r The Uniyersitgof
#& | Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

Faculty of Engineering

Department of Architecture and Built Environment

Integrated Hybrid Ventilative
Cooling Technology for
Residential Buildings in Tropical

Savannah Climate

Eso Olamide Folakemi,
(B.Tech, M.Tech)

Thesis submitted in partial fulfilment of the requirements for the
award of the degree of Doctorate of Philosophy in Sustainable

Energy Technology

September 2024

Olamide Eso, Ph.D Thesis, 2024 |[Page



Olamide Eso, Ph.D Thesis, 2024 |[Page



Abstract

The tropical savannah climate, particularly in Sub-Saharan Africa, is
characterised by daytime temperatures as high as 35-37°C and
generally low wind speeds of 2—4 m/s. This complicates indoor thermal
comfort without mechanical cooling. As a result, energy demand for
residential air conditioning and ventilation increases. Meanwhile,
residential air conditioning contributes significantly to greenhouse gas

emissions.

The study presents the design, validation, and performance analysis of
an Encapsulated Phase Change Material Hybrid solar fan assisted Multi-
directional Windcatcher system. The study aimed to assess effective
cooling, and temperature stabilisation performance without
compromising on acceptable ventilation in residential buildings within
tropical savannah climates, specifically in Sub-Saharan Africa. The
novelty of this research lies in the vertical integration of encapsulated
PCM tubes within the windcatcher’s airstreams. The system also
combines with hybrid ventilation through fan-assisted airflow during low
wind speeds. The fan provides an additional 370L/s airflow. This ensured
consistent ventilation and addressed the limitations of passive

windcatcher systems, such as inconsistent airflow.

The optimal passive cooling material selected for this study was the
RT28HC paraffin PCM, with a melting point of 27-29°C. It was chosen
for its efficiency in regulating indoor temperatures without the energy-
related costs of air conditioning systems. Encapsulating the PCM in tubes
(EPCM-T) ensured consistent heat transfer, which improved the thermal
storage capability. The study employed Computational Fluid Dynamics
(CFD) simulations to evaluate the system’s performance under different
climatic conditions. Simulations explored various EPCM tube
configurations and their effects on airflow, cooling, and thermal storage

efficiency.
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The findings have indicated that the EPCM-HMW system can reduce
supply air temperature by up to 3.15°C (9% temperature reduction)
compared to conventional windcatcher systems without PCM. Supply air
dropped to 305 K (31.85 °C) in the best-case scenario. This occurred
when outdoor air temperature was as high as 308 K (35 °C). This
temperature drop was essential for maintaining indoor comfort without
mechanical cooling, particularly during peak heat when outdoor air is or
exceeds 308 K (35 °C). The study findings also showed that the air supply
offered by the system achieved temperature stabilisation for
approximately 5 hours. However, cooling (indoor temperature reduction)
continued for 7 hours. The ventilation performance, although lower than
that of a conventional windcatcher, was still within acceptable thermal

comfort limits of 140.86 L/s air flow rate, sufficient for 14 to 17 occupants.

The EPCM-HMW system consumed 95% less energy than a ductless
split AC unit, equating to 20 times lower energy consumption. Annual
energy savings were estimated at $2,707.2 (£2,152), with net savings
over 20 years amounting to $23,690.71 (£19,070.81). The system
achieved a payback period of approximately 8.24 years and an ROI of
106.2%.

This research demonstrates the significant long-term financial benefits of
adopting the EPCM-HMW system. It also advances windcatcher
technology by integrating thermal energy storage to enhance cooling
efficiency and temperature stabilisation. The outcomes of this research
would be beneficial to broader applications of PCM-based hybrid cooling
systems in tropical savannah climates. The study offers a practical, low-
energy solution for residential ventilative cooling in high-temperature and
low wind regions with limited energy infrastructure. The research also
suggests future work in optimising PCM encapsulation techniques and
conducting further field testing to further validate the system’s real-world

performance.
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Chapter 1

1 Introduction

1.1 Research Background

Global warming stands out as one of the most urgent global challenges.
This has led to erratic weather patterns and exceptionally elevated
temperatures. Historical data depict a steady annual 0.2°C increase in
global temperatures from 1951 to date, while a temperature increase of
89% was observed during the year 2021. The average temperature
increased by about 1.09°C from 1951 to 2021 [1], [2], [3]. In the
Intergovernmental Panel on Climate Change (IPCC) report of 2022 [4], it
Is stated that buildings emitted 12 GtCO2-eq in 2019. Buildings alone
contributed 21% towards the global GHG emissions. Additionally, 50% of
energy demand is from residential, while 32% is from non-residential
buildings. This statistics highlight the significant role of energy emissions
and consumption by buildings on global warming.

Residential buildings which consume more energy, are more impactful to
global warming compared to commercial buildings [5]. As it stands,
residential cooling constitutes the largest portion of energy consumption
globally. According to the study by Santamouris et al. [6], about 55% of
the 1.25 PWH of energy used in buildings globally [7] is attributed to

residential cooling alone while the rest is used in commercial buildings.

In a typical hot climate residential building, 54% of the building’s energy
is used mainly for space cooling, primarily through air conditioning (AC)
[8]. Since regions with a hot climate often face more challenging outdoor
conditions such as high temperatures and humidity levels, there is a
higher demand for space cooling. In some hot climates like the tropical
savannah climate of sub-Saharan Africa, outdoor temperatures can soar
to a peak of 35-37°C [9], [10], in addition to wind speeds as low as 2m/s
[11], [12]. These extreme weather conditions often lead to uncomfortable
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indoor environments that need cooling and ventilation. Hence, there is a
common trend to rely on conventional AC and mechanical ventilation
(MV) systems to meet this need. Still, only 5.6% of the population in sub-

Saharan Africa has access to any form of indoor cooling [13].

Randazzo et al. [14] illustrated that in residential buildings with AC,
energy use can be up to 35% - 42% higher than in buildings without such
systems. An approximate 70% of these conventional AC and MV systems
are powered by energy derived from fossil fuels, which emit greenhouse
gases into the atmosphere. It is said that the estimated amount of such
emitted gases from AC and MV systems stands at about double the
amount produced from the whole aviation industry [15]. The
environmental impact and high energy consumption of conventional
cooling and ventilation systems underscore the importance of developing
sustainable and cost-effective energy solutions. The development of eco-
friendly and conventional AC systems with improved energy efficiency is

the focus of ongoing research [16].

Another effective way of developing energy-efficient AC or MV systems
includes the integration of phase change material with thermal energy
storage (TES). The purpose is to increase efficiency in waste heat
dissipation. As a result, a significant amount of energy saving is
achieved. In this regard, Real et al. [17] showed that an MV system
achieved energy saving of 18.97% upon integration with encapsulated-
PCM-based TES. However, despite the energy savings and efficiency
benefits of utilising PCM, AC and MV systems’ energy consumption and

emissions remain high.

Implementing passive cooling and ventilation systems can drastically
reduce energy consumption and emissions while maintaining the desired
indoor comfort levels. Such systems can potentially replace MV and AC
operations in buildings. Many passive cooling systems have emerged as

viable solutions for reducing energy use and emissions without a trade-
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off in the effective indoor cooling in buildings. Examples of such systems

include evaporative cooling, radiative cooling, and ground cooling.

The concerns of environmentalists and researchers go beyond the
negative environmental impact and high energy consumption of MV and
AC use in buildings. Recent studies indicate that the process of
recirculating indoor air in these systems can contribute to the rapid
spread of aerosol and airborne diseases including COVID-19, flu, and
cold inside a building [18]. Indoor air can become 2 to 5 times more
polluted than outdoor air due to the continuous re-circulation of stale air
in an enclosed space [19]. According to Sundell et al. [20], a space with
less than 0.5 ventilation rate per hour (k1) could increase the risk of child
allergies and sick-building syndrome (SBS) symptoms in warm climates.
All these findings suggest that the exchange of air between outdoor and
indoor rather than re-circulation of indoor air improves overall indoor air
quality (IAQ) [21]. An improved IAQ reduces the occurrence of SBS
symptoms and the spread of airborne diseases inside buildings [22].
Moreover, studies show that optimising indoor-to-outdoor air exchange
through passive ventilation improves the neutral temperature inside a

building for improved thermal comfort [23].

Windcatcher systems can be employed to further enhance indoor-
outdoor air exchange in buildings located in regions with enormous
energy needs such as sub-Saharan Africa. Windcatchers rely on local
weather and microclimate conditions. Therefore, local conditions must be
considered in the design of windcatchers. Windcatchers, which are
typically installed on building roofs capture the prevailing wind through
their vents by directing airflow into the building for natural ventilation [24].
This process relies on stack and buoyancy effects caused by the
difference in indoor-outdoor air pressures and temperatures [25]. Studies
indicate that windcatchers with multiple openings, such as multi-
directional windcatchers, effectively provide ventilation in low-wind, hot

climates [26]. These include tropical savanna climates of sub-Saharan
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Africa, where wind speeds can reach as low as 2 to 4 m/s [11], [12]. The
study conducted by Jafari et al. [27] on a symmetric four-sided multi-
directional windcatcher that was enhanced with blades and crowns
revealed a significant 16 % increase in air flow rate. The multi-directional
windcatcher displayed a beneficial turbulence effect that optimised the

flow induction in the system during low wind conditions.

windcatcher multiple
opening

Outdoor wind -~ >
_>;l T\ >

| —1 =

single vent opening '
Outdoor wind // KK

‘ Ny

indoor space \_2

indoor space

. Room ventilated with single vent opening b. Room ventilated with multi-directional

(without windcatcher) windcatcher

Figure 1.1 Contrast between the airflow patterns by a single window
opening and a top-mounted multi-directional windcatcher

Multi-directional windcatchers also significantly enhance the efficiency of
the indoor-air exchange. Figure 1.1 illustrates the improvement in indoor
airflow patterns when using a roof-mounted multi-directional windcatcher
compared to a single-sided window. The design of vents in multiple
directions is crucial to achieving the improvement in indoor air exchange.
Studies by Sadeghi et al. [28] and Li et al. [29] showed that multi-
directional windcatchers achieved a higher indoor air velocity of 0.33 -
0.39 m/s compared to equivalent single-sided windows in urban settings.
In essence, the ventilation performance of buildings can be further

enhanced with multi-directional windcatchers.
1.2 Statement of problem

Time-varying flows and irregularity in outdoor air velocities affect the
consistency of indoor ventilation supplied by multi-directional

windcatchers [30]. According to Zhang et al. [31], opting for hybrid
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ventilation in buildings, instead of relying solely on passive ventilation,
can effectively reduce the airflow inconsistencies in many passive
ventilation systems. Although commercial windcatchers exists, fan-
integrated windcatcher operation still requires further understanding [32].
The significance of combining fans with windcatchers for hybrid
ventilation to achieve consistent airflow in the absence of outdoor wind
was further emphasised in the studies by Sangdeh and Nasrollahi [33]
and Hughes et al. [34]. Although the existing windcatcher design shows
satisfactory efficiency in ventilation, its implementation is impended, and
its effectiveness is reduced in hot climates by high outdoor temperatures
and temperature fluctuations. Therefore, design changes are necessary
to improve the cooling performance and air temperature stabilisation of

windcatchers in buildings located in hot climates.

A recent research work by Calautit et al. [35] was focused on improving
windcatcher cooling performance. Passive cooling strategies such as
heat pipes [36], evaporative cooling [37], solar chimneys [38], and
radiative cooling [38] have been explored in previous studies to increase
the limited cooling capacity of windcatchers. For example, Jafari et al.
[37] showed that evaporative cooling can be incorporated in
windcatchers to reduce interior space temperature by as much as 6-12°C.
However, a high relative humidity in the supply air was observed which
suggested that additional dehumidification is needed. The
dehumidification of the windcatcher was addressed in a study performed
by O’Connor et al. [39]. A novel electrically powered silica gel-coated
desiccant rotary wheel was added to a multi-directional windcatcher.
Although dehumidification was achieved, a significant amount of energy
was required for the desiccant regeneration. In addition, the process
raised the temperature of the air supply , which required additional energy
to cool down. In regions with energy deficits like Sub-Saharan Africa, the
increased consumption of energy by ancillary systems of a windcatcher

limits its use. Furthermore, the climate of sub-Saharan Africa is
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characterised by alternating periods of hot, dry, and humid weather

conditions which lessens the need for dehumidification all year round.

Incorporating heat pipes into windcatchers was investigated in different
types of [36], [40], [41]. A drop in the air temperature from 8.6K to 14.25K
was achieved. Various heat pipe configurations with uni-directional (one-
sided) windcatchers [42] or two-sided windcatchers [43] have been
evaluated. All of them required additional cold-water storage. The cold-
water storage tank acts as a heat sink for effective heat transfer. Although
seamless, continuous water replacement of cold-water storage restricts
the wider application in sub-Saharan Africa where there are areas with
acute water shortages.

Improvements within the cooling and thermal storage capacity of
windcatchers are necessary to achieve ideal temperature control,
especially in the tropical savanna of sub-Saharan Africa with inconsistent
outdoor temperatures. The daily outdoor temperatures can vary
significantly from about 20 °C to 35 °C throughout the day [44]. Attempts
to improve windcatcher cooling were made in various studies. However,
the inability of windcatchers to stabilise air temperatures needs to be

addressed to establish its use in sub-Saharan Africa.

TES technologies, such as PCMs are capable of lowering energy
consumption and enhancing the thermal efficiency of windcatchers. For
example, replacing heat pipes in windcatchers with PCMs can eliminate
the need for additional cold-water storage and the continuous
replacement of water in the storage. This is because PCM serves a dual
function by acting as both a heat sink and a thermal storage material. In
addition to stabilising air temperatures, there is the potential for
implementing the PCM integrated system in a region with water

shortage, such as sub-Saharan Africa [45].

PCMs are recognised for their substantial latent heat storage capacity

[46] and isothermal behaviour with minimal variation in transition
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temperature [47]. Hence, the integration of PCM with ventilation or free
cooling systems better stabilises the temperature of incoming air in such
systems [48]. During the PCM phase transition, the PCM absorbs heat
from the heat transport fluid (air) and sustains a consistent PCM

temperature while cooling the incoming air.

Integrating PCMs with windcatchers offers an efficient passive approach
to cooling and enhancing TES [49]. The temperature of the supply air is
reduced by the absorption ability of the PCM. Seidabadi et al. [49] and
Abdo P. et al. [50] achieved substantial air temperature reductions of up
to 9.85% or 2.78°C, respectively, in their windcatcher models by
incorporating PCM. Although implementing PCMs to improve cooling and
TES in windcatchers is viable, the low thermal conductivity of PCMs is
still a limitation that impacts the effectiveness of the heat transfer process
in PCMs. PCM encapsulation is a method that improves the low thermal
conductivity limitation in PCMs [51], which also improves the heat transfer

for efficient cooling and TES.

Some studies have also considered using forced ventilation or hybrid
ventilation with the assistance of fans to enhance the heat transfer rates
of PCM. In those studies, the continuous flow due to the fans enhanced
the interaction of the air with the PCM. This further improved the charging
and discharging rates of the PCM [50], [52]. However further investigation
is required to understand the effect of encapsulated PCM in multi-
directional windcatchers designed for hybrid ventilation. Additionally, it is
imperative to determine how to maintain the cooling and TES
performance of these systems without compromising ventilation capacity.
Therefore, there is a need for further optimisation of the size and
configurations of encapsulated PCMs within hybrid multi-directional
windcatchers. Also, a configuration that will ensure efficient performance
in daytime fluctuations of outdoor conditions under hot climates needs to
be defined, such as in the tropical savannah climate of sub-Saharan

Africa.
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This study proposes the use of encapsulated PCMs to enhance the
cooling and TES performance of hybrid multi-directional windcatchers in

the hot, tropical savannah climate of sub-Saharan Africa.
1.3 The research aim

This study aims to develop a novel encapsulated PCM integrated hybrid
multi-directional windcatcher (EPCM-HMW) system. The effectiveness of
the PCM in cooling and stabilising air temperature without compromising
the windcatcher's ventilation efficiency is assessed under the varied
outdoor conditions of a sub-Saharan African tropical savannah climate.

1.4 Theresearch objectives
The research aim was achieved through the following objectives:

1. Performed a comprehensive review of passive cooling and
ventilation systems. Recent advancements in windcatcher
systems, including windcatcher-integrated and hybrid systems, as
well as TES technologies such as PCM were reviewed. System
configurations, working principles, prospects, and limitations of
integrated systems for enhancing ventilation, cooling, and thermal
storage were reviewed.

2. Conceptualised and designed the EPCM-HMW system for use in
the tropical savannah climate of sub-Saharan Africa.

3. Conducted preliminary geometric parametric numerical study on
different E-PCMT samples to select the E-PCMT used in the
EPCM-HMW system.

4. Developed numerical models of the EPCM-HMW system to
investigate airflow (ventilation), temperature reduction (cooling),
and stabilisation (thermal storage) based on different
“‘encapsulated PCM tubes” (EPCM-T) arrangements under varied
daytime conditions of the sub-Saharan African tropical savannah
climate.
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5. Validated models with experimental data from existing literature.
6. Conducted an economic feasibility of the EPCM-HMW System.

1.5 Novelty of research and contribution

The novelty of this research was the vertical integration of EPCM-T
directly within the proposed integrated windcatcher’s airstreams.
Furthermore, the wall-mounted operation of the solar fan effectively
reduced airflow resistance caused by the PCM within the windcatcher's
airstreams while serving as a secondary airflow vent during low outdoor
wind conditions. There was no prior research done which assessed the
combined cooling, ventilation, and TES performance of hybrid multi-
directional windcatchers with encapsulated PCM in the tropical savannah

climate of sub-Saharan Africa.

This research has contributed to the advancement of integrated
windcatcher technology by demonstrating the potential of incorporating
TES to improve the cooling efficiency and temperature stabilisation in
windcatchers. The modelling of the EPCM-HMW system presented
practical ways for achieving a temperature reduction in indoor air
temperature and the stabilisation of indoor air temperature.
Consequently, the findings from this research have the potential to pave
the way for the utilisation of PCM integrated hybrid windcatchers in the
tropical savannah climate of sub-Saharan Africa and regions with similar
climates. This study also expanded existing knowledge by providing
valuable data on integrated hybrid windcatchers with PCM that can be

used as a premise for future research endeavours.
1.6 Thesis structure
Chapter 2 presents the literature review, comprising two main sections.

The first section (Section A) provides an overview of passive cooling and

ventilation systems and their performance limitations. It specifically
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conducts an in-depth review of windcatcher systems. It emphasizes the
potential enhancements to hybridise the ventilation and improve the
cooling performance through integration with other systems. The review
also identifies performance limitations in different climatic conditions.
Furthermore, the section explores previous studies on hybrid

windcatcher ventilation.

The second section (Section B) of this chapter provides an overview of

TES and its classifications. Studies on TES performance in the context
of integrating PCM TES in ventilation applications, with specific attention
to windcatchers are also discussed. The chapter concludes by

summarising gaps in the current literature.

Chapter 3 outlines the research approach adopted for this study, divided

into two sections.

The first section (Section A) describes the proposed system:

“‘Encapsulated PCM integrated hybrid multi-directional windcatcher”
(EPCM-HMW), emphasising the technical characteristics of its

components and the mechanism for operation.

The second section (Section B) details the methodology used to achieve

the study’s aims and objectives. It focuses on the CFD numerical
modelling of the proposed EPCM-HMW system, including the E-PCMT
geometric parametric numerical study. It specifies the software and
theoretical models used to assess system performance. The chapter
establishes the boundary conditions for analysing the system’s
ventilation (airflow), cooling (air temperature reduction), and thermal
storage performance (air temperature stabilisation). It concludes by
summarising key findings and addressing limitations in the CFD

numerical approach used for the study.

Chapter 4 presents CFD results on airflow (ventilation), temperature

reduction (cooling), and stabilisation (thermal storage) of the EPCM-
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HMW system under different E-PCMT arrangements and varied daytime
conditions typical of the sub-Saharan African tropical savannah climate.
It also includes results for the preliminary geometric parametric study
conducted on various E-PCMT samples to select the E-PCMT used in
the EPCM-HMW system.

Chapter 5 presents the validation process of the CFD results in
comparison to experimental data from the literature. An error analysis is

conducted to substantiate the numerical findings of the current study.

Chapter 6 presents the economic feasibility of the EPCM-HMW system
in comparison to traditional ACs, within the context of the selected

climate.

Chapter 7 summarises key findings, acknowledges study limitations, and
draws conclusions. This chapter also identifies achieved aims and
objectives, the effects, and benefits of the integration of EPCM-T with
hybrid windcatchers. The chapter also explores contributions to
knowledge and potential areas where future research may be required.

References provide details for each of the sources cited in the work.
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Chapter 2
2 Literature review

SECTION A:

2.1 Overview of passive cooling and ventilation systems

Passive cooling and ventilation systems are designed to utilise only
natural forces to provide indoor comfort without active energy
consumption [53], [54]. To differentiate between the two systems within
buildings, passive cooling systems primarily reduce indoor temperatures
[55] through natural processes such as convection, evaporation, and
radiation [56]. In contrast, passive ventilation systems rely on wind and
thermal buoyancy convective forces to facilitate indoor air exchange and

circulation and promote natural airflow [57].

Buildings can benefit from the simultaneous use of passive cooling and
passive ventilation systems, aiming to achieve optimal indoor
environmental quality and thermal comfort. However, the perception of
thermal comfort among building occupants varies depending on the
climatic region and is subjectively assessed based on their level of
satisfaction with the thermal environment relative to their expectations
[58]. Therefore, the effectiveness of correctly combining the use of
passive cooling and ventilation systems becomes crucial in lowering
indoor temperatures and enhancing indoor air movement for indoor

comfort.

For instance, in the tropical savannah climates of sub-Saharan Africa
where the mean monthly temperatures can range from 24 °C to 36 °C
[59] or occasionally exceed 40 °C on extremely hot days [60], in addition
to the wind speeds that can be as low as 2 m/s [11], [12], the thermal

comfort operative temperature perception of building occupants is slightly
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higher, reaching up to 30 °C, according to Albatayneh et al.'s study [61].
This assumption is based on ASHRAE 55-2010 Standard, which
recommends that indoor operative temperatures can fall within 80 % to
90 % acceptability limits, with a +2 °C to 4 °C allowance on either side of

the comfort limit as illustrated in Figure 2.1 [61].

35
30
25

20

Operative Temperature (°C )

10

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Prevailing Mean Outdoor Temperature (°C)

Figure 2.1. Indoor operative temperature’s acceptability limits (90% and
80%) based on the prevailing mean outside temperature for tropical
savannah climates [61].

The challenge remains to identify the appropriate passive cooling and
ventilation system that can be adequately combined to achieve thermal
comfort in such climates. This requires understanding the performance
and limitations of different types of passive cooling and ventilation
systems. Meanwhile, existing literature expands on several types of
passive cooling and ventilation systems based on their heat transfer

performance mechanisms.
2.1.1 Classification of passive cooling and ventilation systems

According to existing literature, most of the installable passive cooling
and ventilation systems in buildings have been generally classified as
heat dissipation systems [62], [63]. In contrast, thermal storage systems

primarily operate based on heat modulation principles [64]. Particularly,
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PCM-based TES systems modulate indoor heat to achieve simultaneous
air temperature reduction and stabilisation, thereby shifting the cooling
load from peak times to off-peak hours [65], [66]. The categorisation
framework for passive cooling and ventilation systems is illustrated more
explicitly in Figure 2.2, with in-depth discussions of studies on the
systems’ operations and performances in subsequent sections. Heat
sinks play a significant role in the operation of these systems. For
instance, systems that operate through heat dissipation, remove excess
heat from a space into a heat sink with a lower temperature. A heat sink

with a lower temperature can be ambient air, water, sky, or the ground.

Wind-driven ventilation systems like windcatchers, use air as a heat sink
while evaporative cooling systems utilise air or water as the heat sink
based on the classification framework of Bhamare et al. [62] and Samuel
et al [67]. Conversely, ground cooling systems rely on the ground as the
heat sink while radiative cooling systems utilise the sky as the heat sink.
In the case of PCM-based TES systems, the PCM itself acts as the heat
sink. This allows the PCM to be used in many passive cooling

applications as well as a thermal storage material.
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Figure 2.2. Categorisation of passive cooling and ventilation systems as heat
dissipation and temperature modulation strategies

2.2 Passive cooling systems
Studies on various types of passive cooling systems including radiative
cooling, evaporative cooling, and ground cooling, have been published.

These studies have identified advantages and prospects based on the

performance of each system.
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2.2.1 Evaporative cooling system

Evaporative cooling systems can operate efficiently only under wet-bulb
outdoor temperatures of < 25 °C [67]. There are two types of evaporative
cooling systems: direct evaporative cooling (DEC) and indirect
evaporative cooling (IEC) [68]. The evaporative cooling processes for
different types of evaporative cooling systems are described through a
psychometric chart in Figure 2.3 [69].

In direct evaporative cooling systems, a higher cooling capacity is offered
by directly evaporating water into the air. One drawback of DEC system
is its tendency to introduce excess moisture into the conditioned space.
Consequently, these systems may not be suitable for use in sub-tropical
climates like those found in tropical savannah regions of sub-Saharan
Africa. Meanwhile, the IEC can overcome this additional humidity
limitation. Its operation ensures that the incoming air does not come into
direct contact with the water channel within the system. Instead, the air

in the dry channel is utilised to condition the space [70].

oa - Conventional evaporative cooling,  obc - DPEC with single state indirect cooling
ode - DPEC with two state indirect cooling, of - Theoretical DPEC

DPEC- Dew point evaporative cooling

Figure 2.3. Different evaporative cooling processes in the psychometric
chart [69]

According to Ma et al. [71], the finite volume method (FVM) and the finite
difference method (FDM) CFD methods have been frequently used for

investigating the performance of IEC. Previous theoretical and numerical
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studies focused on the effect of outlet temperature and the efficiency of
air humidity saturation [72], [73]. Bhamare et al. [62] performed studies
on DEC that highlighted temperature reduction and energy savings
outcomes. The resulting data suggested that the DEC achieved
temperature reductions ranging from 3.5 to 14 °C. the study results also

showed energy savings between 16 % and 75 %.

To decrease the humidity level in a DEC system, some researchers have
proposed that the humid air inside the system should be passed through
a desiccant membrane [74]. Apart from the obvious limitation of high
indoor humidity caused by operating DEC in buildings, other concerns
have been highlighted. For instance, a study by Hayden et al. [75] pointed
out the disadvantages associated with evaporative cooling systems in
buildings. Examples include increased risk of mosquito breeding,
legionnaire bacteria and system corrosion. In contrast, a study conducted
by Paschold et al. [76] concluded that evaporative coolers reduce
particulate matter PMz.s by 10-40 % and PM1o by 50 %. The reduction in
particulates indicated an improvement in indoor air pollution. However,
DEC systems increase the humidity of indoor climate by adding moisture
to the supply air. This poses as a problem in humid climates. Hence, DEC

systems are less efficient in such climates.

Meanwhile, desiccant-based evaporative cooling systems provide an
opportunity to enhance the dehumidification of incoming air. This can be
an alternative system to mitigate the high humidity limitation of DEC in
humid climates. Heidari et al. [77] proposed a novel solar-assisted
desiccant-based evaporative cooling and water production system,
illustrated in the block diagram in Figure 2.4.
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Figure 2.4. Block diagram showing the working mechanism of the solar-
assisted desiccant-based evaporative cooling and water production system

[77].

The system offered an additional advantage of moisture harvesting

moisture. This served as makeup water for the evaporative cooler.
However, there were certain drawbacks in its performance. This is related
with system control difficulties and high energy consumption for
desiccant regeneration. Additional limitations of the system included
excessive water consumption by the evaporative cooler (up to 296 litres)
and poor dynamic system performance. These factors led to a limited

reduction in CO2 emissions, at savings of only 18.71% [77].

A recent work by Aili et al. [78] deduced that radiative cooling outperforms
the evaporative coolers, especially in high humidity and/or lower
temperatures conditions. A comparative analysis between passive
radiant cooling and evaporative coolers under similar conditions was also
conducted in the study. This was to assess the impact of the relative
humidity, convection, and outdoor temperatures on the performance of
both systems. Results showed that the measured sub-ambient
temperatures achieved by the evaporative cooler was -15 °C under
conditions of low relative humidity of 13 % and a high ambient

temperature of 26 °C. In contrast, the radiative cooling achieved sub-
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ambient temperatures of -11.5 °C under a slightly higher relative humidity

of 32 % and a slightly lower ambient temperature of 17 °C.

Additionally, Katramiz et al. [79] studied a hybrid crossflow dew-point
indirect evaporative cooling (DPIEC) system that was equipped with a
closed-cycle air-water harvesting (AWH) system, combined with radiative
cooling (RC). The system operated in two modes: (a) as a DPIEC based
on a combined operation with AWH and RC, and (b) as a standalone RC
system, illustrated in Figure 2.5 (a) and (b).

a) Air-Air Heat

I'Z\changcr]‘ | Water-Air Heat

' Exchanger

Fresiale =y . AWH
» Water flow I 2 3|1 : )
— Air flow i 1 Exhaust
DPIEC | >
1 4 2 7

> — unit 1

6

//“/ Radiative Cooling panel

¢ Return Mixing
air ==  Chamber =]

2

'Water Tank

Space
b)
Air-Air Heat ‘ Water-Air Heat
ExchangerT ' Exchanger
-~ -+ Water flow Fresh air —
—* Air flow

; Radiative Cooling panel
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o sy Return

Roof ) air =\

Space

Figure 2.5. (a) RC with DPIEC and AWH operation mode; (b) RC-only
operation mode [79].
The study compared the impact and performance of the RC in the hybrid

system with a standalone DPIEC system under the hot and dry weather
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conditions of Kuwait. The RC component met nighttime indoor cooling
requirements. But the DPIEC allowed for pre-cooling of indoor air to fulfil
daytime cooling needs, especially when outdoor temperatures exceeded
45 °C. Based on low-grade thermal energy usage, the AWH system

regenerated the domestic water for the building.

The results demonstrated a 44.2% reduction in water consumption and
53.4% energy savings. These were attributed to the inclusion of radiative
cooling in the hybrid system. The study also showed that there were
cooling performance limitations in the hybrid DPIEC system when relative
humidity exceeded 60%. This increased humidity also triggered a
reduction in the performance of the radiative cooling system under these
conditions. It compensates for performance if the system is operated
under less dusty conditions. That applies to even outdoor operating
conditions with high relative humidity. Even though it is widely used in
residential buildings in hot climates, evaporative cooling is seen to have
some critical limitations as far as its performance is concerned, at least
in areas where there is higher humidity. It is indicated from literature that
radiative cooling has been researched more for hot and humid climate
conditions compared to evaporative cooling.

2.2.2 Radiative cooling system

Studies have shown that radiative cooling (RC) systems achieve cooling
through heat loss and gains by conduction and radiation [80]. These
systems operate based on radiation. This occurs as a result of the
emission of energy, known as blackbody or thermal radiation. The
exposed surface in the RC absorbs radiation energy from the sun and
releases this radiation periodically. Essentially, electromagnetic waves
are emitted when the temperature of the surface body is above absolute
zero [81]. This is aided by an emitter installed inside an insulated

transparent frame which also prevents convection heat loss. Generally,
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the net heat transfer from the radiative surface defines the systems’

cooling power [82].

RC systems’ operation is governed by Stefan-Boltzmann law which
defines thermal radiation as proportional to the fourth power of the
absolute temperature of the body [83]. Emitted radiation from the
atmosphere occurs at around 4 pm. The dominant solar radiation

wavelength is shorter than 2.5 um [84].

Typically, hotter bodies produce smaller peak wavelengths and sharper
curves, with most of the emitted energy not falling within the visible light
spectrum [83]. Figure 2.6 clearly illustrates Planck’s law of blackbody
radiation graph, which highlights emissive intensity against different

wavelength spectrums.
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Figure 2.6. Thermal radiation emitted by several reference bodies [15]

RC is generally divided into two main categories: nocturnal RC and
radiant cooling systems [85]. As highlighted in Panchabikesan et al.’s
review [85], radiant cooling requires a continuous flow of cold water
between 14 — 17 °C through the pipes to remove heat via heat transfer.
This poses a disadvantage in areas where water is scarce. Additionally,
the study identified that climates with high humidity present the lowest
cooling potential (127 W m~2) for nocturnal radiative cooling. Moreover,

the radiative heat exchange rate in nocturnal RC performance reduces
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when there is a high content of humidity and COz in the supply air [86].
Accordingly, the radiative heat transfer rate in nocturnal RC is higher than
the sky temperature (Tsky) in humid climates. As a result, the cooling
performance efficiency of the RC is reduced.

For example, Zeyghami et al. [84], in their review of several aspects of
clear-sky radiative cooling, have identified climatic conditions as a major
factor affecting RC performance. On the other hand, the major drawback
with the RC systems is that cool air cannot be stored by such systems,
especially in hot climates wherein daytime temperature undergoes
fluctuation. Suhendri et al. [80] reviewed the application of radiative
cooling in buildings and explored some strategies of improvement from
past studies. These conclusions showed that the cooling power of RC
systems increase in when integrated with renewable energy systems.
Improvements in insulation can reduce ambient temperature by up to 37
°C in a 24-hour cycle for diurnal radiative cooling. Additionally, design
improvements in nanoparticle-based emitters can achieve sensible heat
reduction up to 35 °C in the ambient temperature. The emission spectrum
can be extended to 10 um for the case of high-emissivity surfaces, like
highly emissive paints. This provides a better enhancement in cooling
[87]. Recently, Saber et al. [88] reviewed several previous performance
studies of different radiative cooling systems, including radiant cooling
panels (RCP) depicted in Figure 2.7, passive chilled beams (PCB)
presented in Figure 2.8, and radiant slab cooling (RSC) displayed in
Figure 2.9. The authors reviewed the cooling performances of these
systems integrated into various mechanical cooling systems under hot
and humid climate conditions. This review confirmed that such hybrid
systems can reduce air temperatures as high as up to 25 °C. However,
there was a disadvantage identified in the fact that pre-dehumidification
with pre-ventilation was necessary as long as one hour prior to the
operation of the radiant cooling panels. This is a major operational
limitation in climates where humidity levels are higher. This can also

result in increased energy consumption. Pre-dehumidification efforts may
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also tend to raise the temperature of the incoming air, increasing the
cooling load requirement thereafter. The major limitation of RC systems
is that they cannot satisfactorily attain optimal daytime cooling,
particularly when the intensity of solar radiation surpasses the system’s

cooling effect.

Max'=27.3
Avg = 21.1
Min=472

TTT4.758m

Figure 2.7. Combined decentralised dedicated outdoor air sysfem and
radiant cooling system (DDOAS-RCP) installed in BubbleZERO test bed
building [89]
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Figure 2.8. The operational mode of a passive chilled beam (PCB) [90]
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Figure 2.9. Schematic diagram of radiant slab coéling (RSC) building
installation indicating its combined operation with VAV system assisted
with ceiling fans [91]

According to the study by Santamouris [92], it was also noted that the
radiant cooling capacity during nocturnal cooling cannot exceed 150
W/mz2. During hot humid climates, the net radiant heat loss is even lower
at about 40-50 W/mz, according to Givoni’s study [93]. This is in contrast
to the higher values of about 70 W/mz provided in hot arid climates. It is
therefore evident that radiative cooling performs better in low humidity-
level climates. Notwithstanding, the intermittency of cooling, influenced
by changes in sky conditions, significantly impacts performance despite

the outdoor conditions.
2.2.3 Ground cooling (geothermal) system

Ground cooling systems operate differently from radiative cooling
systems. In ground cooling, heat transfer occurs underground rather than
outdoors [94]. This allows it to overcome the intermittent cooling

performance associated with radiative cooling. The more stable
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underground temperature of the earth helps to minimise fluctuations in
air temperature [95]. Moreover, research indicates that ground cooling
systems do not always require integration with mechanical cooling
systems, unlike radiative cooling systems. Ground cooling systems can
function independently as the sole cooling system in buildings. However,
previous studies have mainly focused on their application in commercial

and office buildings rather than residential buildings [96].

As indicated in existing literature, ground cooling systems can be
categorised as either direct or indirect [97]. According to Arghand [96], in
direct ground cooling, only the ground is used as a cooling source.
However, both direct and indirect ground cooling systems provide indoor
comfort by connecting earth pipes underground with a building, allowing
continuous airflow into the structure. A significant advantage of these
systems is their ability to maintain a consistent indoor temperature by
mitigating the temperature fluctuations of the supply air.

Depends on ambient
temperature fluctuation and
surface properties

surface lDepth

Annual average
ambient temperature

Function of soil
properties like
moisture content Temperature fluctuation

reduces with depth

Figure 2.10. Earth's temperature fluctuation by depth [98]

Figure 2.10 illustrates that the earth’s temperature fluctuation decreases
with depth and becomes negligible at a depth of 4 m into the earth [98].
Existing ground cooling systems’ thermal performance studies have been

conducted using numerical [99], [100]; experimental [101] or both
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methods [102], [103]. The performance of ground cooling systems was
presented numerically by Hollmuller et al. [104] using equation 2.1. The
equation indicates the direct proportionality of ground cooling system

performance @, in relation to the undisturbed earth temperature. This

direct proportionality is not dependent on time or outdoor air temperature.

2nrh 1
af
Q, =maCo(Ty — Tyi) (1 — e ™MaCa ) Equation 2.1

Furthermore, a pioneer study carried out by Wijk et al. [105] suggested
that underground earth pipes in ground cooling systems should be placed
at 1.5 — 3 m below the earth’s surface. Over the years, the results derived
from this study have led to the adoption of a standard depth for earth

piping in several other ground cooling systems studies [106].

Gao et al. [107] investigated various ground cooling applications.
However, a particular focus was on air-based ground heat exchanger
systems integrated into building floors or walls. The study emphasised
the use of both open and closed-loop ventilation modes when these

exchangers are installed in the floor slab or within building walls.
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Figure 2.11. Air-based ground heat exchangers integration in building floor
[107].

In the open-loop ventilation mode of the air-based ground heat exchanger

(GHE) system installed on the floor (Figure 2.11), fresh air is precooled
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and supplied directly to the hollow core slabs for indoor cooling.
Alternatively, the system can operate in a closed-loop ventilation mode.
In this mode, the air is recycled and resupplied into the ventilation space.
However, when air-based ground heat exchangers are installed on the

floor, meeting the cooling demand has proven to be difficult.
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Figure 2.12. Air-based ground heat exchangers integration in building walls
[107].

When air-based ground heat exchangers are installed within building
walls, they can operate as either open-loop or closed-loop systems,
similar to water-based GHEs. The cooled air circulates through a

ventilated passage as illustrated in Figure 2.12.

