy, re-
sulting in a daily electricity consumption of 1674.6 Wh, corresponding to only 18.65%
of the total energy supplied.

At an air mass flow rate of h = 0.024 kg/s, the HDPSAH achieved an average thermal
efficiency of 72.3% and an average exergetic efficiency of 3.5%. The sustainability
indicators: sustainability index (SI), improvement potential (IP), and renewable con-
tribution ratio potential (RCRP), were found to be 1.04, 0.709 kW, and 2.89, respec-
tively.

From an environmental and economic perspective, the system reduced CO, emissions
from 305.33 kg/year to 101.77 kg/year over a lifespan of 15 years. Additionally, the
energy payback time and investment payback period were determined to be 0.48 years
and 0.65 years, respectively, demonstrating the cost-effectiveness of the proposed sys-

tem.

Phase 3- Heat transfer enhancement and auxiliary heater optimization

The integration of wavy fins with an inclination angle of 45° enhanced the collector’s

thermal efficiency by 13.8% compared to a conventional flat absorber.
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e Positioning the auxiliary electric heater at the outlet section (configuration 2) provided
improved thermal regulation, minimized temperature fluctuations, and maintained a
stable outlet air temperature of 54 + 1.3 °C under outdoor operating conditions. This
configuration required 4.23% less electrical energy than configuration 1 due to re-
duced auxiliary heater activation time and more effective utilization of the thermal en-
ergy stored in the PCM.

Overall, the results show that the proposed design modifications significantly influence
the thermal behavior and overall performance of the hybrid system. The combined integration
of latent heat thermal storage and heat transfer enhancement techniques improved energy uti-
lization, enhanced thermal stability, and reduced dependence on auxiliary electrical heating
under variable operating conditions. The energy, exergy, economic, and environmental anal-
yses collectively confirm the advantages of the optimized HDPSAH-LHTSU configurations
in terms of efficiency, sustainability, and practical applicability.

Despite these promising results, certain limitations were identified. The current heat exchang-
er design restricts the integration of larger PCM quantities, thereby limiting the system’s heat
storage capacity. Future design modifications could enhance the discharging duration and
further improve overall thermal efficiency. In addition, future work should consider testing
the system under different seasonal conditions and airflow rates, integrating photovoltaic
modules to power auxiliary components, and conducting detailed CFD simulations to gain

deeper insight into the system’s thermal and flow behavior
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