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Nomenclature and Abbreviations

cp: specific heat capacity of air, J kg™ °C™! (approximately 1005 J kg™ K™)
h: enthalpy, kJ kg™

I: latent heat of evaporation, kJ kg™ K™

Lf: latent heat of fusion (approximately 334 kJ kg™ = 334,000 J kg™)

M: mass transfer, kg s!

m: air flow rate, kg s™

m,ir: mass flow rate of dry air, kg s™*

p: atmospheric air pressure, kPa (typically 101.33 kPa)

pi: partial pressure of water vapor in air at any RH, kPa

ps: partial pressure of water vapor in air at saturation, kPa

es: saturation vapor pressure, Pa

Q _sensible: sensible heat

Q latent vaporization: latent heat of vaporization (approximately 2260 kJ kg™ =
2,260,000 J kg' at 0°C)

Q latent fusion: latent heat of fusion (approximately 334 kJ kg™' = 334,000 J kg™")
Q_total: total heat transfer

R2: coefficient of determination

RH: relative humidity, %

RHiy: inlet relative humidity, %

RH,u: outlet relative humidity, %

SHR: sensible heat ratio

STD: standard deviation

T: temperature, °C
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Tix: inlet temperature, °C

Toue: outlet temperature, °C

w: humidity ratio, g kg™

Wout, Win: humidity ratio at outlet and inlet, g kg™

W: evaporation rate, g s!

A: value difference

AH: change in enthalpy (Hou - Hin)

ABHj,: inlet absolute humidity, g m™

ABH,.:: outlet absolute humidity, g m™

AABH: difference in absolute humidity (ABH;, - ABHou)
Hin: inlet enthalpy, kJ kg™!

Hou: outlet enthalpy, kJ kg™

n_dehum: dehumidification efficiency

M: mean of data

p: density, kg m™

o: standard deviation

AT: temperature difference between the inlet and outlet air, K

MRR: moisture removal rate, g s™!
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Abstract

Global warming significantly impacts the energy sector, which intensifies the
consumption of cooling power further contributing to environmental stressors. The major
functions of heating, ventilating, and air-conditioning (HVAC) systems have historically been
to offer thermal comfort for buildings and to assist in maintaining consistent indoor air quality.
The HVAC system's operation throughout the summer is often adequate to meet both the
sensible and latent cooling demands of the building and its occupants. However, the moisture
load can be substantially larger than the air conditioner's capacity to remove water at times of
the year when sensible loads are lower. This results in uncomfortable indoor conditions and
high indoor relative humidity (RH) levels. In order to condense moisture, conventional HVAC
systems first cool the air below the dew point, to remove the water vapor. The system then
reheats the air to a comfortable temperature before sending it to the building spaces. In this
study, a new way of dehumidification method is outlined, inspired by what happens in nature
when ice crystals fall from the clouds. The aim of this research was to absorb moisture from
the saturated vapor and facilitate condensation and freezing to generate fog or ice particles, and
return condensed-phase water to the system. Temperature, RH and pressure are defined as the
main variables to manage the production of fog or ice crystals.

This investigation explored the thermodynamic performance of a novel dehumidification
system, which integrates a vortex cooling gun with a cold plate, aiming to optimize moisture
extraction efficiency. The experimental analysis focused on the system's impact on
thermodynamic properties such as temperature, RH, absolute humidity, moisture removal rate
(MRR), and enthalpy. The initial observations reveal a rapid decrease in temperature from
approximately 15 °C to just below 5 °C within the first 1000 seconds for an air volume of 0.05
m3,. Concurrently, RH levels demonstrated a significant reduction, with the inlet RH decreasing
from around 90 % and the outlet RH stabilizing at approximately 30 %, thereby illustrating the

system’s efficacy in reducing the moisture content. Absolute humidity measurements further

X1



validated the dehumidification efficiency of the system, showing a substantial decrease in
moisture content from an initial 14 g m=to 4 g m=. The analysis of the relationship between
the MRR and inlet absolute humidity indicated that higher initial humidity levels enhance the
dehumidification process. This finding aligns with phase transition phenomena observed in
cloud physics, where adjustments in relative humidity are critical for cloud formation
dynamics. This study offers critical insights into advanced dehumidification methodologies
that leverage direct contact cooling mechanisms and constant condensation nuclei, with
potential implications for their broader application across various climatic and industrial

contexts.
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Développement d'un systéeme de chauffage, ventilation et climatisation (CVC) pour

modérer I'efficacité de I'élimination de I'hnumidité

Résumé

Le fonctionnement des systemes de chauffage, ventilation et climatisation (CVC)
pendant I'été est souvent suffisant pour répondre aux besoins de refroidissement sensible et
latent d’un batiment et de ses occupants. Cependant, la charge d'humidité peut étre
considérablement plus importante que la capacité du climatiseur a 1’éliminer pendant les
périodes de l'année ou les charges sensibles sont plus faibles. Cela entraine des conditions
intérieures inconfortables et des niveaux élevés d'humidité relative intérieure (HR). Pour
condenser I'numidité, les systemes CVVC conventionnels refroidissent d'abord I'air en dessous
du point de rosée, pour éliminer la vapeur d’eau. Le systeme réchauffe ensuite I'air a une
température confortable avant de I'envoyer dans les espaces du batiment. Dans cette étude, une
nouvelle méthode de déshumidification est décrite, inspirée de ce qui se passe dans la nature
lorsque des cristaux de glace tombent des nuages. L'objectif de cette recherche était d'absorber
I'hnumidité de la vapeur saturée et de la transformer en brouillard ou en particules de glace, puis
de la renvoyer sous forme d'eau dans le systeme. La température, I'humidité relative et la
pression sont définies comme les principales variables pour gérer la production de brouillard
ou de cristaux de glace.

Cette enquéte a exploré les performances thermodynamiques d'un systeme de
déshumidification novateur, qui integre un pistolet de refroidissement a vortex avec une plaque
froide, dans le but d'optimiser I'efficacité de I'extraction de I'humidité. L'analyse expérimentale
s'est concentrée sur l'impact du systeme sur les propriétés thermodynamiques telles que la
température, I'nhumidité relative (HR), I'numidité absolue, le taux d'élimination de I'numidité

(MRR) et I'enthalpie. Les observations initiales révelent une diminution rapide de la
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température d'environ 15 °C a un peu moins de 5 °C dans les 1000 premiéres secondes pour un
volume d'air de 0,05 m3, ce qui signifie une extraction efficace de I'énergie thermique.
Parallelement, les niveaux d'humidité relative (HR) ont montré une réduction significative,
avec I'HR dentrée diminuant d'environ 90 % et I'HR de sortie se stabilisant a environ 30 %,
illustrant ainsi I'efficacité du systéeme a réduire la teneur en humidité. Les mesures d’humidité
absolue ont en outre valide Il'efficacité de déshumidification du systéme, montrant une
diminution substantielle de la teneur en humidité initiale de 14 g m= a4 g m3. L'analyse de la
relation entre le taux d'élimination de I'numidité (MRR) et I'numidité absolue d'entrée a indiqué
que des niveaux d’humidité initiaux plus élevés améliorent considérablement le processus de
déshumidification. Cette découverte s'aligne sur les phénomeénes de transition de phase
observés en physique des nuages, ou les ajustements de I'humidité relative sont essentiels pour
la dynamique de formation des nuages. Cette étude offre des informations essentielles sur les
méthodologies de déshumidification avancées qui exploitent les mécanismes de
refroidissement par contact direct, avec des implications potentielles pour leur application plus

large dans divers contextes climatiques et industriels.
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Contributions to original knowledge

This thesis introduces a novel HVAC system designed to enhance humidity removal

efficiency, addressing challenges posed by global warming and increasing energy demands.

The research explores advanced dehumidification techniques inspired by natural processes,

significantly deviating from traditional HVAC methods by utilizing innovative components

such as a vortex cooling gun and cold plate. The contributions to original knowledge from this

research are as follows:

1.

This thesis provides a detailed analysis of the limitations of conventional HVAC
systems in managing moisture under varying thermal loads, highlighting the need for
more efficient dehumidification strategies.

It presents a comprehensive study on the development and application of a vortex
cooling gun combined with a cold plate, offering new insights into direct contact
cooling mechanisms for optimizing moisture extraction.

The research investigates the thermodynamic performance of the proposed
dehumidification system, focusing on key parameters such as temperature, relative
humidity, absolute humidity, moisture removal rate, and enthalpy, thereby
demonstrating its effectiveness in rapidly reducing indoor humidity levels.

It examines the relationship between initial humidity levels and moisture removal rates,
revealing how higher inlet absolute humidity enhances the dehumidification process,
which aligns with natural phase transition phenomena observed in cloud physics.

The study explores the potential of this innovative system to efficiently convert
moisture from saturated vapor into fog or ice particles, and subsequently return it as
water, showcasing a unique approach to humidity control in HVAC systems.

By integrating direct contact cooling and natural dehumidification principles, this work

offers a novel solution for managing indoor air quality with greater energy efficiency,
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reduced operational costs, and lower environmental impact, providing valuable insights

for future HVAC system designs in diverse climatic and industrial contexts.
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CHAPTER1

General Introduction

1.1 Background

Heating, ventilation, and air-conditioning (HVAC) systems are extensively utilized in
buildings worldwide and typically account for the largest portion of total energy consumption.
These systems are crucial in maintaining comfortable indoor temperatures for occupants,
regardless of external weather conditions (Selamat et al., 2020). Enhancing the performance of
conventional HVAC systems presents a promising opportunity to substantially reduce energy
usage. Approximately half of the energy demand in commercial buildings is dedicated to
maintaining indoor thermal comfort (Enteria & Mizutani, 2011).

Figure 1.1 illustrates the energy consumption percentages attributed to HVAC and
related systems across various regions, highlighting their significant impact on overall energy
use (Balaras et al., 2007; CO_GEN, 2007; Desideri et al., 2009; El-Dessouky et al., 2004; Fong
etal., 2010; Ma et al., 2006; Pérez-Lombard et al., 2008; Vakiloroaya et al., 2014; Yao & Chen,
2010).

Various strategies are needed to enhance HVAC energy efficiency and lower
environmental impact. Recent optimization methods often prove costly, complex, and require
continuous monitoring. A promising approach is combining HVAC components for an
efficient setup that adjusts with varying cooling loads. Though initial costs may be higher,
optimizing traditional HVAC designs can lead to significant long-term savings by reducing

maintenance expenses (Vakiloroaya et al., 2014).



World | Energy usage from fossil fuels (80%)
Middle East | Cooling systems (70%)
Hong Kong | Air conditioning and refrigeration (33%)
India | Air conditioning in buildings (32%)
Australia | Non-residential building power consumption (70%)
Europe | Building energy consumption (40%)
China Building energy consumption (20.7%)
US| HVAC systems in buildings (50%)

0 10 20 30 40 50 60 70 80
Percentage (%)

Figure 1.1. Regional comparison of energy consumption by HVAC and related systems,

showcasing their contribution to total building energy use worldwide.

Humidity issues arise in various settings such as offices, museums, libraries,
manufacturing, and commercial facilities (Huh & Brandemuehl, 2008). HVAC coils often
struggle to handle high latent loads caused by internal moisture or humid outdoor air, leading
to discomfort, mold, damage, and increased energy costs (Huh & Brandemuehl, 2008). These
challenges are intensified by the need for more outdoor air to improve indoor air quality (Huh
& Brandemuehl, 2008).

In most commercial and residential applications, humidity control is indirect. A
traditional air-conditioning (AC) system handles both sensible and latent cooling (Nawaz &
Gluesenkamp, 2018). Sensible cooling occurs as the evaporator lowers supply air temperature.
When the refrigerant is below the air's dew point, moisture condenses on the evaporator,
reducing humidity and removing latent heat.(Nawaz & Gluesenkamp, 2018). In commercial
buildings, humidity is typically controlled by cooling air to the dew point and reheating, which
is energy-intensive. However, maintaining humidity below 50% allows for raising the dry bulb

temperature to 25-26 °C while ensuring comfort, resulting in significant energy savings. Each



degree increase in set point reduces energy use by 5% (Daou et al., 2006). This causes relative
humidity to fluctuate based on equipment capacities versus building loads. Depending on
whether temperature or humidity dictates operation, energy penalties arise from overcooling
and reheating. Addressing dehumidification requires proper HVAC system design to handle
both sensible and latent loads, with adjustments made for varying load conditions. The balance
between sensible and latent loads is described by the sensible heat ratio (SHR) (Huh &
Brandemuehl, 2008).

In HVAC systems, the optimal range for relative humidity (RH) is 40-60%. Studies
suggest this range reduces the survival of viruses like SARS-CoV-2 and minimizes microbial
growth risks, as recommended by ANSI/ASHRAE and EPA standards. (Murphy, 2002;
Sugarman, 2022; Thornton et al., 2022). A typical commercial air conditioning system
includes a cooling coil, heating coil, and supply/extract fans (Li et al., 2012).

Table 1.1 provides an overview of studies on air conditioning and desalination systems,
summarizing methods and key findings. It covers hybrid systems, integrative units, and
renewable energy applications, focusing on performance, energy use, and water production

efficiency (Lawal et al., 2018).

Table 1.1. Summary of studies on air conditioning and desalination systems, highlighting
methods and key findings on performance, energy use, and water production (Lawal et al.,
2018).

Study Method Key Findings and
Observations
(Nada et al., 2015b) | Hybrid humidification- Produces fresh water; uses
dehumidification using vapor steam boiler for humidification;
compression refrigeration. high energy consumption.

(Yuan et al., 2005) | Integrative air-conditioning and Condenser heats seawater;
desalination unit with condenser ~ evaporator cools humid air for
heating seawater. water production.




(Gao et al., 2008)

(Habeebullah,
2010)

(S. A. Nadaetal.,
2015)

(Zubair et al., 2017)

(Rajaseenivasan &
Srithar, 2017b)

(Srithar &
Rajaseenivasan,
2017)
(Rajaseenivasan &
Srithar, 2017a)

1.2 Thesis hypothesis

Heat pump desalination unit with
air-heated humidification and
dehumidification.

Combined heat pump-
dehumidification system for
water extraction and
conditioning.

Hybrid air conditioning and
humidification-dehumidification
system (HDH) for hot/dry
regions.
Humidification-dehumidification
desalination with solar evacuated
tubes.

Dual-purpose solar collector for
HDH desalination.

Solar bubble column HDH
desalination system with
turbulators.

Biomass energy for bubble
column HDH desalination.

Air heated by heat pump and
solar; seawater pre-heated via
condenser.

Heat pump extracts water; used
for office conditioning; waste
heat not utilized.

Six cases analyzed; steam
generator used; rejected heat not
utilized.

Solar evacuated tubes used;
assessed in six locations in
Saudi Arabia.

Solar collector heats both water
and air simultaneously for
HDH.

Investigated effect of
turbulators, humidifier water
depth, and air flowrate.
Biomass used to power HDH
system with bubble column.

In this experiment, a vortex cooling gun and a cold plate are utilized to maintain cooling
and dehumidification, while an ultrasonic humidifier keeps the humidity stable. The hypothesis
is that the hot and humid inlet air can be transformed by reducing temperature and RH, with
the released latent heat driving condensation and forming ice crystals on the cold plate. More
ice crystals are expected to result in increased moisture absorption. The effectiveness of the
moisture removal rate, depending on the inlet RH, is assessed to determine the system's
efficiency.

The process begins by introducing hot and humid air into the system, which is then
subjected to rapid cooling by the vortex cooling gun. As the cooled air passes over the cold
plate, its temperature drops below the dew point, leading to condensation of the moisture in the

air. This condensed moisture is expected to freeze on the cold plate surface, forming ice



crystals. These ice crystals not only indicate the effectiveness of the condensation process but
also act as a means to absorb additional moisture from the incoming air.

The ultrasonic humidifier ensures that the inlet air maintains a consistent humidity level,
allowing for controlled testing conditions and enabling a more accurate evaluation of the
dehumidification performance. By maintaining a stable RH, it is possible to study the precise
impact of cooling and condensation processes on moisture removal under various conditions.

The hypothesis underlying this experiment is that by managing the latent heat release and
promoting the freezing of condensed moisture, a more efficient dehumidification process can
be achieved. By evaluating the moisture removal rate across different inlet RH levels, we aim
to understand the relationship between the initial humidity and the efficiency of the system.
This understanding could help optimize dehumidification strategies for HVAC systems,
providing improved energy efficiency and enhanced indoor comfort in buildings with high

latent cooling demands.

1.3 Statement of research objective

This research combines the knowledge of dehumidification in HVAC systems with cloud

physics. The main and specific objectives of this whole work are as follows.

1.3.1 Main objectives

a) Study if latent and sensible heat loads can be separated when using water as a HVAC
working fluid

b) Produce heavy and cold fog to act as a simulated cloud in the experimental unit.

c) Control and decrease the RH and absolute humidity by creating ice particles.

d) Measure how much moisture can be absorbed from the system as the air stream changes

phase from saturated vapor to solid ice crystals.



1.3.2 Specific objectives

a) Produce heavy fog inside the chamber

b) Produce ice crystals and direct them with an ice scrapper system

¢) Measure the temperature reduction when using a vortex cooling gun and a cold plate.

d) Analyze how the system can modify the relative humidity and absolute humidity.

1.4 Organization of thesis

This dissertation is structured into six chapters, along with references and appendices. Chapter
1 introduces the background, objectives, and structure. Chapter 2 reviews relevant literature.
Chapters 3, 4, and 5 cover the research and experiments conducted to meet the objectives.
Chapter 6 presents the overall discussion and conclusions. Transitional texts between chapters
clarify the flow and rationale of the research. The International System of Units (SI) is used

throughout, with imperial units provided in parentheses where applicable.



CHAPTER 2

Literature Review

2.1 Background

Heating, cooling, and ventilation systems account for a notable share, approximately
35%, of energy consumption in the United States (Khalilnejad et al., 2020). Currently, the
prevailing approach in modern constructions remains focused on conditioning indoor spaces
for peak occupancy rather than considering the actual utilization patterns (Ding et al., 2015).
The demand for advanced heating, ventilating, and air conditioning (HVAC) systems capable
of achieving effective dehumidification and cooling has grown exponentially in recent years
(Ding et al., 2015).

HVAC systems play a crucial role in energy consumption, constituting a substantial and
increasing portion of overall energy usage. In tropical regions, the energy used for HVAC can
account for more than half of a building's total energy consumption (Chua et al., 2013). In
developed countries, the building sector accounts for 20-40% of final energy consumption,
often surpassing other major sectors like industry and transport (Pérez-Lombard et al., 2008).
Among the building-related energy consumption, HVAC systems are the most significant
contributors, accounting for approximately 50% of the total energy usage, equating to 10-20%
of the final energy consumption (Enteria & Mizutani, 2011).