Gao et al. [107] pointed out that most air-based ground heat exchangers
cannot meet the average cooling demands of buildings. To make up for
the weak points of this passive system, active heat pumps can be
coupled with the passive system to boost the cold air circulation to
increase the cooling effect. In this case, extra heat pumps consume
energy and defeat the energy passiveness of the ventilation system. It is
also believed that when the earth’s temperature near the earth pipe
tunnel is high, the performance of the system reduces significantly [108].
Effective ground cooling occurs only when the underground temperature
is lower than the ambient air temperature [97]. This phenomenon is a
limitation to ground cooling implementation in extremely hot climates.
According to Man et al’s study [109], the use of additional heat
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dissipaters can improve the system’s performance under hot conditions.
The nocturnal radiative cooling system served as an auxiliary heat
dissipater. This achieved energy savings of 10.22% and lowered the
cooling load of the building. However, with the increase in airflow of the
system, the energy consumption of the heat pump increased. The only
other drawback or issue pointed out in the study was the high installation
cost of the systems. The ability of the system to provide ventilation, the
cost of installation, and the energy usage of the heat pump create a very

complex trade-off, thus placing a strong limitation on its use.

Another main challenge with ground cooling systems is the humidity
buildup within the underground earth pipes when employed in hot humid
climates. Uddin et al. [110] evaluated an earth-air heat ground heat
exchanger cooling system to assess its thermal comfort performance.
Results indicated a decrease in airflow resistance and a reduction in air
temperature by 6 °C. However, in the hot and humid climate conditions
of Bangladesh, relative humidity increased by an additional 10 % during
the summer period. Passive cooling systems deployed in regions with

high humidity should not worsen indoor humidity levels.

While passive cooling systems present both performance constraints and
advantages, some of the limitations highlighted can be reduced through
their integration with various other passive cooling systems. For instance,
Gao et al. [107] highlighted that ground heat exchangers can be
integrated with other cooling systems such as solar thermal collecting
systems, evaporative cooling, and nocturnal RC to balance the cooling

load gap that the ground heat exchangers cannot fill.

Although dehumidification may not be necessary in some hot climates,
but both cooling and ventilation are still quite essential for indoor comfort.
In addition to the passive cooling systems discussed, various other
passive ventilation systems have been explored in existing literature,

including Trombe walls, solar chimneys, and windcatchers.

Olamide Eso, Ph.D Thesis, 2024 28|Page



2.3 Passive ventilation systems

Passive ventilation systems assist the exchange of indoor and outdoor
air by introducing fresh outdoor air into the building while simultaneously
expelling stale indoor air. In past studies, passive ventilation systems
have been grouped based on three distinct airflow mechanisms [111].
These include thermal buoyancy ventilation systems, also known as
solar-induced ventilation systems, wind-driven ventilation systems, and
hybrid ventilation systems [112], [113].

But in this study, passive ventilation systems have been broadly
categorised into only two main types: solar-induced ventilation systems
and wind-driven ventilation systems. The various systems within this

framework are outlined in Figure 2.1.
2.3.1 Solar-induced ventilation systems

Solar-induced ventilation systems are mainly buoyancy-driven based on
air density differential. The buoyancy phenomenon is based on indoor-
outdoor air temperature differential. According to Awbi’s study [114],
solar-induced ventilation systems include Trombe walls, solar chimneys,
and roof solar collector systems. Monghasemi et al. [115] also referred
to the similarities between Trombe walls and solar chimneys. The study
related these identified similarities to the introduction of open cavities in
both their configurations. Both Trombe wall and solar chimney systems
use solar absorbers to capture solar radiation. The absorption of solar
radiation creates air temperature differences, thereby inducing airflow to
drive their ventilation performance. Once the absorber is heated up by
solar radiation, an induced stack effect is created. The heated air, now
less dense, rises. This less dense is then replaced by cooler and denser
air. The airflow pattern in the systems vary with respect to the outdoor

temperature in relation to the indoor temperature.
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2.3.1.1 Solar chimney system

The working principle of solar chimney systems is that when solar energy
provides a natural draft, the in-and-outdoor temperature variations are
produced. This temperature difference causes convective airflow
between indoor and outdoor spaces to improve ventilation [116]. A solar
chimney usually consists of a vertical shaft, cavity or chimney having a
transparent cover or collector which captures the solar radiation. Model
experiments and theoretical investigations have been the primary
research methods used to explore the performance of solar chimney

ventilation systems [115].

For instance, Maghrabie et al.’’s review [116] identified that many
theoretical studies on solar chimney ventilation performance in existing
literature have primarily focused on solving momentum, mass, energy,
and heat transfer equations. The results differed based on the
parameters investigated. Other studies also emphasised the impact of
solar chimney geometry design factors, such as height, width, absorber
material, and absorber inclination angle orientation, on ventilation
performance [117]. Jianliu et al. [118] developed a theoretical and
experimental model to assess the effect of solar chimney inclination on
its performance. Results showed that the ventilation rate was highest
when the solar chimney angle of inclination was 45 °. This was in addition
to the increase in the height-to-cavity ratio. Conversely, the study by
Imran et al. [119] indicated that the best ventilation performance was at
a power density of 750 W/m? when the solar chimney was at a 60 °angle

inclination.

In terms of the impact of climate on the ventilation performance of solar
chimney systems, Drori et al.’s study [120] demonstrated that the system
effectively ventilated a small-sized building, even under low solar
radiation levels of 50-60 W/m2. This was achieved by expanding the

absorber area and incorporating two inner partitions. According to Shi et
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al. [121], solar chimneys with cavity widths between 0.2 and 0.3 m and a
height-to-gap ratio of 10 provided the best ventilation performance in
terms of airflow rates. The study further concluded that outdoor winds
significantly influence solar chimney ventilation performance. Shi [122]
conducted both theoretical and experimental studies to assess the
impact of wind on the ventilation performance of solar chimneys. Results
showed that as solar radiation increased from 100 to 1300 W/m2, a 0.65

to 1.55 m/s increase in critical wind velocity was achieved.

Neves et al. [123] highlighted the importance of considering the combined
influence of wind and the buoyancy effect in solar chimney performance
studies, especially under low outdoor wind speeds conditions. Results
from the study specifically showed that aside from solar radiation, low
outdoor wind speeds of 1-2 m/s and the indoor airflow pattern impacted
negatively on the buoyancy ventilation performance of the solar chimney.
When the incident wind angle was opposite the inlet opening at low wind
speeds between 1-2 m/s, the airflow rate reduced by 47 %. This suggests
that inefficiencies in the ventilation performance of solar chimney

systems persist, especially in areas with low wind speeds.

2.3.1.2 Trombe wall system

Trombe wall systems are typically installed on the south-facing walls of
buildings. The systems feature a high thermal mass wall that absorbs and
stores heat during the day, releasing it gradually back into the space at
night as ventilation occurs. Many studies have found that Trombe wall
systems, whether ventilated or unvented, are more suited for cold
climates rather than hot climates. This is because the systems naturally
provide additional heating while ventilating spaces, rather than cooling
[124]. Only very few studies have presented strategies to improve

Trombe wall ventilation performance in hot conditions.

Blasco Lucas et al. [125] conducted a comparative experimental study

on an integrated solar screening system combined with a non-ventilated
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Trombe wall. The study examined two scenarios: one with low-energy
measures for night/day ventilation and one without. These scenarios
were tested across different climate conditions. Their findings revealed
that the thermal performance of these systems varied across different
climate conditions. However, all scenarios resulted in increased indoor
temperatures, suggesting room for improvement in the systems’

performance.

Gan [126] conducted a CFD parametric study on various Trombe wall
configurations to assess their ventilative cooling performance during
summer conditions. This study utilised the renormalization group (RNG)
k-g turbulence model. The results showed that increasing the size of the
inlet and outlet openings in the Trombe wall system increased ventilation
rates. Insulating the interior surface improved ventilative cooling during
summer. Another study by Bevilacqua et al. [127], identified the risk of
overheating in typical Trombe wall systems, especially in regions with
abundant sunlight. This limitation highlights the reduced cooling capacity
of Trombe walls. Omrany et al.’s study [128] provided a summary of the
advantages and disadvantages of Trombe walls regarding their
performance and limitations in hot climates. This summary is presented
in Table 2.1.

Table 2.1. Advantages and disadvantages of the Trombe wall system [128)].

Performance of Trombe walls Limitation of Trombe walls
1. Integration Potential: Indoor Overheating:
Can be integrated with other building This may lead to indoor overheating in
applications. hot conditions, as walls can act as heat
sinks.
2. Energy Efficiency: Low Thermal Resistance:
Exhibits high energy efficiency. Shows low thermal resistance at night,

causing colder uncomfortable
temperatures at night during prolonged
cloudy days.

3. Humidity Reduction: Solar Intensity Susceptibility:
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Reduces humidity levels, making it Highly susceptible to changes in solar

suitable for high-humidity climates. intensity.

4. TES: High Installation Cost:
Possesses excellent TES properties Initial installation costs are relatively
due to thermal mass advantages. high.

Ghrab-Morcos et al. [129] conducted a study to address the issue of
overheating associated with Trombe wall usage in hot conditions. The
effectiveness of combining overhangs with cross ventilation to enhance
the performance of Trombe walls was studied. The two Trombe wall

models developed in the study are shown in Figure 2.13(a) and 2.13(b).
Horizontal overhang Vertical shading
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Figure 2.13. Trombe wall operation in summer (a) integration with an
overhang (b) operation without overhang integration [129].

In both models, hot air was allowed to flow from the indoor space through
the wall cavity and be expelled outside. When outward circulation was
allowed, the room temperature exceeded 35 °C, surpassing the thermal
comfort range, as shown in Figure 2.13(b). However, by incorporating a
shading device into the Trombe wall system, along with the wall opening,
as depicted in Figure 2.13(a), overheating in the cavity was mitigated. As
a result, the indoor temperature dropped to around 30 °C, which falls

within the acceptable thermal comfort range.

Olamide Eso, Ph.D Thesis, 2024 33|Page



Raman et al. [130] studied the ventilative cooling performance of a
metallic Trombe wall system based on two different passive model
concepts. Model 1 combined two solar chimneys and an evaporative
cooler in an insulated walled room. In Model 2, the roof duct was wetted
by an evaporatively cooled surface and connected to a south wall
collector on insulated walls. Observations of the performance over a year
showed that Model 2 performed better thermally than Model 1,
particularly during the summer months. Passive model | only achieved a
2-3 °C temperature drop. But when the ambient temperature was 42 °C,
Model 2 was able to reduce the indoor temperature to 28-30 °C. It also

maintained an indoor temperature of about 17 °C in winter.

Jaber et al. [131] studied the thermal and economic implications of
utilising Trombe wall ventilation systems to reduce heat gains during
periods of high outdoor temperatures in Mediterranean climates. The
results suggested that while the Trombe wall did not reduce the maximum
cooling load, it reduced the heat load by 32.1 %. The study recommended
that to achieve optimal economic and thermal value, the Trombe wall-to-

total wall area ratio should be at 37 %.

Stazi et al. [132] conducted an experimental study comparing the thermal
performance of two types of Trombe walls: an unvented and a Trombe
wall with solar protection; under varied screening, ventilation, and internal
heat gain conditions. The introduction of the screening reduced the
surface temperature of the Trombe wall by 1.4 °C. This resulted in
reduced indoor heat gains. Compared to the unvented Trombe wall,
cooling loads were reduced by 72.9% and 63.0%, respectively, when
overhangs and roller shutters were incorporated alongside the cross
ventilation provided by the Trombe wall system. Similarly, a CFD heat
transfer study was conducted by Charqui et al. [133] on Trombe wall's
thermal performance under unsteady conditions. The different wall types
investigated showed that minimal incoming flux had low impact on indoor

temperature. The heat transfer time lag in the walls ranged from 4 to 6
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hours. The study also suggested that switching the position of the vents
and replacing cavity air with materials like argon or xenon could improve

the thermal performance of Trombe walls in hot conditions.

In a study by Song et al. [134], the influence of air velocity on acceptable
indoor temperature for occupants’ thermal comfort was studied. The
study found that occupants were only able to tolerate indoor
temperatures ranging from 25.5 to 27.3 °C when the air velocity was 0.6
m/s. However, at an air velocity of 1.2 m/s, tolerable indoor temperatures
increased in the range between 27.5 and 30.9 °C. This therefore means
that increased air velocities make higher indoor temperatures more
tolerable upon the use of Trombe wall systems. It is believed that wind-
driven ventilation systems may offer better thermal comfort compared to
solar-induced ventilation systems. This is because they can generate

higher indoor wind velocities.

2.3.2 Wind-driven ventilation systems

Generally, wind-driven ventilation is often more effective than buoyancy-
driven (stack effect) ventilation in many scenarios because wind can
create larger pressure differences across openings and primarily
operates based on induced wind speeds and direction. In the study by
Hughes et al. [135], which focused on a comparative CFD modelling of
wind-driven and buoyancy forces on the ventilation performance of a
commercial windcatcher, the results validated the conclusion that
external wind provided 76 % more ventilation than buoyancy. Besides
windcatchers, wind cowls are also examples of wind-driven ventilation

systems.

2.3.2.1 Wind cowl

Wind cowls also referred to as chimney caps, are installed primarily to
prevent downdrafts caused by airflow reversal. They are designed to

improve chimney drafts by harnessing wind energy and redirecting
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airflow into the building, which indirectly enhances indoor ventilation.
Depending on the design and other environmental conditions, wind cowls
also act as ventilation duct shields, preventing rain and debris from
entering the building. Additionally, they may indirectly also reduce
turbulence, thereby creating a wind suction effect to enhance ventilation
in buildings [136]. Various designs of wind cowls exist, categorised as

either static or rotating.

Static wind cowls remain unaffected by wind movement or direction while
rotating wind cowls revolve according to the prevailing wind direction
[137]. An example of an anti-down draught static wind cowl is depicted in
Figure 2.14, while Figure 2.15 illustrates an exhaust-rotating wind cowl.

oA
Figure 2.15. Exhaust rotating wind cowl installed on the roof of a building
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Rashid et al. [138] conducted a wind tunnel experiment to evaluate the
airflow patterns facilitated by wind cowls and the operational
effectiveness of rotating wind ventilators. Pfeiffer et al. [139] developed a
new CFD modelling approach for wind cowl studies. The study also
experimentally assessed the wind energy-to-wind pressure conversion
performance of the exhaust cowl which was integrated with hybrid
ventilation. The results denoted that the accuracy and performance of
wind cowls and the suction effect models were significantly influenced by
external climate conditions. The study also highlighted that for accurate
representation, advanced CFD models such as the Reynolds Stress
Model (RSM) should be employed rather than using the standard k-

epsilon model.

He et al. [140] conducted a wind tunnel experiment on a scaled solar
chimney to comparatively assess the effect of an elbow outlet and two
wind cowls (a louvre type and a baffle type) on wind pressure distribution,
ventilation rate, and exhaust flow performance in buildings. Both the
louvre and baffle wind cowls prevented reverse flow from occurring.
However, the baffle wind cowl offered 57% higher ventilation
performance in the windward direction and 37% higher in the leeward
direction compared to the ventilation rate provided by the elbow outlets.
However, the roof-mounted elbow outlet, when facing the wind,
presented reverse flow, thereby weakening the stack ventilation design.
The study recommended the use of baffle wind cowils.

In another study, Adekoya [141] conducted a field study on a rotating
wind cowl to analyse static pressures relative to varying airflow rates for
a farm building. Results showed a good curvilinear relationship between
airflow and static pressure values. Essentially, the wind cowl offered very
low static pressure and airflow rates compared to what can be achieved
by electrical drying fans. The low pressure and airflow rates observed in
the study were found to be beneficial for 400mm depth of drying grains

when moisture content is not excessive (below 20 % wetness). However,
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low airflow offered may not be sufficient for residential buildings, where
higher ventilation rates are typically required to maintain indoor air quality

and comfort.

Monahan et al. [142] conducted a field test on a static cow! integrated
with a wind-driven radon sump to evaluate the system's effectiveness in
depressurising buildings under Irish climate conditions. Results indicated
a notable 75 % reduction in radon levels. However, several wind cowls
are required to be installed to achieve the desired indoor comfort. The
use of wind cowls is limited primarily because the costs associated with
the installation and maintenance often surpass the ventilation benefits it
offers. Consequently, wind cowls are not as commonly adopted or
studied as sole ventilation systems, especially for residential buildings
where more effective alternatives such as windcatcher systems are

available.

2.3.2.2 Windcatcher system

Windcatcher systems are sometimes referred to as “wind towers” or
“natural air conditioning” [143]. The intrinsic appeal of windcatchers for
ventilation lies in their zero-energy passive operation, which eliminates
the need to use active energy [144]. Windcatchers require very low
maintenance since they do not have any moving parts necessary for

operation [145].

According to Hejazi et al. [146], traditional windcatchers were originally
utilised as ventilators to supply fresh air in buildings, drawing air from
outside or even from basements or courtyards to ventilate spaces in the
absence of external wind. Additionally, these traditional systems served
other societal functions. For instance, two-sided windcatchers, aside
from their ventilation roles, also functioned as water storage units [147].
However, Aryan et al. [148] presented a contrasting submission,
highlighting the predominant use of eight-sided multi-directional

windcatchers rather than two-sided windcatchers for water storage in
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those buildings. Some of the famous examples of these types of
windcatchers include the Amirchakhmag mosque windcatcher [149],
Dowlat Abad garden windcatcher [150], and those found in the historical
city of Alzubair [151]. In retrospect, the height of traditional windcatchers

typically ranged from 5 to 33 m, towering above the building's rooftop.

These different heights were thought to have been influenced by the
climate [96], [152]; a symbolic expression for the wealth of the owners of
the building [153]; or an expression of the architectural style dominant in
the region at the time [154]. Alsailani et al. [155] conducted a parametric
study on 40 geometrical parameters of the windcatchers to investigate
their effect on airflow performance through 3D steady RANS CFD
simulations. The result showed that the straight and nozzle-shaped inlet
windcatchers could enhance airflow up to 23%. The introduction of vanes
to the straight and nozzle-shaped inlets resulted in increased airflow
performance up to 29%. The result confirmed that shape, size, and the
position of inlet-outlet vent are all effective parameters of windcatchers in
their ventilation performance. As a matter of fact, this was proved through
research proposed by Alsailani et al. [155]. In a separate study, Varela-
Boydo et al. [156] used the CFD SST k-w model to assess the impact of
the outlet position of a traditional windcatcher. The study examined 33
alterations to both the position and size of the outlet vent. Results showed
that a 3.65 % enhancement in mass flow was achieved with increased
outlet size and when the outlet was positioned vertically. However, this

study did not consider the effect of the windcatcher height.

Aside from the height of the windcatcher, other geometrical factors that
impact the performance of windcatchers include the number of openings
(vents), internal partitions, stories, and cross-sectional shapes [157].
Windcatchers have been classified based on such geometrical
parameters. However, the most outstanding parameter used for
classification is the direction that the vent of the windcatcher faces from

the prevailing winds.
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2.3.2.3 Types of windcatchers

Traditional or contemporary windcatchers can be classified as one-sided
(uni-directional), two-sided, three-sided, or multidirectional. One-sided
windcatchers are primarily designed to admit air only from the north-
direction vent [157], which facilitates effective regulation of airflow,
especially during severe storms [158]. Generally, a higher number of

vents provides more opportunities for airflow.

Figure 2.16. X-shaped internal partitions in windcatchers [106], [159]
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Figure 2.17. +-shaped internal partitions in windcatchers [106], [159]

Figure 2.18. H-shaped internal partitions in windcatchers [106], [159]
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Figure 2.19. A combination of + and K-shaped internal partitions in
windcatchers [106], [159].

Consequently, the multi-directional category is the most utilised and the
most diverse, featuring four-sided, six-sided, eight-sided, and cylindrical
windcatchers [160], each offering unique vent configurations and airflow
characteristics. Mahmoudi's study [161] and Sahu [159] suggested that
four-sided multi-directional windcatchers can have up to four distinct
internal partition styles: “X” (Figure 2.16), “+” (Figure 2.17), “H” (Figure
2.18), or a combination of “+” and “K” shaped partitions as illustrated in
Figure 2.19.

Figure 2.20 presents a comprehensive categorisation of windcatchers
based on traditional designs sourced from various references [108],
[162], [162]. This classification framework has also been found to be
equally applicable to contemporary windcatchers. However, it is
noteworthy that most contemporary windcatchers adopt the “X” internal

windcatcher partition rather than the more complex ones.

Bahadori's study [163] was the first study that established the definition
of windcatchers, exploring the various types, and their implementation in
buildings. In a subsequent study, a flow and thermal network numerical
analysis was conducted to assess the inclusion of water spray systems
based on momentum, mass and energy analyses to enhance
windcatcher cooling performance. Results showed higher air flow rates
suitable for night cooling [164].
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Figure 2.20. Classification of traditional windcatchers [108], [162], [162].
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Further research, such as that by Karakatsanis et al. [165], investigated
the impact of pressure coefficients, wind speed, and wind angles on
windcatchers through wind tunnel experimentation. Results showed that
the airflow rate was influenced by pressure coefficients, which increased
with the wind angle. Other pioneering windcatcher performance studies
[166] explored the integration of solar chimneys with windcatchers to

enhance airflow suction

These early investigations demonstrated the potential to significantly
enhance traditional windcatcher performance through system integration.
However, the complexities of urban microclimates and ventilation
requirements have spurred the evolution of traditional windcatcher
designs into contemporary ones [167]. Contemporary windcatchers aim
for reduced windcatcher height while still efficiently combining buoyancy
and stack principles to enhance ventilation. Hence, research and
innovations have emerged for contemporary one-sided, two-sided, and
multi-directional windcatchers, aligning with the broader trend of
enhancing windcatcher performance pioneered by researchers like

Bahadori.

2.3.2.3.1 One-sided windcatchers

Hughes et al’s study [168] reviewed the development trends of
commercial windcatchers, highlighting that one-sided windcatchers are
only able to effectively operate within the single wind direction the
opening faces. However, if prevailing winds fall outside this range, the
inlet vents must be elevated, either by design or through automation, to
facilitate ventilation. This highlights a limitation in the utilisation of one-
sided windcatchers in regions with low wind speeds or where wind
directions are variable. Another study identified this limitation. A
comparative study conducted by Heidari et al. [169] combined a one-
sided windcatcher with evaporative coolers mounted on a contemporary

two-story residential building in Iran (Figure 2.21).
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Figure 2.21. Schematic diagram of the evaporative cooling integrated one-
sided windcatcher mounted on the two-storey building [169]

The study used Ansys and MATLAB to simulate the airflow ventilation
behaviour of the model. Results showed that ventilation was only
adequate when the wind speed reached 3.2 m/s. Although the inclusion
of evaporative coolers reduced the cooling load by 50 %, adequate
ventilation was not achieved when wind speed was below 3.2 m/s. There
is a possibility of modifying the geometry of one-sided windcatchers to
enhance ventilation in low wind conditions. However, as a general
principle, increasing the number of vents and vent direction will enhance
the potential for effective ventilation, especially when wind speeds are
low. A numerical and experimental study was conducted on three designs
of flat, inclined, and curved-roofed one-sided windcatchers by Dehghan
et al. [170]. The study revealed that the geometrical design and incident
wind direction significantly influenced the induced airflow and internal
pressure. Specifically, higher supply airflow was observed with the
curved-roofed one-directional windcatcher when the incident wind
direction was at 0 ° compared to the other designs. However, with other
wind directions and roof designs, the ventilation performance was
reduced significantly. In another study conducted by Esfeh et al. [171] on

various scaled one-sided windcatcher models using smoke visualisation
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experimentation, the results emphasised the necessity of separating

airflow passages to enhance ventilation performance.

In all these studies, one notable limitation identified was the one-sided
windcatcher's inability to effectively capture wind when the wind direction
varies, hindering increased induced supply airflow. The suggested
solution is to increase the number of windcatcher vents. This implies that
a two-sided windcatcher would outperform a one-sided windcatcher in

terms of achieving improved supply-induced airflow.
2.3.2.3.2 Two-sided windcatchers

Despite that two-sided windcatchers can provide ventilation more than
one-sided windcatchers, studies show the need to combine their use with
additional windows before effective ventilation performance can be
achieved. For instance, Zaki et al. [172] utilised a combined approach,
incorporating scaled wind tunnel experiments and Computational Fluid
Dynamics (CFD) modelling, to assess the influence of turbulent flow on
the ventilation of a two-sided windcatcher. The study captured both
external and internal flow fields using installed pressure traps. The
findings indicated the necessity of incorporating additional windows at
lower regions of the building walls in addition to the use of a two-sided
windcatcher, as this factor significantly influences the interior airflow

pattern, hence achieving better indoor ventilation.

Additionally, unsteady, and limited airflow occurs when incident wind
angles are not directly aligned with the two-sided windcatcher vents. This
was confirmed by Afshin et al.’s experiment [173] to assess the effect of
wind angels on a two-sided windcatcher ventilation performance. Results
showed that the pressure coefficient was highest at zero wind angle. But
ventilation decreased with increased wind angle. Ventilation ceased
when the wind angle was 55 ° and at the window transition angle of 39 °,
no air flow was observed through the window. Ghadiri et al. [174]

conducted a numerical study on the ventilation performance of two-sided
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windcatchers. The results highlighted the impact of wind-induced

ventilation and how numerical equations influence this phenomenon.

Other studies have highlighted additional features such as wing walls to
improve two-sided ventilation performance. Nejat et al. [175] studied the
effect of wing walls on two-sided windcatcher ventilation performance in
low wind conditions. Based on a varied wind wall between 5 — 70 °, the
CFD results showed that when the wing wall was set between 15 — 30 °,
improved supply airflow was achieved. Zaki et al. [176] conducted a wind
tunnel experiment to assess the turbulent flow effects of integrating a two-
sided windcatcher ventilation system on the roof of a single-zone building
with a window opening. The study emphasised that windcatcher design
should facilitate turbulent flows to ensure effective ventilation, especially

when wind directions vary both directly and indirectly.
2.3.2.3.3 Three sided windcatchers

Three-sided windcatchers are characterised by the windward vent being
larger than the other two vents [177], allowing optimal capture of
prevailing winds from the windward vent only. Khan et al. [178] studied
evaporative cooling in a three-sided windcatcher in hot, humid conditions
using a realizable k-¢ turbulence model with an Eulerian-Lagrangian CFD
algorithm. Directing airflow downward to the exhaust vent increased
density, water vapour mass fraction, and relative humidity while reducing
air temperature from 323 K to 300 K. Higher airflow rates resulted in 100
% relative humidity, compared to about 70 % at a wind speed of 1 m/s.
This suggests that windcatchers using evaporative cooling offer higher
humidity under high wind conditions, which may affect their suitability in

hot, humid climates with strong winds.

Montazeri [179] conducted a comparative analysis of cylindrical
windcatchers with two, three, four, six, and twelve sides using wind tunnel
experiments and CFD simulations based on the SIMPLE algorithm. The

three-sided windcatcher achieved airflow rates of 0.026 and 0.030 m3/s
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in experimental and CFD models at a 0 ° wind angle. The two-sided
windcatcher had 13 % higher efficiency than the one-sided at the same
angle. Both two- and three-sided windcatchers performed well at low
wind angles, but their efficiency decreased with increasing wind angles

due to airflow separation on the windward sides.

Soutullo et al. [180] developed a thermal model of a three-sided
evaporative windcatcher with an integrated auxiliary fan and nozzles
using TRNSYS. The model showed that the indoor air temperature could
be reduced by 6 to 8 °C from the ambient temperature. Generally,
existing literature reveals limited studies on three-sided windcatchers, as
these are considered less efficient compared to multi-directional

windcatchers in an urban environment context.
2.3.2.3.4 Multi-directional windcatchers

Existing literature establishes that the efficiency of four-sided multi-
directional windcatchers supersedes cylindrical types in similar outdoor
conditions. In a wind tunnel and CFD experiments conducted by
Elmualim and Awbi [181], the ventilation performance of a four-sided and
a circular windcatcher were compared. The results favoured the four-
sided windcatcher, demonstrating higher ventilation performance. This
was attributed to the higher pressure and flow separation occurring at the
wall edges of the four-sided multi-directional windcatcher compared to

the cylindrical one.

Unlike other windcatcher categories, the four-sided multi-directional type
is the most prevalently used in urban environments and for commercial
applications [182]. In general, four-sided multi-directional windcatchers
are more commonly used in modern windcatcher designs [183].
Moreover, the four-sided multi-directional windcatcher's suitability is

enhanced by its capacity to function effectively in low wind conditions.

Olamide Eso, Ph.D Thesis, 2024 47|Page



Therefore, a four-sided multidirectional windcatcher can be particularly
beneficial in numerous hot and humid climates [184], including
subtropical climates like tropical savannah climates, which experience a
blend of hot dry and hot humid conditions. Farouk [177] conducted a
comparative study between a hexagonal windcatcher and a four-sided
square windcatcher. But the most used windcatchers in modern times in
urban contexts are the commercial four-sided multi-directional

windcatchers.
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Figure 2.22. Cross-section of a four-sided multidirectional windcatcher
showing airflow pattern through the X-shaped partitions / Quadrants.

As indicated in Figure 2.22, a four-sided multi-directional windcatcher is
divided with an X-shaped partition to separate the movement of the inlet
and outlet airflow as wind direction changes [33]. However, these
quadrants play specific roles in the airflow ventilation operation, with one
quadrant typically supplying fresh air, while the other three quadrants
expel air out of the ventilated space [185]. However, the airflow dynamics
can change slightly depending on the angle of the prevalent leeward wind
incident to the windcatcher. Thus, the quadrants dedicated to inlet and

outlet airflows can change depending on the wind direction changes [33].

The most widely accepted methodologies in windcatcher studies are
small-scale and full-scale experiments, and theoretical assessments
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based on analytical, empirical, and numerical modelling techniques [186].
For example, Elmualim [187] conducted both experimental wind tunnel
tests and smoke visualisation tests in addition to developing a CFD k-
epsilon (k—€) CFX turbulence windcatcher model to assess the airflow
performance of the windcatcher when heat source is introduced. Figure
2.23 shows the schematic of the windcatcher rig indicating the pressure

measurement points during the wind tunnel experiment.
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Figure 2.23. Schematic of the windcatcher model showing the pressure

measurement points used during the wind tunnel experiment [187]
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Figure 2.24. Comparison of temperature contours of the CFD windcatcher
model at wind speeds of 1 m/s and 3 m/s [187].
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The experimentation set-up mimicked windcatcher implementation in hot
conditions. The results revealed that airflow increased by 7 % to 54 % as
the wind speed rose from 1 to 3 m/s. Conversely, the extract flow
increased by only 2 % at a wind speed of 3 m/s, while air extraction
surged by 34 % at a wind speed of 1 m/s. The continuous airflow also
improved the indoor temperature slightly as shown in the comparative
temperature contour when wind speed was 1 and 3 m/s shown in Figure
2.24.

2.3.3 Studies on the impact of different climatic parameters on

multi-directional windcatcher performance

In addition to wind speeds, indoor-outdoor air pressure differences, wind
angles, and air temperature variances are critical factors influencing
windcatcher airflow in hot climates. Consequently, these parameters
have been fundamental in many previous studies on windcatcher

performance [42].

2.3.3.1 Wind speeds

Typically, higher wind speeds result in superior ventilation rates in
windcatchers [188]. However, excessively high wind speeds may not
necessarily benefit windcatcher cooling performance. In general, multi-
directional windcatchers offer more satisfactory ventilation in limited wind
speed conditions than other types of windcatchers [26]. Gharakhani et al.
[189] conducted wind tunnel experiments and CFD analysis to
investigate windcatcher ventilation performance under low-wind hot
conditions. The findings revealed that, in addition to the windcatcher
height, increasing the number of vents improved the ventilation
performance at nominal wind speeds of 5-7 m/s. Other studies by Calautit
et al. [190] and O'Connor et al. [39] indicated the potential of four-sided
multi-directional windcatchers to operate optimally even at low wind
speeds as low as 2 m/s. This capability can be attributed to the efficient

sizing and positioning of the vents in multi-directional windcatchers [191].
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Dehghani-Sanij et al. [192] assessed the ventilation performance of a
single-sided rotating cylindrical windcatcher with moistened pads. The
windcatcher rotated in response to the highest wind speeds, typically
falling within the range of 3-10 m/s. Their findings indicated that higher

ventilation efficiency was achieved at greater wind speeds.

2.3.3.2 Wind angles

Wind angles significantly impact the pressure difference across openings
in passive ventilation systems [193], such as multi-directional
windcatchers, influencing ventilation performance. According to previous
research, the highest ventilation performance and pressure coefficient
are achieved when the wind flows into the multi-directional windcatcher
vents at a 0° angle [33]. It is believed there is a strong relationship
between wind speed, wind angles and the airflow performance of a
windcatcher. According to Afshin et al. [173], zero-ventilation windcatcher
performance occurs at a 55° wind angle. Li et al. [29] conducted a CFD
numerical model assessment to evaluate the airflow performance of a
windcatcher across wind speeds ranging from 0.5 to 6 m/s at various
wind angles. Their findings revealed a correlation between inlet airflow
and both wind speed and wind angle. However, other studies show that
as wind angle changes incrementally, the airflow rate begins to reduce
until ventilation is no longer feasible [27]. Meanwhile, wind angles
exceeding 45° can also reduce windcatcher cooling effectiveness [194].
These studies illustrate how varying wind speeds and angles heavily
impact the passive ventilation potential of four-sided multi-directional
windcatchers. Meanwhile, hybrid ventilation via fans can reduce the
impact of wind angle variation in multi-directional windcatcher ventilation
operations. However, the extent of this effect is yet to be discussed in

existing literature. Therefore, more research is needed in this context.
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2.3.3.3 Air temperature

Davies Wykes et al. [195] found that wind-driven cross-ventilation can be
significantly influenced by air temperature. Their study revealed a 6 %
reduction in wind-driven ventilation rates, while buoyancy-driven airflow
increased ventilation rates by 40 %. Moreover, the study also showed
that an increase in wind speeds can further augment the buoyancy-driven
indoor-outdoor airflow rates. This suggests that air temperature impacts
windcatcher ventilation performance. Consequently, windcatchers are
expected to perform better when there is a notable difference between
indoor and outdoor temperatures. Combining both wind-driven and
buoyancy-driven airflow operations can optimise performance, especially

in hot climates.

Additionally, Ghoulem et al. [196] examined the impact of ambient
temperatures ranging from 30-45 °C on windcatcher performance in
greenhouses situated in hot climates. They observed higher flow rates
compared to when crossflow ventilation was employed. However, the
minimal difference between outdoor and indoor temperatures in hot
climates could pose a drawback, particularly in regions with low wind
speeds. While there has been extensive research on enhancing
windcatchers to lower indoor temperatures, limited studies have focused
on how external or ambient air temperature affects their cooling and

ventilation performance.

2.3.3.4 Air pressure

Ventilation occurs when airflow is from a positive pressure point to a
negative pressure point. As a result, the air or wind pressure is a very
significant parameter that affects windcatcher ventilation. Accordingly,
there must be a balance between positive air pressure and negative air
pressure to facilitate adequate airflow within the space. If not effectively
considered, under low wind conditions, air pressure imbalance may affect

windcatcher ventilation. The relationship between air pressure difference,
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wind speeds, air density and wind pressure coefficient can be derived
from Equation 2.2 [197].

A Pa = (Cp; — Cp,) 1/2 pV,2 Equation 2.2

2.3.4 Windcatcher Hybrid Integrated Systems

The possibility of enhancing windcatchers with other passive systems is
becoming a common trend in recent research. For instance, O’Connor
[198] incorporated a heat recovery device with a windcatcher system,
achieving an indoor-outdoor temperature variation of up to 0.68 °C. The
pressure drop ranged from 10.02 to 10.31 Pa, considerably less than the
average pressure drop in conventional windcatchers of 150 Pa. However,
the airflow rate was measured at 140.86 L/s, which is sufficient for a room
accommodating 17 occupants. The conclusion drawn from the study
highlighted that the closeness of the inlet and outlet airstreams and vents
allows for easy windcatcher integration of other passive cooling systems,
particularly for air preconditioning purposes. In general, windcatchers can
be combined with other passive systems to achieve enhanced
performance without compromising energy efficiency attributes.

2.3.4.1 Windcatcher integrated systems for enhanced ventilation

There are studies on improving windcatcher ventilation by combining
them with other low-energy ventilation systems. Ther studies have also

introduced the use of fans, especially for low wind conditions.
2.3.4.1.1 Windcatcher system integrated with solar chimney system

Bansal et al. [199] conducted an analytical study on a solar chimney
integrated with a windcatcher to examine its impact on induced
ventilation. The results demonstrated that the solar chimney enhances
ventilation performance, particularly in low-wind outdoor conditions. For

instance, when the wind speed was 1.0 m/s and incident solar radiation
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reached 700 W/m?, the solar chimney effect induced airflow in the system

up to 1.4 kg/s.

In another study, a simplified and validated windcatcher integrated with
a solar chimney was numerically modelled by Nouanégué et al. [200],
using the SIMPLE algorithm in CFD. The study incorporated variable
parameters such as Rayleigh, Richardson, and Reynolds numbers.
Ventilation improved notably when the Richardson number was at Ri < 1,
alongside an increased aspect ratio and higher Rayleigh numbers.
Interestingly, the tower functioned as an energy storage system,
presenting a promising strategy for low wind periods, particularly when
the aspect ratio was optimised. This concept was further illustrated by
Jomehzadeh et al. [201]. This is shown in Figure 2.25.

Wind force Buoyancy force

Glazing

T

Massive Wall

\
Figure 2.25. [llustration of the Windcatcher integrated solar chimney
system developed by Nouanégué et al. [200], [201].

J

Li et al. [202] developed a novel chimney-integrated multidirectional dual-
channel windcatcher integrated with a rotary wind scoop to provide more
versatile wind-induced ventilation for hot climate buildings. Although
results demonstrated better indoor ventilation compared to an 8-sided
windcatcher under diverse wind directions, the research was based on

high-wind conditions only and did not address low-wind scenarios. Thus,
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it was recommended as a potential for future study. The authors also
highlighted the necessity for more exploration into multidirectional

windcatchers integrated with passive cooling.

2.3.4.1.2 Windcatcher system integrated with fans

A few studies have demonstrated the potential of integrating fans in
windcatchers to improve ventilation performance. In the study by Elmualim
[203], a mechanical fan system was combined with a windcatcher
operation to increase indoor airflow. However, the windcatcher’s
contribution to the ventilation was not verified. Hughes and Ghani [204]
developed a CFD model to evaluate the effect of different fan positions on
the induced airflow of a windcatcher. Results presented a consistent
ventilation rate of 370 L/s when the fan was at 20 Pa fan pressure and
positioned at the top inside the windcatcher. The findings established the
potential of the hybrid system to provide ventilation throughout the day,
even under low wind conditions. Another study by Lavafpour and Surat
[205] suggested the possibility of orienting wall-mounted fans parallel to
the windcatcher’s vents to reduce irregular ventilation flows. However, no
data was presented to support this recommendation, highlighting the
need for further research on fan-assisted windcatchers to better
understand how to achieve windcatcher hybrid ventilation. Nonetheless,
in line with the global focus on sustainable energy technologies, solar
fans could be considered alternatives to mechanical fans for integration
into windcatchers. While hybrid ventilation in multi-directional
windcatcher systems shows promising results, other studies have
emphasised the importance of achieving efficient windcatcher cooling to
ensure widespread utilisation, even in hot conditions [35]. This can be
achieved by combining windcatchers with additional passive cooling

strategies.
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2.3.4.2 Windcatcher integrated systems for enhanced cooling

Windcatcher systems cooling performance enhancement has been

studied extensively [62]. Table 2.2. highlights a few windcatcher studies

based on different types of buildings indicating the research method

used, temperature reduction performance and energy savings under

different climates. However, the most common passive cooling systems

integrated with windcatchers are evaporative cooling systems and heat

pipes.