Figure 2.1 illustrates the energy consumption in American buildings. The major
contributors to this consumption, accounting for more than 50%, are space conditioning, water
heating, lighting which encompasses outdoor lighting, and the cooling of the majority of data
centers (U.S. Energy Information Administration — EIA — Independent Statistics and Analysis,

n.d.).
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Figure 2.1. Primary Energy Consumption in Residential and Commercial Buildings

(Quadrillion BTUs)

Diverse techniques need to be implemented to enhance energy efficiency and minimize
the environmental impact of HVAC systems. In recent years, a range of control and
optimization strategies have been adopted to effectively reduce the energy consumption rates
of these systems (Li et al., 2008). Nonetheless, these approaches come with either high
expenses or intricate implementation, necessitating continuous monitoring. To attain the
objective, an alternative option is to integrate different HVAC components, creating an energy-
efficient configuration (Vakiloroaya et al., 2014). Given the variability of any building’s
cooling demands, the HVAC system should be designed with an optimized scheme,
maintaining process variables at the required set points to ensure comfort under varying load
conditions. Despite incurring extra upfront costs when enhancing the mechanical design of
traditional HVAC systems, such modifications can yield significant long-term savings by
reducing ongoing maintenance expenses associated with control and optimization strategies

(Vakiloroaya et al., 2014).



2.2 Environmental concerns and global warming potentials

The heart of the vapour-compression system lies in the refrigerant, whose chemistry has
evolved in response to policy and environmental concerns (Corberan, 2016).

HFC-134a (CH2FCFs3) is a fluorinated greenhouse gas that is used widely in a range of
applications: principally refrigeration and air conditioning and in blowing plastic matrix foams
and propelling medical and technical aerosols (Kamal, 1994). The use of aerosols and system
leakage has impacted the greenhouse effect with climate change events that have an impact on
the ecosystem (Chen et al., 2021). The size of this impact will depend on both the volume of
emissions and the global warming potential (GWP) of HFC-134a. The latter parameter's value
compares the greenhouse effect of releasing 1 kg of HFC-134a to that of releasing 1300 kg of
carbon dioxide (COz2) over the first 100 years after both releases (Ramaswamy et al., 2001).

The GWP of the refrigerants used in vapor compression systems, like HFCs, is relatively
high (Henderson & Rengarajan, 1996). Hydrofluorocarbons (HFCs), like R-134a with 1430
times higher global warming potential than of carbon dioxide (Benedick, 1996) is against the
Montreal Protocol in 1987. The United States, Canada and Mexico announced to restrict their
use of HFCs by more than 80% between 2016-2033 (Velders et al., 2012). The possibility of
these refrigerants being accidently released will impact global warming (Andersen et al., 2021).
The traditional vapor compression method is often powered by electricity, which requires the
use of primary energy (fossil fuel, coal, etc.), endangering the growing global energy deficit
(Sanaye & Taheri, 2018).

In order to attain the aforementioned objectives, it is imperative to substantially enhance
the energy efficiency of both newly constructed and pre-existing residential structures. It is
noteworthy that buildings sector contribute significantly to the United Kingdom's carbon
dioxide emissions, accounting for approximately 50% of the total emissions, with residential

housing alone responsible for over 27% of this sector's emissions (Karmacharya et al., 2012).



In Canada, residential buildings accounted for 17.1% of the nation's energy consumption
in 2015, while commercial and institutional buildings contributed an additional 11.2% (Berardi
& Jafarpur, 2020). Together, greenhouse gas emissions from these residential, commercial, and
institutional buildings made up 22.6% of the total GHG emissions associated with secondary

energy use across the country (Berardi & Jafarpur, 2020).

2.3 ASHRAE standard for HVAC system

The American Society of Heating, Refrigerating and Air Conditioning Engineers
(ASHRAE) has standards for the desired range of temperature, humidity and air movement for
ensuring a comfort zone for humans. In the comfort zone, the temperature is between 20 - 24
°C for winter and 23 - 25 °C for summer with a relative humidity of 50 % and air velocity of 9
meter per minute or less. The HVAC system works in a cycle to absorb or remove the heat in
a conditioned area (Olesen, 2020).

The required volume of air to heat, cool, ventilate and supply desired air quality is
monitored based on the heating, cooling and ventilation loads. The unit of air volume is
typically defined as cubic feet per minute (cfm) (Becker et al., 2007).

The HVAC system is composed of three primary units: a heating unit with a boiler, a
ventilation unit with fans, and a cooling unit with a chiller. The heating function is commonly
used in colder climates, while the cooling function is frequently employed in warmer and hot
climates. Air conditioning involves the removal of indoor air humidity (Mendes et al., 2008).

The HVAC system commonly encounters several issues, including insufficient indoor
air exchange, inadequate control over indoor thermal conditions, and unfavorable space
ergonomics that impact the ventilation system's efficiency (Teke & Timur, 2014). Additionally,
poor maintenance of technical installations and understaffed technical departments contribute

to the problems. International regulations and standards typically recommend maintaining
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indoor air temperatures between 20-24°C and indoor relative humidity levels between 30%

and 60%. Most standards advise achieving 20 air changes per hour (ACH) to achieve a suitable

level of less than 50-150 colony forming units (CFU) m of air (Dharan & Pittet, 2002).

2.4 Different types of HVAC systems
Figure 2.2 illustrates the various approaches employed to enhance HVAC energy

efficiency (Vakiloroaya et al., 2014).
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Figure 2.2. Enhancing HVAC Energy Efficiency: Illustrated Approaches (Vakiloroaya et al.,

2014)
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Figure 2.2.

2.4.1 Evaporative cooling

Evaporative cooling is the process of transferring heat and mass to cool the air by water
evaporation, resulting in a reduction of the temperature of the air. This process can be done in
two ways: (1) Direct evaporative cooling, in which there is direct contact between air and water;
(2) Indirect evaporative cooling, where the working fluids are separated by a surface; (3)
Combined system of direct and indirect evaporative coolers (Duan et al., 2012).

Evaporative cooling systems are well-known because of having low running costs and
easy installation. The thermal comfort zone is achieved by converting sensible heat to latent
heat in evaporative cooling systems, however, the temperature reduction is limited to the wet-
bulb temperature of the outside air. As a result, evaporative cooling systems combined with
different hybrid pre-cooled technologies improve the cooling system's efficiency (Vakiloroaya
etal., 2014).

However, the main issue of the evaporative cooling systems is their performance which
is highly linked to the ambient air conditions. The difference between dry-bulb and wet-bulb
temperature is significant in mild and humid climates and can negatively affect the cooling
capacity of evaporative cooling systems (Amer et al., 2015). Hybrid systems have been
developed to enhance performance.

In one study, vertical ground heat, exchanger, and cooling coil unit were combined with
an indirect evaporative cooler to cool the entering air (Khalajzadeh et al., 2012).

A combination of an air-to-air sensible heat exchanger and a cooling coil was used to
obtain the dry-bulb temperature lower than the wet-bulb temperature of the outside air. The
results show that the energy-saving potential was up to 52%, compared with the conventional

chilled water central cooling plant (Vakiloroaya et al., 2011)
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A hybrid system of nocturnal radiative cooling, cooling coil and direct evaporative
cooling was applied by means of a flat-plate radiator to circulate water through the night. The
ambient air was pre-cooled by the cold water over the next day which results in a higher
effectiveness of the system than a normal evaporative cooling system (Heidarinejad et al.,

2010).

2.4.2 Evaporative-cooled air conditioning system

The coefficient of performance (COP) of the air conditioning systems with air-cooled
condensers can remove higher heat by pre-cooling the air before entering the condenser.
Consequently, condensing temperature and energy usage decrease, allowing the compressor to
work less frequently (Vakiloroaya et al., 2014). Spraying mist directly into the ambient air
before the air-cooled condenser can reduce the energy consumption by up to 20% and results
in higher COP by 50% in a split air-conditioner (Hajidavalloo & Eghtedari, 2010). Table 2.1
compares the efficiency of different dehumidification methods based on their moisture removal

capacity.
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Table 2.1. Summary of Key Studies Addressing HVAC System Challenges and Energy Efficiency Improvements in Buildings

Dehumidification Methods

Dehumidification performance References

Condensation on a cold

surface

Natural convection
condensation

Mechanical refrigeration

with controlled condensation

198.3 kWh L'! (Gaoetal., 2011)

1 m length of the finned tube could remove 50-65 ml h'! of water ~ (Campen & Bot, 2001)

vapor

40 (g hm?) moisture removal from the moist air with 80% RH and

a temperature of 20°C

1.3 L h*! under room conditions (Han et al., 2015)
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Air-to-air heat exchanger

Del-Air RA400 heat

exchanger

Desiccant-based hybrid air-

conditioning technologies

Adsorption by hygroscopic

materials (liquid desiccant)

1.506 kW-h L!

200-400 L day"!

10.2 g at 0.6 kW cooling capacity

dehumidifier can reduce cooling energy usage by up to 30-50%.

(Gao et al., 2011)

(Han et al., 2015)

(Park & Lee, 2020)

(Liang et al., 2020)
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2.4.3 Desiccant dehumidification

In regions with high humidity, where direct evaporative cooling underperforms due to
the minimal disparity between outdoor dry and wet bulb temperatures, one might explore the
use of a desiccant evaporative cooling system as an alternative for cooling (Jamil et al., 2023).
In condensing dehumidification, moisture is removed from the air after it has been cooled
below its dew point. The differential in vapor pressure between the air and the desiccant is what
drives moisture during desiccant dehumidification. Desiccant comes in two different forms:
liquid and solid (Lowenstein, 2008).

Since the liquid desiccant's vapor pressure is lower than that of the air during the
dehumidification process, moisture will move from the air to the desiccant and vice versa
throughout the regeneration process (Zhang et al., 2012). Liquid desiccant dehumidification
systems (LDDS) are a type of air-conditioning system that uses a liquid desiccant to
dehumidify the air. The regeneration process is one of the most critical processes in LDDS
system as the whole system's performance depends on the effectiveness of this process. The
liquid desiccant solution, after absorbing the water vapor from the air, it should be regenerated.
The concentration of the liquid desiccant solution reduces after absorbing the water vapor.
Therefore, it needs to be processed back to the original concentration. This process is called
the regeneration process (Chen et al., 2020). To re-use the desiccant, it needs to be reactivated
through a process in which moisture is driven off by heat from an energy source such as

electricity, waste heat, natural gas, or solar energy (Pesaran et al., 1992).

2.4.4 Different cooling tower models

Cooling towers are extensively employed for heat removal in both industrial processes
and HVAC systems. The heat rejection process in cooling towers involves heat and mass

transfer occurring between hot water droplets and the surrounding ambient air (Bhatia, 2014).
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2.4.3.1 Mechanical cooling towers

Mechanical draft cooling towers are more widely utilized compared to natural draft
cooling towers (Ehsan et al., 2020). These mechanical towers utilize large fans to propel air
through the circulated water. As the water descends over the surfaces, it prolongs the contact
time between water and air, resulting in enhanced heat transfer efficiency. The two main types
of mechanical draft cooling towers are counterflow and cross-flow. In counterflow, water flows
downward while fans force air upwards, ensuring that fresher, cooler, and less saturated air
comes into contact with the water, thereby improving cooling efficiency. In crossflow, warm
water descends through a cooling unit and is cooled by air drawn upwards by a fan, leading to
a rapid decrease in temperature due to evaporation and direct heat exchange (Kloppers & Kro™

ger, 2005).

2.5 Measuring the performance of HVAC systems

Various models for heat exchangers are currently available, and they can be classified
based on their complexity and empirical nature into theoretical or design models, empirical or
engineering models, and hybrid models (Sarfraz et al., 2018). Theoretical or design models are
detailed and rely on fundamental heat and mass transfer principles, relying on extensive
information about the heat exchanger's structure and fluid properties, which may not be readily
obtainable from manufacturers' catalogs. These models are commonly used as the theoretical
foundation for coil or heat exchanger design. An example of such a model can be found in the
ASHRAE HVAC 1 and 2 Toolkit, which requires input parameters like fin dimensions, tube
thickness, diameter, and spacing to calculate heat transfer coefficients. Empirical or
engineering models offer the advantage of requiring minimal geometric specifications, unlike

theoretical models (Wang et al., 2004).
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Stoecker proposed a model that the total heat transfer rate is calculated based on the
cooling coil's base rating, wetted surface factor, and log mean temperature difference (Stoecker,
1975). These equations do not incorporate transport properties, resulting in consistent predicted
performance for a coil regardless of the fluid type in the tubes (Zhou & Braun, 2007). As a
result, different sets of empirical constants are necessary for different fluids (Rabehl et al.,
1999).

Hybrid modelling combines model structures derived from physical or thermodynamic
principles with parameters evaluated using catalogue, commissioning, or operating data. Braun
et al. (1989) introduced the concept of air saturation specific heat to create an effective model.
By utilizing catalogue data from an operating condition, the number of transfer units is
determined and applied to predict performance at other operating conditions (Braun et al.,
1989). Rabehl et al. have presented a model based on Braun's model and thermodynamic
theory. This new model requires the determination of heat transfer parameters, eliminating the
need for detailed geometric specifications while still capturing the impact of geometry on
performance. This model requires the knowledge of dynamic viscosity, Prandtl number,
Reynolds number, etc., for the two fluids, which may limit its real-time applications (Rabehl
etal., 1999).

Another cooling coil model in the ASHRAE HVAC 1 and 2 Toolkit uses the
effectiveness-number of transfer units (Ntu), derived from calculating the overall heat transfer
coefficient area product (UA) at a rated condition. When evaluating coil performance at other
operating points, UA is assumed to remain constant, as at the rated condition (Brandemuehl &
Gabel, 1994). Wang et al. (1998) proposed a nonlinear dynamic model based on energy
conservation and developed a control method for such a nonlinear system. However, this model
overlooks several crucial heat transfer properties and presents challenges for its application in

system optimization (Wang et al., 1998).
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Merkel's model is founded on several critical assumptions (Merkel, 1925). It assumes
that the Lewis factor, governing the relationship between heat and mass transfer, is set to a
value of 1. Second, the model assumes that the air leaving the tower is saturated with water
vapor and characterized solely by its enthalpy. Last, the model neglects to consider the
reduction in water flow rate caused by evaporation when analyzing the energy balance (Jin et
al., 2007). Researchers suggest that by employing advanced design techniques and tools with
an integrated system design approach, substantial savings of around 70 % can be attained. This
approach involves optimizing the interaction between different factors and their constraints.
Nevertheless, existing software lacks the required continuity and integration, limiting its

effectiveness in supporting optimal design practices (Donnelly et al., 1994).

2.6 Energy balance in HVAC systems
Reliable energy consumption data serves as the cornerstone for assessing a building's

energy performance. The energy balance load, a metric derived from the principles of the first
law of thermodynamics through comprehensive whole-building energy analysis, has been
theoretically validated as a valuable instrument for validating the accuracy of whole-building
energy consumption data (Shao, 2006). The impact of the dynamic performance of an HVAC
system on both energy consumption and indoor air quality is widely recognized (Moghadam
et al., 2023). The condensation-based approach to dehumidification is widely favored in
dynamic modeling of HVAC systems for its ability to accurately predict the transient behavior
of cooling and dehumidifying coils (Zhou & Braun, 2007). It entails chilling indoor air to a
temperature below its dew point, which causes water vapor in the air to condense. This results
in the cooling of the entire air mass, encompassing both the moisture and dry air components
(Mumtaz et al., 2023).

In a study on the condensation of humid air used in a typical adsorption dehumidifier,

the results show that the maximum level of condensation occurs when there is a significant
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increase in heat transfer, brought about by a sufficiently high flow rate on the cold side (Amer
etal., 2019).

An investigation into the mechanical compression refrigeration system and evaporative
cooling system established that as the minimum temperature rises, the efficacy of the
condensation process decreases, leading to a decline in the gain-output-ratio. Similarly, an
increase in minimum temperature results in reduced effectiveness of the condensation process,
leading to a decrease in the recovery ratio. The findings in Figure 2.3 demonstrate that a higher
maximum temperature leads to an increased optimal mass-flow-rate ratio, as air can carry a

greater amount of water vapour (Shargawy et al., 2014).
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Figure 2.3. Effect of minimum temperature and inlet air conditions on the Optimum Mass

Ratio in an air-heated cycle (Shargawy et al., 2014)

Hasani Balyani et al. (2015) conducted a study to determine the most effective cooling
systems for small-scale residential buildings. The findings revealed that using the desiccant
enhanced-evaporative system in temperate and wet, temperate and humid and hot and semi-
humid areas led to increased annual cooling costs of $195, $194, and $267, respectively,
compared to the vapor compression system. Conversely, in arid regions, replacing direct

evaporative cooling with the vapor compression system resulted in a reduction of 3750, 4875,
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and 3964 kWh in annual primary energy consumption for temperate and dry, hot and semi-dry,
and hot and very dry areas, respectively (Hasani Balyani et al., 2015). Karmacharya et al.
(2012) developed a Matlab/Simulink model to predict building temperatures and assess energy
needs for comfort. Heating demand is influenced by factors like building characteristics,
weather, heating system efficiency, user preferences, and internal heat gain (Henn et al., 2022).
Their model comprehensively considers these elements for energy analysis in the building-
HVAC system (Karmacharya et al., 2012). The fundamental goal in the design of energy-
efficient HVAC configurations is the reduction of heating and cooling requirements by
minimizing (1) the external air load, (2) the load within individual zones, and (3) the energy
losses incurred during the air-conditioning process. In moderate seasons, free cooling
effectively expels surplus heat from a building when the enthalpy of the outside air is lower
than the indoor air. However, during winter and summer, fresh air supply contributes
significantly to the system load, which is determined by the enthalpy contrast between ambient
and zone air, multiplied by the mass flow rate (Zhang et al., 2006). Hence, minimizing the
outside air load entails reducing outside airflow, lowering the enthalpy disparity, or employing
a combination of both strategies. An effective strategy for reducing the outside air load involves
minimizing the enthalpy difference between the external air and exhaust air. In Figure 2, which

depicts two zones characterized by distinct design indoor air conditions (T1 and T2), the

calculation of the sensible load for outside air intake (Q sO/A) is articulated in Equation 2.1

(Wang et al., 2004):

0'sOA = m OAcH T OA T,) 2.1)

OA OA

where m* and Tdb signify the mass flow rate and dry-bulb temperature of the
outside air. It is imperative to arrange the two zones in a manner that aligns the design
temperature of zone 2 closely with the ambient temperature thereby to curtail the external air

load on the system. Where Cp= specific heat of air, 1.0061 kJ kgt Kt at 20 °C, m-9A = mass
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flow rate of outside air (kg/s) , Taw®” = dry-bulb temperature of outside air (°C) ,Q-s° sensible

outside air load (kW) (Zhang et al., 2006) Figure 2.4.
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Figure 2.4. Minimizing enthalpy fresh between fresh and exhaust air (Zhang et al., 2006)

Wang et al. (2004) have introduced a simplified hybrid model for the prediction of the
operational efficiency of chilled water-cooling coils or exchangers under steady-state
conditions. This model, which is grounded in heat transfer principles and the energy balance
concept, employs a minimal set of three characteristic parameters to encapsulate the collective
geometric properties. It facilitates the calculation of the cooling load by employing the
overarching heat resistance derived from established heat transfer theory while adhering to the
principles of energy balance. Consequently, the heat transfer equation governing the cooling

coil is expressed as follows in Equation 2.2 (Wang et al., 2004):

e
cym,

0=—% (T, T)
e ) h 2.2)
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Figure 2.5. schematic drawing of AHU (Wang et al., 2004)

In Figure 2.5 (Wang et al., 2004), the air handling unit (AHU) comprises two distinct
circuits: the chilled water loop and the air loop. The chilled water is compelled from the inlet
of the chilled water coil unit (CCU) to its outlet, driven by a chilled water pump, featuring an
initial temperature denoted as Tchwi and a flow rate indicated as mechw (Wang et al., 2004).
During the thermal exchange process with the air external to the cooling coil pipes, the
temperature of the chilled water ascends to Tchwo. Concurrently, the supply air moves from its
inlet to the outlet of the cooling coil, under the influence of a supply air fan. The characteristics
of the air within the coil include its dry bulb temperature (Tai), wet bulb temperature (Taiwb),
and air flow rate (ma). In a similar fashion, the air external to the coil experiences a reduction
in its dry bulb and wet bulb temperatures, ultimately reaching Tao and Taowb due to the thermal
interaction with the chilled water circulating within the cooling coil pipes (Wang et al., 2004).
A comprehensive investigation into a dynamic model designed for the regulation of an HVAC
system is conducted. This system is comprised of several integral elements, including a zone,
heating coil, cooling and dehumidifying coil, humidifier, ductwork, fan, and mixing box.

According to this model (Equation 2.3), the alteration rate in the moisture content within the
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zone is contingent upon the distinction between the moisture vapor introduced into and

removed from the zone (Tashtoush et al., 2005).

dw, P(t)
VZ—Z =fs(Ws - Wz) +—
dr Pa (2.3)
Where Wsj humidity ratio of the supply air (to the humidifier) in kg/kg (dry air), P(t) is
evaporation rate of the occupants = 0.08 kg h%, pa is density of air=1.25 kg m=, Vz is volume

of the zonez36 m3, W7 is humidity ratio of the zone in kg/kg (dry air), fsyy water flow rate 8.0

x 10° m? st (Tashtoush et al., 2005).

Humidification is a mass transfer phenomenon involving the addition of water vapor to
atmospheric air, leading to an augmentation of the water vapor content within the mixture.
Inadequate moisture levels can have adverse consequences on human well-being. Monitoring
and regulating air moisture levels are pivotal aspects of air conditioning. The equations
governing energy and mass balances for the humidifier model established by Kasahara et al.

(2001) can be described as follows in equations 2.4 and 2.5 (Tashtoush et al., 2005):

dT

Co gt = fuCuTi =T + (T, —Ty) &%
dw, h(t

Vh dth :fsa(Wsi - Wh) 3 © (25)

a

h(t) is the rate of humid air that the humidifier can produce and it is a function of the

humidity ratio. Where Ch overall thermal capacitance of the humidifier=0.63 kJ °C%, Th supply
air temperature (in humidifier) in (°C), fsg volume flow rate of the supply air=0.192 m3s*!

Cpa specific heat of air=1.005 kJ kg* °C*, Tsj temperature of supply air (to the humidifier)
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(°C) , Th supply air temperature (in humidifier) in (°C), anh (UA)nh overall transmittance area
factor of the humidifier=0.0183 kJ s* °C*, T temperature outside,=32 °C (Summer)=5 °C
(Winter), Th supply air temperature (in humidifier) in (°C), Vh volume of humidifier=1.44 m?,
Wh supply air humidity ratio (in humidifier) in kg kg (dry air), h(t) rate of moisture air

produced in the humidifier (Tashtoush et al., 2005).

The energy equilibrium of a building based on the second law of thermodynamics is
described by a non-geometric model, employing a single air node per zone to represent the
thermal capacity of the air within that zone. In this non-geometric model, all air points within
the zone share identical characteristics such as temperature and humidity. Equation (2.6)
illustrates the building energy balance for a zone, and it corresponds to the TRNSY'S output

within the multi-zone building component labeled 'NTYPE 904 (Biserni & Garai, 2016).

Qheafing _Qcooh'ng + Qinf vent + tran + gain + sol

DQai

d (2.6)

DQiair/dt represents the alteration in the thermal energy of the air within the zone over
the time period (dt). Qheating and Qcooling denote the thermal energy supplied by heating and
cooling equipment per unit of time, respectively. Qinf and Qvent represent the thermal gains

resulting from infiltration and ventilation. Qtran signifies the thermal gain due to heat

transmission between the inner surface nodes and the environment through the walls,
encompassing both the total transmitted portion and the thermally accumulated portion in the
wall. Qqain IS the internal thermal energy gain, involving both convective and radiant
components, generated by occupants and appliances per unit time. Finally, Qsol represents the

solar gains, encompassing both direct and diffuse components, absorbed by the boundary
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surfaces of the zone (Biserni & Garai, 2016). Ji et al. (2008) introduced an enthalpy-based
model to examine the influence of latent load on the energy balance load, aiming to improve
data screening accuracy for buildings located in hot and humid climates. The underlying
principles of the energy balance load screening methodology are rooted in the fundamentals of
the first law of thermodynamics. In a comprehensive whole-building thermodynamic model,
the heat and enthalpy flow rates across the control volume's boundaries, along with work rates
applied to the building, can be disaggregated into their primary components. This results in a
simplified form of the energy balance equation (Equation 2.7) for a building, as follows

(Biserni & Garai, 2016):

%E = Qvent + Qsolar + Qcond + Qocc (2.7)

+ Whheat —Whcool + fWhele

The variables are defined as follows: E stands for energy storage, Whele represents non-
HVAC electrical use for lighting and equipment, Whcool indicates chilled water for cooling, and
Whneat Signifies heating hot water for heating. Qsolar is Solar radiation through the envelope, Qvent
covers ventilation and infiltration, Qcond relates to heat transmission through the structure, and
Qocc accounts for heat generated by occupants. The factor "f' quantifies the portion of
electricity converted to heat within the building. Based on the results, when the variance in the
dry-bulb model increases with temperature, the enthalpy model exhibits superior fitting and
more constrained control limits in areas characterized by high temperatures and humidity levels

(Jietal., 2008).

2.7 Impact of improved dehumidification on HVAC energy performance

Examining how buildings store heat, it was found that the storage of latent heat,

especially through moisture, increases the workload on air conditioning, leading to higher
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electrical energy consumption (Bailey et al., 1996). Homes with highly efficient cooling
systems but low cooling load struggle to maintain indoor humidity below 60% for much of the
year. Despite improved thermal distribution within these homes, there may be compromised
comfort with moisture issues due to inadequate humidity control. Air conditioning alone faces
challenges, with reduced runtime on both cooler days and hot nights. To achieve precise
humidity control, the inclusion of a supplemental dehumidification system becomes imperative
(Withers & Center, 2018). In hot and humid climates, dehumidifier energy consumption, in
mechanically ventilated homes, can reach 10 kWh day?, accounting for nearly half of the
cooling and dehumidification energy use (Rudd et al., 2005). The cooling load consists of two
components: sensible (controlled by dry air temperature) and latent (related to moisture content
in the air) (Daou et al., 2006). The sensible heat ratio (SHR) represents the ratio of sensible
load to the total cooling load (Khattar, 1997). Air conditioners have specific rated SHRs, but
actual SHRs vary based on incoming air conditions. Manufacturer data indicates that air
conditioners that have higher SHRs with cooler, drier air, and lowering coil temperature, can

improve moisture removal (Liang et al., 2022).

In a reported study, reducing the RH setpoint from 60% to 50% led to a notable rise in
dehumidifier energy consumption, even dropping to 40% RH. At 40% RH, the dehumidifier
surpassed cooling energy usage, accounting for 44% of annual space conditioning energy (Fang
et al., 2011; Withers & Center, 2018). A 50% RH setpoint resulted in a contribution of the
dehumidifier to around 35% of total annual space conditioning energy. Lowering the RH
setpoint increased air conditioning load and annual cooling energy use. Notably, lower-rated
SEER air conditioning systems, while enhancing dehumidification, could reduce total space
conditioning energy (heating, cooling, and dehumidification) compared to higher-efficiency

units (Withers & Center, 2018) as illustrated in Figure 2.6.
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Figure 2.6. Simulated space conditioning energy with SEER 22 heat pump and dehumidifier

(Withers & Center, 2018).

Research investigated the performance of modified large-scale hybrid HVAC and
humidification-dehumidification desalination (HDD) systems tailored for hot, arid climates
using water-cooled chiller units (S. A. Nada et al., 2015). The modifications notably reduce the
cooling coil capacity by pre-cooling air in an evaporative cooler, lowering enthalpy at the
cooling coil inlet (Catrini et al., 2018). Elevated supply air temperature (Ts) amplifies the
cooling load across all systems, necessitating increased airflows and higher cooling coil loads.
Moreover, power savings improve with higher Ts and lower outdoor air wet bulb temperatures,
highlighting the potential for energy-efficient operation in hot, arid environments (S. A. Nada
et al.,, 2015). Analyzing heat pumps in hot and humid climates, particularly for summer
dehumidification, highlights the critical importance of efficiency. A study combined validated
thermodynamic heat transfer models for heat pumps and structural buildings and focused on
three climate zones in China: Guangzhou, Wuhan, and Jiuguan (Jin et al., 2023). Using
thermodynamics, the air enthalpy is determined from dry bulb temperature and absolute
humidity, aiding accurate AC load calculations. Hourly outdoor air state points in the cities
throughout the year depict enthalpy distribution tied to temperature and humidity. Guangzhou

experiences high temperatures and humidity, while Jiuguan records lower outdoor air enthalpy,
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reflecting high temperatures and lower humidity during cooling seasons. Increased absolute
humidity elevates latent heat load, impacting AC efficiency. While enhancing heat pump COP
is vital, improving the dehumidification efficiency significantly influences energy
performance, especially in humid areas like Wuhan and Guangzhou. In extremely dry and hot

cities like Jiuguan, dehumidification improvements may have limited impact (Jin et al., 2023).

To enhance energy efficiency, researchers have explored various methods to control
indoor temperature and humidity. Traditionally, to improve the ability of buildings to absorb
and desorb heat, materials like stone, brick, and concrete have been used for thermal control in
buildings for thousands of years. Nevertheless, these materials stored thermal energy as
sensible heat, requiring massive amounts of these materials. In recent developments, there is a
growing interest in innovative materials like phase change materials (PCM), which can
efficiently store both sensible and latent heat. This has the potential to reduce the dependence
on traditional heating and cooling methods, significantly improving energy conservation in

buildings (Cui & Wei, 2017; Lee et al., 2000).

2.8 Ice nucleation

The main steps of the frosting process on the surface of a cold plate start with droplet
condensation and developing droplet nucleation. Then, it follows with the assimilation of small
droplets which have less resistance, compared with bigger droplets. Over the solidification step,
ice crystals are created at the critical time and the crystallization starts vertically from the tip
of the droplet. The tip extends by absorbing vapor from the surrounding air to form a partly
uniform porous layer of frost. Numerous tiny ice branches emerge from the tip of the vertical
growth, and the layer of porous frost is created by hollow frost. Due to water vapor permeation
and frost layer surface melting, the density of the frost layer will rise during the fourth phase,
known as the full growth period of the frost layer as seen in Figure 2.7 (b) (Song & Dang, 2018;

Song, Dang, Higashi, & Hihara, 2020).
29



In terms of temperature reduction, the temperature variation of a water droplet during the
cycle of droplet freezing can be divided into four distinct stages, Figure 2.7 (c). The temperature
of the droplet falls at the pre-cooling or supercooling step from the beginning freezing
temperature (Ti) to the nucleation temperature (Tn). Figure 2.7 shows the recalescence stage's
starting temperature. The temperature of the upside-down liquid water then quickly rises to the
phase change temperature, or the solidification temperature, due to the latent heat released from

the ice (Song et al., 2020; X. Zhang, Wu, Min, & Liu, 2017).
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Figure 2.7. Temperature reduction, cycle over droplet freezing (Song et al., 2020; X. Zhang,

Wu, Min, & Liu, 2017)

In a water droplet, homogeneous nucleation and heterogeneous nucleation are both
potential types of ice nucleation. Volume-induced nucleation has a nucleation rate that is
proportional to the volume of the droplet, whereas the other has a nucleation rate that is
proportional to the length of the three-phase line or the surface area of the interfaces (Schutzius
etal., 2015).

Throughout the process of cloud formation, homogenous nucleation can be found. While

in laboratory investigations, basic ice nucleation phenomena are frequently studied by
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purposefully exploiting micro-scale surfaces. This is due to how much more accurate and stable
the controls are in micro-scale experiments. However, it was unable to properly translate the
repeatable homogeneous ice nucleating activity on the relevant macro-scale interfaces (Inada,
Koyama, Goto, & Seto, 2011; Li et al., 2012; Murray, O’sullivan, Atkinson, & Webb, 2012;

Peter et al., 2006).

2.8.1 Latent heat in clouds

The energy needed to keep a convective cloud floating in a stable environment comes
from the latent heat released when cloud particles change phases. This heat helps the cloud stay
warmer than its surroundings at different pressure levels, compensating for entrainment—a
mixing process that dilutes cloudy air with drier, colder air. Entrainment is the main factor

slowing down the growth of cumulus clouds (Lamb et al., 1981).

Generating more latent heat occurs when larger volumes of ice phases are formed,
necessitating lower cooling temperatures to sustain a consistent draw temperature (Drewett &

Hartel, 2007).

In an experimental investigation into the development of ice crystals, it is documented
that three principal factors contribute to their growth: supercooled fog, fall velocity, and the
characteristics of shape, size, and mass (Tan et al., 2021). The cooling process was
accomplished through the evaporation of fog droplets where the most substantial growth of ice
crystals was observed, signifying an accelerated mass growth rate facilitated by swift vapor
diffusion towards ice crystals with a larger surface area, coupled with the rapid dissipation of
the released latent heat from the crystal (Bayer-Giraldi et al., 2018). Another facet of the mass
growth rate involves the shift of the highest peak towards colder regions as crystals expand,
associated with the nucleation and growth of round crystals or their radiating assemblages.

Within the temperature zone exhibiting the swiftest growth, the rapid release of latent heat
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serves to warm both the local system surrounding the ice crystal and the overall system (Fukuta,

1969).

2.8.2 Cloud formation and latent heat over the phase change

Latent heat is a crucial factor in the dynamics of a storm, influenced by changes in water
phase (Allan et al., 2020). According to Li et al. (2013) the absorption of latent heat during
processes like melting, evaporation, and sublimation strengthens downdrafts, while the release
of latent heat during condensation, freezing, and deposition enhances updrafts (Li et al., 2013).
These effects are more pronounced in continental clouds than in maritime clouds, primarily
due to the increased occurrence of cold rain processes in continental environments, involving

significant latent heat changes (Fernandez-Gonzélez et al., 2016).

Water vapor turning into water droplets in the air occurs on small particles known as
condensation nuclei (McMurry, 2000). Clouds composed of water droplets can persist at
temperatures as low as -40°C, but ice can form at higher temperatures due to ice condensation
nuclei (ICN). While homogeneous nucleation can occur, it requires an RH of ~500%, making
it unlikely in the atmosphere. Instead, cloud condensation nuclei (CCN) aid liquid droplet
formation, while ICN facilitate ice crystallization. Notably, CCN are generally poor ICN and
vice versa, and biological particles often act as ICN, enabling ice formation at higher

temperatures (Bigg, 1953).

In the troposphere, liquid water often exists at temperatures below ice's melting point due
to energy barriers in phase transitions. Ice formation in the atmosphere is a result of nucleation,
primarily through homogeneous processes without catalysis. According to classical nucleation
theory, the energy barrier between supercooled liquid and crystalline ice can be calculated.
When the contribution from the bulk surpasses the surface term at a critical size, determined

by how far below the melting point the liquid is cooled, it marks the magnitude of the energy
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barrier to nucleation. Ice forms homogeneously in the upper troposphere, where temperatures
stay below -33°C. Freezing at higher temperatures in the atmosphere happens through
heterogeneous nucleation, involving catalysis by a foreign body (Cantrell & Heymsfield,
2005). Contact nucleation, a challenging aspect of ice formation in the atmosphere, occurs
when a droplet freezes upon touching an aerosol particle. Various substances exhibit distinct
freezing thresholds as contact nuclei compared to other roles like deposition, condensation, or
immersion nuclei. This suggests that the freezing mechanism differs across these different

modes (Cantrell & Heymsfield, 2005).

In an experiment, water droplets (millimeters in size) containing a single ash particle (-
100 pum diameter) were repeatedly frozen and thawed by cycling through various freezing
events while immersed in silicon oil which is a type of synthetic fluid that is composed of
polymerized siloxanes. The freezing temperature in each cycle was identified by monitoring
the temperature rise caused by the release of latent heat during the phase transition. The
findings indicate a consistently stable freezing temperature for a specific setup of the ash-
droplet system. The temperature doesn't change, just by the ash particle touching the water
droplet, rather it remains stable as long as the ash particle intersects with the droplet's surface

(Mi et al., 2004).