Table 2.2. Windcatcher studies for buildings in different climates [62]

Climate Building Study objective  Method Findings Ref.
type
Hot humid Office Performance Numerical 17 % cooling [206]
climate buildings and energy study - energy
saving using savings.
potential of energy plus 2°C
wind catchers simulation temperature
in different reduction.
Chinese cities Ventilation
requirement
achieved for
50 % of
occupied
hours.
The most
suitable city
for the
windcatcher
was Harbin.
Hot humid Public natural Numerical Hot humid [207]
climate residential ventilation study using climate
buildings performance of  CFD for
wind wing wall wind
pressure
prediction.
Hot humid Residential Thermal Experimenta 5°C [208]
climate buildings performance of | study temperature
single-sided reduction

wind catchers
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in traditional

residential
buildings
Hot dry Residential Thermal Numerical Taller towers [209]
climate buildings behaviour of study using capture winds
different 3-D CFD at higher
square plan model to wind speed
wind catcher compare capture is
geometry indoor air proportional
suitable for temperature to the height
night-time in different of the wind
ventilation square wind catchers.
catchers

Based on the inference from Table 2.2, there are minimal efforts in
regions with hot dry-humid sub-tropical climate conditions. This requires
further research efforts.

2.3.4.2.1 Windcatcher system integrated with evaporative cooling

Bahadori [210] and Bahadori [211] compared the effect of introducing
wetted unglazed clay conduits columns and wetted surfaces into
windcatcher air streams for evaporative cooling under a hot arid climate
as illustrated in Figure 2.26 [183]. This was also reported in ref. [212].
Accordingly, the incorporation of wetted columns into the wind catcher
facilitated the pre-cooling of ambient air. The study investigated
parameters such as supply air temperature, relative humidity, and airflow.
Findings indicated that while excess water was directed into a sump, the
evaporative effect of the water-cooled the columns, thereby further
cooling the supply air as it traversed through the windcatcher column.
During peak conditions, the wetted columns exhibited a volumetric airflow
rate of 1.39 m?/s, while the wetted surface measured a volumetric airflow
rate of 1.05 m3/s. Both measurements were lower than the volumetric
airflow rate of the conventional windcatcher, which stood at 1.5 m3/s. The
results revealed that the performance of the wetted columns in the

windcatcher was significantly enhanced with high wind speeds, whereas
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the wetted surface windcatcher demonstrated better performance in low

wind speed conditions.
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Figure 2.26. Cross-section of a wind tower with wetted conduits or columns
[211], [212]

Hughes et al. [213] further demonstrated in their review the potential
integration of wetted columns, and wetted cotton cloth, for evaporative
cooling within windcatchers. The effect of these configurations on
temperature reduction was compared with that of a conventional

windcatcher, as depicted in Figure 2.27.
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Figure 2.27. Comparison of conventional wind catcher and wind catcher
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By maintaining a column spacing of 5-10 cm inside the windcatcher air
streams, a temperature reduction from 34 °C to 20 °C can be achieved
with the use of a wetted column cloth curtain. Wetted columns achieved
a temperature reduction of 22 °C compared to the conventional
windcatcher, which only reduced the temperature from 34 °C to 23 °C.

Issa et al. [214] used a thermodynamic mathematical model to predict the
cooling performance of a multi-stage wind tower consisting of two
interconnected venturi tubes with spray nozzles as evaporative cooling
integrated within the windcatcher air stream. The three-stage evaporative
cooling showed good cooling performance in low wind conditions.
However, this is only suitable for hot dry climates where minimal humidity

is experienced.

Consequently, all these studies highlight the high humidity content,
suggesting their unsuitability for outdoor conditions with high humidity
levels. However, the studies did not provide any recommendations for
improving cooling performance without the added increase in humidity to

adapt to climates with high humidity.
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2.3.4.2.2 Windcatcher system integrated with heat pipes

Heat pipes are recognised as low-energy heat transfer devices that can
adequately reduce incoming air temperature when integrated with
windcatchers [215]. According to Calautit et al. [216], heat pipes have a
45-65 % sensible effectiveness. Calautit et al. [217] were the first to
incorporate heat transfer devices in a uni-directional windcatcher system
as illustrated in Figure 2.28.

Figure 2.28. Heat pipes integrated into uni-directional windcatcher [217].

The study conducted both wind tunnel tests and CFD analysis to assess
the cooling performance of the windcatcher model at varied wind speeds
between 1-5 m/s. The results demonstrated a significant reduction in
supply air temperature. According to the findings, when the ambient
temperature was 318 K at 3 m/s, the indoor temperature achieved ranged
between 309 — 312 K as shown in Figure 2.29. However, optimum cooling
was achieved at wind speeds between 1-2 m/s, with the least cooling
performance occurring at an ambient wind speed of 5 m/s.
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Figure 2.29. Temperature contour of CFD analysis at a wind speed of 3 m/s
and an air temperature of 318K [217]

Calautit et al. [218] further conducted another similar study to investigate
the external airflow, supply rate, and pressure coefficients when
cylindrical heat pipes are integrated inside a similar uni-directional
windcatcher at a 318 K external air temperature boundary condition. The
heat pipe configuration led to a 12 K reduction in the temperature of the
supply air. This time, the emphasis of the study was more on the impact
of the heat pipe configuration on temperature reduction rather than the
effect of outdoor wind speed on thermal performance. Despite a 20 - 35
% decrease in ventilation rate due to the heat pipe configuration inside
the windcatcher, the system was able to maintain a supply airflow rate of
up to 10 L/s per person. While the authors suggested the potential to
further improve windcatcher ventilation rates with the use of fans, the
study conclusively indicated that heat pipes exhibit effective cooling
capabilities. Another numerical study by Calautit et al. [219] compared
the impact of integrating evaporative cooling and heat pipes into a
commercial windcatcher. Both approaches offered comparable
temperature drops of up to 15 °C. However, the findings favoured the use
of heat pipes over evaporative cooling, primarily due to water

conservation considerations, even though both configurations required
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working fluids (water or ethanol) to maintain a consistent cooling loop.
Moreover, these studies did not address the windcatcher’s inability to
reduce and stabilise supply air temperature consistently. PCMs can offer

streamlined integration, improving the TES performance of windcatchers.
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SECTION B:

2.4 Overview of thermal energy storage (TES)

TES is the thermal energy stored in a storage medium [220] in the form
of sensible heat, latent heat, thermochemical energy, or a combination of
these energies [221]. TES systems have wide-ranging applications in
buildings, such as enhancing thermal comfort [46] and improving air-
conditioning performance. Lin et al. [222] have also identified various
defining factors that impact the selection of TES, such as heat loss during
storage and transportation, phase cycle time, storage capacity,
temperature, and cost. According to a review by Saha et al. [223], TES
systems are not intermittent, making them a reliable option for cooling
compared to other passive cooling systems, even in varied climates. TES
stabilises indoor temperatures and helps minimise energy demand-
supply imbalances in buildings [224].

2.5 Classification of thermal energy storage (TES)

Computational fluid dynamics (CFD) has been widely adopted to study
TES in various engineering applications due to its cost efficiency [225].
However, to the appropriate TES system for building applications, it is
essential to have a comprehensive understanding of the various types
available. Generally, according to the type of storage reaction, TES can
be divided into two major categories: chemical and thermal, as illustrated
in Figure 2.30. Based on this, TES systems were further classified as
sensible heat storage, latent heat storage, thermochemical energy

storage, or in a combined form [226].
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Figure 2.30. TES systems classification framework [226]

2.5.1 Thermochemical energy storage

Thermochemical energy storage (TCES) involves storing energy by
breaking and the reformation of molecular bonds through reversible
chemical reactions. This reaction can occur in three primary modes:

thermochemical reversible reactions, thermochemical pipeline energy

transport, and chemical heat pump storage [227].
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Figure 2.31. The heat sorption and storage process in a TCES [222].
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Lin et al. [222] described the heat storage process that occurs in a typical
TCES as indicated in Figure 2.31. A chemical reaction takes place,
mixing A and B and pre-heated. Then a reversible reaction occurs that
reforms this mixture of A and B into a reactant AB which then allows large

amounts of heat to be released [222].

Compared to latent and sensible heat storage, TCES offers higher
energy density and long-term stability across a broader temperature
range [227]. But Faraj et al. [228] compared SHS and LHS and identified
that LHS still offers five to fourteen times more heat storage per unit
volume of material. Tatsidjodoung et al. [229] also compared the annual
heat storage volumes required for latent heat storage, sensible heat
storage, and TCES in a 6480 MJ energy passive house. It was reported
that a 16 m3 sized latent heat storage medium is required for storing 300
- 500 MJ/m3. The sensible heat storage medium requires about 70 m3 to
store 100 MJ/m3. In contrast, the TCES system requires only 7 m3 to store
approximately 1000 MJ/m3, demonstrating its superior heat storage

density, as shown in Figure 2.32.
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Figure 2.32. Comparison of sensible, latent, and TCES heat storage volume
requirements for storing 6480 MJ for a passive house [229].
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TCES reactants are usually a combination of sorbents and sorbates.
There are recent research efforts on the suitability and application of
various reactants as TCES [230]. Prieto et al. [230] performed a study on
non-redox reactions in metal oxide species, focusing on sulphur-based
cycles, metal oxide cycles, and perovskite-type hydrogen production
mechanisms. Lefebvre et al. [231] pointed out that these reactions must
be fully reversible, occur at temperatures above 500 °C, and be easily
storable. Other studies focused on studying TCES material suitability
[232], selection [233], and application as porous materials [234], salt

hydrates [235], or composite sorbents [236].

According to the literature, TCES material characterisation is crucial for
TCES optimal storage performance. Tatsidjodoung et al. [232] stated that
TCES characterisation varies by scale: material scale is for quantities
less than 10 mg. For the reactor scale, quantities must be greater than
10 mg. System-scale characterisation is adopted when heat storage
capacity is the ratio of stored heat to the total volume of storage vessels,

including pipes and heat exchange vessels.

While TCES theoretically offers better storage capacity and potential for
long-term and seasonal storage compared to sensible and latent heat
storage, practical application is still low. Barriers include high
implementation costs and low thermal conductivity of some TCES
materials, such as metal chlorides (0.1 - 0.5 W/(m K)) [237],[238] and
metal hydrides (1 W/(m K)) [239]. Poor heat and mass transfer between
reactants and heat exchanger walls further reduce performance, causing

agglomeration phenomena [240].

Despite these limitations, Raam Dheep et al. [241] suggested TCES
systems can improve energy storage performance by facilitating long-
distance energy transport and heat pumping. However, limited
information still exists on the long-term operation of TCES [242], and
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more research is needed to support its viability for widespread building

applications [243].
2.5.2 Sensible heat storage (SHS)

Sensible heat storage (SHS) stores heat through a heat exchange
process that raises or lowers the temperature of the storage medium
without changing its phase [244]. SHS can utilise either liquid or solid

mediums to store sensible heat [245].

Liqguid SHS mediums are generally more cost-effective but tend to be
more thermally sensitive compared to solid SHS, which exhibits a
superior ability to store heat [246]. Selection of SHS depends mainly on
the intended application for which it is to be used [247]. Large volumes
of SHS material are sometimes required for effective storage due to
considerable heat loss to the surroundings during storage [247].
Achieving a high volumetric storage capacity (MJ/m3) requires materials
with high specific heat and density. However, SHS typically demonstrates
low energy densities ranging between 10 - 50 KWh/m? [248]. Since most
SHS materials possess low heat capacity and storage efficiency, their
attractiveness as effective long-term TES systems is reduced [249].
Moreover, substantial heat loss occurs during the heat storage process
due to the significant swing in temperature that occurs, thereby
diminishing the SHS storage capacity. This thermodynamic drawback

undermines the long-term storage effectiveness of SHS [250].

The amount of energy stored as sensible heat (Q) in an SHS medium (m)
is represented by Equation 2.3 below, as it depends on the temperature

change (AT), between the initial ¢; and the final temperature t¢, during the

storage process [251], [252], [253]:

Q= ftt-f mCyAT = mC, (tr — t;) Equation 2.3

Olamide Eso, Ph.D Thesis, 2024 67|Page



Deeper insights into the application of SHS in building applications have
been addressed extensively in the work of Lizana et al. [254], further
discussing the prospects and limitations. Table 2.3 showcases a few
examples of SHS materials, along with their corresponding

thermophysical properties [253].

Table 2.3. Some examples of SHS materials [253]

SHS materials Maximum Specific heat Thermal
operational capacity conductivity
temperature KJ / (J/kg.K) W/ (mK)
°C

Water 0-100 4.190 0.598 — 0.670
Molten Salt (K- <230 1.570 0.500

Liquids NaNOsz)

Transformer Oil <60 2.090 0.122
Engine ol <160 1.880 0.150
Liquid Sodium <100 1.385 85.840
Aluminium <660 0.945 238.400
Iron <1550 0.440 80.200

Solids Copper <1500 0.419 372.000

Lead 20 0.131 35.250
Limestone <825 0.740 2.200
Cast Iron <1100 0.465 59.300
Brick <1000 0.840 0.500
Wood 25 1.600 0.120
Slag 20 0.840 0.570
Concrete <1000 0.720 1.450
(aggregates)

Graphite <2000 0.610 155.000

2.5.3 Latent heat storage (LHS)

Latent heat storage (LHS) operates by absorbing heat through the
process of heat transfer. This heat absorption occurs as the LHS changes
phase from one physical state to another within a specific operational
temperature range. The phase change process can involve transitions
from solid to solid, solid to liquid, solid to gas, liquid to gas or vice-versa
[223].

Olamide Eso, Ph.D Thesis, 2024 68|Page



Not many LHS systems are suitable for residential applications.
However, the utilisation of LHS in residential buildings primarily aims to
reduce temperature rise and fluctuations indoors [232]. Solid-to-solid and
solid-to-liquid transition materials are more attractive for residential
building applications due to their lower heat of fusion [225]. According to
Hasnain [255], the high latent heat of fusion during solid-to-gas and
liquid-to-gas phase changes makes LHS systems in this category
unsuitable for building applications due to the significant volume change
over a large temperature range, necessitating large container
requirements. Among the most prevalent materials used in LHS are ice,
paraffin wax, and molten salts [256]. PCM are the primary materials used
in LHS. Table 2.4 below identifies the range of thermophysical values for

organic and inorganic latent heat storage (LHS) materials [228].

Table 2.4. Range of thermophysical values for organic and inorganic LHS
materials [228]

Organic LHS Inorganic LHS
Density (kg/m?) 800 - 1200 1500 - 3500
Thermal Conductivity (W/m.K) 0.2-04 05-20
Specific heat (J/kg.K) 1500 - 2500 1000 - 2000
Latent heat of fusion (kJ/kg) 150 - 250 100 - 300
Latent heat (kJ/m3) 152 368
Storage mass for 108J 5300 4350
Storage volume for 10%J 6.6 2.7

2.5.3.1 Phase change material (PCM)

PCMs are characterised by their ability to undergo phase changes from
one crystalline state to another at a consistent temperature, allowing for
significant TES [257]. Moreover, PCMs are commonly used in building
applications to shift peak cooling loads to off-peak times [258]. PCM
materials are typically classified into organic, inorganic, and eutectics.

This classification is based on their molecular composition,
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thermophysical properties and structure, as illustrated in Figure 2.33
[259], [260]. The stored heat in PCM transits from sensible heat to latent
heat and then back to sensible heat. This process is characterised by
high heat of fusion occurrence as the PCM charges and discharges within

a certain phase change temperature range [261].

Figure 2.33. Categorisation of PCMs [259], [260]

Temperature
T (°C)
Tn P
PCM effective .- latent heat
working range
Solid Liquid Mixture ~  Liquid Stored Energy
> h(klkg)

Figure 2.34. Typical sensible and latent heat storage behaviour over time in
aPCM [261]

Olamide Eso, Ph.D Thesis, 2024 70|Page



This phase change process is characterised by a decrease or rise in air
temperature which occurs as the PCM changes phase from liquid-gas,
solid-gas, solid-liquid or solid-solid. Figure 2.34 illustrates PCM'’s
sensible-latent heat storage behaviour.

2.5.3.1.1 PCM selection criteria

It is crucial that during PCM selection, the PCM's kinetic, chemical,
thermophysical, environmental, and economic properties are considered,
as outlined in references [260], [262], [263]. These properties determine
PCM behaviour as summarised in Table 2.5. Hence, regulates the

selection of PCMs for various applications.

Table 2.5. Properties that govern the selection of PCMs [260], [262], [263].

Thermophysical properties

i. Phase change temperature suitable for building application
ii. High latent heat of fusion per unit volume so that smaller size of container
can be used
iii. High thermal conductivity to assist in charging and discharging of PCM
within the limited time frame
iv. High specific heat so that additional energy in the form of sensible heat is
available to the TES system
V. Small volume change during phase transition and small vapour pressure at
operating temperature to avoid the containment problem
Vi. PCM should melt completely (i.e. congruent melting) during phase
transition so that the solid and liquid phases are homogenous
Vii. Thermally reliable (i.e. cycling stability) so that PCM is stable in terms of
phase change temperature and latent heat of fusion and can be used in the

long run

Kinetic properties

i High rate of nucleation to avoid supercooling of the PCM in the liquid phase

ii. High rate of crystal growth so that heat recovery from the storage system is

optimum

Chemical properties

i. Chemically compatible with construction/encapsulated materials
ii. No degradation after a large number of thermal (freeze/melt) cycles to
ensure long operation life

iii. Non-toxic, non-flammable and non-explosive to assure safety
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iv. Corrosion resistant to construction/encapsulated materials

Economic properties

i. Cost-effective
ii. Commercially available
iii. Environmental properties
iv. Low environmental impact and non-polluting during service life

V. Having recycling potential

While other properties are important criteria, studies have shown that the
PCM melting temperature and enthalpy temperature are crucial factors
for optimising thermal storage performance. As seen in Figure 2.35
melting temperature and enthalpy temperatures impact how PCMs are
grouped range [261], [264].

Enthalpy (kJ/kg)
800
700
600 -
Gas hydrates Salts and their
500 eutectic mixtures
water
400
300
Salt-water
200 eutectics
paraffins
100

-100 -50 0 50 100 150 200 250 300 350 400 450
Temperature (°C)

Figure 2.35. PCM grouping based on melting temperature and enthalpy
temperature range [261], [264]

Xiao et al. [265] developed a simplified analytic model for PCM
optimisation for energy storage by examining the optimal melting
temperature and latent heat capacity benefits under Beijing's humid
continental climate conditions. Equation 2.4 is derived based on their

results.
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Equation 2.4

Accordingly, the optimal PCM melting temperature T, is related to the
amount of radiant energy Q, absorbed by the PCM through the radiation
heat transfer rate from indoor heat sources Q,;, and the average indoor
air temperature T,. Where h;, is the heat transfer coefficient of the interior

surface A.

As outlined in the study conducted by Mehling et al. [266], two main
principles influence the effective utilisation of PCM for temperature
reduction. Xu et al. [267] developed a simulation model to assess the
thermal performance of a PCM floor. Based on the results, it is observed
that temperature swings reduce. This occurs when the PCM melting
temperature aligns with the average indoor air temperature. However, for
this temperature stabilisation to occur, it is important that the thermal
conductivity of the selected PCM be more than 0.5 W/(m K), with the heat
of fusion exceeding 120 kJ kg.

Furthermore, if the PCM melting temperature exceeds the room
temperature, it reduces temperature peaks because the temperature
drops, or rise cannot surpass a specific temperature threshold.
Consequently, selecting a PCM with a melting temperature higher than
the indoor temperature is advantageous to prevent temperature peaks,
especially in hot climates. Essentially, PCM is generally applicable in
locations with diurnal temperatures ranging between 12 — 15 K. Tropical
savannah climates exhibit diurnal temperatures with the range of 15 — 20
°C or more. This provides substantial fluctuations between daytime highs

and nighttime lows, which is suitable for PCM performance.

Furthermore, Barreneche et al. [268] developed a novel PCM selection
criteria database system for choosing PCM for building applications
based on their thermo-properties. The “PCM for comfort” database is

categorised into different PCM groupings based on various PCM
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formulations, establishing a thermal comfort range of 18 °C to 29 °C as

shown in Figure 2.36.

Furthermore, several studies have emphasised the suitability of organic
PCM and paraffins for passive cooling applications. This preference is
because of their eco-friendliness and low toxicity properties. This
category of PCMs also offer other advantages. These include
recyclability, ease of use, chemical stability, non-corrosiveness, high heat
of fusion, compatibility with building materials, and minimal volume

change during melting [269].
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Figure 2.36. "PCM for comfort” selection database for difterent building
applications

Moreover, numerous organic PCMs within the melting temperature range
of 25°C to 29°C have undergone extensive investigation [270]. Amongst
which the PCM performance study conducted by Bimaganbetova et al.
[271] highlighted the potential of utilising PCMs within this range for

passive cooling in tropical savannah climates. Bimaganbetova et al. [271]
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conducted a series of numerical simulations on PCM performance in
HVAC systems across various cities in tropical savannah climates. The
results from the study showed that when PCM 25 - PCM 29 were
integrated into the HVAC system, a 2.76 °C indoor temperature drop and
a 68.63 % reduction in cooling energy consumption were achieved. This
implies that PCMs within this melting temperature range between 25 - 29
°C can potentially be utilised for hot climates characterised by low wind
conditions, such as sub-Saharan tropical savannah climates. However, a

careful PCM selection remains crucial.

Kuznik et al. [269] and Memon [260] also presented a detailed analysis
of the thermophysical properties of several organic PCMs and paraffins
with different melting temperatures falling within this specified range as
presented in Table 2.6. Accordingly, it has been identified that vinyl
stearate, RT 27, and RT 28 HC paraffins offer a melting temperature
range between 27 - 29 °C, encompassing three distinct temperature
points within this range. These findings are consistent with the study by
Bimaganbetova et al. [271], which supports the use of PCMs with melting
temperature ranges of 27 — 29 °C for effective passive cooling and
thermal storage in climates with significant daily temperature variations,

such as tropical savannah climates.

Table 2.6. Organic PCMs in the literature [260], [269].

PCM type Temp Latent Heat Heat Thermal Therm
of Heat of Capacity Capacity Conductivi  al
Fusion Fusion, (Solid), (Solid), ty Condu
, T Hr Cps Col (Solid), Ks  ctivity
(liquid)
Ki
N-Octadecane 27 243.5 1.934 2.196 0.358 0.148
Octadecane 28- 244 —
28.1 250.7
RT27 26-28 179 1.8 24 0.2 0.2
RT 28 HC 27-29 245 1.65 2.2 0.2 0.2
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MICRONAL26 26 110

GR27 28 72 - - 0.15 0.15
MICRONAL 26 110

5001

MPCM28-D 28 180-195

U3 28 244 - - 0.28 0.22
Octadecyl 26 90

thioglycolate

Lactic acid 26 184

1-Dodecanol 26 200

Vinyl stearate 27-29 122

Paraffin C18 28 244

Methyl 29 205

palmitate

2.5.3.1.2 Encapsulation of PCM

Based on the review by Faraj et al. [228], paraffins exhibit lower enthalpy
compared to other types of PCMs. In their study, Souayfane et al. [272]
identified other limitations of paraffins associated with low thermal
conductivity (about 0.2 W/mK) and low density (less than 103 kg/ms).
However, these shortcomings can be effectively addressed through
encapsulation techniques. Significant progress has been made in
improving PCM thermal conductivity through impregnation and

encapsulation.

Cabeza et al. [273] compared the energy density of an 8.8 cm x 31.5 cm
encapsulated cylindrical aluminium container with three types of sodium
acetate trihydrate PCM modules. At a 1 K temperature difference, energy
density increased by 40 %, 57.2 %, and 66.7 % for PCM types 2, 4, and
6, respectively. At an 8 K temperature difference, the increases were 6
%, 12 %, and 16.4 %. This implies that the impact of encapsulation
diminishes as the temperature change increases. The findings also
established a thermal storage duration of 10 - 12 hours due to the
implementation of the encapsulated cylindrical aluminium containers with
the PCMs.
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According to Salunkhe et al. [274], outcomes from many studies suggest
that, in addition to enhancing thermal conductivity, PCM encapsulation
can reduce reactivity, improve physical and chemical stability during
thermal cycling, enhance phase transition performance, and prevent
leakages. The morphology of different encapsulated PCM was presented
in the review by Ghasemi et al. [275] and Alva et al. [276]. They identified
that simple encapsulated PCMs (EPCMs) usually have spherical, tubular,
or oval shapes, while irregular EPCMs are mononuclear. Other types
include EPCMs with multiple distinct cores inside a shell and EPCMs with

particles embedded in a continuous matrix, as shown in Figure 2.37.

‘ Irregular

Simple Multi-Wall

Multi-Core Matrix

Figure 2.37. Different EPCM morphologies [275]

Alva et al. [276] suggested some other viable forms of micro-
encapsulation as mononuclear spheres, polynuclear structures, multi-

layered walls, matrices, and multi-shell slurries as shown in Figure 2.38.

© 0
© 0

Mononuclear Polynuclear Matrix Multi-shell

Figure 2.38. Forms of PCM shell encapsulation [276]
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It concluded that while the shell exhibited a higher temperature than the
PCM, encapsulation had an insignificant impact on the PCM's thermal
stability. However, shell porosity negatively affected performance,
especially in high-temperature applications. Therefore, the choice of shell
composition, whether organic, inorganic, or hybrid, is crucial before the

encapsulation process.

Meanwhile, in the experiment conducted by Farid et al. [277], it was found
that impregnating PCMs in flat aluminium panels was found to increase
heat flow by 2%, although it decreased the interfacial bond. Fiedler et al.
[278] conducted a numerical study on PCM-impregnated cellular porous
matrix metals (copper, aluminium, and diamond-coated copper) using
Lattice Monte Carlo analyses. According to the results, thermal
conductivity increased by up to 80%, with the diamond-coated matrix
performing the best. Liu et al. [279] conducted experiments on the impact
of nanocarbon aerogel-based bead encapsulation on PCM thermal
conductivity and shape stability. The results indicated that heat
conduction was 25 times faster with the encapsulation than when pure
paraffin was at a phase transition enthalpy of 187-188 J-g™1. Table 2.7
summarises the outcomes of several studies that explored PCM
encapsulation and impregnation techniques. These studies primarily
investigated the application of these techniques to enhance PCM thermal

conductivity and their overall performance.

Table 2.7. Different techniques used in studies to improve PCM thermal
conductivity

Ref. Study PCM Examples of PCM Outcomes of the
method encapsulation studied studies
and

impregnation

techniques
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[278]  Numerical
study /
Lattice
Monte Carlo

analyses

Impregnation of
high conductivity
cellular porous
matrix metals
(copper,
aluminium and

diamond-coated

80% increase in PCM
thermal conductivity
with copper matrix in
comparison to
aluminium matrix.
Diamond-coated
matrix performed best.

copper)

[280]  Numerical Impregnating Natural convection
(PISO vs. PCM in module improved during PCM
SIMPLE cylindrical beams melting due to heat
and transfer enhancement
PRESTO! from the
vs. Body- encapsulation. As the
Force- PCM melted. The
Weighted mushy zone constant
schemes) C=108 best simulated
and the melting in the
Experiment vertical circular tube

which also reduced
the PCM volume.
Variations in pressure
discretization schemes
further influence the
heat transfer dynamics
and melt fraction

accuracy.

[281]  Experiment
/ Numerical

Impregnating
PCM in module
cylindrical/rectan
gular beams

The results
determined the impact
of encapsulation
shape and tube
arrangements on the
efficiency of the heat
exchanger and
provided suggestions
for future design

improvements.

[277]  Experiment

Impregnating
PCM in flat

panels

Aluminium flat panel
encapsulation
increased heat flow by
2% but also decreased

the interfacial bond.
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Increasing the amount
of aluminium foam
further reduced the
heat storage time.

[282]  Experiment Placing metal
structures —
lesser copper
rings in PCM
(copper rings of
sizes 0.5 cm and
1 cm, with
volumetric

percentages of

Using 1 cm copper
rings at 3% and 6%
volumetric
percentages reduced
PCM melting rates
compared to 0.5 cm
rings, while a 10 %
volumetric percentage
increased the melting

3%, 6%, and rate.
10%)

[279]  Experiment Placing metal The nanocarbon
beads in PCM aerogel-based bead

encapsulation
significantly improves
the PCM thermal
conductivity and shape
stability.

This achieves phase
transition enthalpies of

PCM beads i
187-188 J-g7%, with 25
times faster heat
conduction than in
neat paraffin.
[283] Experiment Placing metal The encapsulation of
/ Numerical fins in PCM 1L,2and3  PCM in an ENG matrix
at the end
of the fins  significantly enhanced

4:in the PCM, in
the periphery
i
: : Paraffin

the thermal
performance, resulting
in an Overall Heat
Transfer Coefficient
(OHTC) of about 3000
W m—2K™1

The composite
material's thermal
conductivity became
approximately 100
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times greater than that
of the PCM without
encapsulation.

[284]  Experiment Using low density The encapsulation of
/ Numerical highly conductive the tube with fibres
materials (carbon significantly enhanced
fibres) in PCM the heat exchange
rate during both the
charge and discharge
processes.
The fibres reduced the
time required to reach
a heat exchange rate
of 0.1 kW by 10-20%
during charging and
about 30% during
discharging.
[285]  Experiment Microencapsulati Al-Si alloy
ng PCM (Al-Si microspheres with a-
alloy Al203 encapsulated
microspheres shells significantly
with a-Al203 balls improved the thermal
or beads) to stability and durability.
improve heat At high temperatures
transfer surface. up to 573°C latent
heat reached 247 J
g~1. This shows great
promise for future
energy and chemical
processes.
[286]  Experiment Dispersing The natural graphite
/ T method graphite flakes in flakes (NGF)
PCM (molten significantly shortened
salt) the solidification
duration and reduced
the enthalpy by 13 %
at 3 wt.%.
[287]  Experiment Dispersing TES performance

aluminium/coppe

improved with the
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inclusion of the D-
Mannitol (DM) with 2%

micron-sized copper

r particles in
PCM

particles.

Total phase change
time by 22% during
charging and 16%
during discharging

compared to plain DM.
Improved enthalpy of
fusion, phase
transition temperature,

and thermal stability.

[288]  Experiment Dispersing silver The melting
nanoparticles in
PCM

temperature was
reduced based on
silver nanoparticles of
0.05% and 0.1% mass

fraction.

Despite that encapsulation and impregnation increases PCM thermal
conductivity, it is noted that these enhancements may come at the
expense of reducing the PCM's heat storage capacity. Therefore, it is
recommended that the mass/volume fraction of such encapsulated or

impregnated PCMs be carefully examined [260].

Paraffins PCM have been proposed in various studies as suitable for
building cooling applications due to their chemical stability, non-corrosive
and non-toxic properties, and minimal supercooling during solidification
[289]. Meanwhile, research indicates that paraffin encapsulation with
either aluminium, stainless steel, or copper exhibits the best thermal
conductivity enhancement and material compatibility. Detailed in Table
2.8 is the comparative analysis conducted by Kahwaji et al. [290] to
evaluate the chemical compatibilities of PCMs with different materials.
Corrosion rates were examined at 75 °C except for Al laminate foil.
Aluminium and copper were identified to have had good chemical
compatibility with paraffin PCM. The encapsulation compatibility of other

metals with paraffin PCM was also assessed. But among all the plastic
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encapsulation materials tested, only polycarbonate, Type | PVC, and
ABS plastic demonstrated superior compatibility with paraffin PCM.
Encapsulation of paraffin suggests a greater opportunity for use as TES

or combined with other passive cooling systems.

Table 2.8. Chemical compatibility chart for six paraffin PCM (Kahwaji et al,
2018)

* Recommended for long term use (|JC&|< 10mg cm-2 yr-1)
! Recommended with caution (10<|C&|< 50mg cm-2 yr-1)
X Not recommended for use (|C&|= 50mg cm-2 yr-1)
2 3 -
s 3 3 2 9 @ o 2
c = £ 0 7] — = © S o O o o
E E E £ ¢ 8 ¢ 9 5 » S 2 & %
s 3 3= £ £ a o J S € g g o py @
< <« <« 8 & o 9 b N & 2 & < 2 &7
- ™ o 7] o O O ~ g S 2 L= o S S
€ g 8 3 9 g9 J =25 35 & & 2 3 3
© ©®© B ® ™M 49 +H Z2 = 4o o O FEF »n < zZ
Nonade * * * * * * * * * * X | * X ] |
cane
EICOS&n * * * * * * | * * * X | * X * X
e
DOCOSa * * * * * * | * * * X | * X * X
ne
Pal’afflﬂ * * * * * * * * * * X | * X * |
Wax 48
Paraffin * * * * * * * * ! * X ! * X ! !
Wax 52
Paraffln * * * * * * * * | * X * * X * |
Wax 58

2.5.3.2 PCM-integrated passive cooling systems

Several studies have investigated the TES impact of PCM integration
with passive cooling systems. Osterman et al. [291] identified that PCM
integration with cooling systems can be categorised into four groups:
PCM in free cooling applications, encapsulated PCM systems, PCM in
air-conditioning (AC) systems, and PCM in sorption cooling systems.
Other studies have also explored PCM integration in building envelopes
[292], PCM in free cooling applications [293] and PCM as heat storage
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units in cooling systems [291]. Table 2.9 provides an additional summary

of reviews conducted studies on PCM integration in various building

applications for passive cooling [62]. Furthermore, PCM integration with

passive ventilation systems has been extensively studied, although less

research conducted on passive ventilation systems such as the

windcatcher.

Table 2.9. Reviews carried out on PCM integration in different building

applications [62]

Review focus

Study Outcomes

Gaps in Ref.
literature/limitations/reco

mmendations

Commercial PCM
in building
applications

Types of PCM used
in energy storage
applications in
buildings

PCM selection for
building
applications and
encapsulation
methods
Experimental and
numerical studies
of the effect of PCM
on building energy

performance.

Passive cooling
simulation tools

such as Energy

Possibility to use most
commercial PCM in
buildings.

PCM require little or no
structural modification for
integration in passive
cooling systems and
buildings
Thermo-physical properties
affect PCM selection for
building cooling

applications

Encapsulation improves

PCM cooling performance

PCM is good for buildings
where shifting peak loads
is needed.

PCM decreases indoor

temperature fluctuation

Possibility to Implement
PCM passive cooling in

different climatic conditions

Overcoming the [270]
limitation caused by
lowering latent heat
storage per

unit weight to realise
increased PCM thermal
conductivity.

Future studies to focus [294]
on finding solutions to
PCM sub-cooling,
segregation and PCM
compatibility with other
materials

Future studies should [295]
focus on the selection
criteria of active and
passive PCM-based
cooling systems

The problem of [272]
incomplete PCM
solidification during the
discharging phase.
PCM low convective
heat transfer
Insufficient studies [296]
towards more advanced

numerical modelling for
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Plus, TRNSYS, PCM-based ventilation

ESP-r cooling performance

2.5.3.3 PCM-integrated passive ventilation systems

The ability of PCMs to absorb and release substantial amounts of latent
heat while exhibiting minimal temperature variation [297] particularly
offers the opportunity to reduce and stabilise air temperature for effective
passive cooling [298]. The study conducted by Lizana et al. [299]
highlighted the advantages of integrating PCM into ventilation systems to
enhance PCM-air heat transfer and reduce the required amount of PCM
for cooling in buildings. However, determining the size and arrangement
of PCM is crucial for enhancing the efficiency of TES in a ventilation
system. Additionally, the arrangement of PCM impacts the energy
charging rate in any system, making an appropriate PCM arrangement
beneficial for improving the overall performance of the ventilation system.
For example, in a numerical study conducted by Liang et al. [300], the
impact of PCM plate configuration relative to airflow rates on the rate of
heat flow was examined. The study observed that a 36.34% and 55.97%
increase in the charging/discharging process was achieved with
optimised PCM flat plate arrangements.

Likewise, appropriate sizing of PCM is crucial for achieving optimal
thermal performance when integrated into passive ventilation systems.
Hu et al. [301] conducted a performance analysis on a PCM heat
exchanger integrated into a window, which pre-cooled the supply air into
the building. The study revealed that increasing the thickness of the PCM
heat exchanger to 5 mm enhanced overall thermal performance and
improved indoor cooling. Hence, a ventilation air temperature reduction
of 6.5 °C was achieved at 3.9 hours of pre-cooling effective time. In an
experiment by Weinlader et al. [302], a PCM integrated into a ventilated
ceiling demonstrated improved heat transfer at an airflow rate of

300 m3/h, resulting in a 2 K drop in operative temperature. These findings
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underscore the practicality of incorporating PCM into passive ventilation
systems. However, according to O'Connor et al. [303], there have been
limited efforts in utilising PCMs in passive ventilation systems, indicating
significant study potential for PCM integration in passive ventilation

systems such as windcatchers.
2.5.3.4 PCM integrated with windcatcher system

Seidabadi et al. [49] conducted a heat transfer study on an integrated
two-sided windcatcher with PCM using MATLAB software. As indicated
in Figure 2.39, the PCM was placed on the interior of the 35 cm thick
Styrofoam-insulated brick windcatcher wall. As ambient air passed over
the PCM, the results demonstrated a 15 K reduction in air temperature,
maintaining a 36 °C air temperature for 7 hours between 12:00 P.M. and
7:00 P.M. However, reduced air-PCM heat transfer was still observed
due to the PCM's location inside the windcatcher wall.
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Figure 2.39. PCM placed on the windcatcher interior wall [49]

In a study by Lizana et al. [299], an improved air-PCM heat transfer rate
was achieved when the PCM was directly integrated into the airstream of
a ventilated cooling ceiling. Rouault et al. [281] conducted a numerical
study on a latent heat TES (LHTES) ventilation system, which revealed
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a strong correlation between the shape of the PCM profiles, the
arrangement of PCM within the system, the air-PCM heat transfer rate,
and the performance of close contact melting. Abdo et al. [50] studied the
cooling performance of an integrated two-sided windcatcher with PCM
and achieved a temperature reduction of 9.85 % (2.78 °C) when PCM

was placed directly in the airstream.

Despite the positive outcomes from previous studies that investigated
different windcatcher types, there is a lack of research specifically
examining the TES performance of multi-directional windcatcher
systems. Moreover, a notable absence of studies focusing on the cooling
and TES performance of solar-fan-assisted multi-directional
windcatchers integrated with PCMs is evident. Additionally, the impact of
wind speed on the TES performance of multi-directional windcatcher
hybrid ventilation systems remain poorly understood and has not

received sufficient attention in research endeavours.

2.6 Chapter’s concluding remarks

Passive cooling and ventilation systems represent promising solutions for
achieving indoor comfort in hot climates. While the need for
dehumidification may not be necessary for some hot climates, it is crucial
to acknowledge both cooling and ventilation as fundamental to building
occupants’ indoor comfort in many hot climates. Hence, buildings can
optimise indoor environmental quality and thermal comfort by combining
the use of passive cooling and ventilation systems. However, the most
critical parameter that affects the effectiveness of passive cooling
systems in tropical savannah climates is the ability to stabilise fluctuating
indoor temperatures. While passive ventilation systems that can function
under minimal outdoor winds are desirable. The review explored studies
on ground cooling, radiative cooling, and evaporative cooling systems,

highlighting their advantages and potential based on various
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performance scenarios in hot climates. Meanwhile, in terms of indoor

ventilation, the literature reviewed passive ventilation systems as

categorised into two broad categories either solar-induced ventilation

systems or wind-driven ventilation systems.

2.6.1 Performance and limitations in the passive cooling systems

discussed in literature

Evaporative cooling systems can reduce PM2.5 by 10-40 % and
PM10 by 50 % but are effective only under < 25 °C wet-bulb
outdoor temperatures, introducing unwanted humidity. In climates
with more than 25 °C wet-bulb temperatures like tropical savannah
climates, evaporative cooling may promote mosquito breeding,

legionnaire bacteria, and system corrosion.

Radiative cooling past research has focused mainly on the impact
of radiative surfaces and solar radiation on radiative cooling
system performance. In low-humidity climates, radiative cooling
performs better. However, in hot humid climates, radiant heat loss
is lower, reducing efficiency to 40-50 W/m2. Changes in sky
conditions affect performance, impacting cool air storage,

especially during intense solar radiation.

Ground cooling relies on underground temperatures lower than
ambient air. In extremely hot climates, achieving low enough
underground cooling may pose a challenge impacting on
effectiveness of ground cooling in such extreme climatic
conditions. Heat dissipaters can enhance ground cooling
performance to overcome this limitation. However, humidity
buildup in earth pipes in hot, humid climates limits effectiveness.
Notwithstanding balancing ventilation, installation costs, and
energy consumption still pose a challenge to ground cooling

system utilisation.
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2.6.2

Performance and limitations in the passive ventilation

systems discussed in the literature

Passive ventilation systems can be categorised into solar-induced
(e.g., Trombe wall, solar chimney) and wind-driven (e.g., wind
cowls, windcatchers).

Solar-induced systems rely on temperature differences to facilitate
ventilation, while wind-driven systems use induced wind speeds,
contributing 76% more effectively to ventilation.

Four-sided multi-directional windcatchers can be used in low wind
conditions, and urban areas and are the most common types used
as commercial windcatchers.

Windcatcher performance has been mainly assessed through
experiments, numerical studies, field tests, and wind tunnels.

The performance of windcatcher ventilation is based on winds,
wind angles, air temperature and pressure. Accordingly, optimal
windcatcher ventilation can be achieved at a 0° wind angle. In low
wind conditions, the utilisation of a fan can help address pressure
imbalances and irregular air flow, improving windcatcher
ventilation.

Windcatchers can only achieve minimal temperature drops in hot
climates. To improve on this cooling deficiency, other passive
cooling systems such as evaporative cooling, and heat pipes can
be employed. However, heat pipes are favoured over evaporative
cooling for water conservation and in climates with high humidity.
Windcatchers even if cooling deficiency is improved, are still
limited in their ability to stabilise indoor temperatures in climates
with fluctuating outdoor conditions such as that of sub-Saharan

African tropical savannah climates.
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2.6.3

Performance and limitations of TES discussed in the

literature

TES are either sensible heat storage, latent heat storage,
thermochemical energy storage, or in a combined form.

The thermal heat energy of PCM makes them advantageous for
integration in ventilation systems like the wind catcher to pre-cool
and post-cool air.

PCM melting temperature and enthalpy temperature are a crucial
factor for optimising thermal storage performance.

PCM with melting temperatures between 25-29°C (PCM 25 - PCM
29) is the most suitable for passive cooling applications in
buildings located in the sub-Saharan Africa tropical savannah
climate.

Paraffin PCM fall within the range of "PCM for comfort" and are
mostly used for passive cooling in buildings and their thermal
conductivity properties can be improved by encapsulation with
aluminium, stainless steel and copper without experiencing
corrosion.

Aluminium and copper have good chemical compatibility with
paraffin PCM. While polycarbonate, Type | PVC, and ABS plastic
can also be used as encapsulation materials.

Both RT27 and RT28HC paraffin PCM were studied and have
been identified to be the PCM having the closest melting
temperature which is within the comfort range target for buildings
in tropical savannah climates. However, the latter, RT28HC is the
higher-performing paraffin in comparison with RT27 and is
preferred.

The arrangement and sizing of PCM in the air channel of a
ventilation system affect the PCM energy charging rate. Hence,
the PCM efficiency improves with the right sizing and

arrangement.
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e PCMs can offer streamlined integration that can improve the TES

performance of windcatchers.
2.7 Research gaps

e Tropical savannah climates have been largely overlooked in
windcatcher research, particularly those adaptable to residential
buildings.

e While windcatcher cooling performance studies exist, studies
focusing on improving windcatchers' ability to consistently reduce
and stabilise supply air temperature are scarce.

e Few windcatcher studies integrating PCM focus on indoor
temperature reduction and air stabilisation, with limited discussion
on the role of external air temperature in enhancing or limiting
performance.

e Research on the TES performance of multi-directional
windcatcher systems is lacking despite previous studies on
different windcatcher types.

¢ While a few CFD studies have investigated windcatcher thermal
storage improvement, the impact of PCM arrangement in a multi-
directional windcatcher still requires further studies.

e Particularly, there is a notable absence of studies on the combined
ventilation, cooling, and TES performance of solar-fan-assisted
multi-directional windcatchers integrated with encapsulated PCMs
under typical sub-Saharan African tropical savannah climates in

the existing literature.
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Chapter 3

3 The proposed EPCM-HMW system

3.1 Overview of chapter

Chapter 2 (section 2.7) identified research gaps in existing studies,
highlighting the need for new research on solar-fan-assisted multi-
directional windcatchers integrated with encapsulated PCMs. These
gaps emphasised the importance of improving windcatcher ventilation,
cooling, and thermal storage performance in sub-Saharan African
tropical savannah climates. To address these gaps, this chapter

introduces and describes the novel EPCM-HMW system.

The methodological approach adopted to develop and assess the EPCM-
HMW is detailed in this chapter. Firstly, the conceptual physical model
development of the system is highlighted, followed by the theoretical
model formulation, and concluding with the specific computational fluid
dynamics (CFD) simulation approach utilised in the study, within the
context of other CFD numerical methods. To maintain a logical flow, the
contents presented in this chapter are organised in line with these three
distinct sub-sections as illustrated in Figure 3.1. The chapter provides
insights into the rationale behind the EPCM-HMW system design choice,

and the methods adopted for its investigation.

Physical model
development Theoretical model ST

formulation

fluid dynamics
(CFD)

Figure 3.1. Sequential flow of Chapter 3 discussions
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3.2 Physical model development

The physical model development of the EPCM-HMW system involved
defining and conceptualising the overall system. This entailed specifying
the technical characteristics and operational mechanisms of each system
component and ensuring seamless integration with the overall
operational concept of the entire system. Additionally, this phase
explored the rationale behind the system design for its effective operation

within the intended climatic environment.
3.2.1 System description and components definition

The EPCM-HMW system integrates a solar fan-assisted multi-directional
windcatcher with EPCM-Ts. Hence, the EPCM-HMW system comprises

of three main components:

i. A multi-directional windcatcher
ii. A wall-mounted solar axial fan
iii. EPCM-Ts

The multi-directional windcatcher component is divided by an X-shaped
partition into four quadrants as shown in Figure 3.2. This partitioning
prevents crossflow within the airstreams, ensuring that incoming and
outgoing air remain separated. One quadrant is designated for supply
airflow, while the others are for exhaust airflows. The airflow patterns
within each quadrant may vary based on the incident wind direction and
the positions of the EPCM-Ts within the airstreams. Additionally, as
shown in Figure 3.2, the windcatcher louvres are angled at 45 ©°, aligning
with the standard louvre angles used in commercial windcatchers [304].
This angle is also consistent with previous windcatcher studies
conducted by Calautit et al. [305].
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multi-directional
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after contact with EPCM-T inside the space

X-shaped partitions / Quadrants

air channels

Figure 3.2. The EPCM-HMW System

The EPCM-Ts are vertically positioned within the airstreams of the
EPCM-HMW system to enhance the PCM-air contact surface area.
Mounted on the windward side of the system, directly above the EPCM-
Ts, is a wall-mounted solar axial fan. Operating in hybrid ventilation
mode, the fan’s static pressure capacity effectively mitigates airflow
resistance and fluctuations caused by the presence of the EPCM-Ts
within the airstreams. Additionally, the fan’s operation enhances air
movement, thereby improving PCM-air heat transfer. Table 3.1 shows the
dimension details of the windcatcher and EPCM-T components base case
models. The conceptual coupling of all the components to form the EPCM-

HMW system is graphically shown in Figure 3.3.

Table 3.1. Detailed dimensions of the windcatcher and the EPCM-T
components base case models.

component dimension type value unit
Windcatcher base length of windcatcher w 1.4 m
model
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width of windcatcher Wiy 1.4 m

height of windcatcher hw 1.7 m
the thickness of the windcatcher Dw 0.2 m
wall
number of windcatcher air Whents 7 nos.
vents/side
Selected EPCM-T length of EPCM-T Ip 0.500 m
base model
width of EPCM-T Wp 0.050 m
breadth of EPCM-T bp 0.060 m
EPCM-T profile thickness Tp 0.001 m
Solar wall- solar fan opening measured on Ds-w 0.110 m

mounted axial fan windcatcher wall

ventilation capacity (m3/ h) Ve 60 m3/
h
pressure jump (Pa) P 10 Pa
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Figure 3.3. Main components within the EPCM-HMW system including the
system’s airflow and cooling operational concept.

3.2.2 Conceptualisation and development of the EPCM-HMW

system

The EPCM-HMW system was developed in two stages. First, EPCM-T

profiles were conceptualised and designed as the basis for the initial

Olamide Eso, Ph.D Thesis, 2024 9% |Page



EPCM-T parametric study, leading to the selection of the EPCM-T profile

used in the system.
3.2.2.1 EPCM-T geometry designs

Four different EPCM-T designs were developed: shell-tube rectangular
EPCM-T (model 1A), and shell-tube cylindrical EPCM-T (model 2A),
rectangular EPCM-T (model 1B), cylindrical EPCM-T (model 2B). These
designs were evaluated for integration into the EPCM-HMW system.
Figures 3.4 to 3.7 depict graphical representations of each design, while
Tables 3.2 to 3.5 provide detailed specifications and dimensions.

609 e E/I\ i

Figure 3.4. EPCM-T shell-tube rectangular EPCM-T (model 1A): (a) 3D-
view (b) plan view

Table 3.2. Dimension specifications of the EPCM-T shell-tube rectangular
EPCM-T (model 1A).

EPCM-T sample dimension type value unit

EPCM-T length of EPCM-T Ip 0.500 m

shell-tube outer tube width Wp(o) 0.050 m

rectangular breadth bp(o) 0.060 m

EPCM-T inner tube width Wh(i) 0.040 m

(model 1A) breadth bp) 0.050 m
encapsulation thickness Tp 0.001 m
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(@)

Figure 3.5. EPCM-T shell-tube cylindrical EPCM-T (model ZA): (a) 3D- view
(b) plan view

)

Table 3.3. Dimension specifications of the EPCM-T shell-tube cylindrical
EPCM-T (model 2A).

EPCM-T dimension type value unit
sample
EPCM-T shell- length of EPCM-T Ip 0.500 m
tube cylindrical outer tube diameter D (o) 0.100 m
EPCM-T (model radius I'o(0) 0.050 m
2A) inner tube diameter DBt 0.080 m
radius Ip(i) 0.040 m
encapsulation thickness Tp 0.001 m

\o

bp

s N

(a) b

Figure 3.6. EPCM-T rectangular EPCM-T (model 1B): (a) 3D- view (b) plan
view

Table 3.4. Dimension specifications of the EPCM-T rectangular EPCM-T
(model 1B).

EPCM-T sample Dimension type value unit

EPCM-T length of EPCM-T I 0.500 m

rectangular width Wp 0050 m
breadth bp 0.060 m
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EPCM-T (model encapsulation thickness Tp 0.001 m
1B)

Figure 3.7. EPCM-T cylindrical EPCM-T (model ZB): (a) 3D-view (b) plan
view

Table 3.5. Dimension specifications of the EPCM-T cylindrical profile
sample.

EPCM-T sample dimension type value unit

EPCM-T cylindrical length of EPCM-T Ip 0.500 m

EPCM-T (model 2B) i meter Bp 0100 m
radius Ip 0.050 m
encapsulation thickness Tp 0.001 m

3.2.2.1.1 Factors considered in the EPCM-T parametric design study

The primary goal of the EPCM-T parametric designs was to identify the
most effective geometry capable of achieving a prolonged, stabilised,
and reduced supply air temperature over time. Key factors considered in
the parametric study included:

i.  Impact of ambient airflow on the heat transfer rate between the
PCM and encapsulated tube materials, and its effect on
temperature variations within each EPCM-T design over time.

ii. Impact of different encapsulated tube materials on the thermal

storage performance of each EPCM-T design over time.
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The findings from the EPCM-T parametric design study guided the
determination of the number of EPCM-T units required for integration into

the main EPCM-HMW system.

3.2.2.2 EPCM-HMW system design based on different EPCM-T

arrangements

The geometry of the EPCM-HMW system was first developed as a three-
dimensional (3D) geometry using Rhinoceros 6 CAD software. It was then
refined into a simplified computational physical model in ANSYS 18.0
Design Modeler. To further understand the impact of EPCM-T inclusion
in the system, two distinct EPCM-T arrangements within the airstreams

were incorporated in the EPCM-HMW system, represented as Case 1

and Case 2.
(a) Case 1 (b) Case 2
\ CTTTT 11T
il -
== - -
1
) " 6.00cm R
S i !m o 48 EPCM-Ts 197 EPCM-Ts
7 < o \\ . .
; I§ é: \ within a single evenly distributed
i Gy ' . i
: a— i' - {m ! supply airstream in all four
' g ! airstreams.
N\

Figure 3.8. Two different arrangements of the EPCM-Ts within the
airstreams of the EPCM-HMW system
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EPCM-HMW Case 1. As indicated in Figure 3.8, Case 1 represents the
model when integrated with 48 EPCM-Ts placed within the supply

airstream.

EPCM-HMW Case 2: In Case 2, 48 EPCM-Ts were placed in each of the
system’s airstreams (supply and exhaust), resulting in a total of 197

EPCM-Ts evenly distributed across all four airstreams.

3.2.2.3 Justification for the EPCM-HMW system's novel integrated

design

The multi-directional windcatcher component of the EPCM-HMW system
shares similarities with the windcatcher design by Calautit et al. [305].
The decision to incorporate EPCM-Ts stemmed from the necessity to
address both the thermal storage and cooling limitations observed in
traditional multi-directional windcatchers. The vertical placement of the
EPCM-Ts directly inside the airstreams improves the PCM-air close
contact melting process, addressing limitations identified in previous
studies by Seidabadi et al. [49] and Abdo et al. [306]. Additionally, in
Sub-Saharan Africa’s tropical savannah climates characterised by low
wind conditions, the wall-mounted solar axial fan component augments
airflow during reduced wind speed periods without additional energy from
the grid.

Designing two different EPCM-T configurations within the EPCM-HMW
system for investigation allows for a deeper understanding of how
different EPCM-T integration modes influence airflow patterns,
temperature distribution, and the system’s potential for temperature

stabilisation, to optimising the overall system performance.
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3.2.3 Operational and working principles

The typical operation of the EPCM-HMW system is based on three key
simultaneous processes: airflow, thermal storage, and air cooling. These

modes of operation collectively define the system’s performance.

3.2.3.1 The cooling operation of the EPCM-HMW system

The cooling operation primarily occurs due to the inclusion of EPCM-Ts
within the system’s airstreams. Warm outside air enters through the
windward vents into the supply airstream, passing directly over the EPCM-
Ts and into the indoor space. This EPCM-T-to-air interaction facilitates an
efficient heat transfer process, absorbing heat from the incoming air before

it enters the indoor space as cooled air.

Simultaneously, warm, used, and stale air from the indoor space is
expelled through the exhaust vents on the leeward side, creating a vacuum
that allows fresh air to replace the stale air, causing the warm air to rise
out of the space. Additionally, the temperature difference between
incoming and outgoing air further promotes buoyancy, aiding indoor-
outdoor air exchange. This entire process helps achieve a balanced

cooling effect within the indoor space.

3.2.3.2 The thermal storage operation of the EPCM-HMW system

The EPCM-Ts are responsible for the thermal storage operation of the
system, acting as thermal batteries. While cooling the incoming air, the
heat absorbed from it is stored inside the PCM as latent heat. The
encapsulation of the PCM further improves the effectiveness of this PCM-
air heat transfer. During absorption, the PCM begins transitioning from a
solid to a liquid state, storing the heat over time until complete PCM
melting occurs. Consequently, not only does the temperature of the
incoming air reduce, but it also achieves a stabilised state throughout the

phase change process until the PCM completely melts. This enables the
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incoming air to maintain a reduced temperature state for an extended

period.

3.2.3.3 The passive ventilation operation of the EPCM-HMW system

The system primarily relies on passive ventilation with a secondary
reliance on hybrid ventilation. As air flows from the windward vents,
positive pressure is generated, pushing air into the system. Conversely,
negative pressure occurs at the leeward side, drawing stale air out of the
indoor space. The passive ventilation operation is facilitated by buoyancy
resulting from the temperature difference between indoor and outdoor air,
which is further enhanced by natural convection. Warm indoor air rises,
creating a vacuum that allows cooler incoming air, already cooled by the
EPCM-Ts, to enter the indoor space. The placement of the system on top
of the indoor space encourages vertical airflow, facilitating the easy

escape of warm stale air and promoting better indoor air circulation.

3.2.3.4 The hybrid ventilation operation of the EPCM-HMW system

Since wind speeds in the target region can drop as low as 2 m/s, the
system incorporates a hybrid ventilation mode alongside passive
ventilation. This is achieved through the use of a low-speed, wall-
mounted solar axial fan, which serves as a secondary vent to enhance
airflow and complement the system’s overall ventilation performance.
Essentially, the fan operates concurrently with passive ventilation,

ensuring consistent airflow throughout the ventilation process.

3.3 Theoretical model formulation

The EPCM-HMW system theoretically exhibits two main phenomena:
turbulent airflow and PCM heat transfer, both crucial for understanding
its ventilation, cooling, and thermal storage performance. A theoretical

modular approach combining two key sub-models is adopted: a turbulent
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airflow model for ventilation and a PCM heat transfer model for thermal

storage and cooling.

3.3.1 Theoretical sub-models

The two theoretical sub-models discussed in this section are essential to
the analytical framework adopted for understanding turbulent airflow for
ventilation performance and PCM heat transfer for thermal storage and
cooling performance. These sub-models combined output variables
predict the overall operational behaviour of the EPCM-HMW system and

form the foundation for the CFD numerical code and algorithm’s solution.

3.3.1.1 Turbulent airflow models for ventilation

Turbulence models are primary computational approaches for predicting
convection in indoor airflows [307]. According to the “Best Practice:
RANS Turbulence Modelling in Ansys CFD” guideline, a turbulence
model is chosen based on its ability to accurately represent a given flow
or class of flows [308]. However, the accuracy is dependent on the
complexity of the turbulent flow phenomena being replicated [309] These
models solve time-averaged governing fluid flow equations while
determining Reynolds stress factors in the flow fields. However, their
complexity varies, from simple eddy viscosity formulas to more
complicated algebraic stress models and Reynolds-stress differential

eqguations, which provide exact flow and transport solutions.

For example, standard turbulence models for incompressible fluids
determine eddy viscosity values, emphasising the relationship of viscous
stresses to the rate of fluid deformation elements, as indicated in
equations 3.1 and 3.2, which are analogous [309]. This addresses the
internal friction, or barrier to flow, between adjacent fluid layers moving

at different velocities [309].
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ou; , ou;j .

Ty = pej = | (a_x: + B_xj) Equation 3.1
ou | Oy ,

Ty = pujul = p (a_zjl + 8—2) Equation 3.2

Where u is the dynamic viscosity, . is the eddy viscosity. Ttj; is the
Reynolds stress component in the fluid flow in directions i and j., which

can be linked to the shear stress tensor. p is the fluid density. The terms

u;u; represent the fluctuating velocity components in directions i and j.
While % represents how the fluid flow velocity changes in directions i
]

and j.

Zhai et al. [310] emphasised the importance of using different turbulent
modelling approaches for indoor airflow assessment, especially when the
influence of external wind conditions on internal airflow phenomena is
considered. Cook [311] outlined various methods for solving turbulent
airflow models, including analytical, numerical, semi-empirical, and
empirical models. While empirical models are widely seen as the most
accurate but quite complex, numerical models, particularly those using
pre-simulated computer-based databases, are less complex and can
solve mathematical equations that cannot be solved using analytical
methods. There are three widely accepted CFD turbulent airflow models
found in the existing literature: RANS (Reynolds-Averaged Navier—
Stokes) equations simulation, LES (Large-Eddy Simulation), and DNS

(Direct Numerical Simulation) [312].

Zhai et al. [312] noted that DNS solves Navier-Stokes equations without
approximations, while LES characterises turbulent flows with
macroscopic structures of three-dimensional time-dependent large
eddies and small eddies. Another study by Zhang et al. [313] assessed
eight different turbulent airflow models for four geometries. It was
concluded that LES eliminates the need for fine grids or small-time steps

but offers a more detailed airflow solution and requires less
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computational resources compared to DNS. However, both the DNS and
LES required more computational resources than RANS. In another
study by Diarce et al. [314], it was concluded that RANS is more widely
accepted than DNS and LES methods because RANS has the advantage
of being able to calculate averaged flow quantities that represent several
turbulence scales. Accordingly, the time-averaged general RANS

equation for stationary incompressible turbulent flow is given by:

— ﬁi _ ral a — aﬁi oau;j 77 .
pujﬁj = pfi + ox; [—P5ij + u (a_xj+ —’) - pulu]] Equation 3.3

6xl-

p represents the density of the fluid; u; and u; are the velocity components

inthe jandi directions. But the unsteady mean momentum and fluid flow

convection represented by pﬁj% is achieved when the average body
)

force per unit mass pf; in the i direction; and isotropic stress % due to
]

Reynolds’ stress puju; which includes pressure field isotropic stress,
viscous stress, and apparent stress from velocity field fluctuations are

balanced.

To complete the RANS equation, especially in nonlinear Reynolds
scenarios, further modelling is required which necessitates adjustments
to various types of RANS turbulence models. In this light, several two-
equation turbulence models, including the RNG k-g, standard k-g,
realizable k-g, standard k-w and SST k-w and SST k-w models, have
been discussed in the context of turbulent airflow and temperature
distribution simulations in existing studies [315]. However, the selection
of a turbulence model for CFD simulations is a critical aspect influenced
by various factors such as computational time and accuracy needed to
be achieved for the model solution [313]. Nonetheless, amongst all the
turbulence models, the standard k-¢ turbulence model was selected. The
rationale behind this selection is discussed in section 3.3.1.1.1.
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3.3.1.1.1 Justification for the selected turbulent model

The selection of the turbulence model for this study was guided by
established advantages and limitations highlighted in previous studies.
Zhai et al. [312] provided insights into different RANS turbulence models,
highlighting their characteristics and applicability in indoor airflow
modelling. In a subsequent study by Zhang et al. [313], comparing
turbulent model results of four geometries with experimental data from
existing literature, the RNG k-¢ and a modified V2t model were identified

as offering superior model performance.

The RNG k-£¢ model is a semi-empirical model, similar to the standard k-
€ model. However, it combines empirical correlations with physical
principles derived from the turbulence kinetic energy (k) and dissipation
rate (€) transport equations [316] to provide accurate predictions for flows
with turbulent shear layers, separated flows, and recirculation zones.
However, it has limitations in predicting complex, buoyancy-driven flows,

especially at low airflow conditions and near walls.

The standard k-£¢ model is suitable for various flow regimes, including free
shear flows, boundary layer flows, and internal flows. Walsh et al. [317]
found that this model effectively captures near-wall turbulence behaviour
by employing wall functions influenced by viscous effects and boundary
layer dynamics. Their study concluded that the standard k-¢ model was
the most effective for indoor airflow in thermal environments. Similarly,
many windcatcher studies have utilised this model, highlighting its
acceptance and suitability in this domain [29], [175], [176], [318], [319],
[320], [321], [322], [323].

While the SST k-w model is another option for turbulent airflow cases
involving free shear and wall-bounded flows, it is a fully empirical model.
This results in additional computational time caused by the interaction
between near-wall k-¢, far-field k-w components, and refinements in the

computational domain [309].
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Considering these established advantages and limitations of the various
turbulent models discussed, the need to balance between accuracy and
computational efficiency is of high importance. Tailored to this specific
study’s requirements and its relevance in solving the free shear and wall-

bounded internal flows, the standard k-€ model was chosen for this study.

3.3.1.1.2 Governing equations for turbulent airflow in the EPCM-
HMW system

The standard k-¢ turbulence model selected for this study generally
combines two transport equations: turbulent kinetic energy (k) and
turbulent dissipation rate (¢). The equations are derived from the general
RANs equations as discussed in established studies of Mumovic et al.
[324] and Teodosiu et al. [325]. The governing equations were therefore

adopted without any further changes.

The turbulent kinetic energy (k) is governed by:

d(pk)

TV (k)= 7" laxkesVE] + Gy + Gy — pe Equation 3.4

Gy is the TKE source caused by average velocity gradient; G, represents
the TKE source based on buoyancy force; the Turbulent Prandtl’s are
represented by constants oy, and ag; while vectors C,,, C,. and C5, are

the empirical model constants.

The energy dissipation rate (€) is governed by:

Z(Y)+ V- (pu¥) = =V J,+R; +5; Equation 3.5

where ]T represents fusion flux of species i, R; represents the net rate of
production of species i; S; is the rate of creating species by addition from

the dispersed phase and any user-defined sources.
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The conservation equations for mass, momentum, and energy, which are
fundamental in describing all transport phenomena in fluid dynamics,
were solved using the CFD codes alongside the turbulence model

equations.

Accordingly, the conservation of mass (continuity equation) in the

turbulent airflow was given in Chen et al.’s study [326] as:

ap d _ .
2 +o (pu;)) =0 FEquation 3.6

Where the fluid velocity in the model is represented by u; the density of

air is represented by p; and time is t.

The momentum conservation (Navier-Stokes equations) in the model is
governed by:

a(pu)
ot

+ V-(puu) = = Vp+pg+V- (uu) -V -1, Equation 3.7
The vectors in the equations are represented as p pressure, and g as the
gravitational acceleration. The molecular dynamic viscosity u; T;
represents the turbulence stress divergence that occurs due to the
velocity fluctuations caused by the auxiliary stresses in the model .

The energy conservation in the model is solved by:

d(pe)
at

+ V-(peu) = V- (kesVT)— V- (Tihiji) Equation 3.8

e represents specific internal energy and effective heat conductivity is
Kq¢r; the temperature of the air is represented by T; h; represents the fluid-

specific enthalpy, while j; is the mass flux.
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3.3.1.2 PCM heat transfer models for thermal storage and cooling

PCM isothermal heat transfer problems generally often involve solving
moving boundary problems, known as the “Stefan problem”. Stefan’s
study [327] described the heat transfer mechanism that occurs during
PCM melting, identifying two distinct phases. The solid phase Qg, and the
liquid phase (), are separated by a moving interface with a temperature
field corresponding to the melting temperature T, [328]. However,
assessing PCM thermal storage requires a thorough understanding of
the transient performance of the isothermal phase change process based
on different PCM heat transfer models [329]. The enthalpy technique,
heat capacity method, and temperature method are the most commonly
accepted numerical methodologies for PCM heat transfer prediction,
each with its own set of advantages and complexity [330], [331], [332].
Moreover, the intrinsic challenge of solving nonlinear PCM temperature
variations requires a careful selection of the right PCM heat transfer
method. Nonetheless, amongst all the PCM heat transfer prediction
numerical approaches, the temperature method was selected as the
PCM heat transfer method adopted for this study. The rationale behind
this selection is discussed in section 3.3.1.2.1.

3.3.1.2.1 Justification for the selected PCM heat transfer model

The selection of the specific PCM heat transfer model was based on
established methodologies discussed in the literature. As highlighted in
the literature by Voller [330], the enthalpy method provides a rapid implicit
solution for phase change problems without explicitly tracking the phase
change boundary, making it indispensable in applications where such
transitions play a crucial role [330]. On the other hand, the heat capacity
method offers a direct understanding of PCM thermal behaviour based
on material property variations, simplifying phase change problems into

single-phase equations as shown in equations 3.9 and 3.10 [331].
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However, the complexity of gathering data across various PCM
temperatures can complicate modelling efforts.

oT _ dH

P = ar Equation 3.9

__dH

wher =
ere Cp o

Equation 3.10

Cp is heat capacity; dT is the temperature change, while dH is the

enthalpy change.

Studies employing the enthalpy and heat capacity methods can be found
in Raj et al. [333]. However, Alvarez-Rodriguez et al. [334] concluded that
these methods and equations do not account for the phase change front,

but instead, assess explicitly the interface condition of the PCM.

On the other hand, the temperature method provides a straightforward
yet effective means to model and monitor the temperature variation of
PCM during the phase change process. This simplified approach is
suitable for studies that specifically target PCM temperature changes
without the need to account for the latent heat effects of the process.
Despite its simplicity, the temperature method maintains a balance

between accuracy and computational complexity [332].

Cui [332] further suggested the suitability of the temperature method to
assess either 2-dimensional (2D) or 3-dimensional (3D) PCM models
using finite difference or finite element methods based on temperature
variation in the PCM solid, liquid and interface zones. By tracking the
temperature distributions, and important heat transfer characteristics, the
phase change and overall PCM thermal behaviour can also be inferred,
without delving into intricate fluid dynamics details, phase change
interfaces, or complex multi-physics interactions within the PCM, which
would consume more computational resources. Based on Cui's
recommendation [332] and in line with the specific objectives of this

study, the temperature method was chosen as the theoretical model for
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analysing the PCM heat transfer phenomena within the EPCM-HMW
system. This model was selected to effectively capture essential heat
transfer by monitoring temperature variations while maintaining

computational simplicity.

3.3.1.2.2 Governing equations for phase transition heat transfer
interfaces in the EPCM-HMW system

All governing equations for the phase transition heat transfer interfaces
utilise a simplistic method which ignores the volume expansion of the
temperature variation in the PCM. Accordingly, for the transient heat
transfer in PCM using the temperature method, particularly when
considering the solid state in 3D cases, the governing equation can be

expressed based on reference [332] as follows:

psCs % =V (ks VTs) + qs Equation 3.11

The equation 3.11 describes the transient heat transfer in the PCM
relative to time t which is connoted by % and equals the heat conduction

V e(ks VT ) that occurs in the PCM in addition to the internal heat

source generated within the solid PCM q .

where C, is heat capacity of PCM at solid state; p, is the density of PCM
at solid state. T is the PCM solidus temperature; kg is the thermal

conductivity of the PCM at solid state. V is the nabla operator (gradient).

During PCM liquid state, the transient heat transfer in the PCM over time

t is given by:
piCy % =V, VT + q FEquation 3.12

Where p, is the density of PCM in liquid state, C; is the specific heat
capacity of the PCM in its liquid state and % represents the transient

heat transfer that occurs in the PCM in its liquid state, taking into
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consideration the heat generation or absorption q; that occurs in the PCM
when in its liquid state. C; is heat capacity of PCM in liquid state; p, is the
density of PCM at liquid state. T is the PCM liquidus temperature; k; is

the thermal conductivity of the PCM at solid state.

The transient heat transfer that occurs during the solid-liquid phase
interface in the PCM can be expressed in equation 3.13 [335]:

o _ o, H 29 .
= Ve (xVT)+ oe ot Equation 3.13

Where the thermal diffusivity is «= pic; with k representing the thermal

conductivity, p is density and C is the specific heat capacity.

V « (xV T) in the equation represents the PCM heat transfer that occurs
in spatial coordinates X, y, z. T is temperature as a function of time tin x,

y, and z coordinates.

% % is the rate at which the PCM changes its phase in relation to the

latent heat of phase change H. Meanwhile, the @ represents the phase
fraction at O in the solid phase and 1 in the liquid phase. H is the latent

heat of phase change.

Equation 3.14 further defines the liquid-solid transition during the PCM
melting process as introduced in the study by Lin et al. [336]:

Ts
< T Equation 3.14
T

Where T, and T, is the solidification and melting temperature,

respectively.

When =0, T< Ts; when B=0, T< Ts; when 0 < B < 1, solid-
liquid PCM phase co-existence occurs; when T = T, only liquid and solid
separate phases exist in the PCM.
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The effective heat capacity of the PCM depends on the volume fraction

B, the phase change interface or the mushy zone A,,,sn, and the relative

velocity between the surrounding fluid (air) and the PCM (V — V) [337].

This dynamic relationship of all factors is given by:

(1-p)? Z 7 .
Spem = ﬁS—fsAmush(V ~7) Equation 3.15

Where Spcm represents the PCM’s specific heat capacity during the
phase change. § is the PCM volume fraction at constant € with a value

of 0, <0.0001. A,.sh, represents the PCM mushy zone or effective
contact area during the phase change process at a value of 104 ~107. V
and Vp are velocity vector quantities of fluid around the PCM and the PCM

itself.

Furthermore, the PCM heat transfer behaviour H in the system is
influenced by the PCM volume fraction 8, the effective contact area
Anush, and the phase change effectiveness ®, which is defined in
equation 3.16 as identified in the study by Liu et al. [338].

_ (1-p)?

H = m mush Equation 316

The same governing equations used for modelling turbulent airflow,
including the continuity equation for mass, the Navier-Stokes equations
for momentum, and the energy equations, were also applied to the PCM
model integrated within the EPCM-HMW system. All these governing
equations were solved computationally in CFD.

3.4 Computational fluid dynamics (CFD)

Computational fluid dynamics (CFD) is a simulation modelling method

widely used by researchers to solve numerical fluid flow problems related
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to heat transfer, temperature distribution, and airflow within various
spaces [339]. CFD achieves this by interpreting codes through steady-
state and/or dynamic time-averaged simulations for incompressible
turbulent flows, by solving the Navier-Stokes fundamental fluid dynamics
eqguations for energy, mass, and momentum, along with other additional
transport equations for turbulent velocity, as discussed in the studies by
Awbi [340] and Awbi [341]. More importantly, the utilisation of
unstructured grids and a variety of boundary condition options is
advantageous for the widespread acceptance of CFD simulations in

predicting turbulent airflow, heat transfer, and temperature distribution.

Amidst other CFD software, the ANSYS Fluent CFD commercial software
is most common in many CFD research, particularly for airflow and heat
transfer fluid problems. The ANSYS Fluent CFD software has two
solvers. They are the density-based and pressure-based solvers [342].
Density-based solvers are suited for high-speed compressive flows,
solving nonlinear equations of continuity, momentum, coupled energy
and species transport. Pressure-based solvers, on the other hand, are
ideal for low-speed incompressible flows. Convergence in density-based
solvers typically requires multiple iterations due to the complexity of the
equations. But pressure-based solvers employ algorithms such as the
projection method, with options like segregated and coupled algorithms.
However, the pressure-based segregated algorithm increases
convergence time, but it is a more memory-efficient algorithm compared

to coupled algorithms, making it preferable for efficient simulations [342].

Although ANSYS FLUENT offers four pressure-based segregated
algorithm solvers: semi-implicit methods for pressure-linked equations
(SIMPLE), SIMPLE-consistent (SIMPLEC), pressure-implicit with
splitting operators (PISO), and fractional step method (FSM), the semi-
implicit methods for pressure-linked equations (SIMPLE) being a
commonly used choice and was adopted for this study. A typical

pressure-based segregated algorithm is illustrated in Figure 3.9 [343].
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Figure 3.9. pressure-based segregated algorithm [343]

3.4.1 Fundamental steps in CFD simulations

Vardoulakis et al. [344] highlighted that commercial CFD packages
typically operate in three main stages: pre-processing, solving, and post-
processing. Another study by Coleman et al. [345] identified CFD
simulation steps based on modelling physics and error analysis solved,

which aids in thorough verification and validation of the CFD models.

According to “The Best Practise Guideline for the CFD Simulation of
Flows in the Urban Environment: An Outcome of COST 732" [346], a
systematic 10-step procedure is frequently followed when conducting
CFD simulations. This allows for the CFD solution to accommodate minor
errors. The 10-step procedure for CFD code entails defining target
variables, selecting approximation equations, simplifying geometry,
determining computational domains, setting boundary and initial
conditions, creating the computational grid, choosing the time step size,
managing numerical round-up, and establishing convergence criteria. All
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these steps are widely grouped under the 3 stages in the CFD code as
pre-processing, solving and post-processing, as identified in Vardoulakis
et al.’s study [344].

i. Pre-Processing: As discussed, during pre-processing, geometric
modelling is developed alongside defining mesh characteristics,
fluid properties, and boundary conditions.

ii. Solving: On the other hand, the solving stage focuses on
simulating the fluid flow or heat transfer while refining solution
accuracy by solving the governing equations till convergence is
attained.

iii. Post Processing: In the post-processing stage, quantitative
assessments such as residual plots, mass flow rates, forces and
other qualitative analyses including contour lines, and vectors are

developed to comprehensively evaluate the simulation results.

3.4.2 Adopted CFD code for the study

The numerical study utilised the commercially available Ansys Fluent
software (version 18.1) for all CFD simulations. The computational
equipment used was an X64-based Windows 10 PC with an AMD Ryzen
5 3600 6-Core Processor, operating at 3600 MHz, with 6 cores and 12

logical processors.

The system’s 3D models were created in Rhinoceros software and further
refined in the Ansys Workbench Design Modeler interface, except for the
EPCM-T samples, which were developed directly in the Ansys
Workbench Design Modeler interface. The flow regime is assumed to
exhibit turbulent and transient behaviour. The CFD transient flow
modelling was three phases: first, preliminary EPCM-T parametric heat
transfer modelling; second, computational modelling of the entire system;
and lastly, validation of the EPCM-T temperature distribution and PCM
liquid fraction alongside the windcatcher airflow validation. This

comprehensive modelling encompassed turbulent airflow, simulated
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using the Standard k—e model. The EPCM-T parametric study was initially
based on laminar flow assumptions, while the PCM melting process was
simulated using the temperature heat transfer method, which was
activated in the turbulent and transient modelling of the EPCM-HMW

model.