Ice crystals help reduce cloud droplets by sticking to them, which slows down the
formation of larger drops and the drizzle process. Since ice crystals are good at collecting
bigger droplets, their growth can delay drizzle formation. Additionally, ice crystals can collide
with and freeze drizzle drops, stopping the freezing drizzle. Studies have found that how we
describe ice crystals influences how freezing drizzle forms in stable clouds (Geresdi et al.,

2005).
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A study on heavy rain development revealed that cold clouds with ice due to convection
play a key role, especially in the southern area like low-latitude, warm, and tropical regions.
These areas tend to have a deeper boundary layer, leading to higher and colder cloud tops that
promote more cloud ice formation and intensify precipitation processes. Warm clouds with
water instead of ice cause widespread but weak precipitation. Rainstorm growth and the
evaporation of cloud and rainwater significantly boost precipitation. The condensation of water
vapor into cloud water contributes the most to latent heat during heavy rain. Positive latent heat
processes, like condensation of water vapor and rainwater, promote precipitation, while
negative processes, such as rainwater evaporation and graupel melting, weaken it. Rainwater
condensation is crucial for sustaining atmospheric heating and convection during heavy rain,
influencing precipitation intensity. Without rainwater droplet formation, overall latent heating
weakens, causing a significant drop in moisture and precipitation. This reduction in latent heat
can result in a decrease in moisture content in the atmosphere and lead to lower precipitation
levels. Latent heat is released when water vapor condenses into liquid droplets, driving cloud
formation and precipitation. Without this phase change, the system loses a key source of energy

and moisture, thereby reducing overall rainfall (Jiang-nan et al., 2016).

Clouds in Earth's atmosphere vary, composed of liquid droplets, ice crystals, or a
combination. While temperature primarily dictates cloud phases, other factors come into play.
Aerosols, small particles in the atmosphere, influence clouds differently based on their phase.
These aerosols act as cloud condensation nuclei (CCN) or ice nuclei (IN), known as indirect
aerosol effects. Cloud droplets typically require hygroscopic aerosols for formation in Earth's
atmosphere. In a hypothetical aerosol-free environment, clouds could form through
homogeneous nucleation, but in reality, aerosols, both natural and human-made, are always
present and seldom limit liquid cloud formation, which initiates when humidity exceeds 100%

(Storelvmo, 2017). CCN play a vital role in the formation of cloud droplets, driven by the
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Kelvin effect, which describes the alteration in saturation vapor pressure due to surface
curvature (McGouldrick & Barth, 2023). This concept parallels the dehumidification process
in HVAC systems where humidity control is crucial for preventing condensation and

maintaining indoor air quality.

Figure 2.8 illustrates the fundamental mechanisms of cloud and rain formation, including
the corresponding phase change processes and the associated release of latent heat. In deep
convective and stratiform rains, latent heat-related phase changes include condensation-
evaporation (gas-liquid), freezing-melting (liquid-solid), and deposition-sublimation (gas-
solid). Current remote sensing and in situ instruments can't directly measure these processes,
as they mainly focus on atmospheric water states like vapor, cloud water, and precipitation.
Retrieving latent heat relies on physical parameterization or cloud-resolving models (CRMs).
Additionally, the formation of convective, stratiform, and warm rain involves various phase
change processes depending on different dynamic and thermodynamic conditions (Li et al.,
2013). After fog forms, processes like water vapor condensation, collision—coalescence, and
droplet evaporation or sedimentation influence its microphysics. Parameterizations of

activation and condensation processes significantly impact fog characteristics and life cycle.
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Figure 2.8. The diagram illustrating the processes of cloud formation, rain generation, and the

associated release of latent heat in warm and cold rain events (Li et al., 2013).

Latent heat, released or absorbed during transitions between water phases, plays a crucial
role in fortifying storms. Warm rain processes involve solely evaporation-condensation, while
cold, deep convective clouds encompass melting-freezing and sublimation-deposition (Li et
al., 2013). As warm air rises and water vapor condenses, the released latent heat heightens
instability, strengthening updrafts. Likewise, the freezing of liquid droplets releases latent heat,
contributing to the same effect. Latent cooling, absorbed during sublimation, evaporation, and
melting, amplifies negative buoyancy, reinforcing downdrafts, intensifying updrafts, and
enhancing the overall instability (Szeto & Stewart, 1997). This underscores the significance of
latent heat as the primary driving force behind vertical currents within a storm. In cold clouds,
which consist of ice, the particles have complex microstructures due to the rigid nature of ice
crystals. Unlike warm clouds, the particles in cold clouds are not spherical, as they do not
respond to surface tension. This introduces particle shape as a new variable in describing cloud

properties, adding complexity beyond just particle sizes (Lamb & Verlinde, 2011).
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2.9 Thermodynamics of fog formation

In balanced air conditions, the air can only hold a certain amount of water vapor at a
given temperature. This capacity decreases as the temperature decreases. Relative humidity
measures the actual water vapor in the air compared to its holding capacity. When two air
streams with different humidity levels mix, the resulting air mixture may have more water
vapor than it can hold, causing the extra vapor to turn into tiny water droplets, Figure 2.9. These
droplets form fog, reducing visibility in the air to less than 1 m close to the surface (Mazoyer

et al., 2022; Wadnerkar et al., 2018).
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Figure 2.9. Mixing hot and cold air streams is depicted on psychometric charts, illustrating

how the formation of fog depends on the degree of mixing (Wadnerkar et al., 2018)

Accurate fog modeling requires precise identification of microphysical parameters,
including liquid water content (LWC), droplet number concentration (Nd), and effective
diameters (Defr). The initial values for Ng¢ and Dess are influenced by both ambient
supersaturation and the aerosol population, which functions as cloud condensation nuclei
(CCN) (Mazoyer et al., 2019; Stolaki et al., 2015). Once fog is formed, various physical

processes impact its microphysical characteristics. Droplets can increase in size through water
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vapor condensation, collision—coalescence, or Ostwald ripening, a process in which smaller
droplets deactivate and evaporate, favoring vapor diffusion onto larger droplets. Conversely,
droplets can settle due to gravity or turbulent motions, or evaporate if there's a decrease in
supersaturation, for instance, through heating or drying of the air mass, like when mixing with
residual dry air (Mazoyer et al., 2019; Waeersted et al., 2019). When supersaturation is low,
droplet growth through condensation might be limited, allowing extra water vapor to activate
more aerosols into cloud droplets. As fog progresses, turbulent motions can boost

supersaturation and trigger new aerosol activation (Boutle et al., 2018).

2.9.1 Ice fog

Ice particles in the atmosphere have diverse sizes, ranging from a few micrometers to
over 10 cm. Clouds display a size distribution, with more small particles (frozen fog or cloud
droplets) than large ones (like snow aggregates or hail) in a given cloud volume. The
concentration of ice particles varies naturally, with smaller particles at higher altitudes (lower
temperatures) and larger particles at lower altitudes (higher temperatures). This pattern is
opposite to warm clouds. Some ice particles are challenging to classify and are termed
"irregular,” making the study of cold clouds complex (Lamb & Verlinde, 2011).

Ice fog, known by various names like frozen fog or arctic mist, occurs in extremely cold
arctic winters when temperatures drop below —30°C and relative humidity exceeds 80%. It
consists of suspended ice crystals and is operationally defined by visibility less than 1 km. This
distinguishes it from "diamond dust," another surface cloud type formed in similar conditions
but with higher visibility. The upper size limit (d) and number concentration (Ni) criteria for
ice fog are d <30 pm and Ni > 1000 L~!. Many studies report that the sizes and concentrations
of ice fog crystals frequently vary outside these limits, causing a somewhat blurred
differentiation between diamond dust and ice fog (Girard & Blanchet, 2001a). Table 2.2 shows

the average temperature, size and water content of ice fog based on other studies.
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Table 2.2. Average temperature, size and water content of ice fog

Temperature (°C)  Size Water Content Reference

less than — 40 °C Less than 100% (Gotaas & Benson,
1965)

-5t0-10°C 1-50 um water amount of 0.12gm™>  (Puetal., 2023)

ice water amount of 0.10 g

m—3
-5t0-37°C average of 1.3 mm (Kuhn & Gultepe,
(20 um to 3.5 mm) 2016)
-15t0-34 °C below 30 pm concentration exceeds (Girard & Blanchet,
1000 L! 2001b)

Ice crystals in fog form through either homogeneous or heterogeneous nucleation. In
homogeneous nucleation, water droplets freeze uniformly when the temperature drops below
-38°C. Heterogeneous nucleation involves pathways like immersion freezing, contact freezing,
or deposition ice nucleation. Immersion and contact freezing occur at temperatures above -38
°C, where the droplet freezes due to nuclei composition or contact with an ice nucleation (IN)
particle. Deposition nucleation activates an ice crystal by directly transferring water vapor to
an IN particle without liquid water (Ismail Gultepe et al., 2017). Identifying the phase status of
cold fog, whether it's liquid, ice, or a mix, poses a challenge due to its high variability in both
space and time (Pu et al., 2023). Ice fog and clouds with low optical densities disperse after
exposure to dry air, light precipitation, or solar heating. Their formation depends on
temperature and moisture content in the atmospheric boundary layer, influenced by factors like
ocean vapor and wet surfaces. Turbulent heat and moisture fluxes over these surfaces play a
crucial role (I Gultepe et al., 2017; Gultepe et al., 2015; Vihma et al., 2014). Global change
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processes, including regional air pollution, impact fog due to a limited understanding of ice
nucleation (IN) processes, especially homogeneous ice nucleation, occurring at very cold
temperatures (~—40 °C). Exploration is needed, particularly for high ice crystal concentrations
during Arctic ice fog events (Gultepe & Heymsfield, 2016; Heymsfield et al., 2005;
Heymsfield & Sabin, 1989).

Observations during the cold fog amongst complex terrain (CFACT) field campaign in
Utah's Heber Valley reveal notable variations in meteorological conditions around fog events.
Moisture near the surface declines in the early morning, likely due to fog formation and
subsequent moisture deposition. While persistent deep fog events were absent, the campaign
provides valuable data for studying spatially heterogeneous and ephemeral fog occurrences (Pu

etal., 2023).

2.10 Hydrological cycle in atmosphere

The hydrological cycle encompasses processes across the hydrosphere, driven by solar
radiation and gravity. It involves interactions among oceans, atmosphere, and land, facilitating
water and energy exchange (Kleidon & Renner, 2013). Water plays a vital role in the
atmosphere, existing in its three forms: solid, liquid, and gas. Phase changes involve substantial
energy exchange, influencing the local energy balance and atmospheric dynamics. The average
global latent heat flux is approximately 80 W m2, considering a mean insulation of 342 W m-

2 (Kiehl & Trenberth, 1997).

Water vapor serves as the origin for clouds and fog, influencing radiative transfer and
evaporation/condensation processes. Cloud formation is regulated by relative humidity,

atmospheric dynamics, and the presence of condensation nuclei. The altitude at which
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saturation occurs is influenced by temperature and specific humidity vertical profiles (Vihma

etal., 2016).

Water balances with evaporation matching precipitation, but regional variations exist.
The northern hemisphere (10-40°N) loses substantial water to higher latitudes, gaining around
3,000 km? from the southern hemisphere. Between the equator and 30°S, there's a net loss of
32,700 km3, mainly moving to higher latitudes. The westerlies transport about 56,000 km? of
water vapor toward polar fronts, significantly influencing Earth's heat transfer (Fairbridge et

al., 1998).

The dominant phase change in dehumidification systems has traditionally been
condensation, where water vapor is absorbed. However, in this study, we explored a different
approach. Deposition nucleation happens when vapor adheres to a solid surface and transforms
directly into ice without passing through a liquid phase (Dymarska et al., 2006). This
phenomenon is evident in nature, such as the formation of frost when atmospheric water vapor
deposits as ice crystals. The energy required for vapor to condense (latent heat of vaporization)
is about 540 calories per gram (2,260 kJ kg*), which is significantly higher than the energy
needed to freeze water into ice (latent heat of fusion), which is 80 calories per gram (Richards

& Mathews, 1911).

In this study, the reverse process of sublimation is examined, where vapor transitions
directly into ice, releasing substantial latent heat. This release of energy facilitates greater
moisture absorption from the air, enhancing the drying process through the latent heat released
during the phase change from water vapour to ice through sublimation and condensation,

Figure 2.10 (Giorgini, 2016).

41



E
Melting Curve
~
Solid
Liquid
F,y ¢ RSN REE SRR RS ESEE SR - ER SR ST R Cnfical Point
Triple Pt N i
0006AT™M ) / Vapogr—pressure Curve
! 5
] |
E Vapoypr
t ; i
Sublimation ICu.we | i
. 00IC 100C

Figure 2.10. Phase Transition Diagram by Latent Heat Release during Sublimation and

Condensation (Giorgini, 2016)

Negative pressure systems, combined with latent heat mechanisms, may offer an efficient
approach to thermal management in extreme environments. In such systems, negative pressure
lowers the boiling or sublimation point of water, facilitating phase change processes such as
sublimation (solid to vapor) or evaporation (liquid to vapor). Water sublimators use porous
plates where ice sublimates under low-pressure conditions, absorbing the latent heat of
sublimation to remove waste heat effectively. The role of negative pressure in such a system
would be to create an environment where water vapor transitions directly to the solid phase

(ice) without passing through the liquid phase (Chang et al., 2023).
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Connecting text

Chapter 2 lays the groundwork for this research by presenting an in-depth review of
existing dehumidification and HVAC systems, highlighting current challenges and innovations
in energy-efficient climate control. This chapter provides a comprehensive overview of various
dehumidification methods and the physical principles governing them, which form the

theoretical basis for the novel approach proposed in this study.
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3.1 Abstract

Dehumidification systems are crucial for maintaining comfort and energy efficiency in
buildings, especially in hot and humid climates. Traditional dehumidification technologies
often struggle with energy consumption and efficiency. This investigation examines the
thermodynamic performance of a novel, proof-of-concept dehumidification system that
combines a vortex cooling gun with a cold plate to optimize moisture extraction efficiency. In
this method, the hot and humid air comes into contact with the cold plate and vortex cooling
gun, releasing heat and forming ice crystals on the surface of the cold plate. The new system's
effect on relative humidity (RH), absolute humidity, temperature, moisture removal rate, and
enthalpy was quantified. Data indicate that RH levels dropped significantly, with inlet RH
decreasing up to 80% and outlet RH stabilizing at 30%, demonstrating effective moisture
reduction (p < 0.05). Absolute humidity measurements further validated the system’s
dehumidification capability, with a notable decrease in moisture content from an initial 14 g
m-3to 2 g m3. A rapid temperature drop from 15°C to below 5°C within 1000 seconds in an air
volume of 0.05 m3 indicates efficient thermal energy extraction. The system achieved a
substantial reduction in air enthalpy by 20 kJ kg, highlighting its utility in cooling and
moisture control scenarios. The relationship between moisture removal rate and inlet absolute
humidity showed that higher initial humidity levels enhance dehumidification. This research
provides critical insights into advanced dehumidification methodologies leveraging direct
contact cooling mechanisms, potentially offering an alter approach to lower energy

consumption cooling in climatic and industrial applications.

Keywords: building cooling; dehumidification, energy savings; environmental control;

heating, ventilation and air conditioning (HVAC), moisture control, supercooling
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3.2 Introduction

Approximately 40% of total energy consumption in the United States is attributed to
building operations, with heating and cooling comprising the predominant share (Ghoniem,
2011). In geographic regions characterized by hot and humid climates, cooling systems play a
pivotal role. However, surpassing humidity thresholds can pose challenges in the design and
operation of building heating, ventilation and air conditioning (HVAC) systems by
exacerbating issues like poor air quality because of dust accumulation, mite proliferation, and
disease transmission. Consequently, devising effective and tailored dehumidification strategies
tailored to the climatic conditions of each region, particularly those grappling with elevated
humidity levels, becomes imperative. Enhancing existing HVAC systems by optimizing
dehumidification processes stands out as a viable, accessible solution to address this need
effectively and affordably in diverse climatic conditions.

HVAC systems are vital across various building types, aiming to maintain occupants'
thermal comfort by adjusting outdoor air conditions. Selection depends on climate, building
age, owner preferences, budget, and architectural design (ASHRAE, 1996). HVAC systems
vary based on design and functionality. Centralized systems serve large buildings with a single
unit distributing heating and cooling via ducts. Decentralized systems, like window units, cater
to individual areas without ductwork. Split and mini-split systems, ideal for residential and
small commercial spaces, separate condenser and evaporator units for flexibility and efficiency.
Heat pumps provide both heating and cooling by transferring heat between indoors and
outdoors, suitable for diverse climates. Hybrid systems combine fossil fuel heating with electric
heat pump technology, enhancing energy efficiency. Each type is tailored to specific
applications and building needs (Teke & Timur, 2014).

Present dehumidification options primarily consist of traditional condensation
dehumidifiers and desiccant dehumidifiers (Gurubalan & Simonson, 2021). The initial

investigation into the transfer of heat and moisture involving phase change and condensation
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dates back to the 1980s. Ogniewicz and Tien (1981) were pioneers in analyzing the
interconnected processes of heat and moisture transfer with condensation. Their work focused
on the assumption that heat moves through conduction and convection, while the condensate
exists in a pendular state (Fan et al., 2000; Ogniewicz & Tien, 1981).

Traditional condensation dehumidifiers are typically part of a vapor compression
refrigeration system. Cold water cools the air to remove moisture, but this process often
requires overcooling and subsequent reheating to achieve the desired moisture levels, resulting
in greater energy consumption (Yao, 2010). Additionally, these systems only provide comfort
when the sensible heat ratio (SHR) exceeds 0.75, making it challenging to achieve thermal
comfort in warm, humid regions where the sensible heat ratio is often lower (Ding et al., 2022;
Rafique et al., 2015). The SHR measures the proportion of an HVAC system's capacity used
for sensible cooling versus latent cooling. A lower SHR indicates higher dehumidification
capability, crucial for humid climates, aiding in system design and selection (Pillai et al., 2018).

Cloud condensation nuclei (CCN) play a vital role in the formation of cloud droplets,
driven by the Kelvin effect, which describes the alteration in saturation vapor pressure due to
surface curvature (McGouldrick & Barth, 2023),. This concept parallels the dehumidification
process in HVAC systems where humidity control is crucial for preventing condensation and
maintaining indoor air quality. Clouds forming just above freezing levels primarily consist of
supercooled liquid droplets, whereas those at higher altitudes, where temperatures are colder,
tend to form as ice crystals (Murray et al., 2012). Insufficient condensation particles at or above
the condensation level can lead to air becoming supersaturated, hindering cloud formation
(Pidwirny, 2006). As air rises, atmospheric pressure decreases, causing expansion that expends
energy and cools the air, promoting water vapor condensation into clouds (Makarieva et al.,
2013). Experimental findings indicate that elevating air pressure enhances the dehumidification

efficacy of moist air. As pressure rises, the temperature disparity between air and cooling
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sources diminishes while maintaining consistent dehumidification requirements. When the
temperature difference between air and cooling source remains constant, heightened pressure
correlates with increased heat and mass transfer coefficients (Zhang et al., 2024).