3.4.2.1 EPCM-T parametric CFD study

The EPCM-T geometric parametric CFD study focused on assessing the
PCM melting performance, following the methodology outlined in Cui’s
study [332]. This was based on the impact of the effect of the tube
encapsulation on the different EPCM-T heat transfer and thermal storage

performance.

The PCM geometry from Rouault et al. [281] served as the baseline for
the four distinct EPCM-T geometries used in the parametric study. The
selected PCM for this study is the commercial RT28HC paraffin
manufactured by Rubitherm-GmbH [347]. Although not a pure PCM,
RT28HC paraffin demonstrates a gradual phase change process with an
inverse relationship with enthalpy due to its composition [348]. With a
narrow transition temperature range between 27°C and 29°C [349], [350],
it also exhibits favourable organic composition and thermo-physical
properties such as high latent heat and chemical inertness [348]. These
attributes align well with its suitability for achieving the Abuja comfort
temperature range for building applications, as substantiated by
Batagarawa Amina’s work [351], further justifying its selection for the

study.

Two EPCM-T encapsulation tube materials: aluminium, and copper,
varied across all the four EPCM-T geometries. The detail of the tube
encapsulation variation is shown in Table 3.6 and identified as EPCM-T
Case 1to 8.
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Table 3.6. Aluminium and copper encapsulation variation for the four
EPCM-T geometries samples

EPCM-T geometry samples

tube encapsulation rectangular EPCM-T samples cylindrical EPCM-T samples
material
EPCM-T EPCM-T EPCM-T EPCM-T
rectangular shell-tube cylindrical shell-tube
profile rectangular profile cylindrical
profile profile
aluminium EPCM-T EPCM-T EPCM-T EPCM-T
Case 1 Case 3 Case 5 Case 7
copper EPCM-T EPCM-T EPCM-T EPCM-T
Case 2 Case 4 Case 6 Case 8

For each EPCM-T physical model, four distinct physical domains were
established in the CFD modelling process. These domains depend on
defined fluid and solid material assignments and represent different parts
of the EPCM-T. The fluid domains were classified as the air domain (fluid)
and the PCM domain (fluid), while the solid domains represented the

shell-tube domain (solid) and the solid tube domain.

copper or aluminium

(shell-tube solid\ =
[ I e
‘ domain) 7~ ‘*%%

§ /

- PCM (fluid domain)

(@)

copper or aluminium
(shell-tube solid domain)
Figure 3.10. Physical domain identification for (a) EPCM-T shell-tube

rectangular profile, (b) EPCM-T shell-tube cylindrical profile
The shell-tube domain (solid) and solid tube domain represent the
aluminium or copper tube structures that encase the PCM material in the
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models. The air domain functions as the heat transfer fluid (HTF) during

PCM melting simulations. The domain assignment is illustrated in Figures

3.10 and 3.11.
< — PCM (fluid domain)
\ \\
air (fluid domain)
(c) copper or aluminium (d)

(solid tube domain)

Figure 3.11. Physical domain identification for (c) EPCM-T rectangular

profile, (d) EPCM-T cylindrical profile

The model was meshed using non-uniform hybrid computational

meshes, employing additional edge-sizing properties to refine the mesh

within each assigned domain. Table 3.7 provides details on the mesh

sizes utilised during meshing, specifying the number of nodes and

elements for each type of EPCM-T geometry investigated.

Table 3.7. Type of meshing used and mesh size data

geometry meshing type nodes

elements

non-uniform hybrid 51345

o am

EPCM-T shell-tube rectangular profile

47652
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non-uniform hybrid 98550 93958

agm)

EPCM-T shell-tube cylindrical profile

non-uniform hybrid 49296 45904

___fjh_?”
EPCM-T rectangular profile

non-uniform hybrid 77625 74772

a0 oms 0500wy
— E—

o

EPCM-T cylindrical profile

Table 3.8 further provides detailed information on the thermophysical
properties of RT28HC paraffin, along with those of the encapsulation tube
materials (aluminium and copper) and the HTF (air) [281], [347]. A
comprehensive overview of the CFD simulation physical domain
specifications, operating conditions, boundary conditions, and solution
methods used for the EPCM-T parametric study, are outlined in Table
3.9.
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Table 3.8 Thermo-physical properties of RTZ8HC, air, copper and

aluminium [281], [347].
properties values units
melting temperature 28 °C
solidus temperature 27 °C
liquidous temperature 29 °C
latent heat 245000 J/kg
RT28HC paraffin heat capacity of the solid phase 1650 J/kg K1
heat capacity of the liquid 2200 Jikg K™t
phase
thermal conductivity 0.2 W/m K2
density of the solid phase 880 kg/m3
density of the liquid phase 768 kg/m3
melting volume expansion 14 %
kinematic viscosity 3.1x107 mm/s
dynamic viscosity 0.002.38 kg/m s
aluminium shell conduction thickness 0.001 mm
density 2719 kg/m3
copper shell conduction thickness 0.001 mm
density 8850 kg/m?3
air density 1.225 kg/m?3
dynamic viscosity 0.000017894 kg/ms

Table 3.9. Input and boundary conditions for the EPCM-T parametric CFD

simulation
input details
model energy, standard k-omega viscous laminar flow model with

standardised wall functions and species transport

physical domain

specification

fluid domain — air

fluid domain - RT28 HC paraffin

solid domain — aluminium or copper

boundary conditions

initial gauge air pressure set at 500 Pa

inlet air temperature set at 308.15K (35 °C)

inlet air velocity magnitude set between 1.88 - 3 m/s

initial temperature value set at 298.15K (25 °C)

turbulent intensity set at a default value of 5 %

turbulent viscosity ratio at a default value of 10

Semi-Implicit Method for Pressure-Linked Equations

(SIMPLE) pressure-velocity coupled algorithm
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intensity and viscosity ratio turbulence specification method is

solution methods adopted

square-based cell-based gradient option

second-order upwind momentum and energy and liquid
fraction equations are calculated

under-relaxation factors were set at the default values

standard initialisation is adopted

number of steps time is 38600

time size stepsis 1

simulation set at 1 maximum iteration per time steps

After analysing the thermal storage performance of the various EPCM-T

geometries as individual components, the EPCM-T rectangular profile

emerged as the most suitable choice for integration into the EPCM-HMW

system based on the results obtained. Results and analysis obtained

from the parametric study are discussed in detail in Chapter 4.

3.4.2.1.1 Assumptions for EPCM-T parametric study

To overcome the complexity of the PCM heat transfer modelling during

the parametric study, the following assumptions are taken into

consideration:

Vi.

Vii.

The PCM initial temperature is set at 298.15K (25 °C), and
275.15K (2 °C) below the PCM melting temperature.

Air temperature on the inlet side is steady at the average ambient
temperature of Abuja at 308.15K (35 °C).

The physical properties of the PCM, air and aluminium are
assumed to be at constant value independent of temperature
variation.

The modelling is 3-dimensional (3D).

The volume changes of the PCM and air are neglected.

The PCM system is assumed to the isotropic.

It is assumed that the transient convection is in a series of steady-

state steps.
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The parametric study of the EPCM-T was the premise with which the
preferred EPCM-T geometry was selected for integration into the EPCM-
HMW system. Details of EPCM-HMW CFD modelling is discussed in the
next section 3.4.2.2.

3.4.2.2 The EPCM-HMW system CFD modelling

In section 3.4.2, it was noted that the CFD modelling of the EPCM-HMW
system was performed using the commercially available Ansys Fluent
software (version 18.1). The simulation employed the RANS (Reynolds-
Averaged Navier-Stokes) transient 3D algorithm with the standard k-¢
turbulence modelling approach. A turbulence intensity of 5% at the
windward inlet and a turbulent viscosity ratio of 10 were assumed,
aligning with the CFD methodology outlined in a similar windcatcher
study by Hughes et al. [213]. The Finite Volume Method (FVM) based on
the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) was
used to solve the airflow governing equations stated in section 3.3.1.1.2,
and consistent with the methodology described by Rodriguez-Vazquez
et al. [352].

While the overall CFD modelling of the EPCM-HMW system utilised the
SIMPLE solver, addressing the EPCM-T CFD heat transfer
computational problem within the model required specific consideration
of the melting and solidification processes of PCM, as recommended by
Groulx et al. [353]. This complexity stems from accurately predicting PCM
behaviour during phase transitions, influenced by the solid-liquid
interface between PCM, encapsulation material, and heat transfer fluid
[354]. Consequently, the PCM phase transition and heat transfer problem
was solved using an additional numerical algorithm based on the “Stefan
problem”; as discussed in Prakash et al.’s study [355]. Hence, the CFD
code activated solidification/melting equations in the SIMPLE solver to
address the PCM computational modelling aspect based on the single-
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phase temperature method of variable density, with all governing

equations detailed in section 3.3.1.2.2.
3.4.2.2.1 Assumptions for EPCM-HMW system CFD modelling

The basic assumptions adopted during the numerical simulation exercise

to make the model computationally tractable are as follows:

i.  Airflow within the model was assumed to be 3D, incompressible,
transient, and turbulent.

ii.  Convective heat losses around the EPCM-HMW model and indoor
space walls were neglected and treated as adiabatic.

iii.  All equations were per the specifications outlined in the Ansys
Fluent theory guide [356], without any modifications made.

Iv.  The expansion of PCM volume due to density differences between
solid and liquid phases was not considered.

v. The initial temperature of the PCM inside the EPCM-Ts in the
EPCM-HMW model was assumed to be 293 K (20 °C).

vi. The PCM was treated as isotropic, assuming uniform thermal
conductivity throughout.

vii.  All material thermophysical properties across phases were
assumed homogeneous at constant values, independent of
temperature variations.

viii. ~ The indoor room housing the EPCM-HMW system on its roof is
assumed to be windowless, enabling a focused assessment of the

system's performance under worst-case room conditions.
3.4.2.3 Models’ validation

While recognising the inherent uncertainties and approximations in CFD
results, consistency and reliability were established by verifying and
validating the results with experimental data from literature. Due to the
absence of an exact model, the airflow field was verified independently

from the integrated EPCM-T temperature variation and liquid fraction
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performance. Consequently, the performance of the windcatcher and
EPCM-T components of the EPCM-HMW system were verified
individually. These models were compared with the experimental data
from Calautit et al. [357] and Rouault et al. [281], respectively.

3.4.2.3.1 EPCM-T heat transfer model validation

To validate the accuracy and performance of sample of the EPCM-T
rectangular profiles placed inside the EPCM-HMW system, the study
monitored the CFD predictions Cp for the PCM spatial average liquid
fraction per-flow rate f, and the temperature variation AT in the
encapsulation material (aluminium tube) during PCM phase change over
600 minutes of simulation time. These CFD predictions were compared
with Rouault et al.’s study [281] experimental data observations CoE) and

CFD predictions Conny model simulation results.

The confidence limits of the model’s accuracy were assessed using three
widely accepted statistical performance models: normalised mean
square error (NMSE), Fractional Bias (FB), and the fraction of predictions
within a factor of two of observations (FAC2). These were determined by
solving the equations 3.17, 3.18, and 3.19, respectively [358].

2
NMSE = % Equation 3.17
oCp
(Co=Cp) .
FB = m Equatmn 3.18
5(CotCp

FAC2 = Fraction of data that satisties 0.5 < % < 2.0 Equation3.19

o

Where ‘C,’ represents the experiment observations; the data set average

is represented by ‘C’ and ‘C,’ represents the model predictions.
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3.4.2.3.2 Airflow model validation

The airflow performance validation was conducted on the windcatcher
component of the EPCM-HMW system. The airflow performance
validation was initially carried out on a 1:10 scale model version of the
windcatcher component to ensure alignment of model dimensions,
boundary conditions, and grids with the experimental model studied in
Calautit et al.’s research [357]. Upon successful verification of the
model’s airflow performance, it was scaled up to a full 1:1 ratio to align
with the real-life scale of the EPCM-HMW system. This scaling was
necessary to ensure accuracy in the PCM heat transfer and thermal
storage investigations, which require real-life scaling rather than a

reduced scale.

The validation exercise involved estimating the confidence limits for the
average weighted indoor air velocity data in the CFD predictions (Cp
model) against the experimental data observations (Co) and CFD
predictions (CpL) in Calautit et al.’s research [357] at 12 monitoring points.
However, the model was assumed to be in steady state and the model
simplified in accordance with specification in Calautit et al.’s research
[357].

Similar to the approach adopted for the EPCM-T heat transfer model
validation statistical predictions [359], the NMSE statistical model [360]
governed by equation 3.17, the FB statistical model governed by
equation 3.18, and the FAC2 statistical model governed by equation 3.19
[358] were utilised.

3.4.3 Parameters and data used in the CFD code

The CFD code utilised a range of parameters and data for the EPCM-
HMW model simulation. These included criteria such as Abuja climatic

data representative of a typical sub-tropical savannah climate in Africa,
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which informed the selection of boundary conditions in the CFD

simulation.

Additionally, parameters such as the physical domain, and initial
conditions were clearly defined in addition to the modelling assumptions
mentioned in sections 3.4.2.1.1 and 3.4.2.3.1. Also, mesh generation and
adaptation, the selection of fluid and thermophysical properties, as well
as conducting a time step independence study, and ensuring that solution
convergence is achieved were all integral parts of the CFD simulation

process as discussed in this section.

3.4.3.1 Climatic data and comfort target adopted for the study

Understanding the characteristics of a typical sub-Saharan African
tropical savannah climate was crucial in establishing the target system
design comfort temperature for the EPCM-HMW system in line with the
study’s objectives. To achieve this, the historical weather data for the
year 2019 in Abuja, a city in Nigeria located at a longitude of 7.48 °E and
a latitude of 9.07 °N, with a tropical savannah climate known for
experiencing a mix of hot, humid, and dry outdoor conditions, was

analysed.

3.4.3.1.1 Abuja weather data analysis

The Abuja weather data was obtained directly from the Nnamdi Azikiwe
weather station, sourced from the National Centers for Environmental
Information (NCEI) databank [361]. Literature establishes that Abuja
experiences two distinct seasons: a dry season from November to March
and a rainy season from April to October [10], [362]. Furthermore, the
analysis of the weather data conducted using Rhinocerosvidsit6-ladybug
software [363] also aligns with the predictions in the study by Abubakar
[364], indicating that the highest outdoor dry-bulb temperatures occurred
in May, reaching up to 40 °C (313.15 K), while temperatures were at their
lowest point at approximately 12 °C (285.15 K) [365].
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The accuracy of the Abuja weather data in CSV (comma-separated
values) format was verified by converting it into an EPW (Energy Plus
Weather Format) file using the Rhino-ladybug software interface. This
EPW file was then analysed and interpreted graphically. However, the
relative humidity data was omitted from the analysis as it falls outside the

scope of the objectives of this study.
3.4.3.1.2 Outdoor air temperature analysis

On average, the annual cooling degree days based on the Abuja weather
data were calculated to be 1132.14 hours, with no heating required
throughout the year. Analysis of the data presented in Figure 3.12
indicates that during seven months — January, February, March, April,
May, November, and December — daytime temperatures ranged between
35 °C (308.15 K) and 40 °C (313.15 K).

peak temperature at
/ 40 oC (313.15 K) Dry bulb temperature

40.0 \ Ff\‘
N

Dry Bulb Temperature (C)
N

NNAMDI AZIKIWE INTERNATIONAL
lowest temperature at 16 °C (289.15 K)

Figure 3.12. Abuja weather data: hourly dry bulb temperatures gradient for
Abuja from January 2019 to December 2019 [365], [366].

Each line in the graph represents the temperature variation for each
month, highlighting the peaks and low points. The x-axis shows the
months of the year, while the y-axis indicates dry-bulb temperature
values. The graph is segmented by month for easy identification of the

temperature trends within each month. Despite the mono-colour scheme,
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the temperature trends are clear, with peaks and lowest temperatures

labelled accordingly.

During these months, the lowest hourly temperatures were observed to
range from 16 °C to 23 °C (289.15 K to 296.15 K). On the contrary, in the
remaining five months — June, July, August, September, and October —
the highest daytime temperatures peaked at approximately 30.5 °C to 32
°C (303.65 K to 305.15 K), with the lowest hourly temperatures at
approximately 20 °C (293.15 K). The highest hourly temperature
occurred in April, reaching about 40 °C (313.15 K), while the lowest
hourly temperature was recorded in December at around 16 °C (289.15
K).
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NNAMDI AZIKIWE INTERNATIONAL
1 JAN 1:00 - 31 DEC 24:00

Figure 3.13. Abuja weather data: dry bulb temperature showing monthly
temperature gradient for Abuja from January 2019 to December 2019
[365], [366]

As graphically shown in Figure 3.13, heat stress levels peaked in
January, February, March, April, November, and December; 6 months of
the year, recording an overall 37.3 % annual value. However, in general,
the daytime outdoor temperature values throughout the year suggest a
need for cooling for up to 8 hours in a typical day, from 12:00 pm to 7:00
pm, but temperatures drop between 7:00 pm to 11:00 am (16 hours). On
average, a daily temperature swing of approximately 10.5 °C to 20 °C
(283.65 K to 293.15 K) was observed, indicating suitability for PCM use.
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This temperature range aligns with recommendations for PCM

operational temperature swings found in existing literature [367].
3.4.3.1.3 Wind speed and direction analysis

To further analyse the wind speed and direction of the wind, a wind rose
analysis was conducted as shown in Figure 3.14. This revealed an
average wind speed measuring 2.2 m/s. Prevailing winds in Abuja

primarily come from the south to west, ranging from 2 to 4 m/s.
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Calm for 1.93% of the time = 169 hours.

Each closed polyline shows frequency of 1.2%. = 101 hours.

Figure 3.14. Abuja weather data: Prevailing winds between January 2019 to
December 2019 [365], [366]
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Figure 3.15. Abuja weather data from January 2019 to December 2019:
Comparison between (a) prevailing winds and (b) ambient dry bulb air
temperature [365], [366].

It was also noted as indicated in Figure 3.15 (a) and (b), that there is a
correlation between wind speeds and ambient temperatures. When wind
speed increased from approximately 2 m/s to 4 m/s, the ambient dry bulb
air temperature was observed to have also increased from approximately
30.4 °C (303.55 K) and 35.2 °C (308.35 K). However, wind calmness
occurred only 1.93 % of the time, necessitating that hybrid or assisted

ventilation may be required for indoor thermal comfort.
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3.4.3.1.4 Indoor thermal comfort temperature target

To predict the indoor thermal comfort target for the proposed EPCM-
HMW system, the Grasshopper Ladybug psychometric chart based on
the “Adaptive Predicted Mean Vote” (PMV) thermal comfort model was

utilised.

Psychrometric Chart 0w g0 70%/ g3/ 5o 0%
NNAMDI AZIKIWE INTERNATIONAL
1 JAN 1:00 - 31 DEC 24:00
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Operative Temperature [°C]

Figure 3.16. Thermal comfort prediction at the lowest wind speed limit of
0.2 m/s without any additional intervention [365], [366].

The analysis of the thermal comfort predicted target using psychometric
charts in Figure 3.16 revealed a thermal comfort operative temperature
band of 27.5 °C to 29.5 °C (300.65 K to 302.65 K), achieving only a 25
% comfort level. With hybrid ventilation, the operative temperature band
expanded from 27.5 °C to 33.5 °C (300.65 K to 306.65 K), predicting a
44 % indoor comfort level (Figure 3.17). However, thermal storage
intervention widened this comfort band further, predicting a 52 % comfort

level as indicated in Figure 3.18.
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Figure 3.17. Thermal comfort prediction at the lowest wind speed limit of
0.2 m/s with the inclusion of hybrid ventilation strategy only [365], [366].
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Figure 3.18. Thermal comfort prediction at the lowest wind speed limit of
0.2 m/s with the inclusion of hybrid ventilation strategy and thermal
storage [365], [366].

Based on the thorough analysis conducted to evaluate temperature
ranges, wind speed variations, and thermal comfort parameters within
the chosen climate, Table 3.10 provides a summary of the derived data
set used as input for the computational study of the EPCM-HMW system.
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However, due to computational time constraints, simplified and averaged
data sets were utilised instead of instead of inputting detailed daily

weather data into the simulation code.

Table 3.10. Inferred climate input data for the computational study of the
“EPCM-HMW system”

wind outdoor air temperature thermal comfort
speed temperature
m/s °C K °C K
Climatic daily 40 313.15
data range
Highest range
Lowest range 16 - 23 289.15 -
296.15
Average daily 2.2 35 308.15
range
Average daily 10.5 - 283.65 -
temperature 20 293.15
swing
Operative 27.5 - 300.65 -
temperature 29.5 302.65
band with no
intervention
Operative 27.5 - 300.65 -
temperature 335 306.65
band with
hybrid
ventilation
Adopted data 1.88,3 30, 35 303.15,
for 308.15
computational
study

3.4.3.2 Establishment of the model’s boundary conditions

Defining the boundary conditions of the CFD model was crucial to
understanding how the model interacts with its surroundings. To
determine this, the fluid volume of the model was first extracted from the

solid model to simplify the computational domain. After this, the
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microclimate and macroclimate domains were defined. According to
Figure 3.19, the macroclimate represents the outdoor airflow domain
around the EPCM-HMW system, while the microclimate represents the
single-zone indoor room with wich the EPCM-HMW system provides

ventilation.

I

R | V_\ pressure outlet
\ macro-climate
B

solar fan-assisted multi-
directional with E-PCM-Ts

E-PCM-Ts placed inside  Micro-climate

the windcatcher

Figure 3.19. Interaction of the EPCM-HMW system with the macro-climate
and micro-climate domains.

The size of the macro-climate was based on literature recommendations
that specified that the upstream macroclimate should generally be
extended by upto 5 times the height (5H) of the model [368], while
downstream should extend 15 times the height (15H) to ensure adequate
modelling and reduce venturi effects, reverse flow or wind-blocking effect
[369]. To meet this criteria, the far-field pressure outlet of the macro-
climate domain was extended by a 20 m extension from the inlet

boundary.

The microclimate, dimensioned as Wr x Lr x Hr, measuring 5 x 5 x 3 m,

represents a typical living room size in a 4-bedroom residential dwelling
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unit, with occupancy of 4.5 people per household, representing a typical
household size in Nigeria according to the 2023 data of the average
household size in Nigeria [370], [371]. The living room space is chosen
as the test room since it is one of the most utilised and largest single-
zone spaces in a typical residential building (insert ref), which should
meet ventilation rates of 2.5 L/s per person (11.25 L/s for 4.5 people) and
0.3 L/s per square meter (7.5 L/s per 25 square meter) based on
‘ASHRAE Standard 62.1-2013, Ventilation for Acceptable Indoor Air
Quality Standard” [372].

The EPCM-HMW system mounted on top of the indoor space is
dimensioned as represented by We X Le X He, measuring 1.4 x 1.4 x 1.87
m. Additionally, the same twelve (12) monitoring points created in the CFD
validation model were retained to monitor all properties throughout the
numerical modelling for the EPCM-HMW system. Figure 3.20 shows the
monitoring points created within the test room which are consistent with

the vector points utilised in Calautit et al.’s experimental model [357].

‘EPCM-HMW

system” model

Figure 3.20. The twelve (12) monitored points where readings were taken
throughout the “EPCM-HMW system” simulation studly.
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A uniform outdoor air velocity and temperature were applied at the inlet
boundary during the CFD model simulations. However, for the different
simulated cases, the inlet air temperature (Tin) at the macro-climate
boundary varied, ranging between 303.15 K (30 °C) and 308.15 K (35
°C). This variation represents a typical outdoor temperature range (Tout)

in extremely hot conditions.

The CFD model utilised inlet velocities ranging from 1.88 m/s to 3 m/s at
incident wind angles of 0° and 45°. The incident wind angles of 0° (a),
30° (b), and 45° (c) to the air vents of the “EPCM-HMW system” are
illustrated in Figure 3.21.

(a)
- 0° incident wind angle

dr
Ao

(b)

(c)
-
-

Figure 3.21. The incident wind angles of 0° (a), 30° (b), and 45° (c) to the
“EPCM-HMW system”
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The pressure outlet was positioned at the extended macro-climate
domain to prevent reverse flow during all the simulation processes. The
model incorporated a gravitational force of -9.81 m/s?, and the domain
walls were assigned a roughness height of 0.001 Ks. Throughout the
simulation, atmospheric pressure was assumed, and outlet pressure was
set at OPa. Relaxation factors were set at 0.3 for pressure, 0.7 for

momentum, and 1 for energy.

In addition to the initial simulation setup, the EPCM-T’s initial temperature
was maintained at 293.15 K (20 °C). This initial PCM temperature was
chosen because it represents the lowest temperature achievable in the
system's operating climate at night or in the morning. Also, initialising the
PCM at lower temperature extends the PCM's melting duration/ This can
help the PCM to potentially stabilise the indoor temperature for a longer
period. A solar fan static pressure jump of 10 Pa was defined. Table 3.11
further summarises the boundary conditions for the EPCM-HMW model.

Table 3.11. Parameters for boundary conditions for the “EPCM-HMW
system” CFD Model

boundary condition parameters values

inlet air temperatures 303.15 K (30 °C), 308.15 K (35 °C)

inlet air velocities 1.88 m/s, 3 m/s

inlet wind angles 0°30°, 45°

non-slip wall roughness height 0.001 Ks.

gravitational force -9.81 m/s?

pressure outlet OPa

EPCM-T’s initial temperature 293.15 K (20 °C)

solar fan static pressure jump 10 Pa

relaxation factors 0.3 pressure, 0.7 momentum, and 1 energy

To collect relevant data during the simulation exercise, monitoring points
were established along the micro-climate ZY plane, enabling the
observation of supply airflow rates, pressure, and temperature. Thermal
storage heat transfer of the PCM was analysed through the assessment

of the liquid fraction fi, at 120-flow time intervals.
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3.4.3.3 Thermo-physical properties

The optimal PCM melting temperature T,,, for the set average room
temperature T, was derived from equations 3.22 and 3.23, based on the
studies by Peippo et al. [373] and Nazir et al. [374]. This process justified
the selection of RT28HC paraffin, a commercially available Rubitherm-
GmbH PCM product, with a melting temperature of 28 °C (301.15 K) and
a solid-state specific heat capacity of 1650 J/kg K™ [281], which also aligns
with the EPCM-T parametric study [281].

Equation 3.20

as Q represents the absorbed heat in a room per unit area surface in Jm-
2, stored based on a diurnal storage cycle t; = t. + tq . The wall surface
heat transfer coefficient is given as h in Wm= K.

tcTg+ taTh
tet+ tg

WhereT, = Equation 3.21

T4 represents the daytime room temperature and T, represents the
nighttime room temperature based on the PCM charging t. and

discharging t4 times.

This choice aligns with the recommended thermo-properties for PCMs
suitable for hot outdoor conditions, as specified in the studies by Sheriyev
et al. [375] and Lei et al. [376]. For this study and based on the outcomes
of the EPCM-T parametric study conducted, the selected PCM was
encapsulated in rectangular aluminium tubes measuring 40 x 30 x 500

mm, with a conduction thickness of 0.001 mm.

Olamide Eso, Ph.D Thesis, 2024 140|Page



3.4.3.4 Mesh generation and adaptation

Two separate non-uniform hybrid computational meshes were generated
based on Case 1 and 2 models, each featuring distinct EPCM-T
arrangements within the EPCM-HMW system.

g

2,000(m)

6.750

The mesh size was refined at the location where
the E-PCM-Ts were placed within the

computational domain.

Figure 3.22. The Computation domain is based on a non-uniform hybrid
mesh.

As seen in Figure 3.22, the mesh region circled, was refined at a specific
location where the E-PCM-Ts were within the windcatcher component of
the model. This refinement process involved applying face meshing
techniques in those areas of interest, aiming to enhance the precision of
the simulation results. However, to ensure the accuracy of the CFD results,

the meshing exercise was conducted based on a posterior estimate.
3.4.3.5 Grid sensitivity and time step sizing analysis

In CFD simulations, the grid sensitivity of the model as well as the
appropriate time step size both influence the convergence of the CFD

simulation. Hence, it is important to select an appropriate time step size
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as well as conduct grid sensitivity testing of the CFD model to achieve an

accurate and stable numerical solution.

The grid sensitivity of the model was performed until an insignificant
posterior estimate error was achieved by varying the mesh size from

coarse to fine grids [369].

Table 3.12. Meshing data used for the grid independence study.

Case 1 model Case 2 model
(E-PCM-Ts placed only in (E-PCM-Ts placed in all four

the supply airstream) airstreams)

Mesh E-PCM-T Nodes Elements Nodes Elements
grading face

element

size [mm]
Fine 10 2207331 11684429 2899882 14512606
Medium 12 1276807 7141564 1969358 9969741
Coarse 15 822564 4683093 1515115 7511270

As shown in Table 3.12, the mesh sizes varied from 4.6 million to 14.5
million elements. The fine mesh sizing for the Case 1 model, with 11.6
million elements and 2.2 million nodes, and the Case 2 model with fine
mesh consisting of 14.5 million elements with 2.8 million nodes, exhibited

the minimum discretisation error and were chosen for further analysis.

Figures 3.23 and 3.24 present the results of the grid sensitivity study,
comparing supply velocity (Vsupply) @and indoor velocity (Vindoor) for Case 1
and Case 2 using coarse, medium, and fine meshes, respectively. Both
Figures 3.23 and 3.24 showed that the coarse mesh deviated more
significantly from the medium and fine meshes at the earlier time steps.
The deviation of the coarse mesh results from the other mesh models
was approximately 1.6% for Case 1 and 1% for Case 2, respectively. On
the other hand, there was only about a 0.05% deviation between the
medium and fine mesh results for both Cases 1 and 2. As a result, the
fine mesh size was selected, as no significant changes were observed

beyond this level of refinement.
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Figure 3.23. Comparison of (a) supply velocity (Vsupply)and (b) indoor

velocity (Vindoor) for EPCM-HMW Case 1 model across difterent grid
resolutions (coarse, medium, and fine meshes)
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Figure 3.24. Comparison of (a) supply velocity (Vsuppiy)and (b) indoor
velocity (Vindoor) for EPCM-HMW Case 2 model across different grid
resolutions (coarse, medium, and fine meshes)
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The time step size analysis was conducted by evaluating the liquid
fraction performance of the selected mesh model Case 1 and 2 based on
60, 40, 10, and 5 timesteps. The solution iterated at each time step and
was monitored until no further variations were observed in the residuals
for velocity components, continuity, and energy. The smallest average
error occurred at a 5-timestep for velocity outputs. Hence, a 5-timestep

was adopted for the study.
3.4.3.6 Solution convergence

According to the Fluent User Guide [377], a residual error of 104 is
acceptable to show that a CFD solution has converged. However, true
convergence occurs when the CFD solution vectors no longer experience
any changes. To assess this adequately, it is important to monitor
parameters relevant to the CFD problem. Hence, for all simulation cases,
which were based on varied boundary conditions with uniform inlet air
velocities ranging from 1.88 m/s to 3 m/s at wind angles of 0 °, 30 °, and
45 °, the supply airflow rate, pressure, and temperature profiles were
monitored at the specified twelve points (P1 — P12) to ascertain solution

convergence.

Furthermore, the PCM heat transfer rate during the model solution also
was closely monitored every 120 seconds of flow time, specifically
focusing on the liquid fraction and PCM average weighted temperature
profiles. The solution was allowed to converge without setting
predetermined convergence criteria in the solver. As a result,
convergence occurred when all the monitored residuals and properties
showed no further changes, and the energy conservation property

showed no error.
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3.5 Limitations in CFD simulation studies

The study’s computational resource constraints necessitated a focus on
a limited number of CFD cases to achieve the study objectives.
Simplifications were also made to the model geometry and boundary
conditions to enhance computational speed due to this limitation, which
could potentially limit result accuracy. Nevertheless, a strong correlation
was observed during results validation against existing experimental data
in the literature. This validation revealed minimal errors, well within the

acceptable threshold according to established best practices.

3.6 Chapter’s concluding remarks

This chapter presented the design, operational mechanisms and method
of assessment used for the proposed EPCM-HMW system, aimed at
addressing thermal storage and cooling limitations found in traditional
windcatchers for Sub-Saharan Africa’s tropical savannah climates. The
system comprises a multi-directional windcatcher, a wall-mounted solar
axial fan, and EPCM-Ts. The introduction of different EPCM-T
configurations for parametric study allowed for a detailed investigation
into the impact of various integration modes on airflow patterns,

temperature distribution, and overall system performance.

It can be inferred from the discussions that the standard k-€¢ model was
selected for turbulent airflow and the temperature-based method for PCM
heat transfer to provide the theoretical foundation for this study. These
models were chosen for their effectiveness in solving relevant flow and
heat transfer problems while maintaining computational simplicity. RANS
transient 3D standard k-¢ turbulence Finite Volume Method (FVM) based
on SIMPLE algorithm in Ansys software was adopted to assess the
system's ventilation, thermal storage, and cooling performance in CFD
based on pre-defined parameters. This approach enabled a detailed
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analysis of the system's functionality within the constraints of the

limitation of high computational resource requirements.

The validation method for the model was based on determining the
confidence limits of the model's accuracy using three widely accepted
statistical performance models: normalised mean square error (NMSE),
Fractional Bias (FB), and the fraction of predictions within a factor of two
of observations (FAC2).

Olamide Eso, Ph.D Thesis, 2024 147|Page



Chapter 4

4 CFD results and discussions

4.1 Overview of chapter

This chapter discusses the results obtained from the CFD assessment of
the EPCM-HMW system’s ventilation, cooling, and thermal storage
performance. It also covers the results from the EPCM-T parametric
design study, which was used to select the exact EPCM-T employed in
the EPCM-HMW system.

4.2 Results and discussions of the EPCM-T parametric

design analysis

Models for shell-tube rectangular, shell-tube cylindrical, and cylindrical
EPCM-T designs were simulated. A total of 28 simulations were
conducted, with all parameters initially set to 20°C. The simulations were
run under varying inlet air velocities (Vinet) of 1.88 m/s and 3 m/s, with a
constant ambient inlet temperature (Tinet) Oof 35°C as the boundary
condition. The objective was to assess the heat transfer and storage
capacity of the EPCM-T samples based only on the charging cycle of the
PCM. This represents the PCM heat absorption cycle for cooling the
incoming air under these conditions. The results discussed in this section
include variations in PCM temperature (Trcm), air temperature (Tair), and
PCM liquid fraction (fi).

4.2.1 Impact of ambient airflow on heat transfer and temperature in
the EPCM-T models.

This test aimed to understand how ambient airflow will influence heat

transfer and temperature regulation within the EPCM-T models.
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4.2.1.1 Shell-tube rectangular EPCM-T - model 1A

The temperature variations that occurred in the shell-tube rectangular
EPCM-T model 1A during the simulation are represented by the

temperature contours shown in Figures 4.1 to 4.4.

Inlet air in

1mins 120 mins 240 mins 360 mins 480 mins 600 mins 720 mins

Al

V¥ 29325k (20.1°C) 308.05 K (34.9°C)
outlet air out
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shell-tube
(solid domain)

2.992e+02
2.977e+02
2.962e+02
2.947e+02
2.932e+02

PCM (fluid
domain)

air (fluid
domain)

Figure 4.1. Temperature contour for shell-tube rectangular EPCM-T model
1A when aluminium encapsulation is utilised at 1.88 m/s inlet velocity and
359C inlet temperature.
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Figure 4.2. Temperature contour for shell-tube rectangular EPCM-T model
1A when copper encapsulation is utilised at 1.88 m/s inlet velocity and 35
oC inlet temperature.

Accordingly, Figures 4.1 and 4.2 lllustrate that at a Vinet of 1.88 m/s, the
aluminium and copper shell-tube rectangular EPCM-T models exhibited

a gradual temperature rise. The PCM temperature increased from
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approximately 20.1°C (293.25 K) to around 34.7°C (307.85 K) in the
copper model (Figure 4.2) as PCM charging was taking place, and
34.9°C (308.05 K) in the aluminium-encapsulated EPCM-T - model 1A
(Figure 4.1) by the 720-minute mark. In this case, the aluminium model
achieved approximately 0.6% higher final temperature than the copper
model at 1.88 m/s. This indicates the completion of the heat transfer

process across all components.

When the Vinet was increased to 3 m/s, the heat transfer process
accelerated, with temperatures stabilising around 600 minutes, as seen

in Figures 4.3 and 4.4.
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Figure 4.3. Temperature contour for shell-tube rectangular EPCM-T model
1A when aluminium encapsulation is utilised at 3 m/s inlet velocity and 35
o(C inlet temperature.

By 600 minutes, the final PCM temperature in the aluminium-
encapsulated EPCM-T - model 1A had reached 35.0°C (308.15 K)
(Figure 4.3), and 34.7°C (307.85 K) in the copper-encapsulated EPCM-
T model 1A (Figure 4.4). This indicates that with higher airflow, the
copper and aluminium-encapsulated EPCM-T models converged more
rapidly, with the aluminium model achieving 0.9% higher PCM

temperature than the copper model by 600 minutes.
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Figure 4.4. Temperature contour for shell-tube rectangular EPCM-T model
1A when copper encapsulation is utilised at 3 m/s inlet velocity and 35 °C
inlet temperature.

These observations reveal that the temperature of the PCM, air, and
encapsulation tubes in Model 1A converged more rapidly at higher airflow
speeds, indicating that higher velocities significantly enhance heat

transfer rates.

Figures 4.5 and 4.6 provide the graphical comparative analysis of the
PCM and air temperature changes in Model 1A at different Vinet Speeds.

T(Model 1A-3a) air (°C)
T(Model 1A-1.88c) air (°C)
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Figure 4.5. Tair in shell-tube rectangular EPCM-T model 1A with aluminium
and copper encapsulation at Viniet 0of 1.88 m/s and 3 m/s.
When the Vinet increased to 3 m/s, Tair rose from 30.0°C (303.15 K) to
34.6°C (307.75 K) as indicated in Figure 4.5. However, the final Trcm and

Tair values were marginally lower in the copper model compared to the
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aluminium models (Model 1A-1.88a and Model 1A-3a). Specifically, the
Tar in the aluminium-encapsulated EPCM-T - model 1A was
approximately 0.3% higher than in the copper-encapsulated EPCM-T -
model 1A at 3 m/s. Though small, these percentage differences show
that copper and aluminium-encapsulated EPCM-T models performed
similarly. However, the aluminium models reached slightly higher final

temperatures, particularly at higher airflow velocities.

In Figure 4.6, Vinet significantly impacts temperature variation in both
models. For example, between 360 and 720 minutes, Model 1A-1.88a
(aluminium, 1.88 m/s) showed a 10.48% increase in Trcm, While Model
1A-1.88c (copper, 1.88 m/s) exhibited an 11.29% increase. When Viniet
was increased to 3 m/s, Tecm reached a slightly higher value of 34.7°C
(307.85 K) after 720 minutes, compared to 34.5°C (307.65 K) at Vinlet Of
1.88 m/s.