Natural occurrences exhibit these concepts. When the upper ocean reaches freezing
temperatures, further heat loss causes slight supercooling, leading to ice formation. The
minimal degree of supercooling required for ice growth is typically on the order of a few
hundredths of a degree Celsius. However, observations in certain Antarctic polynyas and areas
near Greenland have shown supercooling of 0.2 to 0.4°C down to depths of tens of meters.
Initial ice formation usually occurs at or near the water surface in the form of small platelets
and needles called frazil ice, with crystals generally not exceeding 3 to 4 mm in diameter.
Subsequently, ice crystals absorb and freeze additional water vapor from the surrounding air
(Maykut, 2018). In the presence of air exhibiting supersaturation above the freezing threshold,
moisture within the atmosphere can undergo condensation into minuscule liquid droplets,
resulting in the recognizable meteorological phenomenon, fog. Conversely, under comparable
conditions with air temperature below freezing, , "ice fog" formation is anticipated. Airborne
ice crystals, typically constituents of fog, display a notable propensity to adhere to cold
surfaces, thereby predisposing them to deposition on surfaces encountered within a freezer
environment (Mago & Sherif, 2005). Snow-like formations, as elucidated by Sherif et al.
(2001) and the studies by Mago and Sherif (Mago & Sherif, 2005), share resemblances with
snow in both visual attributes and crystal morphology, contrasting with the typical frost
formation observed under subsaturated conditions. These formations manifest promptly, within
a timeframe spanning from 15 min to 2 h, and are notable for their elevated intensity, which
contributes to a rapid deterioration in heat transfer effectiveness and cooling efficiency of

freezer coils (Sherif et al., 2002).
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Drawing parallels between these natural processes and HVAC systems, the present
investigation explores proof-of-concept dehumidification of hot and humid air using vortex
cooling gun and a cold plate to induce a phase transition in cooled air from a gaseous to a solid
state, consequently releasing latent heat. The primary aim was to quantify the latent heat
released during this transition and evaluate the efficacy of ice crystal formation in augmenting
air dehumidification with lower energy requirement potential. When humid air encounters a
cold surface with temperatures below both the dew point of the water vapor and the freezing
point, ice crystals are likely to form. This process presents a promising method to improve
dehumidification, particularly under saturated conditions, and holds significant potential for

developing energy-efficient cooling strategies in HVAC systems.

3.3 Materials and methods

3.3.1 Chamber structure

A combined vortex gun and cold plate system was designed and constructed to
effectively monitor the behavior of hot and humid air as it interacts with cooled devices. Two
PVC pieces (0.10 m diameter) were arranged on opposite sides of a circular hard-plastic
chamber measuring 0.33 m in diameter to facilitate the connection of a booster fan
(GLFANXBOOSTERG6 model, iPower US, Los Angeles, CA, US) with a diameter of 0.152 m.
The output area of the pipes was insulated using Fibreglass Pipe Wrap measuring 0.03 x 0.01
x 0.25 m. A large model ultrasonic mist humidifier, Lacidoll ultrasonic mist humidifier (27 x
27 x 63 cm; Lacidoll, Cerritos, CA, US) with adjustable moisture settings continuously
supplied moisture. Cold airflow within the chamber was generated using a small Vortex
cooling gun (3404 model, EXAIR LLC., Cincinnati, OH, US). Cooling of the system was

achieved using an ATS-CP-1003-DIY aluminium cold plate (0.202x0.13x0.02 cm) with a flow
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rate of 4 L min, capable of transferring 1000 W of heat with a temperature difference of 6.8°C
between the cold plate base and inlet fluid temperature. The cold plate was positioned in the
center of the circular hard-plastic chamber, with its input and output connected to a circulator
bath. Heated Immersion Circulators (4100 R20, Fisher Scientific Isotemp®, Saint-Laurent, Qc,

Canada) were employed, utilizing both heated and chilled baths.

3.3.2 Experimental setup

The overall design of the vortex cold gun-ice plate dehumidification system and
experimental setup is schematically presented in Figure 3.1 with a photograph in Figure 3.2
The body of the dehumidifier camper consists of the ultrasonic humidifier with the output of
2000 ml h't was used for humidity supply to the chamber and the output air velocity of hot and
saturated air was 0.74 m s*1. A 10.16 cm duct was used to connect the exit of the humidifier to
the inside area of the chamber. A circulator bath was set up to circulate the cold mixture of
water and coolant into the cold plate. Every circulator bath can pump to an external system to
meet the temperature control needs. The maximum flow rate of the circulator bath was 0.033
m?3 h't with temperature stability between -10 and 100 °C. The air ducts were connected with
reducers (10.16 cm-to-15.24 cm) to the duct booster fan to improve the ventilation (240 CFM).
Temperature, humidity, and pressure sensors (Raspberry pi: BME280, Adafruit Industries,
New York, NY, US) were placed before and after the chamber to check inlet and outlet
conditions of air, and in-room area (S1, S2, S3 and S4). A digital hot wire anemometer was
used to record the flow velocity of air inside the chamber and air temperature readings. The air
flow and pressure rate were kept constant at 1.03 m s and 1013.3 Pa respectively. The total

calculated air volume of this setup was approximately 0.05 m3.
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Figure 3.1. Schematic view of the vortex cold gun-ice plate dehumidification system (top) and

experimental setup (bottom) presenting sensors and data logger positions. S1:54, measuring RH,

temperature and air pressure.
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Figure 3.2. Photograph of the overall experimental setup to show instrumentation and

data logging positioning. Blue arrows indicate the airflow rate.

3.3.3 Data collection
A Python-coded automatic data logger Pi (4B, Raspberry Pi, Wales, UK) was used to

record temperature, pressure, and RH data every 2 s with BME 280 environment sensors
(Adafruit: BME 280, Adafruit Industries, New York, NY, US). The automatic sensors' error
levels for recording temperature data are 0.5°C and RH data are 3%, respectively, according to
the manufacturer’s specifications (Adafruit, 2020). During the test, the temperature of the
circulator bath varied from -9 °C to -16 °C. For dehumidification testing, the RH and absolute

humidity were measured by comparing the initial and final relative humidity and temperature.
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3.3.4 Cooling Capacity
3.3.4.1 Energy balance with ice formation

When ice forms, the energy balance must consider the heat removed to lower the air
temperature (sensible heat), the heat removed to condense water vapor into liquid (latent heat
of vaporization), and the heat removed to freeze water (latent heat of fusion). The energy
balance equation (3.1 incorporates) incorporating these factors in Sl units (where heat

guantities are in Watts (W) is as follows:

total — Qsensible + Qlatent vaporization + Qlatent fusion (31)

3.3.5 Sensible and latent heat calculation

Sensible and latent heat were calculated with equation 3.2 and 3.3 respectively.
Sensible Heat (Q sensible):

Qsensible = Majr X Cp X AT (3.2)

Where m air is the mass flow rate of dry air kg s, cp is the specific heat capacity of air
(approximately 1005 j kgt k), AT is the temperature difference between the inlet and outlet
air (K). Latent heat of vaporization (Q Iatent vaporization):

Qlatent vaporization = My ater vapor X LV (33)

Where m water vapor is the mass flow rate of water vapor removed before freezing (kg s),
L v is the latent heat of vaporization (approximately 2260 kj kg~1= 2,260,000 j kg at 0°C).
Latent heat of fusion (Q Iatent Fusion):
QLatent Fusion = Mice X Ly (3.4)
Where mice is the mass flow rate of water that freezes (kg s?), L + is the latent heat of

fusion (approximately 334 kj kgt = 334,000 j kgt).
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3.3.6 Enthalpy
3.3.6.1 Mass transfer

The RH change in the air at the entrance and outflow was used to compute the mass
transfer rate. To measure the rate of moisture transfer, the humid air was continued through the
chamber. These steps were used to calculate the moisture transfer rate in Equation 3.5:

Aw =m X Wy, :—Wip, (3.5)

Where, m is the mass flow rate of air (kg s*), and wout, and win is the humidity ratio (g
kg?) inside and outside the chamber (assuming dry air density is lapproximately kg m= in
lower atmosphere), wout and win are the humidity ratios (g kg™) inside and outside the chamber,
respectively, and m is the air mass flow rate (kg s*) inside and outside the chamber, the
temperature and RH were monitored. Using the psychometric relationship, the humidity ratio

was derived from the temperature and RH readings as follows (ASHRAE, 2017).

1727 X T (3.6)
pe=0611x Bxp (7 )
p; = RH X ps (3.7)
w; = 0.62198 + ( P ) (3.8)
P —Di

Where T is the air temperature (°C), pi is the partial pressure of water vapor in the air at
any RH, ps is the partial pressure of water vapor at saturation (kPa), and p is the atmospheric
air pressure (101.33 kPa). The enthalpy of moist air, expressed in kj kg of dry air, is calculated
using equation 3.9:

h = (1.005x T + (w x (1.86 X T + 2501)) (3.9

In this p, T represents the dry bulb temperature of the air (°C), and 1.005 kj kg °C is
the specific heat capacity of dry air, accounting for the sensible heat component. The term w

is the humidity ratio (g kgt). The specific heat capacity of water vapor is 1.86 kj kg* °C-tand
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2501 kj kgt is the latent heat of vaporization of water. Thus, the equation incorporates both the

sensible heat of the dry air and the total enthalpy (sensible and latent heat) of the water vapor.

3.3.7 The relation between humidity and liquid water content in fog

The Magnus formulation was used to determine the saturation vapor pressure es (Pa) is
used to calculate RH from temperature data. A formulation, Equation 3.10, from a review study
by Alduchov and Eskridge (1996) is used.

e; = exp(—6096.94T 1 + 16.64 — 2.71 x 1072T + 1.67 x 107°T? (3.10)
+2.43InT)

where T (K) is the outside temperature recorded by the temperature recorder TR-1050.

Equation 3.11 shows the ideal gas equation was used to calculate the actual vapor
pressure, e (Pa).

m
e = 7”RUT (3.11)

where % is the mass of vapor per air volume and Rv is the gas constant for water vapor
461 (j k tkg?).

The key parameters used to evaluate the effectiveness of dehumidification are the
moisture removal rate, (MRR) expressed in grams per second, and the dehumidification

efficiency, determined through Equations (3.12) and (3.13) respectively (Kumar et al., 2023):

MRR = my;; X (Win_Wout) (3-12)
_ Win — Wour
Ndehum = 7
in
(3.13)

In this equation, MRR is measured in grams per second. ma denotes the airflow rate
passing through the dehumidification system, typically measured in kilograms per second. Win
and Wout present the specific humidity of the incoming and outgoing air respectively, given in

grams of water vapor per kilogram of dry air, and naenun is the dehumidification efficiency, can
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be calculated from the ratio of actual humidity ratio removal to the maximum possible humidity
ratio removal, which gauges the system’s effectiveness in moisture removal, presented as a
dimensionless value.

The sensible heat ratio (SHR) serves as a measure for designing mechanical cooling
systems. A decreased SHR indicates greater latent gains, while an increased SHR suggests the
opposite (Pillai et al., 2018). SHR was calculated using Equation 3.14:

SHR = Sensible load /Sensible load + Latent load (3.14)

3.3.8 Statistical analyses

3.3.8.1 Statistical analysis between samples

Statistical analyses were performed to evaluate the reproducibility and trend similarities
in both the dehumidification and cooling processes. For dehumidification, the inlet and outlet
RH values were analyzed using a paired t-test to determine if the differences in RH between
the inlet and outlet were statistically significant. A p-value of less than 0.05 indicated that the
dehumidification process effectively reduced RH.

For the cooling process, the inlet and outlet temperature values were similarly analyzed
to assess the effectiveness of the system. The reproducibility of the results for both
dehumidification and cooling was verified by calculating variance, root mean square error
(RMSE), and the coefficient of determination (R2). These metrics were used to quantify the
goodness-of-fit for the regression models and assess the overall agreement of results across

experiments.

3.3.8.2 Uncertainty analyses

Uncertainty analyses were conducted to quantify the errors in measurements of
temperature and humidity during the dehumidification and cooling processes. Both systematic

errors from the instrumentation and random uncertainties due to the data acquisition and
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measurement processes were considered. The overall uncertainty (U) for each variable was

calculated as equation 3.15:

U = /B2 + p2 (3.15)

where B represents the systematic uncertainty (bias), and P represents the random

uncertainty (precision). The random uncertainty P was computed as equation 3.16:
P=o Xt (3.16)

where ¢ is the standard deviation of the data, and t is the t-distribution value for a 95%
confidence level (with t=1.96 for n>200).

Systematic uncertainties were assumed based on the specifications of the measurement
equipment used in the experiments. The propagation of uncertainty was evaluated using
numerical differentiation to approximate partial derivatives of the involved variables. The

propagation formula, equation 3.17, used was:

0= |(%en) +(n) s

(3.17)

where §Q is the uncertainty of the resulting parameter Q; da, db, &z, are the uncertainty
of variables a, b. and Z—g and Z—gare the partial derivation of the resulting parameters with

respect to a, b respectively.

3.4 Results and discussion

3.4.1 Cooling

A novel dehumidification system combining a vortex cooling gun and a cold plate was

designed and constructed to enhance moisture control and cooling efficiency. Tests were
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conducted to evaluate the system’s cooling performance, temperature reduction, and ability to

reduce relative and absolute humidity.

Figure 3.3 illustrates the trends in inlet temperature, inlet RH, outlet RH, and outlet

temperature over time. The inlet temperature initially dropped rapidly from around 20°C to 5°C

within 500 s and remained stable. The inlet RH decreased sharply from 80% to 50% in the first

500 s, fluctuated slightly between 50% and 60%, and settles to 50%-55%. The outlet RH

decreased quickly from 60% to 30% and stays relatively steady with minor fluctuations. The

outlet temperature initially falls from 15°C to 5°C, then gradually rises to around 10°C over

7000 s. These observations highlight the initial changes and subsequent stabilization in both

temperature and RH levels.
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Figure 3.3. Temporal variations in inlet and outlet temperature and relative humidity (RH)

during the dehumidification process.
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3.4.2 Dehumidification

The RH at the inlet air was approximately 100% and subsequently stabilizes between
50% and 55%, Figure 3.4. The inlet absolute humidity sensor indicates a decreasing trend,
starting just above 14 g m= and stabilizing at 2 g m™3. The outlet absolute humidity sensor starts
marginally lower than the inlet values, decreases swiftly to below 2 g m=, and maintains a
relatively consistent level for the duration observed. Figure 3.4 delineates a 15% standard
deviation (SD) range for both upper and lower humidity bounds. The precipitous decline in
both RH and absolute humidity at the outlet signifies effective moisture removal, with the outlet
RH rapidly falling below 20%, illustrating the system's proficiency in reducing air moisture
content. After initial fluctuations, both the inlet and outlet RH and absolute humidity readings
reach stability, suggesting that the system may have achieved a steady operational state,
characterized by consistent humidity levels at the input and output. The notable disparity
between the inlet and outlet absolute humidity values underscores the system's efficiency in
extracting moisture. The significantly lower absolute humidity at the outlet, relative to the inlet,
directly reflects the volume of water vapor removed from the air. The ability of the system to
sustain a low and stable outlet RH and absolute humidity could prove advantageous for
environments requiring stringent control of humidity levels. Furthermore, the minimal variance
indicated by the standard deviation lines points to the system's consistent performance over
time. This consistent performance is crucial for applications where environmental control is
critical to process success. The saturation duration is dependent on the difference between the
inlet and outlet humidity ratios with a larger disparity indicating a higher moisture content to

be removed, thereby extending the time to reach equilibrium.
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Figure 3.4. Comparison of inlet and outlet relative humidity (RH) and absolute humidity

measurements over time during dehumidification.

3.4.3 Heat and mass transfer effectiveness

Figure 3.5 presents the dynamic response of a dehumidification system, tracking the
changes in absolute humidity difference (g m=) and enthalpy difference kj kg*. These metrics
are pivotal for evaluating the dehumidifier's performance. The data shows a pronounced
decline in the absolute humidity difference, dropping swiftly from a high of about 8 g m to
stabilize near 1 g m3. This sharp decrease reflects the system’s robust initial capacity for
moisture removal, subsequently entering a near-steady state with slight fluctuations around 1
gm?3,

This increase in the enthalpy difference indicates a gain in energy between the inlet air
and outlet air over time. The two parameters exhibit opposing trends in the initial phase, with
absolute humidity removal decreasing while the enthalpy difference increases, suggest a

transient adjustment period. After this phase, both parameters stabilize, indicating the system
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reaches equilibrium and maintains consistent dehumidification and energy transfer. After 1000
s, both parameters stabilize, showing minimal fluctuations over time.

The observed increase in enthalpy (hout-hin) during the dehumidification process can be
explained by the phase change of water vapor directly into ice, which involves the release of
latent heat. Unlike conventional HVAC systems, which typically exhibit energy loss during
cooling and dehumidification, the phase change process in this system contributes to an energy
gain which make it an ideal energy recovery system. This behavior aligns with findings from
studies on phase transitions, such as in supercooled silicon, its liquid form has much in common
thermodynamically with water, where enthalpy increases during a second-order phase
transition due to latent heat release (Sastry & Austen Angell, 2003). Conventional methods rely
on energy extraction to achieve moisture removal, where dehumidification typically involves
reducing enthalpy or maintaining constant enthalpy (direct evaporative cooling). These
methods rely on decreasing air temperature and moisture levels to enhance dehumidification
performance, often limited by the need to balance cooling capacity and moisture enrichment

(Cheng & Zhang, 2023).
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Figure 3.5. Dynamics of absolute humidity removal and enthalpy changeover time in

the dehumidification process.

The depicted surface of Figure 3.6 demonstrates a downward slope, suggesting that an
increase in moisture extraction correlates with a rise in the change in enthalpy (AH), typically
manifesting as a cooling effect alongside latent heat removal through condensation. The
escalating difference in absolute humidity along the X-axis underscores the system's efficacy
in moisture removal over time. A greater AAH indicates robust performance in converting
humid air into a drier state. In the dehumidification process, AH is predominantly negative,
signifying the extraction of heat from the air, aligning with the cooling effect resultant from
moisture condensation—a fundamental element in processing hot and humid air. The outlet
humidity conditions, the graph reveals a decline in outlet RH as the absolute humidity
difference enlarges. This is considered an optimal point because the system has not only
dehumidified the air but also increased the outlet air's capacity to retain moisture. The
discernible overall trend on the graph provides a basis for identifying optimal operational

conditions that efficiently achieve targeted humidity and temperature levels. Further analysis
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of the system’s most frequent operational points on the graph could elucidate typical or

preferred operating states, offering strategic insights for system optimization and control.
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Figure 3.6. Relationship between outlet relative humidity, inlet and outlet absolute humidity,

and enthalpy changes in dehumidification.

A study reported by Campen et al. (2003) evaluated dehumidification methods for
greenhouses, emphasizing that forced ventilation with a heat exchanger is the most efficient
and cost-effective method. The experiment demonstrated a significant reduction in RH from
approximately 70% to 30% using ice formation on a cold plate. Increased dehumidification
rates were observed with higher inlet RH. Both studies highlight the importance of inlet
humidity for enhancing dehumidification performance. The results, showing consistent
reduction in absolute humidity and enthalpy over time, align with the efficiency trends

observed by Campen et al. (2003).
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The results show that enhancements in managing both latent and sensible heat loads align
with findings Liu et al. (2018), investigated the energy efficiency of counter-flow heat pump
driven liquid desiccant systems. Liu et al. conducted experimental tests and system
performance evaluations, discovering that increasing water capacity within the system could
effectively remove redundant heating, thereby lowering the condensing temperature and
enhancing overall performance. They found that the outdoor air humidity ratio had a more
substantial impact on system performance than the outdoor air temperature. This observation
underscores that inlet air conditions are crucial for optimizing dehumidification efficiency. It
noted that the humidity ratio of indoor exhaust air affects system performance more than the
temperature of the exhaust air, highlighting the importance of humidity control (Liu et al.,
2018).

Figure 3.7 shows higher efficiencies correspond to more negative enthalpy differences.
As inlet absolute humidity (ABHin) increases, the difference between inlet and outlet enthalpy
(Hout - Hin) increases. The surface gradient indicates that higher inlet absolute humidity and
efficiency are associated with increase in enthalpy difference, reflecting a linear interaction
between efficiency and absolute humidity impacting enthalpy change. High inlet absolute
humidity necessitates greater energy removal to condense the moisture, enhancing system
performance. The system's efficiency improves with higher humidity levels, allowing more
latent heat removal as more ice crystals are created on the surface of the cold plate. This results
in a positive enthalpy difference, indicating effective energy transfer. Efficient systems extract
more energy while processing humid air, aligning with the thermodynamic principles of
dehumidification. The trends suggest that higher inlet absolute humidity improves system

efficiency by increasing the amount of energy removed through latent heat condensation.
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Figure 3.7. Relationship between enthalpy change, absolute humidity at Inlet (ABHin), and

dehumidification efficiency.

Figure 3.8 shows the relationship between enthalpy difference (Hout - Hin), ABHin, and
efficiency. ABHin ranges from 1 to 16 g m efficiency from 0% to 60%, and enthalpy
difference from -15 to 10 kj kg. The plot highlights that higher ABHin values correspond to

more negative enthalpy differences, with varying efficiency levels.
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Figure 3.8. Correlation of Enthalpy Change with Inlet Absolute Humidity (ABHin) and

Dehumidification Efficiency

The polynomial regression models for efficiency and MRR were developed using key
variables including inlet temperature (Tin), inlet relative humidity (RHin), inlet pressure (Pin),
outlet temperature (Tout), outlet relative humidity (RHout), outlet pressure (Pout), ABHin, the
difference in absolute humidity (ABHin - ABHout), enthalpy difference (Hout - Hin), MRR, inlet
enthalpy (Hin), outlet enthalpy (Hout), airflow, and time. For efficiency, the model achieved an
R-squared value of 0.999. For MRR, the model achieved an R-squared value of 1.000. These
models demonstrate the influence of various factors on the efficiency and moisture removal
capabilities of the HVAC system, highlighting the critical predictors and their respective
impacts.

The observed freezing of water droplets appears surface-driven and highly influenced by

air RH, where increased humidity at specific temperatures enhanced the freezing process. This
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surface phenomenon, attributed to changes in surface entropy and energy (J. L. Pérez-Diaz
2016). It can draw parallels regarding the impact of relative humidity on phase changes.
Unlike traditional systems where chillers expend significant energy to lower air
temperature and condense moisture, the ice formation process inherently cools the air as it
releases latent heat, reducing the load on the chiller and thereby decreasing energy
consumption. This could offset the need for external heating sources, further enhancing the

system’s net energy efficiency (Chua et al., 2013).

3.4.4 Moisture removal rate (MRR)
The results show that has a higher inlet RH which leads to enhanced ice formation on the

cold plate, leveraging the latent heat of fusion to efficiently remove moisture from the air. Inlet
absolute humidity is a critical parameter in assessing the dehumidification process (Figure 3.9).
The scatter plot of ABHin versus MRR illustrates that ABHin ranges from approximately 2 to
18 g m™3, while MRR varies between 0.005 and 0.025 g m3 Significant data points include an
ABHin of 11.65 g m3 with an MRR of 0.022 g m3.The trendline in the plot reveals a positive
correlation between ABHin and MRR, indicating that MRR slightly increases as ABHin
increases. Yang et al. (2015) reported that both dehumidification effectiveness and MRR
increased significantly with the growth of desiccant flow rate. In our study, a higher inlet
absolute humidity similarly results in higher MRR, which can be attributed to the increased
potential for moisture removal due to higher absolute humidity levels (Yang et al., 2015). Luo
et al. (2011) examined the dehumidification performance of the ionic liquid [EMIM]BF4
compared to the traditional desiccant LiBr under varying air flow rate, solution flow rate, and
air humidity conditions. Their key findings indicated that the dehumidification rate improved
with increases in air flow rate, solution flow rate, and air humidity. The novel experiment

demonstrated that higher inlet RH led to more effective dehumidification through enhanced ice
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formation, paralleling Luo et al. (2011), which showed that higher air humidity increased the

driving force for mass transfer, thereby enhancing dehumidification rates.
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Figure 3.9. Scatter plot of inlet absolute humidity (ABHin) vs. moisture removal rate (MRR)

with trendline.

A study by Sayegh et al. (2011) highlights that a hybrid system achieves better
dehumidification at higher air flow rates due to the desiccant wheel's efficiency. This enhanced
performance is attributed to the desiccant wheel's efficiency in handling higher humidity loads,
resulting in better dehumidification performance. Similarly, the current study's results indicate
that higher ABHin enhances the dehumidification process through increased ice formation, as
evidenced by the positive correlation between ABHin and MRR. The analysis shows that as
ABHin increases, the MRR increases, indicating more efficient moisture removal. The latent
heat released during the ice formation contributes to the system's overall efficiency, making it

more effective in reducing relative humidity (Gao et al., 2011).
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Data reported herein illustrate the relationships between total heat (Qtota) and
environmental factors such as RHin and inlet temperature, Figure 3.10 The linear regression
model for Qutal Versus inlet RH demonstrates a substantial positive correlation, evidenced by
an R-squared value of 0.81 and 0.94, indicating that total heat output increases with higher RH.
In contrast, the relationship between Quwia and inlet temperature are characterized by a
polynomial fit with an R-squared value of 0.81, reflecting a significant non-linear rise in total
heat as temperature increases. These findings emphasize the critical role both temperature and
humidity play in determining the thermal dynamics of the system, showcasing the intricate

interactions that govern system efficiency.

3.4.5 Influence of inlet temperature and relative humidity on total heat transfer

The polynomial fit results for Qutal as a function of inlet RH and inlet temperature reveal
insights into HVAC system performance in humid and warm conditions, Figure 3.10. The 3rd-
degree polynomial fit for inlet RH (with an R2 of 0.81) indicates a pronounced non-linear
increase in Qutal a8 RH surpasses 70%, reflecting the sharp rise in latent heat load in higher
humidity environments.

The dehumidification process in this system is governed by both latent and sensible heat
transfer mechanisms. As hot and humid air, with inlet temperatures between 5°C to 17°C and
RH from 50% to 95%, comes into contact with the cold plate, water vapor condenses, forming
ice crystals and releasing latent heat. This process is reflected in the rise of Qtotal, Which
increases from 2 kW to over 12 kW as RH increases from 50% to 95%, highlighting the
increased latent heat load. Sensible heat transfer occurs as the air cools, leading to a drop in
outlet temperature. With increasing inlet temperature from 5°C to 17°C, Qtotal rises from 4 kW
to over 15 kW, indicating the system's high responsiveness to temperature changes. Polynomial

regression models show correlations, with R2 values of 0.94 for inlet temperature and 0.81 for
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inlet RH, confirming the system's sensitivity to both variables and its effective handling of
increased thermal loads.

This trend aligns with thermodynamic principles, where the energy required to condense
and remove moisture from the air significantly increases the overall heat load on the system
(Chua et al., 2013). These findings are consistent with existing studies on latent heat transfer
in air handling units and emphasize the importance of humidity control in optimizing energy
efficiency, particularly in humid climates. This will be essential for addressing HVAC system
design strategies, especially in regions where high relative humidity contributes heavily to total
energy consumption.

In the case of inlet temperature, the 3rd-degree polynomial fit (R2 = 0.94) shows a rapid
increase in Quwtal from 5°C to 15°C, followed by a levelling off as temperatures continue to rise.
This steep increase reflects the rise in sensible heat load at higher temperatures, while the
plateau suggests that the system may approach a stabilization point as it handles the increased
thermal energy. These observations align with studies on the enthalpy of humid air, where
temperature has a pronounced effect on total heat loads in HVAC systems. As both inlet RH
and temperature rise, the total heat load on the system increases exponentially, but the system
continues to maintain effective heat removal. This results in RH reductions at the outlet, with
the final RH decreasing by up to 30%, and temperature reductions of over 10°C in the air
exiting the system. These results statistically affirm the system'’s ability to handle high thermal
loads, while efficiently reducing both moisture content and temperature. The correlation
between temperature and Qutal Underscores the necessity of precise temperature and humidity
regulation for improving energy efficiency in building climate control systems, as

demonstrated in psychrometric analyses and research focused on sustainable building design.
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Figure 3.10. Comparative analysis of total heat (Qwtar) (Kj) with inlet relative humidity and

temperature demonstrating varied correlations and impact on system efficiency.

Compared to the dynamics of RH in natural cloud formations, the observations from a
previous study on RH in ice clouds offer a foundational comparison. It was observed that RH
in mixed-phase clouds is typically close to saturation over water, even at temperatures ranging
from -5°C to -35 °C. In contrast, in ice clouds, relative humidity can deviate from saturation
over both ice and water, influenced by temperature and ice content. Moreover, the relative
humidity in ice clouds tends to increase as temperature decreases (Korolev & Isaac, 2006).
Findings from this preceding work on heat transfer in desiccant-coated microchannel heat
exchangers offer insights that align closely with experimental observations of ice crystal
formation on a cold plate for dehumidification. The study highlights enhancements in

dehumidification capacity through modifications in airflow velocity and microchannel
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architecture, which effectively manage both sensible and latent heat (Wang et al., 2021).
Similarly, experimental results demonstrate a dependency of RH on phase changes, particularly
when ice forms on the cold plate, leading to a reduction in relative humidity. This behavior
mirrors that observed in ice clouds, where the relative humidity is not always at saturation and
varies with temperature. Li et al. noted that while indirect evaporative cooling could further
decrease the temperature, it introduces additional energy from the outdoor air, which they
excluded from their analysis for ideal efficiency (Li et al., 2010). Similarly, this study focuses
on optimizing internal system parameters without incorporating external energy inputs, to
maintain energy efficiency in the dehumidification process.

In a controlled experiment, as ice accumulates on the cold plate, there is a clear trend of
relative humidity reduction, aligning with the theoretical framework proposed by Korolev and
Mazin (Korolev & Mazin, 2003). This comparative analysis underscores the effectiveness of
ice formation in artificially controlled environments for dehumidification, drawing parallels
with natural phenomena observed in cloud physics. The use of a vortex cooling gun and cold
plate in this system represents a novel approach not widely explored in recent years. This
research not only reaffirms the potential of such technologies to enhance the efficiency of
HVACs systems and manage condensing temperatures, extending the discussion to the modern

context where energy efficiency is increasingly crucial.

3.4.6 Reproducibility and uncertainty of data
The reproducibility of the experimental results was evaluated by comparing the cooling

and dehumidification (MRR) processes across multiple trials. Key metrics, including R-
squared (R?), RMSE, standard deviation, uncertainty of maximum value, and propagated

uncertainty, are summarized in Table 3.1.
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Table 3.1. Calculation of statistical parameters

Metric Cooling Analysis MRR Analysis
R-squared (R?) 0.9984 0.98345
RMSE 0.10907 0.00054086
Standard Deviation 2.7585 0.0042183
Uncertainty of Max Value +5.4297 +0.50007
Propagated Uncertainty 4.1484 0.00057933

The cooling process exhibited a high degree of reproducibility, as evidenced by the R-
squared value of 0.9984, indicating a strong linear relationship between the inlet and outlet
temperature values. The RMSE of 0.10907 demonstrates minimal deviation between observed
and predicted values, confirming the accuracy of the model. The standard deviation of 2.7585
further supports the consistency of measurements across multiple trials.

The uncertainty associated with the maximum value for cooling was £5.4297, which
accounts for the variability inherent in the measurement system and possible instrumental
errors. The propagated uncertainty, derived through numerical differentiation and uncertainty
propagation methods, was 4.1484, providing an additional assessment of the reliability of
cooling process measurements.

The analysis of MRR also demonstrated a high degree of accuracy, with an R-squared
value of 0.98345, indicating a strong fit for the linear regression model applied. The RMSE of
0.00054086 suggests a very low level of residual error, highlighting the model's robustness in
predicting MRR. The standard deviation for MRR was 0.0042183, demonstrating consistency
in the collected data. The uncertainty of the maximum value for MRR was +0.50007,

suggesting minor variability, which is within an acceptable range for this type of experimental
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setup. Additionally, the propagated uncertainty was calculated as 0.00057933, further

indicating the high precision and reliability of the MRR measurements

3.5 Conclusion

This experimental proof-of-concept investigation of a novel dehumidification system that
uses ice formation on a cold plate has demonstrated enhanced air moisture removal efficiency.
Through the methodical adjustment of inlet air conditions and the strategic incorporation of a
vortex cooling gun and cold plate, the system efficiently facilitated the formation of ice
crystals, which in turn led to a marked reduction in RH. Analyses showed a consistent decrease
in RH as ice formed over the cold plate, indicating that the phase change effectively extracted
moisture from the air. These attributes may make this novel approach to dehumidification
particularly suitable for applications in climates where rapid and efficient humidity control is
necessary. The system's ability to rapidly condense moisture and its efficient thermal dynamics
suggest potential scalability for industrial applications where air quality and climate control are
critical. The key findings are listed as:

e Temperature: The inlet temperature rapidly decreased from about 20°C to just below
5°C within the first 1000 seconds and then stabilized, demonstrating the system’s
efficiency in heat extraction.

e Relative Humidity (RH): Initially at 80%, inlet RH quickly dropped to around 50%
early in the experiment, with outlet RH further reducing to about 30%, illustrating
effective moisture extraction.

e Absolute Humidity: There was a notable reduction from initial readings of
approximately 14 g m= to 2 g m™ affirming the system’s quick moisture removal
capability.

e Moisture Removal and Enthalpy: The system lowered enthalpy by up to 20 kj kg3,

beneficial for applications needing both cooling and dehumidification.

74



Efficiency: A positive correlation was observed between the moisture removal rate
(MRR) and higher inlet absolute humidity, indicating more efficient dehumidification at higher

humidity levels.
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Connecting text

Chapter 3 details the experimental design and methodology employed in this research.
This chapter describes the setup, including the innovative use of a vortex cooling gun and cold
plate to achieve moisture removal, and outlines the specific procedures for each experimental

phase. The careful design of this experimental system draws on the theoretical foundations

established in the previous chapter.
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4.1 Abstract

Global warming has escalated energy consumption in cooling, emphasizing the pivotal
role of heating, ventilating, and air-conditioning (HVAC) systems in providing comfort and
indoor air quality. However, conventional HVAC systems struggle with excess moisture during
high humidity periods. This follow-up study aimed to examine the dehumidification capacity
of a newly developed cooling system novel inspired by natural fog formation, employing a
vortex cooling gun and a cold plate, to assess the system's performance under varied loads of
relative humidity (RH), each up to 60%. The system was challenged by humidity up to 90%,
this method can extract moisture from saturated vapor, transforming it into fog or ice particles.
By manipulating the temperature, relative humidity, and pressure, we achieved a remarkable
temperature reduction from 30°C to 4°C within 40 min, concurrently reducing indoor relative
humidity from 100% to 19%, employing a vortex cooling gun and a cold plate. This innovation
may offer a prospective solution to offers energy-efficient humidity control for HVAC systems

in hot and humid climates.

Understanding energy efficiency helps optimize the energy consumption involved in extracting

moisture from indoor air and releasing it outdoors.