TPCM- Model 1A-3a) (°C)
TPCM (Model 1A-1.88¢) (°C)

TPCM (Model 1A-3¢) (°C)
TPCM (Model 1A-1.88a) (°C)
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335 1

: Tecm increased by
— 1+ 8.44% in Model 1A-3c
and 8.70% in Model

315 4
295 A

27.5 R

|
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235 A
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Figure 4.6. Tecu in Shell-tube rectangular EPCM-T model 1A with
aluminium and copper encapsulation at Vinier of 1.88 m/s and 3 m/s.

The graph in Figure 4.7 shows the temperature variation of inner and
outer tubes (Tinnertube and Touter-tube) N the shell-tube rectangular
aluminium and copper-encapsulated EPCM-T model 1A at Vinet of 1.88
m/s and 3 m/s. There was a sharp initial temperature rise within the first
120 minutes, where the Tinner-tube aNd Touter-tube aCross all models reached
about 28.5°C (301.65 K). After this, the Tinner-tube gradually increased
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between 120 and 360 minutes, reflecting the phase change of the PCM
absorbing heat. By 720 minutes, the Touter-tube in Models 1A-1.88c and 1A-
3c reached around 34.9°C (308.05 K) and 35.0°C (308.15 K). Meanwhile,
Models 1A-1.88a and 1A-3a exhibited a slower heat transfer. In these
cases, the final Touter-tube @Nd Tinner-tube Stabilised at about 34.7°C (307.85
K) and 34.8°C (307.95 K), respectively, by 720 minutes.

Tinner-tube (1A-1.88c¢) (°C) Touter-tube (1A-1.88c) (°C)
Tinner-tube (1A-1.88a) (°C)
Tinner-tube (1A-3c) (°C)
Tinner-tube (1A-3a) (°C)

Touter-tube (1A-1.88a) (°C)
Touter-tube (1A-3c) (°C)
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35.5
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23.5 1
22.5 1
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Figure 4.7. Twbe in shell-tube rectangular EPCM-T model 1A when
aluminium and copper encapsulation are adopted at Vinier of 1.88 m/s and
3m/s.

It is clear from the results that the copper encapsulation model responds
more quickly to heat transfer due to copper’s higher thermal conductivity.
In contrast, the aluminium-encapsulated EPCM-T models (1A-1.88a and
1A-3a) exhibited a slower, more controlled temperature rise, particularly
at lower inlet velocities. In addition, higher airflow velocities (3 m/s) and
copper encapsulation improve the heat transfer rate. Therefore, if the
goal is to achieve slower temperature stabilisation and maintain a more
controlled thermal profile, aluminium encapsulation is the more suitable
choice for the Model 1A EPCM-T design.
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4.2.1.2 Shell-tube cylindrical EPCM-T - model 2A

The temperature variations that occurred in the shell-tube cylindrical
EPCM-T model 2A during the simulation are represented by the
temperature contours shown in Figures 4.8 to 4.11. These results were
compared under different encapsulations (aluminium and copper) at 1.88

m/s and 3 m/s inlet velocities with an inlet temperature of 35°C.

Inlet air in
1mins 120 mins 240 mins 360 mins 480 mins 600 mins 720 mins

3 1
| : |
S | 1 |

o I |
3.0226+02 ‘ [ | |
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2.992e+02 é ‘ |
29776402 =
2.9626+02
29476402 -
2.9326+02

[K] s

air (fluid domain)

outlet air outv 293.25K (20.1°C) 307.62 (33.47°C)

aluminium shell-
tube
(solid domain)

PCM (fluid domain)

Figure 4.8. Temperature contour for shell-tube cylindrical EPCM-T model
2A when aluminium encapsulation is utilised at 1.88 m/s inlet velocity and
359C inlet temperature.

In Figure 4.8, the aluminium encapsulated EPCM-T model 2A at 1.88 m/s
showed a gradual temperature rise. The Tecm stabilised for the first 240
minutes, at around 301.62 K (28.47°C) before it rose to 307.62 K
(34.47°C) by 600 minutes. However, thermal equilibrium was achieved in

720 minutes.

From the temperature contour in Figure 4.9, the copper-encapsulated
version showed a similar trend. However, the heat transfer between the
EPCM-T and air was faster, achieving 308.08 K (34.93°C) by 600

minutes.
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Figure 4.9. Temperature contour for shell-tube cylindrical EPCM-T model
2A when copper encapsulation is utilised at 1.88 m/s inlet velocity and 35
o(C inlet temperature.
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Figure 4.10. Temperature contour for shell-tube cylindrical EPCM-T model
2A when aluminium encapsulation is utilised at 3 m/s inlet velocity and 35
oC inlet temperature.

At a higher inlet velocity of 3 m/s, Figure 4.10 highlights more rapid heat
transfer. In the shell-tube cylindrical EPCM-T model 2A, with aluminium
encapsulation, a Tecm and T of 308.15 K (35°C) were reached at 600
minutes. This indicated that thermal equilibrium was achieved earlier
than at Vinlet 0f 1.88 m/s. This shows that less efficient cooling occurred,

as the heat was transferred more quickly through the material.
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Figure 4.11. Temperature contour for shell-tube cylindrical EPCM-T model
2A when copper encapsulation is utilised at 3 m/s inlet velocity and 35 °C
inlet temperature.

In the case of the temperature variation in the copper-encapsulated
model at 3 m/s, illustrated in Figure 4.11, faster heat transfer occurred.
In this case, the PCM temperature quickly rose to 308.15 K (35°C) by
480 minutes by which time thermal equilibrium was achieved. Based on
the results, copper encapsulation at 3 m/s offered faster heat transfer,
implying that its prolonged temperature stabilisation capacity was less
effective compared to the aluminium-encapsulated model. Additionally, it
is clear that higher velocity reduced cooling, even though heat transfer
was enhanced. Overall, copper achieved equilibrium 20% faster than
aluminium. While the temperature differences were minimal, there was a
significant difference in the rate of heat transfer based on the time

equilibrium was achieved in the models.
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4.2.1.3 Rectangular EPCM-T — model 1B

The temperature variations that occurred in the rectangular EPCM-T
model 1B during the simulation are represented by the temperature
contours shown in Figures 4.12 to 4.15.

Inlet air in
1mins 120 mins 240 mins 360 mins 480 mins 600 mins 720 mins

outlet air out 308.05 K

luminium tube
solid domain)

3 PCM (fluid
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" 2.992e+02

2.977e+02
2.962e+02
2.947e+02

2.932e+02

0,100 (m)

0.050

air (fluid
domain)

Figure 4.12. Temperature contour for rectangular EPCM-T model 1B when
aluminium encapsulation at 1.88 m/s inlet velocity and 35 °C inlet
temperature.

At a Vineet of 1.88 m/s, as seen in Figure 4.12, the PCM temperatures in
the rectangular aluminium EPCM-T — model 1B rose gradually, with full
heat transfer achieved at around 720 minutes. This slower heat transfer
reflected the controlled nature of aluminium encapsulation, as the PCM
temperature increased to approximately 34.9°C (308.05 K).
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Figure 4.13. Temperature contour for rectangular EPCM-T model 1B when
aluminium encapsulation is utilised at 3 m/s inlet velocity and 35 °C inlet
temperature.

When Vinet increased to 3 m/s (Figure 4.13), the heat transfer process
accelerated. The PCM reached 35.0°C (308.15 K) by 600 minutes,
demonstrating 0.29% faster heat transfer due to the increase in airflow.
In contrast, the copper encapsulation in the rectangular copper EPCM-T
— model 1B sample showed a slightly faster temperature increase
compared to that of aluminium encapsulation, even at a low Vinet of
1.88m/s (Figure 4.14). PCM temperatures rose to 34.7°C (307.85 K) by
720 minutes, indicating approximately 0.57% faster stabilisation than

what was obtained with the use of aluminium.
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Figure 4.14. Temperature contour for rectangular EPCM-T model 1B when
copper encapsulation is utilised at 1.88 m/s inlet velocity and 35 °C inlet
temperature.

The results suggest that copper encapsulation leads to slightly more
efficient heat transfer than aluminium in lower airflow conditions.
However, the overall temperature difference between copper and
rectangular aluminium EPCM-T — model 1B remain small.

As seen in Figure 4.15, when the Vinet increased to 3 m/s, copper
achieved rapid heat transfer, stabilising around 600 minutes with the
PCM reaching a temperature of 34.7°C (307.85 K). Copper’s faster heat
transfer, though beneficial for rapid stabilisation, could result in less
sustained thermal performance over extended periods. This indicates
that copper facilitates quicker heat transfer in EPCM-T — model 1B

designs.
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Figure 4.15. Temperature variation contour for rectangular EPCM-T model
1B when copper encapsulation is utilised at 3 m/s inlet velocity and 35 °C
inlet temperature.
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Figure 4.16. Tar in rectangular EPCM-T model 1B with aluminium and
copper encapsulation at Vinier 0f 1.88 m/s and 3 m/s.

However, the airflow velocity and the encapsulation material still have a
limited impact on the long-term air temperature behaviour in the
rectangular EPCM-T. It was observed in the graph shown in Figure 4.16
that airflow velocity mainly impacted the speed of the initial heat transfer
process. Accordingly, in Figure 4.16, all models (1B-3a, 1B-3c, 1B-1.88a,
and 1B-1.88c), with aluminium and copper encapsulation at Vinlet

velocities of 1.88 m/s and 3 m/s, initially exhibited a sharp temperature
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increase. Tair increased from around 30°C (303.15 K) to approximately
34.5°C (307.65 K) within the first 120 minutes. After this initial rise, the
temperature stabilized, with only a slight increase over the remaining
simulation time, reaching about 34.9°C (308.05 K) by 720 minutes. The
copper-encapsulated models (1B-3c and 1B-1.88c) showed only a

slightly faster initial temperature rise compared to the aluminium models.

Figure 4.17 and Figure 4.18 show the Twbe and Trcwm fluctuations in the
rectangular EPCM-T model 1B with aluminium and copper

encapsulation, respectively, at Vinlet of 1.88 m/s and 3 m/s.

Ttube (Model 1B-3a) (°C)
Ttube (Model 1B-3c) (°C)

Ttube (Model 1B-1.88a) (°C)
Ttube (Model 1B-1.88c) (°C)
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31.5
'g 29.5 A1
T327.5 1
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23.5
21.5
195

1 120 240 360 480 600 720
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Figure 4.17. Twpe in rectangular EPCM-T model 1B with aluminium and
copper encapsulation at Vinier 0f 1.88 m/s and 3 m/s.

All the models compared in Figure 4.17 show a sharp Twbe rise between
0-120 minutes. The Twbe eventually converged at about 27.5°C (300.65
K) after 120 minutes. Between 120 and 360 minutes, Twbe in copper
increased more rapidly than in the aluminium models. For instance, by
240 minutes, the copper model was approximately 5-6% ahead of the
aluminium model in terms of temperature rise. By the final phase (360-
720 minutes), the Twboe in all models reached between 34.9°C (308.05 K)
and 35°C (308.15 K), with copper showing approximately 0.3% faster
heat transfer compared to aluminium. It is indicative that during the 120-
360-minute period, the thermal performance of the rectangular copper
EPCM-T — model 1B was 5-6% more efficient than that of aluminium.
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Figure 4.18. Tecy in rectangular EPCM-T model 1B with aluminium and
copper encapsulation at Vinier 0f 1.88 m/s and 3 m/s.

In Figure 4.18, as the PCM charging commenced, Trcwm for all models
reached approximately 27°C (300.15 K) by 120 minutes. During the mid-
phase (120-360 minutes), the TPCM for copper increased more rapidly
than for the EPCM-T — model 1B with aluminium encapsulation. As Vinlet
increased to 3 m/s, by the final phase (360-720 minutes), Tecwm in the
copper models reached 34.9°C (308.05 K). The effect of the increased
Vinlet at 3 m/s was more pronounced across all models, with Tpcm reaching
higher temperatures faster compared to lower Vinet. The rectangular
copper-encapsulated EPCM-T- model 1B stabilised more quickly than
the aluminium-encapsulated ones. Despite copper’s 4-5% faster heat
transfer during the initial and mid-phases, both Twbe and Tpcm in copper
and aluminium models converged by 720 minutes, especially at higher
Vinlet. This indicates that while copper and increased airflow primarily
impact the rate of heat transfer, they have little effect on the final
temperature. Both copper and aluminium-encapsulated models achieve
similar final temperatures (approximately 34.9°C or 308.05 K) by the end

of the simulation.
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4.2.1.4 Cylindrical EPCM-T - model 2B

The temperature variations that occurred in the cylindrical EPCM-T
model 2B during the simulation are represented by the temperature

contours shown in Figures 4.19 to 4.22.
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Figure 4.19. Temperature contour for cylindrical EPCM-T model 2B when
aluminium encapsulation is utilised at 1.88 m/s inlet velocity and 35 °C inlet
temperature.
At 1.88 m/s, as shown in Figure 4.19, the temperature rise is similar to
the rectangular EPCM-T — model 1B. Stabilisation began around 720
minutes, with Tecm reaching 34.9°C (308.05 K). However, full equilibrium
was only achieved by the 840-minute mark, at which point the
temperature reached 35.0°C (308.15 K). The cylindrical shape, however,
slightly slowed down the heat distribution by approximately 2.86%. At 3
m/s (Figure 4.20), the temperature stabilised earlier at around 600
minutes, with Tpcm reaching 35.0°C (308.15 K). The performance based
on the EPCM-T cylindrical shape is comparable to the rectangular
version but showed marginally slower heat transfer due to shape-induced

airflow differences.
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Figure 4.20. Temperature contour for cylindrical EPCM-T model ZB when
aluminium encapsulation is utilised at 3 m/s inlet velocity and 35 °C inlet
temperature.
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Figure 4.21. Temperature contour for cylindrical EPCM-T model 2B when
copper encapsulation is utilised at 1.88 m/s inlet velocity and 35 °C inlet
temperature.

At a Viniet Of 1.88 m/s (Figure 4.21), the copper-encapsulated cylindrical
model 2B showed faster heat transfer compared to the aluminium-
encapsulated version. The PCM reached 34.7°C (307.85 K) in 720
minutes, similar to the rectangular EPCM-T- modellB. At 3 m/s, the heat

transfer accelerated, stabilising around 600 minutes (Figure 4.22), with
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the PCM achieving 34.7°C (307.85 K). Copper in this model displayed
faster heat conduction, allowing for rapid heat distribution, similar to the

rectangular model.
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Figure 4.22. Temperature contour for cylindrical EPCM-T model 2B when
copper encapsulation is utilised at 3 m/s inlet velocity and 35 °C inlet
temperature.
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Figure 4.23. Tair in cylindrical EPCM-T model 2B with aluminium and copper
encapsulation at Vinier of 1.88 m/s and 3 m/s.

In Figure 4.23, Tar in all the cylindrical EPCM-T models rose sharply
within 120 minutes but stabilised after this, 34.5°C (307.65 K). There was
hardly any difference between the thermal behaviour of the copper and

aluminium-encapsulated EPCM-T cylindrical models after stabilisation
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when the Vinet was 1.88 or 3 m/s. All models similarly converged near
34.9°C (308.05 K) at 720 minutes, indicating that the airflow and
encapsulation materials had little effect on air temperature. This could be
as a result of the EPCM-T design.
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Figure 4.24. Tecm in cylindrical EPCM-T model 2B with aluminium and
copper encapsulation at Viniet 0of 1.88 m/s and 3 m/s.

Increased airflow had a greater effect on Tecm in Figure 4.24. Tecm
increased faster in the copper-encapsulated cylindrical EPCM-T (1B-3c
and 1B-1.88c), reaching 34.5°C (307.65 K) before the end of the
simulation. However, in the aluminium-encapsulated cylindrical EPCM-T
(1B-3a and 1B-1.88a), Tecm increased more slowly and stabilised around
34°C (307.15 K). The copper-encapsulated cylindrical EPCM-T exhibited
faster heat transfer, especially at 3 m/s airflow, indicating that airflow

greatly improved the PCM heat transmission.

As shown in Figure 4.25, a quicker Twbe increase was observed in the
copper-encapsulated cylindrical EPCM-T than in the aluminium models
at 3 m/s airflow. The aluminium-encapsulated cylindrical EPCM-T
stabilised at 34°C (307.15 K), while copper-encapsulated models
reached 34.5°C (307.65 K) by the end of the phase at 840 minutes.
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Results generally indicate that higher airflow velocities improved heat

transfer in copper models, accelerating Trcm and Tiwbe temperature rises.

Ttube (Model 2B-3a) (°C)
Ttube (Model 2B-1.88c) (°C)

Ttube (Model 2B-1.88a) (°C)
Ttube (Model 2B-3c) (°C)

1 2 3 4 5 6 7 8
t [mins]
Figure 4.25. Twpe in cylindrical EPCM-T model 2B with aluminium and
copper encapsulation at Vinier 0f 1.88 m/s and 3 m/s.
4.2.2 Impact of encapsulation material on EPCM-T thermal storage

performance.

The performance of aluminium and copper encapsulations in EPCM-T
Models 1A, 2A, 1B, and 2B during the PCM charging process was
assessed based on variations in airflow velocity. To fully understand this
relationship, the PCM liquid fraction was assessed. The liquid fraction
represents the degree to which the PCM has melted or transitioned into
a liquid state, providing insight into how effectively the material absorbs
and stores thermal energy over time. The analysis aimed to determine
how the two selected encapsulation materials (copper and aluminium)
and airflow velocities influenced the PCM charging in each of the EPCM-

T models.
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4.2.2.1 PCM charging in shell-tube rectangular EPCM-T - model 1A

Figures 4.26 and 4.27 illustrate how airflow velocity and encapsulation
material (aluminium and copper) affected the phase change process in
EPCM-T Model 1A.

At 1.88 m/s (Figure 4.26 (a)), the PCM in the aluminium-encapsulated
EPCM-T - model 1A reached liquid fractions of 0.19 at 120 minutes and
0.46 at 240 minutes. Full melting was achieved at 600 minutes. According
to Figure 4.26(c), the PCM in the copper-encapsulated EPCM-T - model
1A showed a marginally slower melting rate, with liquid fractions of 0.17
and 0.43 at 120 and 240 minutes, respectively. By 600 minutes, both had
commenced their full melting phase which concluded with a 2-3% melting

rate difference as shown in Figure 4.26(b).

At 3 m/s as shown in Figure 4.27, the melting process accelerated.
Copper reached a liquid fraction of 0.27 at 120 minutes and 0.56 at 240
minutes. Full melting was achieved by 480 minutes (Figure 4.27(a) and
(b)). According to Figure 4.27(c), the aluminium-encapsulated EPCM-T
model 1A was slightly slower, with liquid fractions of 0.21 and 0.49 at
120 and 240 minutes, reaching 96% melting by 480 minutes and full
melting at 600 minutes. At this velocity, it can be implied that the liquid
fraction in the copper-encapsulated EPCM-T - model 1A, outperformed
the aluminium-encapsulated version by 7% by the 240-minute mark.
However, a 1% reduction in the liquid fraction value was observed when
it was 480 minutes into the simulation. From the results, it can be inferred
that both materials exhibited a faster PCM charging when the Vinet was
at 3 m/s. The copper-encapsulated EPCM-T - model 1A initially
outperformed the aluminium-encapsulated versions. However, the

difference became negligible as the simulation progressed.
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Figure 4.26. PCM liquid fraction contours for (a) aluminium and (c) copper
encapsulated rectangular EPCM-T Model 1A at 1.88 m/s, and (b) liquid
fraction variation between aluminium and copper in Model 1A.
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Figure 4.27. (a) PCM liquid fraction contour for copper-encapsulated
rectangular EPCM-T Model 1A at 3 m/s (b) Graph showing PCM liquid
fraction variation between aluminium and copper Model 1A, and (c) PCM
liquid fraction contour for aluminium-encapsulated rectangular EPCM-T
Model 14 at 3 m/s.
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4.2.2.2 PCM charging in shell-tube cylindrical EPCM-T - model 2A

The graph in Figure 4.28 illustrates the PCM liquid fraction as a function
of time (t) for four models: two variations of Model 2A-3 (3a and 3c) and
two variations of Model 2A-1.88 (1.88a and 1.88c), with Viniet of 3 m/s and

1.88 m/s, respectively. At the start of the simulation, all models showed.

Liquid Fraction (Model 2A-3a) (°C)
—— Liquid Fraction (Model 2A-1.88c) (°C)
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Figure 4.28. Comparison of PCM liquid fraction for for shell-tube cylindrical
Aluminium EPCM-T - model 2A at 1.88 m/s and 3m/s.

All models showed a gradual PCM liquid fraction increase at the
beginning of the simulation. But, by 240 minutes, both Model 2A-3a and
2A-3c (3 m/s) exhibited higher liquid fractions compared to Model 2A-
1.88a and 2A-1.88c. Model 2A-3a displayed a slightly faster PCM melting
rate than Model 2A-3c between 0 and 360 minutes. This was due to a
faster rate of heat absorption that occurred. In contrast, both Model 2A-
1.88a and Model 2A-1.88c took longer to reach full melting. Incomplete
melting was still observed in Model 2A-1.88a by the 480-minute mark.
But Model 2A-1.88c showed slightly better heat absorption but only
began full melting by 720 minutes.
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The difference in PCM charging times between these models has
highlighted that lower airflow velocities, such as 1.88 m/s, resulted in
slower heat transfer. This increases the length of time for PCM to melt.
In contrast, higher airflow velocities, as seen in Model 2A-3a (3 m/s),
improved the PCM's ability to absorb and store thermal energy more
rapidly. However, a quicker PCM melting may not sustain thermal
absorption over extended periods. This faster charging could lead to

reduced long-term cooling performance.
4.2.2.3 PCM charging in rectangular EPCM-T - model 1B

The PCM liquid fraction behaviour for both aluminium and copper-
encapsulated rectangular EPCM-T Model 1B at Vinet of 1.88 m/s and 3
m/s is shown in Figures 4.29 to 4.31. The graphs and contours offer a
comprehensive view of how airflow and encapsulation material affect the

phase change process of the PCM.
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Figure 4.29. Comparison of PCM liquid fraction for the aluminium and
copper-encapsulated rectangular EPCM-T Model 1B at 1.88 m/s and 3m/s.
As shown in Figure 4.29, the liquid fraction for the aluminium and copper-
encapsulated rectangular EPCM-T Model 1B are compared at Vinet Of
1.88 m/s and 3 m/s. The PCM in the copper-encapsulated rectangular

models (1B-3c and 1B-1.88c) melted up to 10-12% faster than in the
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aluminium ones (1B-3a and 1B-1.88a) by the 240-minute mark. In this
case, the liquid fraction reached a value of 1 at 720 minutes indicating
the completion of a full PCM charging cycle. Copper-encapsulated
rectangular EPCM-T models also showed a faster PCM charging cycle,

particularly at the higher airflow rate of 3 m/s.
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Figure 4.30. PCM liquid fraction contour for (a) aluminium-encapsulated
rectangular EPCM-T Model 1B at (a) 1.88 m/s and (b) 3m/s.

The results from Figures 4.30 and 4.31 compare the phase change
performance of aluminium and copper-encapsulated rectangular EPCM-
T Model 1B at airflow velocities of 1.88 m/s and 3 m/s. As observed in
Figure 4.30 (a), the aluminium-encapsulated model reached a liquid
fraction of 0.23 by 120 minutes when Vinet was at 1.88m/s. It progressed
steadily to 0.48 by 240 minutes and reached 0.87 by 480 minutes. Full
melting occurred by 720 minutes into the simulation. At the higher airflow

velocity of 3 m/s, Figure 4.30(b) indicates that the aluminium-
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encapsulated model performed better. PCM liquid fraction reached 0.28
by 120 minutes, and 0.57 by 240 minutes, with full melting achieved by

600 minutes.
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Figure 4.31. PCM liquid fraction contour for copper-encapsulated
rectangular EPCM-T Model 1B at (a) 1.88 m/s and (b) 3m/s.

The copper-encapsulated model as indicated in Figure 4.31(a), shows
that there was an initial rise in the PCM liquid fraction to 0.22 by 120
minutes when Vinet Was at 1.88m/s. This implies a faster change process.
The PCM liquid fraction reached 0.87 by 480 minutes and full melting
was achieved by 720 minutes, similar to that of the aluminium version.
The copper-encapsulated rectangular EPCM-T Model 1B also exhibited
a similar phase change rate to that of the aluminium model as Vinket
increased to 3m/s, as shown in Figure 4.31(b). The copper-encapsulated
rectangular EPCM-T Model 1B also achieved full melting in 720 minutes.

Olamide Eso, Ph.D Thesis, 2024 174 |Page



The PCM liquid fraction increased from 0.56 to 0.95 from 240 minutes to
480 minutes. Only a very minimal difference was observed in the

performance of both models.

4.2.2.4 PCM charging cylindrical EPCM-T - model 2B

Figure 4.32 shows the comparison of the PCM liquid fraction for
aluminium and copper-encapsulated cylindrical EPCM-T Model 2B at
Vinlet 0f 1.88 m/s and 3 m/s. The copper-encapsulated cylindrical models
generally exhibited a faster PCM charging rate compared to the

aluminium-encapsulated ones.
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Figure 4.32. Comparison of PCM liquid fraction for aluminium and copper-
encapsulated EPCM-T Model 2B at 1.88 m/s and 3m/s.

At a Vinet 0f 1.88 m/s, the copper-encapsulated cylindrical EPCM-T Model
2B (Model 2B-1.88c) reached a liquid fraction of 0.18 at 120 minutes,
while the aluminium-encapsulated version (Model 2B-3c) reached 0.16.
This indicated a 6% faster melting rate for the copper-encapsulated
model. By 240 minutes, the Model 2B-1.88c achieved a liquid fraction of
0.46, compared to the 0.39 for the aluminium-encapsulated model
(Model 2B-1.88a). This highlights a 7% difference in phase change rate.
Both models reached full melting of the liquid fraction of 1 by 720 minutes,

with copper demonstrating a marginally faster charging rate during the
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mid-phase. When the airflow velocity was increased to 3 m/s, the
difference between model 2B-3c and model 2B-3a became more
pronounced. The PCM in Model 2B-3c reached a liquid fraction of 0.22
at 120 minutes. However, the PCM melting rate in Model 2B-3c was 10%
faster than that of Model 2B-3a. By 600 minutes, there was a 6%
difference in their PCM melting rates. The PCM liquid fraction for Model
2B-3c and Model 2B-3a reached 0.94 and 0.96 respectively. However,
full PCM melting occurred around 720 minutes for both models. The
copper-encapsulated models generally showed consistently faster

melting, particularly in the mid-phase of the process.
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Figure 4.33. PCM liquid fraction contour for aluminium-encapsulated
cylindrical EPCM-T Model ZB at (a) 1.88 m/s and (b) 3m/s.

Figure 4.33 illustrates the PCM liquid fraction contour for aluminium-
encapsulated EPCM-T Model 2B at both 1.88 m/s and 3 m/s. At 1.88 m/s,
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the aluminium-encapsulated cylindrical EPCM-T Model 2B exhibited a
slower phase change, with a liquid fraction of 0.16 by 240 minutes and
0.74 by 480 minutes. The PCM eventually reached full melting at 840
minutes. When Vinetincreased to 3 m/s, the model showed a faster phase
change process. In this case, the PCM liquid fraction reached 0.46 at 240
minutes and 0.84 by 480 minutes, achieving full melting by 720 minutes.
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Figure 4.34. PCM liquid fraction contour for copper-encapsulated
cylindrical EPCM-T Model 2B at (a) 1.88 m/s and (b) 3m/s.

The contour data for the copper-encapsulated cylindrical EPCM-T Model
2B at the respective Vinet rates is depicted in Figure 4.34. With a velocity
of 1.88 m/s, the PCM in the copper model exhibited a 2% faster phase
transition than that of the aluminium model. A PCM liquid fraction of 0.39
was observed at 240 minutes and 0.74 at 480 minutes. At a Viniet of 3 m/s,
the copper model exhibited a 6% improvement compared to the

aluminium-encapsulated cylindrical EPCM-T Model 2B, obtaining a value
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of 0.46 after 240 minutes and 0.79 after 480 minutes. This indicates a

5.3% improvement in the melting process.

4.2.3 Optimal EPCM-T design: summary of key findings from the

parametric study.

The most important conclusion of the evaluation of the parametric study
indicated that Model 1B which is the rectangular EPCM-T samples
achieved better temperature stabilisation for a longer period in
comparison to other EPCM-T designs. With the aluminium
encapsulation, Model 1B showed more uniform heat transfer and a
prolonged thermal storage capacity across the different Vinet conditions
tested. The heat transfer in the aluminium-encapsulated EPCM-T was
10-12% slower than that of the copper versions for both Vinet of 1.88m/s
and 3m/s. This indicated a more prolonged retainment of temperature
stability by the aluminium-encapsulated versions. Thus, the Model 1B is
more effective at reducing incoming air temperature for extended periods
compared to the copper-encapsulated versions. Since the EPCM-T’s
most important performance is for it to be able to achieve stabilised and
reduced supply air temperature for an extended period, Model 1B with
aluminium encapsulation was identified as the optimal EPCM-T design.
Consequently, this model was selected for integration into the overall

system for further performance analysis.

4.3 Results and discussions of the overall performance of the
EPCM-HMW system

The EPCM-HMW system was assessed based on the two different
EPCM-T configuration cases detailed in Chapter 3 (Figure 3.20). As
identified, Case 1 is the EPCM-HMW system with 48 EPCM-T units
placed within a single supply airstream. Case 2 features 197 EPCM-T
units evenly distributed across all four EPCM-HMW system’s airstreams.
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The key factors influencing system performance such as ventilation,
cooling, and thermal storage were thoroughly assessed. The results of

these assessments are discussed in the following sections.

4.3.1 Ventilation performance assessment of the EPCM-HMW

system

The impact of varying outdoor wind speeds, wind angle and air pressure
distribution within the EPCM-HMW model was assessed to investigate
the ventilation performance. The results discussed here are based on
Vinlet of 1.88 m/s and 3 m/s at Vangle ranging between 0° and 45°, with
solar fan static pressure set at 10 Pa. Based on this, the fan provided an
additional 370L/s airflow.

4.3.1.1 Impact of varying outdoor wind speeds on ventilation

performance

Fluctuations in wind speed can cause variations in airflow rates, affecting
how much air passes over the EPCM-T within the EPCM-HMW system.
This indirectly impacts how consistently the ventilation performance is
maintained. To fully understand this, the analysis examined how airflow
was distributed within the EPCM-HMW system. This led to the
assessment of how efficiently the EPCM-HMW system performed at wind
speeds of 1.88 m/s and 3 m/s, with a consistent Vange of 0°. Hence, the
velocity contour plots for the EPCM-HMW Case 1 model as shown in

Figure 4.35(a) are compared with the air velocity profiles in Figure 4.35

(b).

According to the contour plot in Figure 4.35(a), when the inlet air speed
was 1.88 m/s at 2500s, the airflow at p11-supply, Near the inlet vent, was
around 0.47 m/s. As air moved further into the space, the velocity
decreased to 0.34 m/s at Pio-bottom 9 (Figure 4.35(b)). At the midpoint of
the room height, Ps recorded a 33% decrease in air velocity, measuring

0.18 m/s. Further reductions were noted near the walls, with P2
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measuring 0.07 m/s (Figure 4.35(b)). Even after 25,000, the decrease
persisted, with Ps showing a 33% to 50% reduction in air velocity
compared to P1. This indicates that at a low wind speed of 1.88 m/s, even
with the solar fan providing a 10 Pa pressure jump, the ventilation
performance was less effective, though still within acceptable thermal
comfort limits of 140.86 L/s. This is sufficient airflow rate for 14 to 17

occupants.
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Figure 4.35. (a) Contour showing the variation in the air velocity magnitude
(b) Air velocity profiles for Case 1 when Vangle is 0° at Vinier 1.88m/5.

Olamide Eso, Ph.D Thesis, 2024 180|Page



As shown in Figure 4.36(a) and (b), when the Vinetincreased to 3 m/s, a
similar trend was also observed between Pi-P12. The air velocity at Pi1-
supply rose to 0.80 m/s, representing a 72% increase. The lowest airflow
was at P2, near the room wall. This shows that there was insufficient air
circulation in that area. Results indicate that the solar fan at 10Pa
pressure jump may not have fully compensated for the low wind speeds,

the airflow remained within thermal comfort limits.
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Figure 4.36. (a) Contour showing the variation in the air velocity magnitude
(b) Air velocity profiles for Case 1 when Vangie is 0° at Vinlet 3m/5.
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Figure 4.37. (a) Contour showing the variation in the air velocity magnitude
(b) Air velocity profiles for Case 2 when Vangie is (P at Vinter 1.88m/5.

According to Figure 4.37(a) and (b), a similar air velocity distribution trend
was observed in EPCM-HMW Case 2 when Vinet was 1.88 m/s. However,
there was slightly lower velocities at Pii-supply for both wind speeds of
1.88m/s and 3m/s. Pi1-supply recorded air velocities of 0.37m/s when Viniet
was 1.88m/s (Figure 4.37(b)). This increased to 0.65 m/s when Vinlet

reached 3 m/s (Figure 4.38(a) and (b)), indicating a 69% increase. These
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results confirm that the higher inlet velocity improves airflow distribution,

but air circulation near the walls, such as at P2, remained insufficient.
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Figure 4.38. (a) Contour showing the variation in the air velocity magnitude
(b) Air velocity profiles for Case 2 when Vangie is 0° at Viniee 3m/5.

4.3.1.2 Impact of varying outdoor wind angles on ventilation
performance

Figure 4.39 compares three scenarios based on different wind angles
(Vangle) of 0°, 30°, and 45°, all at a constant Vinet of 1.88 m/s.
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The supply air velocity (Vsupply) at P11-supply was highest at 0.61 m/s when

Vangle Was 30°, with an exit velocity of 0.28 m/s at P12-outlet.
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Figure 4.39. Comparison of the effect of different wind angles Vangle on the
supply and exhaust air velocities in the EPCM-HMW model.

A close correlation was noted between Vsupply at Vangles 0f 0° and 45°,
where the system supplied air at 0.37 m/s and 0.41 m/s, respectively,
showing a 21% reduction between the supply and exhaust velocities in
both cases. Reverse airflow occurred at 45° and 30° Vange compared to
0°, although 45° and 30° produced higher Vsupply than 0°. The drop
between supply and exhaust air velocities was most significant at 30°,
despite it recording the highest Vsupply. The effect of wind angle on
ventilation performance was more pronounced at 30°. Hence, a 33%
difference between supply and exhaust velocities was observed.

4.3.1.3 Air pressure distribution on ventilation performance

In this analysis, Case 1a, 1b, and 1c represent EPCM-HMW Case 1 with
wind angles of 0°, 30°, and 45°, respectively. Similarly, EPCM-HMW
Case 2 with wind angles of 0°, 30°, and 45° are represented by Case 2a,
2b, and 2c. The graph in Figure 4.40 presents a comparative analysis of
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air pressure drops between supply and exhaust over a 20,000-second
simulation period for Cases 1 and 2, with Vinet set at 1.88 m/s at a 0°
Vangle. In Case 1, supply air pressure decreased from approximately 3.11
Pa to between -0.66 and -0.54 Pa, while exhaust air pressure dropped
from -26.4 Pa to between -0.65 and -0.76 Pa. In Case 2, exhaust air
pressure fell sharply from -30.61 Pa to between 8.4 and 8.53 Pa. The
supply air pressure decreased from 5.41 Pa to about -8.40 Pa. The
percentage difference in exhaust air pressure between Case 1 and Case
2 was 15.9%. For supply air, the difference was approximately 87.6%.
Both cases reached an equilibrium between supply and exhaust air

pressures after 2,500 s (0.7 hours).
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Figure 4.40. Air pressure P drops between supply and exhaust over 20,000
s simulation time in cases 1 and 2 when Vinjeris 1.88m/s at 0° Vangte.

Figure 4.41 compares the air pressure at Pii-supply and Pi2-outlet When
Vinlet was 1.88 m/s under varying Vangles 0f 0°, 30°, and 45°. In Cases la
and 2a, there were minimal pressure drops at 0.11 Pa. This indicates
restricted ventilation efficiency. Slight improvements were seen in Cases
1b and 2b, but negative pressures persisted. This suggests suboptimal
airflow. The most significant improvements occurred in Cases 1c and 2c.

The supply pressures increased by 1704% and 196%, respectively. The
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polynomial trendline clearly showed this sharp improvement. This
demonstrates that higher wind angles of 45° significantly enhance

system performance, especially in Case 1.
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Figure 4.41. Air pressure comparison between six different EPCM-HMW
model cases (cases 1a, 1b, 1¢, 2a, 2b and 2c) at Vangie at 0°, 30° and 4.5°.
Figure 4.42 compares air pressure distribution across Cases 2a, 2b, and
2c at varying wind angles. A more uniform and symmetrical pressure
distribution was observed in Case 2c as shown in Figure 4.42(c). The
pressure values at Pi-supply and P2-exhaust Were at 8.02 Pa and 8.00 Pa,
respectively. This indicates a near-equilibrium pressure and improved
airflow. Comparing pressure contours in Figure 4.42(a) and Figure
4.42(b), this balance was less pronounced in Cases 2a and 2b.
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(a) Case 2a with Vinet at 1.88m/s at Vangle of 0°
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Figure 4.42. Air pressure contour across three difterent EPCM-HMW model
cases (cases 2a, Zb and 2c) at Vangle at (@) 0°, (b) 30° and (c) 45°.

To further analyse the optimal air pressure distribution at a 45° Vangle,
Case 1c and Case 2c were compared when Vinet wWas increased to 3 m/s
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as shown in Figure 4.43(a) and Figure 4.43(b), respectively. In Case 1c,
P1-supply was 8.34 Pa and P2-exnaust was 9.08 Pa.

In contrast, Case 2c showed a more balanced distribution, with P1-supply
at 4.60 Pa and P2-exhaust at 7.70 Pa. The results implied that air pressure
was more effectively distributed across Case 2c. This could be a result
of the even distribution of EPCM-T in all the air streams.

(@)

Case 1c with Vinet at 3m/s at Vangle Of 45°
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Figure 4.43. Air pressure contours showing a comparison of the air pressure
distribution comparison across a ventilated room in (a) Case 1c and (b)
Case 2c with Vinler at 3m/’s at Vangle of 45°
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4.3.2 Cooling performance assessment of the EPCM-HMW system

The results of the cooling performance assessment of the model, based
on varied Viniet between 1.88 m/s and 3 m/s, are presented. Furthermore,
the effect of different E-PCMT arrangements on the system’s cooling
performance, when the inlet air temperature Tinetis at 308.15 K (35°C),

is also presented.

4.3.2.1 Impact of varying outdoor wind speeds on cooling

performance

The cooling performance of the EPCM-HMW system was investigated
based on how different wind speeds impact the lowering and stabilisation
of the air temperature. In both figures (Figure 4.44 and Figure 4.45), the
temperature variation across different points was compared for the two
wind speeds, 1.88 m/s and 3 m/s. In Case 1 with a wind speed of 1.88
m/s (Figure 4.44(a)), temperatures T ranged between 306.97 K (33.82
°C) to 307.07 K (33.92 °C) at 0Os — 20,000 s (0.5 - 5 hours) flow time
across all points. There was minimal temperature variation throughout

the simulation time, indicating steady cooling.

In Case 2 with the same wind speed (Figure 4.44(b)), Tsupply Showed a
sharper 0.65% decrease from the baseline of 307 K. Temperature
reached as low as 305 K (31.85 °C), around 5,000 s (1.4 hours).
However, temperatures remained stable for the rest of the simulation.
The lower wind speeds led to a more significant temperature reduction in
Case 2, particularly at P11-supply. But overall, the model was able to provide
cooling between 0 s to 20,000 s (5.5 hours).
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(a): Case 1 Vinlet at 1.88m/s
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(b): Case 2 Vinet at 1.88m/s
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Figure 4.44. Comparison of air temperature T across (a) Cases 1 and (b)
Case 2 between 0 s — 25,000 s simulation time at Viniet is 1.88 m/s and Vangle
of 0e.
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(a): Case 1 Vinlet at 3m/s

310 +
309
308
< 307
|_
306 -
305 T T T T T 1
0 2500 5000 10000 15000 20000 25000
t[s]
---e----point-1 e +----- point-10-bottom ——=—- point-11-supply
........... % pOINt-12-outlet ——o— point-2 — = point-3
»—— point-4-mid-exhaust —--<-- point-5-mid  ———- point-6-mid-supply
——x—=point-7 st DOINE-8 ---=+---- point-9
(b) Case 2 Vinet at 3m/s
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Figure 4.45. Comparison of air temperature T across (a) Cases 1 and (b)
Case 2 between 0 s - 25,000 s simulation time at Vinlet is 3 m/s and Vangie
of 0e.

According to Figure 4.45, higher temperatures across all monitored

points, with less drastic drops were observed, for both Case 1 and Case
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2 when the wind speed increased to 3 m/s. At 3 m/s Case 2 showed
better stabilisation in cooling, maintaining Tsupply at about 307 K from 2500
to 20,000 s (0.7 to 5.5 hours). But Case 2 at 1.88 m/s demonstrated the
best performance in terms of cooling efficiency, with a temperature drop
of approximately 0.65% at Pii-supply. Accordingly, wind speed had the
most significant impact on the cooling performance and temperature
variation in the EPCM-HMW Case 2 model.

Tiniet at 308.15K (35°C) At 5000s
Case 1 (Vin = 3m/s)" ---=---- Case 1 (Vin = 1.88m/s)"
weenee Case 2 (Min=3mls)y 0 ——e—— Case 2 (Vin = 1.88m/s)
308 1 307.74
.ib'*\ g, o —

307.5 - i TN

—————————————————

———————————————

—————————————
———————————

305-5 T T T T T T T T T T 1
N & N x> v o > O N A D 2
& & S F N @
€ K & P K F L L L
N N N & R
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o o O X &~
NI N &
monitor pointsg® <

Figure 4.46. Comparison of air temperature T monitored at P1 - P12 for Cases
1 and 2 at Vinier 0f 1.88 m/s and 3 m/s after 5000s (1.4 hours) of simulation.
It is noticeable from Figure 4.46 that Tsupply in Case 2 reached 305 K
(31.85 °C) when Vinet was at 3m/s. On the other hand, at the same
velocity, Case 1 maintained the highest temperature at P3, peaking at
307.74 K. Across all points, higher temperatures were observed for both
cases at 3 m/s when monitored at 5000s (1.4 hours). Higher airflow
velocities resulted in more stable temperatures, though with less cooling
efficiency compared to lower velocities. This highlights that while higher
velocities stabilise the temperature distribution, lower wind speeds

enhance cooling at specific points, such as the P11-supply.
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4.3.2.2 Impact of wind angle on cooling performance

Since the direction and angle of the wind impacts airflow efficiency in the
EPCM-HMW system. This effect was further studied based on how this
affects temperature variation and cooling performance. Figure 4.47
illustrates the effect of different Vangles ONn temperature variation for Case

1 and Case 2 after 3,000 s (0.8 hours) of simulation.

Tinlet at 308.15K (35°C) At 3000s
309 -
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TIK]

306 A

305.04
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Case-1-45deg-3m/s Case-2-45deg-3m/s Case-1-45deg-1.88m/s
Case-2-45deg-1.88m/s Case-1-0deg-3m/s = = - Case-2-0deg-3m/s

Case-1-0deg-1.88m/s

Figure 4.47. Comparison of T distribution at P1 - P12 for Case 1 and Case 2,
at difterent Vangles of 0° and 45° of Viniet 0f 1.88 m/s and 3 m/s at 3000s.

Case-2-0deg-1.88m/s

With a lower wind speed of 1.88 m/s, there were more significant
temperature drops than at a higher wind speed, particularly at P11-supply.
But Case 2 with 45° and 1.88 m/s showed the lowest temperature of
305.04 K. Conversely, at higher wind speeds (3 m/s), the temperature
distribution across all points became more stable, with only smaller
variations. When Vangle was at 0° at 3m/s, the model exhibited less cooling
efficiency compared to lower wind speeds and wind angles. Hence, Case
2 with 0° and 3 m/s exhibited the highest temperature, peaking at 307.88
K (34.73°C).
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4.3.2.3 Impact of E-PCMT arrangement on cooling performance

The placement and distribution of E-PCMT within the airflow pathways
were studied to understand its impact on temperature variation and the
ability to maintain stable temperatures within the system. Based on this,
Cases 1 and 2 were assessed at Vinet of 1.88m/s and Vangle Of 0° at a
constant Tinet of 308.15 K (35°C).

The bar chart (Figure 4.48) and the contour graphs (Figures 4.49 to 4.52)
provide insights into the effects of the E-PCM-T arrangement on the
cooling performance of the system under different time steps and
operational conditions. As shown in Figure 4.48(a), there is seen a
noticeable difference between the Tsupply for Case 1 and Case 2. Case 2
exhibited a more significant reduction in supply air temperature Tsupply,
with an approximate 7 % decrease. This reduction was from an initial Tinlet
of 308.15 K (35 °C) to the lowest measured air temperature of 305.87 K
(32.72 °C). In comparison, in Case 1, the drop in Tsupply Was slightly less
pronounced than in Case 2 but cooling was achieved at a faster rate. The
Tsupply for Case 1 averaged 306.02 K (32.87 °C), reflecting only a 6 %
reduction. However, Case 2 consistently maintained lower temperatures
across all time intervals. This indicates better thermal regulation and less
temperature fluctuation provided by the E-PCM-T arrangement in Case
2. The data implied that there is an enhanced cooling performance. This
is a result of the E-PCM-T configuration which has helped to absorb heat

more effectively and maintain the air temperature at a lower level.

In Figure 4.48(b), the exhaust air temperature in Case 2 also
demonstrates more stable and controlled behaviour compared to Case
1. In Case 1, a sharp decline was observed, with T starting at 308.15 K
(35 °C) and reaching 306.98 K (33.83 °C) by 10,000 s into the simulation.
A gradual increase was also observed, reaching 308.09 K (34.94 °C) by
the end of the 25,000 s simulation period. Active temperature stabilisation

occurred between 2500 s to 20,000 s (approximately for 5 hours).
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Figure 4.48. E-PCM-T arrangements’ impact on temperatures—(a)
Variation in supply air temperatures Tsuppiy for Case 1 and Case 2, and (b)
Variation in exhaust air temperatures Texhaust for Case 1 and Case 2

The contour graphs further support the observations highlighted in the
bar chart. Across the various time steps, Case 2 consistently
demonstrated a more stable temperature distribution. It also maintained
lower temperatures around critical areas than what was observed in Case

1.
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Paying close attention to the comparison of Figures 4.50 to 4.52, a more
uniform temperature distribution was observed in Case 2 (Figure
4.49(a)). This demonstrated better temperature regulation throughout the
system compared to Case 1. It was observed that there were fewer hot
spots and more balanced cooling in Case 2 than in Case 1. While Case
2 showed better stability and fewer fluctuations in temperature over time,
Case 1 maintained a larger cool zone near the inlet in the earlier
timesteps, which could suggest more immediate cooling at the source
(Figures 4.50 to 4.52). This indicated more immediate cooling at the

source.

However, this initial advantage of Case 1 is offset by the consistent
temperature regulation in the micro-climate domain of Case 2, which
persisted throughout the simulation cycle. From the 1000-timestep mark
(Figure 4.50(b)), through 2500 timesteps (Figure 4.51(b)), until the
cooling effect diminished at 5000 timesteps (Figure 4.52(b)), Case 2
maintained better overall temperature stability. Since long-term
temperature reduction and stabilisation are the key performance
objectives, Case 2 provides a more favourable cooling solution due to its

ability to maintain more uniform and sustained cooling over time.

Overall, the results suggest that the E-PCM-T arrangements within the
airstreams of the model substantially influenced the behaviour of both

supply and exhaust air temperatures.
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Figure 4.49. Comparison of temperature contour for cases 1 and 2 at Viniet

1.88m/s at 500 timesteps
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Case 1 at 1000 timesteps

.072e
[ 3.064e+02
[ 3.056e+02
3.048e+02
[ 3.040e+02
3.032e+02
[ 3.024e+02

3.016e+02
I 3.008e+02
3.000e+02

Kl (35°C)

I Texhaust at 306.98K
(33.83°C)

Case 2 at 1000 timesteps

5 e+(

[ 3.064e+02

[ 3.056e+02

3.048e+02

[ 3.040e+02
3.032e+02

[ 3.024e+02

3.016e+02
I 3.008e+02
3.000e+02

K

(35°C) Texhaust at 307.33 K

(34.18°C)

Figure 4.50. Comparison of air temperature contour for cases 1 and 2 at
Vinlet 1.88m/s at 1000 timesteps
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Case 1 at 2500 timesteps
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Figure 4.51. Comparison of air temperature contour for cases 1 and 2 at
Vinlet 1.88m/s at 2500 timesteps
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Case 1 at 5000 timesteps
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Figure 4.52. Comparison of air temperature contour for cases 1 and 2 at
Vinlet 1.88m/s at 5000 timesteps
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4.3.3 Thermal energy storage performance assessment of the
EPCM-HMW system

The assessment of TES performance of the EPCM-HMW model was
assessed based only on the PCM charging cycle. This was to understand
the system’s heat absorption and temperature stabilisation capability for

cooling the incoming air.

4.3.3.1 Impact of varying outdoor wind speeds on thermal energy

storage performance

Changes in wind speed can influence the rate of heat transfer. As a
result, the impact of varying outdoor wind speeds (1.88m/s and 3m/s) on

the PCM liquid fraction in Cases 1 and 2 was assessed.

PCM liquid fraction in Case 1 (1.88m/s)
—— PCM liquid fraction in Case 1 (3m/s)
1 0.95
09 | 0.97
0.8 -
0.7
0.6

0.5 -

0.90

04 | 0.38
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PCM liquid fraction [f]
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Figure 4.53. Comparison of the effect of variation in Vinier on PCM liquid
fraction in Case 1 (a) when Vinier is 1.88 m/s and when Vinier is 3 m/s.

A comparison of the PCM liquid fraction in Case 1 at 1.88 m/s and 3 m/s
Vinlet IS shown in Figure 4.53. As the Vinet increased from 1.88 m/s to 3

m/s, the PCM charging rate improved significantly.
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At 20,000 s, when Vinet was 1.88 m/s, the liquid fraction was 0.33, but
when Vinet increased to 3 m/s, the liquid fraction rose to 0.38, indicating
a 15% increase. After 25,000s, the liquid fraction was 0.90 with Viniet at
1.88 m/s and 0.95 when Vinet increased to 3 m/s, showing an increase of
5.5%. The PCM reached complete melting at 30,000s in both cases,
though with Vinet at 3 m/s, the melting cycle completed slightly faster.

Comparing the results in Figure 4.54(a) and (b), a faster PCM charging
process was observed in the exhaust air streams when Vinet increased
from 1.88 m/s to 3 m/s in Case 2. However, the PCM in the EPCM-T
located in the supply airstream consistently charged faster in both Cases
1 and 2. At 20,000s, the liquid fraction (fi) of the PCM in the supply
airstream was 0.35, while the PCMs in other air streams ranged between
0.18 and 0.22 (Figure 4.54(a)). Between 20,000s and 25,000s, a sharp
increase in fi occurred, reaching 0.89 in the supply airstream. Complete
melting occurred at 30,000s. In contrast, the PCMs in other air streams
charged more gradually, with full melting occurring between 35,000s and
40,000s.

When Vinet increased to 3 m/s (Figure 4.54(b)), a similar trend was
observed, but PCM charging was completed earlier. At 20,000s, the PCM
liquid fraction in the supply airstream was 0.31, while the others ranged
between 0.17 and 0.21. A sharp rise in fi to 0.99 occurred between
20,000s and 25,000s. For the other PCMs, the liquid fraction remained
stable between 0.31 and 0.35 until the charging cycle was completed at
30,000 s.

Increasing wind speeds accelerated the PCM charging process,
indicating enhanced TES performance. The results also imply that the
time required for temperature stabilisation was reduced, particularly at

higher Viniet values.
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Figure 4.54. Effect of variation in PCM liquid fraction in Case 2 (a) when
Vintet is 1.88 m/s and (b) when Vinier is 3 m/s.
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4.3.3.2 Impact of E-PCMT arrangement on thermal storage

performance

At Viniet of 1.88m/s and Vangle Of 0°, Case 1 and Case 2 models were
assessed. This was based on variations in their PCM charging rates,
PCM temperature, and air temperature stabilisation. The aim was to fully
understand the impact of E-PCM-T arrangement on their overall TES
performance.

E-PCMTs in Case 1 E-PCMTs in Case 2 E-PCMTs in Case

supply airstream supply airstream 2 exhaust

P 2550 timesteps

T

[ L S ey |

1 1 P
!
W4550 timesteps )

Figure 4.55. Contour showing PCM liquid fraction comparison between
Case 1 and Case 2 based on the E-PCM-T arrangement in supply and exhaust
airstreams.

The liquid fraction contour in Figure 4.55 graphically illustrates that from
2550 simulation timesteps, the PCM in the supply airstream in Case 1

began to melt faster than the PCM in the supply airstream in Case 2. The
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liquid fraction contour also reveals that PCM melting in the exhaust
airstreams occurred in a bottom-up direction. However, the PCM melting
in the exhaust progressed in a top-down direction. This heat absorption
at the base of the PCM in the exhaust airstream slightly improved the

cooling in Case 2.
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Figure 4.56. Comparison of supply air temperature Ts and PCM liquid
fraction fiin (a) Case 1 and (b) Case 2.

Figure 4.56(a) and (b) highlight the slower PCM charging cycle in Case
2 compared to Case 1. Between 2,500 s and 20,000 s, Case 2 showed
a lower Tsupply value. Figure 4.56(b) compares Tsupply and PCM liquid
fractions for both cases. Case 2 retained its cooling capacity for a longer
period. Between 2500 s and 20,000 s, Tsuppy Was stable, ranging
between 305.87 K (32.72°C) and 306.16 K, with a liquid fraction of 0.35.
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At 25,000s, Tsupply only slightly increased to 307.77 K, while the liquid
fraction rose to 0.86. For both Cases 1 and 2, it was observed that Tsupply
achieved temperature stabilisation for approximately 5 hours. However,
cooling (indoor temperature reduction) continued for 7 hours.

In contrast, Case 1 had a Tsupply range of 306.02 K to 306.27 K at the
same time, with a liquid fraction of 0.38. After this, a sharp rise in Tsupply
occurred, reaching 308.27 K when the liquid fraction was 0.66.
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Figure 4.57. Comparison of PCM temperature Tpcm comparison for Case 1
and Case 2

Figure 4.57 shows an increase in Tpem from an initial 293 K (20°C) for
both cases. However, between 10,000s and 15,000s, Case 1
experienced a 1.1 K higher temperature difference (ATpcm) than Case 2.
The rise in Case 1 exceeded Case 2 by 0.4%. Despite this, Case 2
increased more gradually to 20,000s. This suggests the E-PCMT
arrangement in all four air streams of the model significantly helped
stabilise Tsuppy and extended the system’s cooling performance.
Basically, very minimal fluctuation occurred, which was within £2°C
temperature fluctuation, as PCM charging occurred. The results implied

that effective temperature stabilisation was maintained up to 20,000s to
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25,000s, slight fluctuation was observed between from 20,000 — 30,000s
as the PCM charged.

4.4 Chapter’s concluding remarks
4.4.1 Summary of EPCM-T parametric study

The EPCM-T parametric study examined how different EPCM-T designs
performed under varying Vinet 0f 1.88 m/s and 3 m/s, using copper and
aluminium as encapsulation materials. The goal was to assess how
airflow and encapsulation materials influenced the PCM’s ability to

absorb and store thermal energy during the charging cycle.

The following observations have been identified from the EPCM-T

parametric study:
4.4.1.1 Inlet air velocity impact:

Increasing the Vinietfrom 1.88m/s to 3m/s improved the PCM heat transfer
process. At a Vinet Speed of 3 m/s, the PCM reached thermal equilibrium
600 minutes faster compared to when the inlet speed was 1.88 m/s,
which took about 720 minutes. Higher airflow speeds led to a faster rate

stabilisation air temperatures and PCM melting.
4.4.1.2 Influence of encapsulation material:

Copper encapsulation consistently showed a faster heat transfer rate
compared to aluminium. For instance, at 1.88 m/s, PCM temperatures in
copper-encapsulated models reached 34.7°C (307.85 K), while
aluminium-encapsulated models reached 34.9°C (308.05 K). Although
the temperature difference was small, copper encapsulation resulted in
faster rate of temperature stabilisation. Aluminium-encapsulated models
had slower heat transfer, and the temperature stabilisation was more
prolonged over a longer period. This could benefit applications requiring
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prolonged cooling and more stable temperature control. As a result, it
was observed that the aluminium-encapsulated EPCM-T is beneficial to
the EPCM-HMW system since it requires prolonged cooling and more

stable temperature control.
4.4.1.3 Influence of EPCM-T shape and design:

Two EPCM-T shapes were evaluated: rectangular and cylindrical, with
both shell-tube and profiled versions compared. The rectangular EPCM-
Ts consistently performed better than the cylindrical versions in terms of
cooling stability and TES. For example, the rectangular EPCM-T profile
version maintained a more stable temperatures over time. Although the
cylindrical version exhibited faster initial cooling, it was less effective in

maintaining stable temperatures, particularly at higher wind speeds.

In terms of TES, the rectangular design also demonstrated better
performance. This can be attributed to the fact that it showed a more
controlled phase change process. The cylindrical design reached full
melting earlier than the rectangular EPCM-T. But the cooling capacity
reduced more rapidly. This showed that it is not suitable for prolonged
heat absorption. The study concluded that the rectangular EPCM-T
profile design version is the most suitable for the EPCM-HMW system,

offering superior long-term cooling stability and energy storage.
4.4.1.4 Liquid fraction behaviour:

The copper-encapsulated models exhibited up to 2-3% higher liquid
fraction values than aluminium in the early stages of the charging cycle,
when Vinet was 1.88m/s. However, when Vinet increased to 3 m/s, the
copper-encapsulated models reached full melting faster, at around 480
minutes. The aluminium models reached full melting at about 600
minutes. But by the end of the charging cycle, both materials had
comparable performance, with only minimal differences in their liquid

fraction values.
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The study concluded that higher airflow velocities and copper
encapsulation enhance heat transfer and accelerate PCM charging. In
contrast, aluminium provides more controlled and prolonged thermal
storage, making it a better choice for the EPCM-HMW system which

requires extended cooling performance.

Overall, the aluminium encapsulated rectangular profile design version
of the EPCM-T (Model 1B) was selected.

4.42 Summary of the overall performance of the EPCM-HMW
system

The EPCM-HMW system’s overall performance was assessed in two
scenarios: Case 1, where EPCM-T units were placed in a single
airstream, and Case 2, where the EPCM-T units were evenly distributed
across four airstreams. The study assessed the cooling efficiency and
TES of the EPCM-HMW system, based on different wind speeds and E-
PCM-T arrangements.

The observations from the performance assessment of the EPCM-HMW

system are summarised:

4.4.2.1 Ventilation performance based on wind speed:

The results indicated that at a low wind speed of 1.88 m/s, the lowest
airflow was at P2, near the room wall. This implied that ventilation
performance was less effective at this point. Although, overall, the system
at 1.88m/s windspeed, indoor airflow was still within acceptable thermal
comfort limits of 140.86 L/s. This is sufficient airflow rate for 14 to 17
occupants. There was improvement in the indoor air velocity when the
wind speed increased to 3m/s. However, the solar fan at a 10 Pa

pressure jump also provided an additional 370 L/s airflow.
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4.4.2.2 Cooling performance based on wind Speed:

Cooling performance at wind speeds of 1.88 m/s and 3 m/s was also
studied. Cooling improved at lower wind speeds (1.88 m/s). In Case 2,
Tsupply reached as low as 305.87 K (32.72 °C) at 5000 s. this indicated a
0.65% temperature reduction. With 3 m/s wind speeds, Case 2
maintained more stable cooling. In this case, Tsupply maintained a value of
307 K (33.85 °C) for a longer period. However, at specific points such as

P11-supply, the cooling effectiveness decreased with higher wind speeds.

4.4.2.3 Influence of E-PCM-T arrangement on cooling stability:

Case 2 consistently performed better than Case 1 in terms of temperature
regulation and cooling stability. At 20,000 s, Tsupply in Case 2 remained
between 305.87 K (32.72 °C) and 306.16 K (33.01 °C). Tsupply in Case 1
was between 306.02 K (32.87 °C) and 306.27 K (33.12 °C). Case 2
maintained more uniform temperature distribution, providing better long-
term cooling performance. This suggests that distributing E-PCM-T units
across multiple airstreams (as in Case 2) offers more efficient cooling and
temperature stabilisation as compared to concentrating all the E-PCM-T

units in a single airstream.

4.4.2.4 Thermal energy storage performance:

The distributed E-PCM-T arrangement impacted on the TES
performance of the system. For instance, the PCM liquid fraction in the
supply airstream of Case 2 reached 0.35 at 20,000 s. But in other
airstreams, it ranged between 0.18 and 0.22. The E-PCM-T in the
exhaust airstreams increased heat absorption. This generally enhanced
the system’s overall cooling effectiveness. Case 2 also achieved better
stabilisation of Tsupply, With temperatures rising more gradually than in

Case 1, where temperature increases were sharper.
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Overall, Case 2 is the more favourable configuration for both cooling
efficiency and TES. The even distribution of E-PCM-T units across
multiple airstreams results in more stable, prolonged cooling and better
temperature regulation, making it a more efficient solution for long-term
thermal management. However, for both Cases 1 and 2, it was observed
that Tsupply achieved temperature stabilisation for approximately 5 hours.

However, cooling (indoor temperature reduction) continued for 7 hours.
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Chapter 5

5 Model validation results
5.1 EPCM-HMW model validation model results

As described in 3.4.2.3, the EPCM-HMW model was verified by validating
the two main components (the windcatcher and the EPCM-T) with
experiment and CFD results from the literature. In this light, two separate
verification models were developed to validate the airflow model of the
windcatcher component of the EPCM-HMW system and the E-PCM-T

heat transfer. These validation were done separately.

5.1.1 Airflow model validation

5.1.1.1 Model overview

The windcatcher component airflow model of the EPCM-HMW system
was validated through CFD simulations, and the results were compared
with experimental data from Calautit et al. [357]. The objective of this
validation was to ensure that the model could accurately predict the
airflow patterns and velocities within the EPCM-HMW system. The
windcatcher component is crucial for ventilation and cooling, as it draws
external air and distributes it internally. Several assumptions were made
during model construction, including steady-state airflow, simplified
geometry of the windcatcher, and standard atmospheric conditions
(discussed in section 3.4.2.3.2). The main validation variable was wind
velocity, with boundary conditions derived from the setup in Calautit et al.
[357]. Before incorporating the E-PCM-T heat transfer model into the

windcatcher, its airflow performance was validated to ensure reliability.
5.1.1.2 Set-up and measurements of the Calautit et al. experiment

In Calautit et al.’s study [357], a rapid-prototyped windcatcher model was
tested in a closed-circuit, low-speed wind tunnel. The tunnel had an

overall length of 5.6 m, with the test section measuring 0.5 m in height,
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width, and 1 m in length. The windcatcher model was mounted on a
revolving plate to allow airflow testing from different directions. A smoke
visualisation set-up inside the tunnel was used to observe airflow
patterns, as shown in Figure 5.1. Additionally, a hot-wire anemometer
was employed to measure air velocity at different points within the test

room and the windcatcher itself, as illustrated in Figure 5.2.

Halogen Lamp Position | Maulti-directional Wind Tower at 4%

Test Section -

SGS -9
Smoke
Generator
— Tarn Table
EoSems Cube7? Test Room
High Speed

Camera
~ Halogen Lamp
Position 2

Figure 5.1. The windcatcher smoke visualisation set-up inside the Calautit
et al. [357] wind tunnel experiment.

Telescopic (0.1- 0.8 m length)
[

—

Measurement Points
Hot.wire

B resopy | Point X[m] | ¥Yim] | Z[m]
P1 (mid) -0.165 | 0.165 | -0.135
\ P2 (mid) 0 | 0.165 | -0.135
\ P3 (mid) 0.165 | 0.165 | -0.135

P12 ——>
PIVPL2— 1o P4 (mid) 0165 | 0 | -0135
Middle = ® P35 (mid) 0 0 |-0.135
(P1-P9) P6 (mid) 0165 | 0 |-0.135
P7 (mid) 0165 | -0.165 | -0.135
Bottom P8 (mid) 0 | 0.165 | -0.135
P10 ' P9 (mid) 0.165 | -0.165 | -0.135
Mounting P10 (bottom) 0 0 | 022
e glevice P11 (supply) 0055 0 | 003
Markers Covered (when not P12 (outlet) -00250 0 -0.03

in used)

Testo 425 Hot-wire anemometer

Figure 5.2. The measured points in the test room and the instruments used
for measurement in the Calautit et al. [357] wind tunnel experiment.
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5.1.1.3 Airflow validation results

The airflow validation compared results from Calautit et al.’s experiment
with the CFD simulations from both Calautit et al. [357] and the present
study. The objective was to analyse the agreement between the CFD
model in the present study and the experimental data and to identify any
discrepancies. Figure 5.3 graphically showed that while the current study
predicted slightly lower indoor velocities, the system maintained

acceptable ventilation performance.

For example, the average supply speed in the current study reached 1.61
m/s as seen in Figure 5.3. This was almost identical to the 1.62 m/s in
Calautit et al.’s experiment. Indoor velocity was similarly close, at 0.54
m/s compared to 0.55 m/s (Figure 5.3). These results indicate that the
model performs well in drawing external air into the system, which is vital

for ventilation.

Statistical performance models, including normalized mean square error
(NMSE), Fractional Bias (FB), and the fraction of predictions within a
factor of two of observations (FAC2), based on equations 3.17, 3.18, and
3.19 were adopted to conduct a more in-depth validation analysis. Table
5.1 summarises the average velocities at monitor points P1 to P12 and the
corresponding errors calculated using these statistical performance

models.
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Supply speed =
1.62 m's (average)

Iedoor speed =
0.35 m's (average)

(m/s)

Veuppy = 1.61 m,

0es (averaae)
078 Vindoor = 0.54.

m/s (averaae)

Figure 5.3. Comparison of (a) velocity contour in Calautit et al.’s study [357]
with (b) velocity contour for the windcatcher component of this current

study.
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Table 5.1. Average weighted velocities and errors at monitor points P1 - P12 for CFD predictions and experimental observations data from
the literature.

. i P1 P2 P3 Pa Ps Ps P7 Ps Po P10-exhaust P 11-supply P 1.
Monitor Points
exhaust

Vfor C, (M/s) 0.29 0.22 0.28 0.25 1.05 0.22 0.23 0.28 0.29 0.81 2.51 0.30
Vfor Cpwy (m/s) 0.30 0.20 0.30 0.31 1.08 0.21 0.22 0.29 0.29 0.79 2.50 0.32
Vfor Cp [m/s] 0.32 0.21 0.17 0.30 1.19 0.21 0.47 0.16 0.27 1.19 2.82 0.37
D% 1% 0% 28% 4% 1% 0% 22% 32% 1% 15% 1% 4%
FAC2 1.12 0.93 0.59 1.21 1.13 0.96 1.60 0.57 0.92 1.47 1.12 1.23
Average FAC2 1.07
NMSE % 3%

12%
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Maximum % error: 32% at P8
Minimum % error: 0% at P6 & P2
FB % error: 12%
] NMSE % deviation: 3% 73
o5 1 Average FAC2 value: 1.07 N

= Experimental data
observations from
literature

m CFD data from
literature

u CFD data
predictions of
current study

Monitor points

Figure 5.4. Comparison of indoor velocity for CFD data (Cp) from the present
study, experimental observation data (Co) and CFD (Cp)) from literature.

The bar chart in Figure 5.4 compares three data sets: experimental data from
literature (orange bars), CFD data from literature (blue bars), and CFD data

predictions from the current study (green bars).

Accordingly, the comparison across multiple monitor points demonstrated
strong consistency between the three data sets: experimental data, literature
CFD predictions, and the current CFD study. This suggested that the CFD
model was successfully replicating experimental results with reasonable
accuracy. The close alignment, particularly at most monitor points, validated
the CFD model's ability to simulate airflow effectively.

Inadeptly, the velocities at P1 to Po remained closely aligned across the data
sets, with only small variations. This ranged from 0.02 to 0.05 m/s. The
maximum velocity at these points was only approximately 0.4 m/s. This
confirmed the model’s reliability in capturing airflow at these points. At Pao,

however, there is a noticeable divergence. The experimental data recorded a
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lower velocity of 0.81 m/s, while the CFD model predicted a higher value of
1.19 m/s. This difference may have stemmed from the assumptions or
boundary conditions applied in the CFD airflow model, which could have led to
the overestimation at this specific point. Pii-supply recorded the highest
velocities (2.51 m/s), while P2 and Ps showed lower values across all metrics,

indicating areas for improvement.

According to Figure 5.4, the maximum error was recorded at monitor point Ps.
A significant discrepancy of 32 % was observed between the predicted CFD
values and the experimental data at this point. P3 and P7 also recorded large
deviations at 28 % and 22 % respectively (Table 5.1). These larger deviations
highlight areas where the model’s performance could be improved, particularly
in zones where airflow behaviour may be more complex. On the other hand,
as seen in Figure 5.4, the minimum error occurred at P2 and Ps. The model
showed perfect alignment with the experimental data at these points, resulting
in a 0 % error. This indicated that the model performed well in some areas, but

significant discrepancies existed in others.

The Fractional Bias Error (FB error) was calculated at 12 %. This suggested a
slight tendency of the CFD model to have overestimated the airflow velocities
at some points when compared to experimental observations. This bias,
though not extreme, pointed to areas for potential refinement in the model’'s

assumptions or boundary conditions.

The Normalized Mean Square Error (NMSE) was estimated at 3 %. This
reflected a generally low level of deviation between the predicted and
experimental results. This implied a strong overall model performance. In
addition, the average FAC2 value of 1.07 was calculated. This suggested that
the CFD model’s predictions were largely within an acceptable range of the
observed data. However, as shown in Table 5.1, the FAC2 values ranged from
0.57 to 1.23 across different monitor points This indicated varying levels of
agreement between the predictions and experimental data.
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However, despite the variations in the airflow model’s accuracy across
different monitor points, the overall average FAC2 value of 1.07 suggested that
the CFD model provides reasonable agreement with experimental data for
most monitoring locations. However, targeted improvements, particularly at

points with higher errors, could further enhance the model’s precision.

Precisely, the current CFD airflow model showed lower indoor velocities than
Calautit et al.’s experiment, the overall ventilation performance remained
adequate. The system provided sufficient air exchange to deliver fresh air,
although at lower speeds. However, further refining the design could further

optimise the balance between airflow efficiency and occupant comfort.

5.1.2 E-PCM-T heat transfer model validation
5.1.2.1 EPCM-T model overview

The validation of the selected aluminium encapsulated rectangular E-PCM-T
heat transfer model was performed. The primary goal of the validation was to
assess the CFD model’s capability in accurately simulating the phase-change
dynamics of the PCM. Particularly simulating its solid-to-liquid transition in
response to temperature changes. This validation exercise was conducted
under similar boundary conditions. It involved a detailed comparison between
the spatial average liquid fraction CFD predictions from the present study,
experimental observations, and the CFD predictions from Rouault et al.’s study
[281]. This comparison was to ensure consistency between the CFD
simulations and the experimental setup. Specifically, the extent to which the
material transitioned from solid to liquid as the temperature rose above the
melting point was assessed. This experimental data formed the basis for
validating the predictions generated by the CFD simulations.
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5.1.2.2 Set-up and measurements of the Rouault et al.’s experiment

The Rouault et al.’'s experiment [281] was set up by placing aluminium
encapsulated PCM tubes inside an energy storage unit. The unit is composed
of 42 no. 30 mm by 40 mm by 3440 mm PCM filled aluminium encapsulated
tubes layered horizontally parallel to each other inside a wooden energy
storage unit. The PCM used was a commercial RT28 HC paraffin. These tubes

were stacked as 6-layer bundles as illustrated in Figure 5.5.
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Figure 5.5. Aluminium encapsulated PCM filled tube bund]es staked in 6-layered
inside an energy storage unit bundle. [281].

As depicted in Figure 5.6, the Rouault et al.’s experiment [281] focused on
understanding the PCM heat transfer performance in relation to the positioning
of the fusion fronts during PCM charging. The fusion fronts are denoted as
sz(x,t), d(x,t) and sy(x,t) in Figure 5.6. The study further assumed that close-
contact melting and heat exchange through the wooden box was negligible.
Hence, crucial parameters such as the PCM liquid fraction, the encapsulation
tube temperature, PCM temperature, and air temperature variation were the
focus of the assessment [281]. The inlet air velocity was at a uniform value of

1.88 m/s. and the inlet air temperature was maintained at 35 °C (308.15 K).
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However, temperature initialisation seen their results indicated 20 °C (293.15
K). The inlet air temperatures for both the CFD simulation in current study and
Rouault et al.’s experiment was at 35°C (308.15 K). However, a key difference
between the two studies was that Rouault et al. initialised their air temperature
at 20°C (293.15 K), while the CFD model for the current study was initialised
at 35°C (308.15 K).

A 4

s, (x,t) I

Hocm(X:t)

d(x,t) I_/ : Y
bl

s, (x,t)

Figure 5.6. Cross-section of PCM encapsulated aluminium tubes in Rouault et al.’s
experiment [281] showing the melting fonts during the PCM charging process.

Based on this, the CFD EPCM-T model in the present study was compared to
the numerical and experimental data from Rouault et al’s study [281].
However, to ensure an accurate comparison, other boundary conditions, such
as inlet conditions, material properties, and heat transfer coefficients, were
kept consistent with those used in Rouault et al.'s experiment. This allowed the
fundamental heat transfer and airflow physics to be reliably compared between
the two studies. Hence, the EPCM-T heat transfer model was monitored with
the error data summarised in Table 5.2 based on the analysis interpreted from

the graphs in Figures 5.7 to 5.10.

222 |Page



Table 5.2. Values of NMSE, FB and FACZ statistical deviation calculations for PCM
liquid fraction, encapsulation tube temperature, PCM temperature and air
temperature at P1o.

Maximum Comments
deviation
NMSE FB
Parameter FAC2 value
(%) (%)
between Co
and Cp
o moderate NMSE and
PCM liquid
) 4.153 4757 1194 0.289 FB, but very low
fraction ) o
maximum deviation.
excellent NMSE, FB,
encapsulation FAC2, and low
Tube 0.003 0.524  1.005 2.048 maximum deviation.
temperature (k) Best performance
overall.
low NMSE, but higher
PCM FB and maximum
0.198 4239 1.044 9.125 S
temperature (k) deviation, indicating

some limitations.
excellent NMSE and
0.028 1.636 1.017 5.639 FB, but moderate

maximum deviation.

air temperature

(k)

5.1.2.3 PCM liquid fraction validation results

Figure 5.7 shows the comparison of PCM liquid fraction between the current
CFD model (denoted as Cp), experimental data (Co), and numerical data from
the literature (CpL). The model produced a Normalized Mean Square Error
(NMSE) of 4.15 % and a Fractional Bias (FB) error of 4.76 %. This indicated
that the CFD model performs well, although with a slight over-prediction of the

liquid fraction.

The maximum deviation between Co and Cp was 0.289, which was quite
modest. The FAC2 value of 1.2 also suggested that the model’s predictions
were generally within the acceptable range. The graph illustrated that the
current model closely followed the general trend of both experimental and
numerical data but diverged slightly in the later stages of the process (around
500 minutes). At this point, Cp showed a larger discrepancy from Co and CpL.
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Overall, the PCM liquid fraction model demonstrated reliable performance. It

captured the main characteristics of the phase-change process.

— — = E-PCM-T Model (current study) - "PCM liquid fraction"- Cp
Point A10 E-PCM-T Model (literature experimental data) - "PCM liquid fraction"- Co
Point A10 E-PCM-T Model (literature Numerical data) - "PCM liquid fraction"- CpL
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Figure 5.7. Comparison of PCM liquid fraction CFD predictions Cp in the current
study, experimental observations C, from the literature and CFD predictions Cp.
in literature.

5.1.2.4 Encapsulation tube temperature validation results

Figure 5.8 compares the encapsulation tube temperatures. The graph showed
a close correlation between CFD predictions (Cp) and both experimental and
numerical results throughout the simulation period. Only minor variations were
observed after 500 minutes. In this case, the model’s performance was much
stronger. NMSE was 0.003% and the FB error was 1%, while the FAC2 value
was 1. This suggested a near-perfect alignment with the experimental and

numerical data in literature.

The EPCM-T model demonstrated excellent accuracy in predicting tube
temperatures. The maximum deviation between Co and Cp was only 2.048.
The model validated the strength in simulating this aspect of heat transfer,

particularly for tube temperatures.
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Figure 5.8. Comparison of tube temperature CFD predictions Cp in the current
study, experimental observations C, from the literature and CFD predictions CpL
in literature.

5.1.2.5 Air temperature validation results

As explained in section 5.1.2.2, there is a difference in initial air temperature
in CFD model in the current study and that of Rouault et al.’s study {284}.
Although this affected the absolute temperature values, as shown in Figure
5.9, it had minimal impact on the overall heat transfer trend over time, which
was the primary focus of the validation. In CFD studies, especially when initial
conditions differ slightly, it is common to prioritise matching the trends
overachieving exact absolute values, as the model is typically more sensitive
to relative changes in temperature rather than to the precise starting

temperature.

The decision to initialise the CFD model at 35°C was intentional, aligning with
the climate conditions relevant to this study. As shown in Figure 5.9, the CFD
model closely followed the experimental data's trend, performing well in
predicting the air temperature at P10. There was a slight over-prediction in the

later stages of the simulation (after 300 minutes), but the error metrics
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remained robust with an NMSE of 0.028%, an FB error of 1.6%, and a FAC2
value of 1, all indicating minimal deviation from the experimental data and

confirming the model’s reliability.