Key words: climate control, dehumidification, energy consumption reduction, indoor air

quality
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4.2 Introduction

Air-conditioning systems are essential for maintaining daily functionality and achieving
thermal comfort, particularly in regions with high temperatures and humidity. The Indoor Air
Quality (IAQ) of these systems depends on the efficacy of air filters, along with the rates of
ventilation and exfiltration, and is crucial in establishing healthy conditioned environments
(Allam & Elsaid, 2020). Addressing high humidity levels in climate control presents significant
challenges and high energy demands, particularly in regions characterized by hot and humid
climates. High humidity in buildings can cause several serious issues, such as the growth of
mold and mildew, which thrive in damp environments. Additionally, it can worsen problems
like fungal growth and leaks. This can result in deterioration of building materials (Guieysse
et al., 2008). Ma et al. studied the relationship between COVID-19 spread and climatic factors
such as temperature and humidity from January to February 2020. They found that weather
conditions significantly influence infectious disease transmission. While temperature and air
movement positively correlated with virus transmission rates, absolute humidity showed a
negative correlation (Elsaid & Ahmed, 2021). Particularly within HVAC systems, posing
potential risks to indoor air quality and structural integrity. Effectively managing and
controlling humidity levels is essential for mitigating these adverse effects and maintain a
healthy and comfortable environment. When it comes to energy use in buildings, about 10-
15% of the total energy consumed is dedicated to maintaining humidity levels, particularly in
tropical regions (Guan et al., 2020). Global warming increases energy demand, mainly due to
rising cooling needs, outweighing reductions in heating demand (Santamouris, 2015).
Meanwhile, Al and data centers drive electricity consumption, sometimes surpassing climate-
driven demand in certain regions (Masanet et al., 2020). The net impact depends on renewable
adoption, efficiency improvements, and regional energy policies.In hot and humid regions,
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constructing buildings with efficient insulation and controlled airflow is difficult; a s we reduce
the sensible heat load by improving windows, insulation, and positioning air ducts indoors, the
latent heat load increases. Traditional cooling systems may have difficulty maintaining
humidity within the desired range, which, according to ASHRAE standards, should be below
65% (Heating et al., 2001; Rudd et al., 2005). In hot and humid regions such as South China,
a substantial portion, approximately 25%, of the overall energy utilized for air conditioning is
allocated to moisture regulation through independent humidity control systems. To further
mitigate energy consumption associated with the treatment of fresh air, it is imperative to
integrate energy recovery mechanisms with independent humidity control systems (Zhang,
2006). Outdoor temperature and humidity's impact has been studied extensively. Chun et al.
(2021) found that the cooling limit of dew point evaporative cooling aligns with the inlet air's
dew point temperature. In cases of low latent heat load, slight dehumidification may not
adequately meet indoor cooling needs, hindering the system's ability to provide sufficiently
cool air. Enhanced dehumidification efficiency can boost the coefficient of performance (COP)
of cooling systems while maintaining a constant cooling capacity ratio (Chun et al., 2021).
The core concept of cooling dehumidification involves the transition of water vapor from
moist air into liquid form due to a drop in air temperature below the dew point. This process is
facilitated by a cooling dehumidification system, which typically consists of both a vapor
compression refrigerator (Ariwibowo & Darmanto, 2020) and an air cycle refrigerator (Kikuchi
et al., 2005). The vapor compression refrigerator utilizes refrigerants such as freon (Sasongko
et al., 2021) to decrease the air temperature to the dew point under atmospheric pressure, while
the air cycle refrigerator works by pressurizing the air to raise the dew point temperature,
thereby aiding in the dehumidification process. These distinct mechanisms collectively enable

effective regulation of humidity levels in various settings (Yang & Yang, 2021).

80



Water ice is widely prevalent on the Earth's surface and holds significant importance in
various meteorological, biological, environmental, chemical, and physical phenomena. Despite
our long-standing knowledge of the material properties of ice, our comprehension of ice crystal
formation remains relatively limited. The process of ice formation, whether from liquid water
or water vapor, can markedly enhance the dehumidification process, akin to natural
environmental mechanisms. When a cloud droplet undergoes freezing, initiating the formation
of a nascent snowflake, the crystal starts to expand by assimilating water vapor present in its
vicinity (Libbrecht, 2017).

The objective of this study was to investigate and optimize the techniques for controlling
relative humidity (RH) in tropical climates using phase change properties of water to convert
excess humidity into ice crystals. By focusing on the transformation of humidity into solid
form, this approach seeks to enhance the efficiency of moisture absorption significantly, thus
offering a targeted method for maintaining desired humidity levels within these challenging
environments. This method provides a practical solution for humidity management, leveraging

the natural phase transitions of water to improve indoor environmental conditions.

4.3 Materials and methods

In this experimental setup, two cylindrical PVC conduits, each measuring 0.10 m in
diameter, were aligned to flank a circular chamber crafted from hard plastic, with a diameter
of 0.33 m. These conduits served to facilitate the connection to a booster fan
(LFANXBOOSTERS, 6-inch, 240 CF, iPower, Irwindale, CA, US) with a diameter of 0.1524
meters. The output regions of these conduits were insulated using fiberglass pipe wrap,
measuring 0.03 x 0.01 x 0.25 meters. Moisture regulation within the chamber was managed by
a large model ultrasonic mist humidifier, Lacidoll ultrasonic mist humidifier (27 x 27 x 63 cm;

Lacidoll, Cerritos, CA, US), which was capable of adjustable moisture output. For generating
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a cold air stream inside the chamber, a compact Vortex cooling gun (model 3404, EXAIR LLC)
was utilized. The system's cooling was further enhanced by an aluminum cold plate (ATS-CP-
1003-DlY, 0.202 x 0.13 x 0.02 m) with a flow rate of 4 L per minute, capable of transferring
1000 watts of heat while maintaining a temperature difference of 6.8°C between the cold plate
base and the fluid entering it. Positioned centrally within the chamber, the cold plate was
connected to a circulator bath which employed Heated Immersion Circulators (model 4100

R20, Fisher Scientific Isotemp®) providing both heating and cooling functions, Figure 4.1.

Vortex cooling gun
Cold plate

Cooling bath

"ﬂrlfﬁ
=

Figure 4.1. Schematic of the design of the dehumidification system

Humidity variations produced by the ultrasonic humidifier were directed to the vortex
gun and the cold plate. The experiment focused on monitoring several key variables: RH,

temperature, and pressure. These were accurately measured using four strategically placed
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BME280 12C sensors (Raspberry pi: BME280, Adafruit Industries, New York, NY, US) within
the setup. The sensors were positioned at the inlet for humid air, the outlet for dry cold air, near
the cooling devices, and in an external location to assess ambient environmental conditions.

The key parameters used to evaluate the effectiveness of dehumidification are the
moisture removal rate, expressed in grams per second, and the dehumidification efficiency,
determined through Equations (4.1) and (4.2) respectively (Kumar et al., 2023):

MRR = ma(Wa_in_Wa_out) (41)

Ndehum = (Wa_in_Wa_out) / (Wa_in) (42)

In this equation, MRR represents the Moisture Removal Rate, measured in grams per
second. ma denotes the airflow rate passing through the dehumidification system, typically
measured in kilograms per second. Win and Wout present the specific humidity of the incoming
and outgoing air respectively, given in grams of water vapor per kilogram of dry air. naesun the
dehumidification efficiency, which gauges the system's effectiveness in moisture removal,

presented as a dimensionless value.

4.3.1 Experimental setup

The experimental arrangement for dehumidification comprises two primary elements: a
vortex cold gun and a cold plate. Initiated by an ultrasonic humidifier, humid air is introduced
into the system and directed through a duct where it first interacts with the chilled, dry output
from the vortex cold gun. Following this, the air is channeled towards the cold plate,
strategically located to continue the thermal exchange. To effectively monitor the
environmental variables throughout this process, sensors S1 to S4 are meticulously positioned.

Sensor S1 is installed at the system's entry point where the humid air is fed in, S2 is placed
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adjacent to the cold plate, S3 in the transition zone between the cold gun and the cold plate,
and S4 at the system's outlet, enabling a comprehensive data capture of relative humidity,

temperature, and air pressure throughout the dehumidification stages, Figure 4.2.

Figure 4.2. Dehumidification system overview, (a) Exterior view of the circular chamber
with a cold plate installed inside, (b) Interior view showing ice crystals formed on the surface

of the cold plate.

4.5 Results
4.5.1 Cooling

This study investigates the impact of relative humidity on system efficiency, focusing on
optimizing performance through the precise adjustment of variables in accordance with
thermodynamic balancing principles. The main objective is to to optimize system efficiency

by adjusting operational parameters to suit different levels of relative humidity. A series of
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experiments were conducted, each designed to explore different humidity settings and their
effects on the system's performance, guided by the findings from initial experimental data. At
the outset, the temperature was set at 32°C with a RH of 75%, maintained at a pressure of 10°
Pa. After running the system for 30 min, rh decreased by 30%, fluctuating between 20% and
30%. Figure 4.3 illustrates the performance of a dehumidification system over time,
demonstrating a rapid initial decline in outlet temperature from approximately 30°C to slightly
above 5°C within the first 10 min, followed by a more gradual decrease and eventual
stabilization around 5°C. This trend suggests the system's approach to thermal equilibrium,
where the heat transfer from the incoming hot and humid air—kept constantly saturated at
nearly 100% RH—is balanced by the cooling effects of the vortex gun and cold plate. The
difference in absolute humidity between the inlet and outlet initially stabilizes at around 2 g m-
3, maintained throughout the experiment by the system. This data underscores the system's
ability to consistently manage temperature and humidity under controlled conditions. The rapid
temperature drop within the initial 5 min highlights the system's swift cooling capability, likely
due to the immediate response of the cooling mechanism. The subsequent gradual temperature
decline indicates a sustained cooling effect, influenced by factors such as heat dissipation and
system efficiency. Variations in RH are displayed in the graph; these are likely caused by the
intermittent operation of the humidifier, which lacks a consistent humidity load. consequently,
the system displays fluctuating trends, showing both upward and downward movements. The
system successfully counteracted these fluctuations by improving its moisture absorption

capacity.
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Figure 4.3. The changes in temperature (°C) and absolute humidity (g/m?) across different

relative humidity conditions during the experiment.

To assess the system's efficacy in managing fluctuations in RH, a series of experiments
were conducted wherein different moisture loads were introduced into the chamber. Across
each trial, there was a notable reduction in RH, declining from 100% to approximately 30%,
achieved within a consistent timeframe of approximately 3 min. Notably, the temperature
within the chamber was controlled at 9°C, a departure from the initial ambient temperature of
32°C. This deliberate temperature adjustment was instrumental in facilitating precise moisture
regulation, leveraging the heightened cooling efficiency afforded by the cold fog system at

lower temperatures around 6°C. These findings underscore the system'’s robust capability to
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effectively modulate relative humidity levels across varying moisture loads, demonstrating its

potential for reliable humidity control in dynamic environmental conditions.

4.5.2 Dehumidification

Figure 4.4 shows how RH was controlled at temperatures lower than 10°C. During the
experimental trials, different amounts of RH up to 60 % continuously entered to the system,
the system even was subjected to a maximum humidity level of 100%. In each trial, the system
promptly responded to this input and effectively regulated the humidity, swiftly reducing it to
less than 30%. The graph indicates that as the humidity rate rises, the formation of ice on the
cold plate's surface is accelerated. Consequently, the humidity ratio across the humidifier sees
an increase, leading to more effective dehumidification. This process enables the system to
condense a greater amount of water vapor. Given that the inlet feed water flow rate remains
largely unchanged. This consistent performance underscores the system's ability to promptly
and reliably control humidity levels in varying environmental conditions. The graph
demonstrates the dehumidification system's efficiency, where significant peaks in inlet RH are

effectively managed, even under conditions of fully saturated air.
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Figure 4.4 RH performance. Achieving less than 30% RH from 100% RH input.

4.5.3 Heat and mass transfer effectiveness

Figure 4.5 shows that the mean efficiency of dehumidification was approximately 40%,
with the most notable efficiency reaching around 60%. This indicates that, on average, the
dehumidifier effectively reduced the moisture content in the air, with some instances
demonstrating even higher efficacy. Specifically, the specific humidity of the air decreased
from 23 g kg* at the inlet to 2 g kg™ at the outlet, and from 19 g kg to 1.5 g kg%, respectively.
After reaching this low point, the curve gradually ascends, signaling an increase in the rates of
moisture removal. The variability observed in the efficiency coefficient (ngerum) can be
attributed to fluctuations in incoming moisture from the humidifier. These fluctuations reflect
the system's ability to adapt to real-world conditions where incoming humidity levels are not

constant. Despite this variability, the efficiency of the system consistently maintains an upward
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trend, hovering around 40%. This suggests that the system retains its effectiveness in regulating

humidity levels despite fluctuations in input moisture levels.
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Figure 4.5. Effect of inlet-specific humidity of air dehumidification efficiency.

The dehumidification efficiency exhibits a generally increasing trend as the inlet absolute
humidity rises from approximately 3 g m= to about 16 g m3, Figure 4.6 The efficiency reaches
a peak of around 50%. This observation implies that the dehumidification process becomes
more efficient as the air’s moisture content increases, likely due to enhanced mass transfer
driven by higher humidity levels. Similarly, MRR tends to increase with the inlet absolute
humidity, achieving a maximum of approximately 0.2 g s, which coincides with the peak in
dehumidification efficiency. As the inlet absolute humidity increases, the vapor pressure

difference between the air and the condensing surface of the cold plate rises, strengthening the
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driving force for mass transfer. This increased driving force enhances both the

dehumidification efficiency and the MRR up to a certain threshold.
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Figure 4.6. Moisture removal rate and efficiency vs. Inlet absolute humidity: of cold

plate and ice crystal formation.

4.6 Discussion

This study looks at the same parameters but also closely considers the efficiency of the
system in each cycle with different input of RH. The main objective is to achieve optimum
performance by adjusting the variables based on the thermodynamic balancing concept. A
series of experiments were conducted, each designed to explore different RH settings and their
effects on the system's performance, guided by the findings from initial experimental data.

As ice crystals merge and expand into larger flakes, they serve as nuclei, attracting and
condensing supercooled droplets found in the surrounding air. This process leads to a greater
buildup of ice on the cold plate's surface, contributing significantly to the dehumidification
process by effectively extracting moisture from the air. The attraction and condensation of
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supercooled droplets onto the ice crystals not only improve dehumidification but also play a
vital role in lowering RH levels in the environment. Additionally, the formation of cold fog
around the cold plate serves as an additional indication of the system's effectiveness in
removing moisture and controlling humidity. When humid air is cooled, its capacity to retain
moisture diminishes due to the decrease in temperature. Cooler air inherently possesses a
reduced ability to hold water vapor. As the air cools further, it eventually reaches a point where
it becomes saturated with moisture, leading to condensation. If the temperature drops below
the freezing point and the dew point follows suit, the water vapor in the air undergoes direct
condensation into ice crystals without transitioning through a liquid state. In dehumidifiers,
particularly those operating within open systems, the refrigerated cold plates serve as prime
locations for this phenomenon. These cold surfaces facilitate deposition, wherein water vapor
bypasses the liquid phase and directly forms solid ice crystals. The accumulation of ice crystals
on the cold plates hinders the efficiency of the dehumidification process by reducing the
available surface area for further condensation. Another significant outcome of this process is
the formation of icy fog, characterized by a mixture of ice crystals, water vapor, and liquid
water droplets at lower temperatures. This underscores the simultaneous occurrence of freezing
and deposition under specific environmental conditions, emphasizing the intricate relationship
between temperature, humidity, and phase transitions in atmospheric processes.

Following the activation of the vortex and cold plate systems, the initial temperature
registered approximately 9°C, signifying the successful integration of these components to
attain the intended cooling effect. Subsequently, over a duration of one and a half hours, the
temperature exhibited a gradual decline, reaching approximately 6°C. This progressive
reduction in temperature indicates the sustained efficacy of the system in maintaining cooling
capacity and operating efficiently over an extended timeframe. Despite the temperature

decrease to 6°C, the system exhibited proficient control over RH levels, as evidenced by the
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preservation of RH within the targeted range. This observation accentuates the system's
resilience and adaptability, showcasing its capability to uphold consistent humidity regulation
even under lowered temperatures.

The upward trend in Figure 4.4 suggests that the formation of ice crystals plays a
contributory role in augmenting the absorption of moisture, particularly at lower temperatures.
Such findings shed light on the intricate dynamics of moisture removal mechanisms,
emphasizing the importance of temperature regulation and ice crystal formation in enhancing
dehumidification processes, suggesting that the system operates most effectively at higher
humidity levels. These reductions underscore the effectiveness of the dehumidifier in removing
moisture from the air passing through it. In the investigation of moisture removal rates at
various outlet air temperatures, the observed curve in figure distribution unveils a distinct
pattern characterized by a sharp decline to a minimum value. This phenomenon underscores

the efficient absorption of humidity by the cold plate under colder conditions.

4.7 Conclusion

The combination of experimental data with the previously discussed results reveals the
effectiveness and potential uses of the innovative dehumidification method inspired by natural
fog formation. Through a series of experiments assessing its performance under various
moisture loads, consistent and substantial decreases in RH were observed. RH levels decreased
from 100% to approximately 40% within an average timeframe of three minutes. This rapid
and accurate adjustment of RH highlights the system's strong ability to manage changes in
moisture levels, demonstrating its reliability in controlling humidity in dynamic environmental
conditions. The analysis of dehumidification efficiency and moisture removal rates as functions

of inlet absolute humidity reveals that the system performs optimally under conditions of higher
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humidity. This correlation underscores the system's ability to leverage increased humidity for

enhanced moisture extraction, thus improving its overall efficiency and performance.

The proposed dehumidification approach not only offers a more effective means of
controlling indoor humidity but also presents a significant advancement in energy-efficient
HVAC technology. Additionally, precise temperature control within the experimental chamber
played a crucial role in improving the system's moisture regulation efficiency. By capitalizing
on the enhanced cooling efficiency of the cold fog system at lower temperatures, the deliberate
temperature control allowed for precise management of moisture levels, resulting in the

observed reductions in RH across different moisture load scenarios.
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Connecting text

Chapter 4 presents the first set of results, focusing on temperature and humidity reduction
achieved through the novel dehumidification system. The findings here establish the baseline
performance of the system under controlled conditions and highlight the system’s ability to
achieve significant reductions in relative humidity and absolute humidity, as initially

anticipated in the objectives.
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5.1 Abstract

In the quest for efficient air dehumidification in controlled environments, the integration
of innovative cooling technologies, such as vortex cooling coupled with cold plates, presents a
viable solution. This study develops a comprehensive computer model using COMSOL
Multiphysics to elucidate the transient mass and heat transfer dynamics in a novel
dehumidification system. The model is established in a two-dimensional (2D) framework
considering the conservation of mass, momentum, and heat, tailored to the specifics of the
cooling mechanisms involved. It utilizes the Linear Driving Force (LDF) model to characterize
the moisture removal properties under various operational conditions. The applicability of the
LDF model is further validated by a parametric analysis exploring system responses to changes
in inlet temperature, relative humidity, and operational configurations. Parameters such as inlet
air velocity, humidity levels, and cooling surface dimensions are varied to gauge their impact
on the system’s dehumidification efficiency. Results indicate optimal performance at specific
operational thresholds, notably an inlet velocity of 0.3 m s, a relative humidity of 50%, and a
cooling surface area effectively managed by the cold plate design. The model's predictions
align closely with experimental data, confirming its potential utility in optimizing real-world
applications of such dehumidification systems. This study not only reinforces the theoretical
understanding of complex dehumidification dynamics but also provides a practical framework

for enhancing system design and efficiency.

5.2 Introduction

Dehumidification technologies are critical in environments where control of humidity is
essential for operational reliability and safety, such as in data centers and industrial
applications. Traditional methods like heating, ventilation, and air conditioning (HVAC)

systems have been the primary strategies for controlling air quality and humidity. However,
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these systems often consume substantial energy, prompting the need for more efficient
solutions (Geraldini & Spa).