The maximum deviation between Co and Cp was 5.639, slightly higher than the
deviations observed for tube temperature and PCM liquid fraction. However,

the deviation value still falls within acceptable limits for CFD simulations.

— — = E-PCM-T Model (current study) - " air temperature”- Cp
Point A10 E-PCM-T Model (literature experimental data) - "air temperature" - Co
Point A10 E-PCM-T Model (literature Numerical data) - "air temperature” - CpL
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Figure 5.9. Comparison of air temperature CFD predictions Cp in the current
study, experimental observations Co from the literature and CFD predictions Cp.
in literature.

Although the initial temperature difference was necessary to meet the
objectives of this study, future work could focus on aligning the initial conditions
more closely to minimise the slight over-prediction observed in the later stages.
Overall, the results confirm the model's accuracy and reliability in predicting

heat transfer trends under varying conditions.
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5.1.2.6 PCM temperature validation results

The different initial air temperatures in both the CFD model and the experiment
in the literature directly affected the starting PCM temperature. This difference

in initial PCM temperature was observed in Figure 5.10.

- = = E-PCM-T Model (current study) -" PCM temperature"- Cp
Point A10 E-PCM-T Model (literature Numerical data) - "PCM temperature" - CpL
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Figure 5.10. Comparison of PCM temperature CFD predictions Cp in the current
study, experimental observations C, from the literature and CFD predictions CpL
in literature.

The graph trend highlights the results from the PCM temperature validation,
where some deviations were noted. The NMSE was 0.196%, and the FB error
was 1.04%, while the FAC2 value of 4. These values indicated a considerable
deviation from the experimental data, suggesting an overestimation of the
PCM temperature by the CFD model. This may be due to the model’s inability
to simulate certain complex phase change dynamics during the simulation

exercise. The maximum difference between Co and Cp was 9.125.

The CFD model successfully captured the overall temperature trend but began

to diverge from the experimental data after approximately 300 minutes. While
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the predicted temperature steadied, the experimental data showed a gradual
rise, suggesting that the model could benefit from further refinement to better
capture the complex heat transfer dynamics in the later stages of phase
change.

Overall, the EPCM-T heat transfer model demonstrated acceptable
predictions, with minimal deviations from experimental data. While the PCM
liquid fraction predictions were generally accurate, the largest errors occurred
in PCM temperature predictions after 300 minutes. This was likely due to
limitations in simulating long-term phase change dynamics. This could have
stemmed from the model’s inability to fully estimate the latent heat release or
convective heat transfer between the PCM and encapsulating material during
the phase change. Although the initial absolute temperatures varied, there was
still a strong correlation between the experiment and the CFD trend. The
validation results confirmed that the model was effective and reliable, with only
minor discrepancies that did not significantly impact its overall accuracy.

5.1.3 Combined Model validation (EPCM-HMW + EPCM-T)
5.1.3.1 Overview of combined validation

The EPCM-HMW Case 1 which combines EPCM-T in its supply air streams,
was validated against the airflow and heat transfer models discussed in
sections 5.1.1 and 5.1.2. Case 1 model was validated because it served as a
base model where Case 2 was developed from. This exercise was aimed to
cross-verify the predicted data from the combined model with experimental
measurements in literature. The goal was to ensure that the phase change
behaviours and airflow dynamics of the overall EPCM-HMW model were

accurately represented.

The validation compared the airflow and liquid fraction models of EPCM-HMW
Case 1 with experimental data from Calautit et al. [357] and Rouault et al.’s
experiment [281]. As shown in Table 5.3, the key metrics used to assess the

model’s accuracy were NMSE, FAC2, and FB. These metrics provided insights
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into the model’s performance in predicting airflow behaviour and liquid fraction

profiles.
5.1.3.2 Results and comparison with EPCM-HMW CFD model data

From these results, the EPCM-HMW Case 1 model showed better alignment

with the reference data (Co) for both Vsupply and Vindoor.

The results presented in Table 5.3 and Figures 5.11 and 5.12 provide a
comprehensive overview of the performance of the EPCM-HMW Case 1
model. A comparison was conducted with the separate validation models
previously discussed in sections 5.1.1 and 5.1.2. These results focus on airflow
velocity at Vsupply and Vindoor, as well as the liquid fraction of the PCM over time.
This aim was to cross-validate the combined model with experimental data in
literature. In Table 5.3, the NMSE, FB, and FAC2 values are used to assess
the accuracy of the model predictions for Vsupply and Vindoor, and the PCM liquid

fraction.

Table 5.3. Values of NMSE, FB and FACZ statistical deviation calculations for
Vsupply, Vindoor and PCM liquid fraction, for EPCM-HMW Case 1

Comments
Parameter NMSE (%) FB (%) FAC2

Good agreement between

observed and predicted
Vsupply (for Case 1) 0.500 0.667 1.000

values. The model showed

acceptable accuracy.

Very good accuracy with
Vindoor (for Case 1) 0.102 0.316 1.000 minimal bias and high

consistency in predictions.
Liquid fraction (for good accuracy with a small

0.026 0.103 0.813 ] ]

Case 1) error and relatively low bias.

For Vsupply, the NMSE of 0.500 % and FB of 0.667 % indicate moderate
deviations from experimental data, yet the FAC2 value of 1 suggested that the
model still provided an acceptable level of accuracy. A similar trend was seen
in Vindoor. A very strong accuracy was observed with NMSE at 0.102 % and FB
at 0.316 %. FAC2 at the value of 1 indicated a good correlation. The results
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for the liquid fraction exhibited minor error and low bias. The NMSE was 0.026
% and FB at 0.103 %. But the FAC2 value was at 0.813. This suggested minor

deviations in the model accuracy.

=—\/-supply =V-indoor

18 1.62

1.6

1.4
1.2 -
© 1.0 -

[t

0.55
0.6

0.4

|

0.2 ~

0.0
Co EPCM-HMW model - case 1

Validation models

Figure 5.11. Comparison of air velocity results between experimental
observations from the Calautit study at Vsuppiy and Vindoor points with CFD
predictions for Case 1 in the current study.

Figure 5.11 provides a comparison of the air velocities at Vsupply and Vindoor
between the experimental observations from Calautit et al. and the CFD
predictions for EPCM-HMW Case 1. The predicted velocities showed lower
values compared to the experimental values. Vsupply decreased from 1.62 m/s
to 0.81 m/s. Vindoor dropped from 0.55 m/s to 0.40 m/s. This discrepancy
highlighted the need for further refinement of the airflow prediction in the CFD

model, although the trends aligned reasonably well with the observed data.
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Figure 5.12. Comparison of the liquid fraction experimental observation results
from Rouault et al.’s experiment and CFD results in Case 1 in the current study.

Figure 5.12 compares the PCM liquid fraction results between the
experimental data from Rouault et al. [281] and the CFD predictions for Case
1. Both curves follow a similar trend. The CFD model correlated with the
experimental data up until around 260 minutes into the simulation. However,
the liquid fraction value in the CFD model was slightly overestimated after 260
minutes. Full melting was reached earlier than the than the experimental
results. However, there was reasonably strong agreement between the two
datasets. This indicated that the combined model effectively captured the PCM

phase change process.

Comparing the data of the combined Case 1 model with the separate validation
models analysed earlier, demonstrated improvements in terms of airflow and
phase change predictions. Although there were still some deviations observed
in the Vsupply and liquid fraction predictions, the combined model showed
superior accuracy and better overall consistency when validated against

experimental data in literature.
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5.1.4 Key observations

The section below summarises the key points deduced from the validation

exercise.

5.1.4.1 Models’ performance

EPCM-HMW windcatcher airflow model: The results for the validation of the
windcatcher component showed good agreement between the CFD model
predictions and experimental data obtained by Calautit et al. [357]. This
suggested that the model captured the airflow dynamics within the system
under typical operations. Moreover, based on this, the airflow rates across a
wide range of wind conditions and directions were appropriately simulated in
the study. This demonstrated the robustness of the CFD approach for this
system. Although there was good overall agreement, small discrepancies were
observed at higher wind speeds. This could be attributed to simplifications in
the CFD model. For example, the simulation did not account for minor
turbulence effects or interactions with surrounding environmental variables

that were not included in the experimental setup.

E-PCM-T liquid fraction model: The E-PCM-T liquid fraction model showed
reasonable accuracy when compared to the experimental data from Rouault
et al. [281]. The model predicted phase-change behaviour well, especially in
the mid-range temperature intervals. However, deviations were noted at
extreme temperatures. This was identified when the CFD model tended to
overpredict the phase change rate. This may have been a result of limitations
in the material property data used in the simulations. Another cause of the
overprediction could have been not considering complex heat transfer
mechanisms like convection within the PCM module during the simulation.
Additionally, the model’s sensitivity to boundary conditions highlighted the
importance of accurate parameter selection when applying this model in

different environments.
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5.1.4.2 Potential sources of error

Model simplifications: The simplification in the CFD model was one of the
causes of the discrepancies between the CFD prediction data and
experimental data. For instance, the airflow CFD model was assumed to be in
a steady state. This was assumed in line with the CFD model in literature.
However, a steady state does not usually fully capture the transient effects
observed in air flow experiments. But transient data was in the literature, so
steady state data provided was also used in the present study. Furthermore,
all the E-PCM-T models including the combined models assumed idealised
phase-change behaviour based on a constant thermal conductivity. However,
in reality, these properties change with temperature and time, leading to

variations in heat transfer rates that the model did not account for.

Experimental setup variations: The experimental setups described by
Calautit et al. [357] and Rouault et al. [281] differed slightly from the conditions
used in the CFD simulations. For example, the variability of ambient conditions

was not adopted, rather constant values were used.

Numerical instabilities: Numerical instabilities and convergence issues,
especially with higher wind speeds or more extreme temperature gradients,
may have occurred for some of the CFD simulations in this research. The latter
may have caused the overpredictions or underpredictions in the airflow rates

and the liquid fraction values at the later part of the simulation exercise.

5.1.4.3 Model accuracy and limitations

The windcatcher component of the EPCM-HMW model demonstrated a high
accuracy in predicting airflow behaviour at lower wind speeds. However, the
model’s performance declined when wind speeds increased. This may be
because the model could not capture complex turbulence effects at those

speeds.

The E-PCM-T liquid fraction model effectively captured the phase-change

process over various conditions. However, in high temperatures, the
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discrepancy in accuracy was obvious. This could be a result of the fact that
natural convection and other complex material dynamics were not considered.
The EPCM-T model and combined models also assumed even distribution of
heat which may not occur in practical applications. Further refinement of the
model will most likely improve the model’s accuracy. But, despite these

limitations., the models offered generally good performance predictions.

5.2 Chapter’s concluding remarks

This chapter focused on validating the EPCM-HMW model by assessing the
windcatcher airflow and E-PCM-T heat transfer models separately. The CFD
simulation results to experimental data from Calautit et al. [357] and Rouault
et al. [281] were compared with the CFD results of the current study. The
validation exercise aimed to accurately predict the airflow dynamics and
phase-change behaviours of the EPCM-HMW model. The airflow model shows
a good correlation with the experimental data. There has been only minor over-
prediction of air velocity observed at higher wind speeds.

Similarly, a high level of model accuracy was seen in the liquid fraction and
temperature predictions for the EPCM-T heat transfer model. Although some

deviations occurred during later phases of the phase-change process.

After validating the windcatcher and EPCM-T models separately, the
combined validation of EPCM-HMW Case 1 was also validated. This showed
good overall performance, though slight discrepancies were noted in the
airflow and phase-change predictions. The study concluded that the EPCM-
HMW and E-PCM-T system behaviour were adequately predicted. However,
further model refinement will improve its predictions for both higher wind

speeds and the heat transfer dynamics at later phases.
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Overall, the models established a solid foundation for future research.
However, there is a need to enhance the models to better capture dynamic

factors that can improve model accuracy under extreme climate conditions.
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Chapter 6

6 Economic feasibility of the EPCM-HMW system in the

tropical savannah climate of Abuja, Nigeria

Due to frequent power outages, residential buildings in Abuja, Nigeria, rely
heavily on diesel generators. The high energy cost, including the additional
expense of running diesel generators, highlights the challenge of relying on
AC for 24-hour home cooling. The EPCM-HMW system offers an opportunity
to reduce energy consumption and operational costs in residential buildings in

this region.

This chapter presents the economic feasibility of one unit of the EPCM-HMW
system in Abuja, Nigeria, through a detailed cost-benefit analysis and a 20-
year energy cost projection. The EPCM-HMW system was compared to a
conventional AC system by analysing energy savings, operational costs,
payback periods, and return on investment (ROI). The sustainability benefits

of the EPCM-HMW system were also discussed in this chapter.

This economic feasibility study is required to establish the long-term viability of
the EPCM-HMW system, in terms of energy cost reduction, mitigating
greenhouse gas emissions, and addressing frequent power outages in Abuja.
The study also serves as a foundation for calculating key economic metrics to
adopt such sustainable cooling technologies in the region.

6.1 The energy landscape in Abuja

Since Abuja generally experiences high temperatures, demand for cooling is
high. Several factors impact on the feasibility of using the EPCM-HMW system

in Abuja’s climate, they include:
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i. Expensive electricity prices: The average cost of grid electricity is $0.27
per kWh (£0.22 / KWh).

ii. Diesel generators: Due to frequent power outages, backup diesel
generators are often required, increasing the effective cost of energy to $0.48
per kWh (£0.39 / kWh).

iii. High cooling demand: Nearly year-round cooling is necessary, making

energy-efficient solutions crucial.

6.2 Cost components of the EPCM-HMW system

6.2.1 Initial capital investment

The EPCM-HMW system's initial investment includes the following key

components stated in Table 6.1.

Table 6.1. Initial Capital Cost Comparison

Ductless split unit AC System EPCM-HMW System

) (£) ) (£)
Ductless split AC 2,000.00 1,580.00
unit (for 24,000
BTUs cooling
capacity)
Windcatcher - - 1,880.00 1,450.00
Wall-mounted Solar - - 415.00 320.00
Ventilation Fan
Encapsulated PCM - - 1,177.00 930.00
Tubes (EPCM-T)
Installation (Labor 450.00 350.00 650.00 500.00
and Equipment)
Total Initial Cost $2,450.00 £ 1,930.00 $4,122.00 £ 3,200.00

Based on the data presented in Table 6.1, local manufacturing of the EPCM-
HMW system in Abuja has been estimated at $1,880.00 (£1,450.00).
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Additionally, the estimated cost for the wall-mounted solar fan is $415.00
(£320.00). The cost of the EPCM-Ts is approximately $1,177.00 (£930.00).
The installation cost of the EPCM-HMW system is estimated at $650.00
(E500.00) due to the specialised expertise required.

6.3 Comparison of energy use between the EPCM-HMW and
traditional AC system

The energy consumption comparison presented provides an examination of
each system’s energy use patterns, operational efficiency, and reliance on

external power between the EPCM-HMW system and a traditional AC system.

For this analysis, the ductless split AC unit has been selected as the
representative system. The comparison covers both direct energy
consumption (electricity used for operation) and indirect energy costs (reliance
on diesel generators during power outages), providing a comprehensive view

of the energy use profiles of these two systems.
6.3.1 Energy consumption estimation for a ductless split AC unit

As discussed in Section 1.1 of this thesis, traditional air conditioning (AC)
systems are known for their high energy consumption. A typical single-
household residential building in Abuja requires approximately 2.0 tons

(24,000 BTUSs) of cooling capacity of ductless split AC units.

Based on this, the AC energy consumption E,c was estimated by equation
6.1:
Cooling Load (BTU)

Epc = EER X toperational X dyyear Equation 6.1

Where t,perationar EPresents AC operation as per the number of hours of
operation per day. dy.,, is the number of AC operation days per year. EER

(Energy Efficiency Ratio) of an AC system is 10-14 for ductless split AC
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systems. For this analysis, EER is assumed to be 14. ty,ergtiona 1S 8 hours
per day. dy,.q, is 200 days of use per year for Abuja climate. Using equation

6.1, Eyc = 3,200 kWhlyear.
6.3.2 The EPCM-HMW system energy consumption analysis

The EPCM-HMW system relies mainly on passive ventilative cooling. There
is only very minimal solar energy use from a solar-powered fan during periods
of low wind. The energy consumption of the fan can be calculated using
equation 6.2, Although the energy that powers the fan is renewable. The power

is accounted for as a worst-case scenario:

EEPCM—HMW = Psolarfan X toperational X dyyear Equation 6.2

Where Py i0rran 1S the power rating solar ventilation fan, given as 100 W (0.1
KW). toperationar F€Presents number of hours the fan operates per day, which
is assumed to be 8 hours/day. dy,.., represents number of days the solar fan

operates per year at 200 days/year. Based on this, the energy consumption of
the EPCM-HMW system Egpcpy—umw = 160 KWh/year.

6.3.2.1 Energy efficiency improvement of the EPCM-HMW system

The energy efficiency improvement of the EPCM-HMW system compared to
the ductless split AC unit can be calculated as:

Energy Efficiency Improvemnt (%) = (1 — EEPC)’;'M) x 100 Equation 6.3

AC

Hence, the EPCM-HMW System consumed 95% less energy than a ductless
split AC unit of the same cooling capacity, which is 20 times less energy

consumption.
6.3.3 Cost of energy consumption in Abuja

The energy costs for both systems can be calculated by considering the energy

use, electricity cost, rate of inflation and future discounting cost.
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Electricity cost C,;.. as of today is at $0.22/kWh (£0.1758 kWh) at an inflation
rate (r) of 34.01% (0.34). Future discount rate (d) is assumed to be 10% (0.10)
for a 1-20-year (t) period.

Accordingly future electricity cost Cejec ¢ IS given by equation 6.4 as:

Cetect = Cetec X (1 + r)t Equation 6.4

Discounted energy cost PV, was calculated using equation 6.5.

Celect XE

PVcost,t = (1+d)t

Equation 6.5

Where PV, .5 represents the present value of the energy cost in the year t,

Celect IS €NErgy costin year t. E represents the annual energy consumption.

Therefore, the total discounted cost of energy was calculated based on

eguation 6.6:

PVeotar = Z%glpvcost,t Equation 6.6

The total discounted cost of energy per year for the ductless split AC unit was
estimated at $999.36/year (£804.48/year), whereas the EPCM-HMW system
had a significantly lower discounted energy cost of $499.68/year
(E399.27/year). Over a 20-year period, the total discounted energy costs are
approximately $19,987.20 (£16,087.60) for the ductless split AC unit and
$9,993.63 (£7,981.47) for the EPCM-HMW system.

Table 6.2 shows the breakdown of the energy consumption and discounted

energy costs of the two systems within the Abuja climate context.

Table 6.2. Annual energy consumption and cost comparison

System Average Annual energy Average discounted Total discounted energy
type annual cost energy cost/year cost over 20 years
energy
consum
ption
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(kWh
lyear)

$/kwh  E£/kWh  $lyear £lyear $ £

Ductless 3,200 0.88 0.70 999.36 804.48 19,987.20 16,089.60
split AC

unit

EPCM- 160 0.68 0.55 499.68 399.27 9,993.63 7,981.47
HMW

system

(with solar

fan)

6.3.4 Operational cost comparison

Power outages are frequent in Abuja. As a result, AC systems rely heavily on
diesel generators. To calculate the operational cost of a ductless split AC unit,
cost components such as the discounted cost of energy PVi.w, backup
generator fuel Cr,,;, and maintenance costs Cy,4,. This can be compared with
the operational cost of the EPCM-HMW system. However, there are no backup
generator fuel costs for the EPCM-HMW system because its operation is

largely passive.

Cost of backup generator fuel: Assuming that the power outage rate O is
25% (0.25), and the daily generator runtime d is 4 hours. Daily fuel
consumption Fy,;;, Was calculated based on equation 6.7.

Fagity = Frourty * d Equation 6.7

While the annual fuel consumption F,,,,.; for 365 days Y, is derived by

equation 6.8.
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Fannuat = Faairy " Y - 0 Equation 6.8

Taking into consideration the inflation rate 7 is 10%, the future cost of fuel at
an initial fuel price Pr,.; o of $1.50/litre (£1.20/litre) was derived by equation
6.9.

Pruerr = Pryero - (1 + rf)t Equation 6.9

Assuming the discount rate is at 10%, the discounted fuel cost over T years is
given by:

Fannual Pfuel,t

(r )t Equation 6.10

Cfuel,t =

Where Py ¢ represents future fuel price/litre at a discount rate d.

As a result, the total fuel cost over a 20-year period was derived by equation
6.11.

Cruettotal = Z%gl Crueut Equation 6.11

The total fuel cost for a year averages at approximately $410 / year (£328 /
year). For a 20-year period, it is estimated to be a cumulative cost of $8,200
(£ 6,456.20).

Maintenance costs: maintenance costs usually cover the cost of regular
servicing, refrigerant replenishment of the ductless split AC unit, and
occasional part repairs. However, the EPCM-HMW system has relatively lower
maintenance costs due to fewer wear-and-tear issues with the windcatcher
and PCM tubes. To calculate the annual maintenance cost Cpgintenances
maintenance cost inflation rate r,,, discount rate d and time were considered

for over the period of 20 years.
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, __ w20 Maintenance costinYeart
Total Maintenance cost = )2, )

Equation 6.12

Where, Maintenance Cost in Year t = Cpgintenance X (1 + 1,)¢ Equation 6.13

It was assumed that the inflation rate for the ductless split AC unit was at 3%,
while that of the EPCM-HMW system was higher, set at 5%. This increment in
the inflation rate was because the EPCM-HMW system is a newly introduced
system to the market and therefore has a more unpredictable inflation

projection.

The total annual maintenance cost for the ductless split AC unit was calculated
at an average of $412 / year (£329.50 / year). The maintenance cost for a year
for the EPCM-HMW system was calculated to be $105 (£83.86 / year).

At a future discount rate of 10% over the 20-year period, it is estimated that
$4,305.59 (£3,444.48) will be required to maintain the ductless split AC unit
and $1,271.77 (£1,017.42) for the EPCM-HMW system.

It is assumed that the EPCM-T system will be replaced once over a 20-year
period. At a discount rate of 10% and an assumed inflation rate of 5%, the
replacement cost is estimated to be $4,885.25 (£3,933.60).

Table 6.3 provides a breakdown of the annual operational cost including the
maintenance cost elements for the ductless split AC unit and the EPCM-HMW

system.

Table 6.3. Total annual operating cost comparison

Cost Component Ductless split  Ductless split EPCM-HMW EPCM-HMW
AC unit ($) AC unit (£) System ($) System (£)
Generator Fuel Cost /
410 328.00
Year
Total Fuel Cost (20
8,200 6,560.00
Years)
Maintenance system
412 329.50 105 83.86

Cost/ Year
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Maintenance system

4,305.59 3,444.48 1,271.77 1,017.42
Cost (20 Years)
EPCM-T replacement

4,885.25 3,933.60

Cost (20 Years)
Total Annual 822 657.50 105 83.86
Operating Cost
Cumulative Operating  12,505.59 10,004.48 6,157.02 4,951.02

Cost (20 Years)

6.4 Energy savings (with discounted costs) and payback period

6.4.1 Energy savings

Based on the calculated energy costs with the consideration of inflation and
future discounted rates, the annual energy savings projected for EPCM-HMW
system was calculated using equation 6.13:

Annual energy savings/year = Cenergy.ac — Cenergyepcm—umw Equation 6,13

Where Cenergyac is the energy cost for the AC, while C,pergy epem—nmw 1S the

energy cost for the EPCM-HMW system.

Based on the equation 6.13, the calculated annual energy cost savings is
estimated as $2,707.20 (£2,152). While this was further estimated to amount
to a $54,144 (£43,040) total energy cost savings over a 20-year period.

6.4.2 Payback Period

The payback period was calculated based on a 20-year period using equation
6.14.

CT(EPCMHMW)
annual energy savings/year

Payback period = Equation 6.14

Crepcuumwy Tepresents the total cost of investment for the EPCM-HMW

system, which includes the energy cost over the 20-year period, calculated to

be $22,307.67 (£17,957.47). This total also encompasses components such
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as the cumulative maintenance cost for 20 years, the replacement cost of the
EPCM-T, and the operational cost of the system during that period. Based on
the calculated total cost of the EPCM-HMW system and the projected energy
savings, the payback period is estimated to be approximately 8.24 years.

The net savings from choosing the EPCM-HMW system over the ductless split
AC unit is approximated to be $23,690.71 (£19,070.81), as determined using
Equation 6.15.

Net savings = Cracy — CrEpcm—amw) Equation 6.15

Crac) represents the total cost of investment for the ductless split AC unit over
a 20-year period, estimated to be $45,998.38 (£36,698.08). Crpcm-nmw)

represents the total cost of investment for the EPCM-HMW system, projected
at $22,307.67 (£17,883.51).

Using Equation 6.16, the return on investment (ROI) over the 20-year period
was calculated to be 106.2%, demonstrating that the EPCM-HMW system

provides significant long-term financial benefits.

Net savings

ROI = x 100 Equation 6.16

CT(EPCMHMW)

Table 6.4 summarises the components that accumulated towards this ROI

value.

Table 6.4. Return on investment after 20 years.

Parameter Value ($) Value (£)
Energy cost savings / year 2,707.2 2,152
Energy cost savings over 20 years 54,144 43,040
Total cost of the ductless split AC unit over  45,998.38 36,698.08
a 20-year period

Total cost of the EPCM-HMW system over  22,307.67 17,883.51
a 20-year period

20-year payback period 8.24 years

ROI 106.2 %

245|Page



6.5 Environmental and social benefits of the EPCM-HMW system

It is clear that the EPCM-HMW system can significantly reduce energy
consumption, which in turn helps lower CO2 emissions. Implementing EPCM-
HMW system as a sustainable ventilative cooling system for residential
buildings align with Nigeria’s commitments under the Paris Agreement. Hence,
residential buildings can reduce their reliance on diesel generators during
power outages. Also, carbon footprint of cooling in Abuja and other similar
tropical savannah climate regions can be lowered. Additionally, the passive
ventilation attribute of the EPCM-HMW system can help reduce the risks
associated with SBS.

6.6 Chapter’s concluding remarks

Chapter 6 presented a detailed analysis of the economic feasibility of
implementing the EPCM-HMW system for ventilative cooling in a typical
residential space located in Abuja, Nigeria. The chapter compared the EPCM-
HMW system with a conventional ductless split AC unit by assessing the
energy savings of both systems, their operational costs, payback periods, and
return on investment (ROI) over a 20-year period.

The chapter first explained the energy landscape in Abuja, a city located in a
tropical savannah climate region. It identified high electricity costs, reliance on
diesel generators due to frequent power outages, and high cooling demand as
major factors necessitating the adoption of energy-efficient systems like the

EPCM-HMW system in such climates.

The economic feasibility analysis conducted established the following

conclusions:

I.  Initial capital investment: The total initial cost of the EPCM-HMW
system was calculated at $4,122 (£3,200), which is significantly higher
than the ductless split AC unit at $2,450 (£1,930). The higher initial cost
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Vi.

of the EPCM-HMW system is attributed to the high initial cost of
components such as the windcatcher, solar ventilation fan,
encapsulated PCM tubes, and the specialised installation process.
However, this higher upfront investment is offset by substantial long-
term savings, making the EPCM-HMW system a more economically
viable option over time.

Energy consumption and cost comparison: The energy
consumption of both systems was analysed. The ductless split AC unit
consumed 3,200 kWh/year based on its cooling capacity of 24,000
BTUs. The EPCM-HMW system which relied more on passive
ventilation using minimal solar energy, consumed only 160 kWh/year.
This resulted in a 95% less energy consumption by the EPCM-HMW
system compared to the ductless split AC unit. This equates to
approximately 20 times less energy consumption.

Operational cost comparison: The operational costs of the ductless
split AC unit was impacted by the frequent power outages in Abuja. As
a result, it relied heavily on backup diesel generators, adding significant
fuel and maintenance costs to its overall operational costs. However,
the EPCM-HMW system, did not incur fuel costs as it operates largely
passively. The cumulative operating cost for the ductless split AC unit
over 20 years was calculated to be $12,505.59 (£10,004.48), while the
EPCM-HMW system's total operating cost was much lower at $6,157.02
(£4,951.02).

Energy savings and payback period: The annual energy savings of
the EPCM-HMW system were calculated to be $2,707.20 (£2,152),
amounting to $54,144 (£43,040) over 20 years. Hence, payback was
estimated at 8.24 years, achieving a net savings of $23,690.71
(£19,070.81) over the 20-year period.

Return on investment (ROI): A 106.2% ROI was estimated which
suggested that the EPCM-HMW system better financial return in the
long-run.

Environmental and social benefits: The EPCM-HMW system

reduced energy consumption and carbon emissions, supporting
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Nigeria’s climate goals under the Paris Agreement. By reducing reliance
on diesel generators, it lowers Abuja’'s cooling-related carbon footprint.
Additionally, its passive ventilation enhances indoor air quality, reducing
SBS risks and improving occupant health.

The findings revealed that although the EPCM-HMW system requires a higher
upfront investment, the short payback period of just 8.24 years offers long-term
financial viability. With this, the EPCM-HMW system is a practical alternative
to the use of ductless split AC unit of similar cooling capacity. In conclusion,
the system’s environmental benefits, such as reducing greenhouse gas
emissions and reliance on diesel generators, further support its long-term

viability as a sustainable cooling solution in the region.
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Chapter 7

7 Conclusions and future works

7.1 Conclusions

Literature revealed the notable potential to implement PCM-integrated solar-
fan-assisted multi-directional windcatchers in sub-Saharan African tropical
savannah climates. This study presented the development and evaluation of
an encapsulated Phase Change Material (PCM) integrated hybrid multi-
directional windcatcher (EPCM-HMW) system. The system combined a hybrid
solar fan-assisted multi-directional windcatcher with EPCM-Ts. The EPCM-
HMW system can assist in improving indoor cooling, ventilation and
temperature stabilisation in such climates. In this study, the assessment of the
EPCM-HMW system and its effectiveness in achieving cooling and
stabilisation of air temperature without compromising the windcatcher's
ventilation efficiency was presented. The investigations were conducted
through simulations and theoretical analysis and validated with experimental

data from existing literature.

The key findings and conclusions drawn from the study are as follows. In
addition, the study's implications, limitations, and recommended future works

are also outlined in this chapter.
7.1.1 Cooling performance:

The EPCM-HMW system demonstrated robust cooling performance, using
both passive cooling and PCM TES to regulate indoor temperatures
effectively. The EPCM-HMW system achieved significant indoor air
temperature reductions, demonstrating its effectiveness in managing cooling

loads in tropical savannah climates:

i. Atlow wind speed conditions: In typical low wind conditions of 1.88
m/s, the EPCM-HMW system reduced indoor air temperatures from an
outdoor peak of 308.15 K (35 °C) up to 306.97 K (33.82 °C) to 307.07
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K (33.92 °C). This significant reduction was primarily attributed to the
PCM’s heat absorption during its charging cycle from solid to liquid,
stabilising the supply air temperature.

At moderate wind speed conditions: At higher wind speeds of up to
3 m/s, the system maintained a temperature reduction of 9%
(approximately 3.15°C), reducing indoor air temperatures to 305 K
(31.85 °C). This ability to maintain cooling performance under different
wind speeds highlights the system’s adaptability to fluctuating wind
conditions

Overall cooling capacity: With outdoor temperatures at a peak of
35°C, the EPCM-HMW system reduced indoor air temperatures to
between 305 K (31.85 °C) and 307.07 K (33.92 °C). This cooling was
sustained for 5 hours (20,000 s).

Role of PCM and solar fan assistance: The solar-powered axial fan
enhanced cooling by maintaining continuous airflow across the PCM
tubes. The fan provided an additional 370 L/s of airflow, ensuring the

PCM tubes remained effective in absorbing and releasing heat.

7.1.2 Ventilation performance:

The hybrid ventilation capabilities of the EPCM-HMW system improved indoor

air quality by increasing the outdoor-to-indoor air exchange, particularly at low

wind speeds:

Airflow rates: At low wind speeds of 1.88 m/s, the system maintained
an airflow rate of 140.86 L/s, which was sufficient to ventilate a room
designed for 14-17 occupants, meeting ASHRAE standards for
ventilation. A low-pressure drop of only 10.02-10.31 Pa was also
observed.

Hybrid ventilation mode: The system’s fan-assisted mode contributed
to the continuous indoor air exchange. At 10Pa pressure jump, it
provided an additional 370L/s airflow throughout the simulation

exercise.
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7.1.3 Thermal storage performance:

The integration of PCM significantly enhanced the system’s thermal storage

capacity, allowing it to absorb and release heat as needed to maintain indoor

temperature stability:

Temperature stabilisation: The PCM used in the system operated
within the phase change temperature range of 27°C to 30°C, ideal for
tropical savannah climates. Very minimal fluctuation occurred, within
+2°C, as PCM charging occurred. This implied that effective
temperature stabilisation was maintained up to 20,000s with slight
fluctuation occurring from 20,000 — 30,000s during the duration of the
PCM charging cycle. The results from the study suggested both EPCM-
HMW Cases 1 and 2, the air supply offered by the system achieved
temperature stabilisation for approximately 5 hours. However, cooling
(indoor temperature reduction) continued for 7 hours. This implied that
cool air was maintained for the active daytime hours.

Impact of EPCM-T arrangement on thermal performance: Two
primary configurations of PCM tube arrangements were evaluated:
EPCM-HMW Case 1: All 48 PCM tubes were placed in the supply air
stream, maximising the cooling effect at the air intake. This
configuration resulted in a 1.08 - 1.18°C reduction in supply air
temperature at low wind speeds.

EPCM-HMW Case 2: The PCM tubes were distributed across all air
streams (supply and exhaust), resulting in a more balanced but slightly
lower peak cooling effect, reducing supply air temperatures by up to
3.15°C. This setup is ideal for applications requiring even temperature
distribution.

Material properties: Considering the need to achieve prolonged
cooling and more stable temperature control, it was observed that the
aluminium-encapsulated EPCM-T was more beneficial to the EPCM-
HMW system than the copper-encapsulated ones. Also, The study

concluded that the rectangular-shaped EPCM-T profile design was
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7.1.4

more suitable for the EPCM-HMW system than the cylindrical one. This
is because the rectangular-shaped EPCM-T offered superior long-term

cooling stability and energy storage.

Implications of the results

The results of this research hold several important implications:

7.1.5

Energy efficiency and sustainability: The EPCM-HMW system offers
a significant reduction in energy consumption for cooling, reducing the
need for conventional AC. The fact that the EPCM-HMW system is 20
times lower than a conventional ductless split AC unit in energy
consumption (from 3,200 kWh/year to 160 kWh/year) demonstrates its
potential for large-scale application, particularly in regions with
unreliable electricity grids.

Indoor comfort and health: By stabilising indoor temperatures and
improving ventilation rates, the system enhances thermal comfort while
promoting better indoor air quality. This is particularly important in
reducing the risk of health issues related to poor air quality, such as
SBS.

Economic feasibility: Despite a higher initial installation cost of $4,122
(£3,200) compared to $2,450 (£1,930) for a conventional ductless split
AC unit, the EPCM-HMW system offered substantial long-term financial
benefits. With annual energy cost savings of $2,707.20 (£2,152) and
total savings of $54,144 (£43,040) over 20 years, the system achieved
a net savings of $23,690.71 (£19,070.81) and a payback period of 8.24
years. Over the same 20-year period, the ROI value was estimated at
a high value of 106.2%.

Contribution to knowledge
A novel design of the EPCM-HMW system offers a significant

contribution to existing hybrid windcatcher designs.
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The outcomes of the EPCM-HMW study offer valuable scientific CFD
datasets that demonstrate how cooling, ventilation, and thermal storage
can be achieved together in similar systems. These findings provide a
strong foundation for other researchers and practitioners to build upon.
The research bridges an important research gap that has been that has
been largely overlooked. The study identified the lack of hybrid
windcatcher studies in tropical savannah climates. The current research
highlights that windcatcher systems can work effectively in residential
buildings in in tropical savannah climates. It also opens up further
opportunities for practical implementation in similar regions.

The study also emphasises the low operational costs of the EPCM-
HMW system, showing how such hybrid windcatchers can be a viable
option for low-income regions with energy challenges. This makes
sustainable cooling and ventilation solutions more accessible to those

who need them most.

7.1.6 Limitations of the study

Although the results derived from the study have revealed the potential of the

system, there are a few limitations to this study:

The study used simplified CFD models. This was due to the
computational expense of the simulations. Each simulation took weeks
to complete, and this impacted the number of cases investigated and
the need to simplify the CFD model. To achieve real-world application,
more advanced modelling is required.

The system’s performance was based on numerical simulations and
validated with experimental data in literature. Real-world field trials are
necessary to fully validate the system’s performance and assess
operational challenges such as PCM degradation over time.

The encapsulation of the PCM was not studied in-depth, due to the
simplification of the model.

While this study did not address the potential issue of temperature

stagnation and heat accumulation at midday, it is recognised as a
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possible limitation. Hence, solutions to mitigate this issue and optimise
the performance of the EPCM-HMW system are suggested as part of

future works.

7.2 Future works

Further research is required to refine and expand the findings of this study:

Vi.

Refinement of CFD models: Future research should incorporate
transient conditions and temperature-dependent material properties to
improve the accuracy of CFD models.

Field testing and further validation: Extensive field trials in diverse
climatic conditions are needed to further validate the system’s real-
world performance, including long-term durability and maintenance
requirements.

Exploration of advanced PCM materials: Future studies should
explore advanced PCM materials and PCM with different melting pints
or PCMs with higher thermal conductivity and storage capacity to further
enhance the system'’s efficiency.

Further in-depth study on the PCM encapsulation: More in-depth
study on how to improve the effectiveness of the PCM thermal
performance should be considered in future studies.

Future studies on the application of the EPCM-HMW System in
other types of different buildings: Aside from residential buildings,
the system could be particularly beneficial in office buildings with high
internal heat gains, educational institutions that require temperature
stability for learning environments, and hospitals, where precise
temperature control is essential. Exploring the potential for large-scale
implementation across various building types would be valuable to
deepen the study further.

Cooling performance optimisation: While the EPCM-HMW system
demonstrated substantial energy savings, the observed cooling
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capacity was still relatively modest. Future research should focus on
optimising the system’s cooling performance. This can include material
improvements in the TES components.

vii.  Mitigating EPCM temperature stagnation at midday hours: To
address the EPCM temperature stagnation at midday, future work
should explore integrating higher-capacity solar-powered ventilation
fans and further optimising the windcatcher design to improve airflow
and enhance heat extraction. PCMs with higher thermal conductivity

could also be explored.

Overall, the EPCM-HMW system presented a highly effective solution for
passive cooling, ventilation, and TES in tropical savannah climates. Its ability
to reduce and stabilise indoor temperatures, as well as improve indoor air
quality and save energy makes it a viable alternative to conventional AC
systems. With further research and field validation, the system holds the
potential to revolutionise sustainable cooling in tropical savannah climate

regions, contributing to both environmental and economical benefits.
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