In high-temperature and high-humidity environments, effective humidity control is
crucial for ensuring equipment safety and comfort within enclosed spaces like prefabricated
chambers. Lin et al. (2023) conducted numerical simulations to analyze the effects of thermal
dissipation and air supply on condensation, revealing that an increase in load power inhibits
condensation (Lin et al., 2023).

Recent advancements have focused on integrating multi-physical field approaches to
optimize dehumidification processes. This includes the use of numerical simulations to better
understand the dynamics of air flow, temperature, and humidity within controlled
environments (Lin et al., 2023). The performance of isothermal dehumidifiers in nuclear waste
storage indicates that managing humidity is not only about comfort but also about preventing
corrosion and ensuring the structural integrity of storage facilities (Geraldini & Spa).

Vivekh et al. (2023), have employed advanced three-dimensional mathematical models
to meticulously analyze the air dehumidification performance of desiccant wheels. This
research utilized COMSOL Multiphysics to simulate the intricate interplay of temperature,
humidity, and chemical reactions within the desiccant wheel, providing insights that surpass
the capabilities of traditional models. Their work demonstrates the model’s enhanced accuracy
in predicting desiccant wheel performance under various operational conditions (Vivekh et al.,
2023).

Efficient humidity control is paramount in environments where precise moisture levels
are crucial. This research centers on modelling a dehumidification system using COMSOL
Multiphysics (Multiphysics, 1998) to evaluate its performance under various operational
conditions and enhance its design for better efficiency. A simulation model was created to

evaluate different variables that may impact the performance and improve the efficiency of the
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system. This model facilitates forecasting the temperature distribution and accurate humidity

profiles throughout the test segment.

5.3 Materials and methods
The primary focus of this study was to analyze the dehumidification and heat transfer

characteristics within a cooling chamber, modeled using COMSOL Multiphysics. The
geometry of the chamber, as shown in the schematic diagram, figure 5.1, was designed with a
circular cross-section, a centrally located cold plate, and specific inlets and outlets for airflow.
The cold plate, represented by the grey region at the center, acts as the primary cooling and
dehumidification surface. The hot and humid air enters the chamber through a larger inlet on
the left, while a vortex cooling gun supplies cold air through a smaller entrance on the top-left.

The mixed air exits through a designated outlet on the right side.

Figure 5.1. Schematic of the Cooling Chamber with Cold Plate and vortex cooling gun.
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5.3.1 Governing equations

1. Convective Heat Transfer with Moist Air

This section involves equations governing the movement and temperature change of air
due to the vortex cooling gun. The convective heat transfer equations would account for the
velocity of the air (ugy for gas phase) and the change in temperature (VT) across the domain.
This is crucial for modelling how effectively the cold air from the vortex gun can reduce the
air temperature around the cold plate, facilitating dehumidification.

2. Moisture Transport Equations

Moisture transport equations would be essential to understand how water vapor moves
within the setup, especially from the hotter regions towards the cold plate where condensation
can occur. These equations would involve gradients of moisture concentration and include
terms for diffusion and advection of moisture due to air movement induced by the cooling gun.

3. Equations Involving Phase Change (mentioned as Qevap in the primary heat transfer
equation)

In the dehumidification process, the phase change from vapor to liquid on the cold plate's
surface is a critical aspect. Equations that include Qevap terms would model the latent heat
release due to condensation, which is vital for evaluating the efficiency of the dehumidification
process. These would be directly related to the surface temperature of the cold plate and the
surrounding air's humidity and temperature.

4. Energy Balance and Porosity Effects

Since the cold plate might have a structure to enhance condensation or moisture capture,
any equations discussing porosity effects on fluid flow and thermal properties would be
relevant. These would detail how the structure of the cold plate influences the heat and mass
transfer, incorporating terms from Darcy's law or modified forms of it to account for the viscous

flow through porous media.
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5. Boundary Conditions and External Cooling Influences

Equations detailing boundary conditions around the edges of the circle, especially where
the cooling gun introduces cold air, would be crucial. These would specify how external
cooling affects the internal flow and thermal gradients, potentially modelling how effectively
the introduced cold air mixes with the internal air, its path, and its impact on overall temperature

distribution within the circle.

5.3.2 Convective heat transfer in moist air

(pcp)%—f + (pgCpgttg) - VT + (picpiwr) - VI' + V - (ke VT) = Q + Qevap (5.1)

Where :

(pcp)ot/dT is This term represents the transient heat storage in the air, where p\rhop is the
air density, cp is the specific heat capacity, and 0T/ot is the rate of temperature change over
time. (pgCpgUg)-VT is Convective heat transfer by the gaseous phase, incorporating the density
of the gas (pg), the specific heat at constant pressure (cpg) and the velocity vector (ug).
(picpiun)-VT is Convective heat transfer by the liquid phase, similar to the gaseous phase but for
the liquid components. V-(kefVT) is Conductive heat transfer across the medium, where Kess is
the effective thermal conductivity. Q + Qevap is Internal heat generation (Q) and the heat

associated with phase changes, specifically evaporation or condensation (Qevap).

5.3.3 Moisture transport equation

% + V. (pvu) =5 (5.2)

Where o(pv)/ot is Rate of change of vapor density (pv), indicating how moisture content

in the air changes over time. V-(pwu) is Divergence of the moisture flux, representing
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how moisture moves through the air due to air currents (u). S is Source term for

moisture, which could include evaporation or condensation sources.

5.3.4 Phase change equation
Qcond = hA(Tsurf - Tair) (53)

Where Qcond IS Heat transfer due to condensation, a key part of the dehumidification
process on the cold plate, H is the heat transfer coefficient, which quantifies the effectiveness
of the cold plate at condensing moisture, A is the surface area of the cold plate and (Tsurr—Tair)
is the temperature difference between the surface of the cold plate (Tsurf) and the air (Tair),

driving the condensation process.

5.3.5 Laminar flow equation

%) 4 (- V)(pu) = V- [~pl + K| + F V- (pu) = 0 (5.4)

Where p is fluid density, u is fluid velocity vector. d(pu)/ot is temporal change in
momentum, (u-V)(pu) is convective transport of momentum, p is fluid pressure, | is identity
matrix, K is stress tensor incorporating viscous stresses, F is external force fields (e.g.,

gravitational forces) and V-(pu) = 0 : continuity equation asserting mass conservation.

5.3.6 Moisture transport in air equation

% +u-VM =-V.-g,+5g,=—-DVM C, = ﬁbwc‘sat (55)

Where M is moisture content or specific humidity, gw is moisture flux vector, D is

diffusivity of moisture in air, VM is gradient of moisture content, S is source/sink term for
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moisture, Cv is vapor concentration, ¢w is relative humidity and Csa is saturation vapor

concentration (Datta, 2007).

5.4 Numerical model

The system’s performance, driven by coupled heat and moisture transfer, is simulated

within COMSOL Multiphysics, reflecting the setup’s actual operating conditions.

5.4.1 System geometry and material properties

The simulation domain features a cylindrical chamber with a centrally positioned cooling
mechanism. Properties such as thermal conductivity and moisture permeability align with

experimental configurations.

5.4.2 Boundary conditions and simulation setup

Boundary conditions replicate the real operational environment with specific focus on
inlet air properties and cooling surface temperatures. Simulations dynamically track

temperature and humidity changes, offering insights into the system's responsiveness.

5.5 Results

5.5.1 Analysis of airflow dynamics and dehumidification efficiency in a cold plate cooling
system

The velocity magnitude plot from the COMSOL simulation, captured at 5000 seconds,
provides critical insight into the airflow patterns and dehumidification efficiency of the system
(Figure 5.2). The figure shows the velocity distribution within the chamber, with the color scale
representing velocity in meters per second (m s). The hot and humid air at a temperature of
30 °C and relative humidity (RH) of 100% enters from the left through a larger opening with
the airflow of 2 m s -1, which corresponds to the high-velocity region marked in red. This high
velocity indicates the strong influx of hot air, which is essential for ensuring that the humid air
is directed towards the central cold plate. Simultaneously, the cold air from the vortex cooling
gun enters from the top-left entrance, with a similar high-velocity region, 5 m s, forming due

to the forced cold air flow. The convergence of these two streams creates a critical mixing zone
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before the air reaches the cold plate, allowing the hot and humid air to be effectively exposed
to the cooling surface.

At the cold plate, with the temperature of -10 °C located at the center of the circular
chamber, the velocity magnitude decreases significantly, as depicted by the blue region. This
drop in velocity aligns with the expected behavior where the humid air encounters the cold
plate, loses heat, and condenses moisture, forming ice crystals on the surface. The low-velocity
region around the cold plate suggests that latent heat release and moisture removal are
occurring, resulting in cooler, slower-moving air. Furthermore, the exit airflow on the right
side of the chamber also shows reduced velocity, indicating that the air leaving the system has
been dehumidified and cooled. This lower velocity reflects the reduced energy content of the
air after undergoing the cooling and dehumidification process, demonstrating the system’s
effectiveness in lowering the temperature and humidity of the air. The velocity gradient
observed from the entrances to the exits aligns with the system’s design objectives, confirming
that the cold plate serves as the focal point for energy and moisture extraction. This velocity
analysis supports the successful functioning of the system in meeting the cooling and
dehumidification targets and validates the results when compared with experimental data from

MATLAB simulations.
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Figure 5.2. Velocity magnitude distribution (m/s) at 5000 seconds, illustrating airflow patterns,

mixing regions, and dehumidification around the cold plate in the cooling chamber.

5.5.2 Analysis of relative humidity distribution in the cooling chamber

The high RH near the inlet reflects the humid air entering the chamber, where it contacts
the cold plate, maintained below the dew point (Figure 5.3). This induces condensation, turning
water vapor into ice crystals on the plate's surface and releasing latent heat. This process
reduces the moisture content, lowering the RH from 100% at the inlet to approximately 30%
at the outlet, demonstrating effective dehumidification. The cold plate acts as a heat sink,
removing both latent heat from condensation and sensible heat, thus decreasing RH and
temperature.

The system reduces the total enthalpy of the incoming air through moisture removal and
cooling. The cold plate, operating based on psychrometric principles, encourages continuous
condensation due to the vapor pressure gradient between the humid air and its surface. The
system efficiently manages heat and mass transfer, enabling steady dehumidification by

simultaneously removing moisture and lowering air temperature. The cold plate’s placement
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and heat exchange efficiency with the incoming air are critical to the system's performance,
further supporting analysis through mass transfer models in humid air systems.
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Figure 5.3. Relative humidity distribution illustrating dehumidification with higher RH at the

hot and humid air inlet and condensation on the central cold plate.

5.5.3 Moisture removal efficiency in porous medium: a time-based analysis

Figure 5.4 illustrates the moisture content in a chamber over time, revealing the dynamic
behavior of moisture removal during the dehumidification process. The graph shows a
consistent downward trend in moisture content, indicating a continuous reduction of moisture
within the medium. This behavior is indicative of the effectiveness of the dehumidification
system, where the mass transfer of water vapor is driven out of the medium over time.

The moisture removal is observed to be steady throughout the simulation period, with a
rapid initial decrease, suggesting that a higher moisture removal rate is achieved at the start.
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This initial efficiency can be attributed to a larger concentration gradient between the cold plate
and the surrounding air, which promotes faster diffusion and removal of moisture. As time
progresses, the rate of moisture removal gradually decreases, likely due to the reduced moisture
gradient and diminished driving force for vapor diffusion. This trend aligns with the expected
behavior in mass transfer processes, where the removal rate decreases as the system approaches
equilibrium.

The consistent reduction in moisture content throughout the simulation, without
significant fluctuations, indicates that the operation parameters, such as temperature and flow
conditions, are well-regulated. This allows for a steady-state mass transfer within the system.
The controlled decline in moisture content over time supports the efficiency of the
dehumidification system and demonstrates that the process can maintain a stable and sustained
moisture removal capability, which is crucial for applications requiring precise control of

humidity within materials or enclosed environments.
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Figure 5.4. Time-based reduction in moisture content within the porous medium,

demonstrating consistent dehumidification performance over the 5000-second period.

5.5.4 Mass balance analysis and system stabilization

The mass balance, Figure 5.5 shows that the system quickly stabilizes after initial
fluctuations, achieving a near-zero mass balance that suggests the attainment of a steady-state.
This equilibrium implies effective mass conservation, where the inflow and outflow rates are
balanced. Initially, the total net moisture is high, indicating a significant moisture presence,
which decreases sharply early on, reflecting rapid moisture removal and an efficient
dehumidification process. Over time, the moisture reduction becomes more gradual, consistent
with continued condensation and moisture extraction. The total accumulated mass displays a
continuous, linear decline, suggesting uninterrupted and steady mass removal throughout the

simulation. Meanwhile, the total mass source initially fluctuates but then stabilizes, indicating
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a balance between mass input and removal. Overall, the steady mass balance and the decline
in both net moisture and accumulated mass confirm the system's effectiveness in managing
moisture removal and mass conservation, highlighting its capacity to maintain controlled

humidity levels over time.
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Figure 5.5. Mass balance analysis over time, showing stable system performance with
consistent moisture removal and near-zero mass balance, indicating effective mass

conservation and dehumidification.

5.5.5 Analysis of temperature distribution in the cooling chamber

The temperature distribution within the cooling chamber shows a clear transition from
higher temperatures near the hot air inlet to significantly lower temperatures around the cold
plate, Figure 5.6. The colder regions on the cold plate's surface indicate areas where ice crystals
have formed, demonstrating effective moisture condensation. This phase change occurs as the

humid air comes into contact with the cold plate, which is maintained below the dew point
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temperature. The pipes entering the cold plate from the top side are visible with lower
temperatures due to the circulating fluid inside, which is maintained at -10°C, further enhancing
the cooling effect.

The system exhibits a strong temperature gradient, with rapid heat loss through
convection as the hot air interacts with the cold plate. The steep temperature drop near the plate
suggests efficient heat transfer, ensuring both latent heat removal from condensation and the
phase change from water vapor to ice, along with sensible heat removal through temperature
reduction. The temperature decreases from 30°C at the inlet to around 0°C near the cold plate,
indicating significant cooling. The smooth transition in temperature as air moves from the hot
inlet to the cooler outlet demonstrates the system's capacity to maintain consistent thermal
regulation and dehumidification, effectively reducing both humidity and temperature in the

outlet air.
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Figure 5.6. Temperature distribution in the cooling chamber, with higher temperatures at the
inlet and lower temperatures near the cold plate indicating effective cooling and ice crystal

formation.

5.6 Performance under varying conditions

The system exhibits robust humidity control across various thermal loads and airflow
rates, with optimal performance at higher air velocities which promote more effective moisture
contact with the cooling surfaces.

5.7. Discussion

Simulations pinpoint essential enhancements, especially in air flow management within
the chamber to maintain consistent humidity control. The potential for system scaling is also

discussed, considering the need to sustain airflow and cooling efficacy.
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The results of this study demonstrate that the cold plate cooling system is highly effective
in achieving dehumidification through the management of airflow and temperature reduction.
Compared to conventional HVAC dehumidification methods, which typically rely on cooling
air below the dew point and subsequent reheating (Nada et al., 2015a; Yuan et al., 2005), the
cold plate system provides a more energy-efficient approach by leveraging targeted
condensation and latent heat release directly on the cooling surface. The system achieves a
substantial reduction in relative humidity from 100% to 30%, which is comparable to or
exceeds the performance of other advanced systems reviewed in the literature.

Nada et al. (2015a) and Yuan et al. (2005) used hybrid humidification-dehumidification
methods integrated with vapor compression cycles, producing fresh water while maintaining
air conditioning. However, these approaches required additional steam boilers and energy-
intensive heating components, which add complexity and high energy consumption. In
contrast, the cold plate system demonstrated in this study achieves moisture removal without
the need for excessive auxiliary heating, thereby reducing overall energy consumption.
Moreover, the cold plate setup simplifies the process by directly controlling temperature and
humidity in a compact manner (Nada et al., 2015a; Yuan et al., 2005).

Similarly, Gao et al. (2008) and Habeebullah (2010) investigated desalination systems
combined with dehumidification, using heat pumps for enhanced performance. These studies
highlighted the effectiveness of using heat pumps and renewable energy sources in maintaining
dehumidification efficiency. However, the systems still faced challenges with waste heat
recovery and energy utilization. The cold plate system presented here operates with a focus on
thermal efficiency, but differentiates itself by achieving effective condensation directly on the
cooling surface at temperatures of approximately -10 °C, without energy losses from waste

heat (Gao et al., 2008; Habeebullah, 2010).
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When compared to other alternative HVAC methods, such as desiccant-based
dehumidification and chilled beam systems, the cold plate cooling system offers distinct
advantages. Desiccant dehumidification methods, which rely on hygroscopic materials to
absorb moisture, are effective in reducing humidity but often require substantial energy for
desiccant regeneration, leading to higher operational costs. Chilled beam systems, which use
convective cooling to condition indoor spaces, provide efficient temperature control but may
struggle to effectively manage high latent loads in humid environments. The cold plate system,
in contrast, directly condenses moisture onto a cold surface, making it particularly effective in
managing both latent and sensible loads with lower energy requirements.

The energy efficiency of the cold plate cooling system also compares favorably with
hybrid dehumidification systems. Hybrid systems, which combine vapor compression with
additional humidification or dehumidification techniques, often require complex energy-
intensive processes, such as the use of steam boilers or auxiliary heating units (Nada et al.,
2015a). While these systems can achieve effective dehumidification, they do so at the cost of
increased energy consumption. In contrast, the cold plate cooling system simplifies the process
by eliminating the need for auxiliary components, thereby reducing the overall energy usage.
The ability to directly achieve moisture removal through condensation at temperatures as low
as -10 °C enhances its energy efficiency compared to hybrid systems that face challenges
related to waste heat and additional heating requirements.

The stability of moisture removal over the 5000-second duration further highlights the
robustness of the cold plate cooling approach. Compared to the solar-driven dehumidification
systems discussed by S. A. Nada et al. (2015) and studies utilizing dual purpose solar collector
(DPSC) (Rajaseenivasan & Srithar, 2017b), which depend on environmental conditions and

often experience fluctuating performance, the cold plate system provides consistent moisture
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removal irrespective of external factors. This stability is critical for controlled environments
where precise humidity regulation is required.

The current findings also align with studies that emphasize the importance of coupling
heat and moisture transfer for optimal dehumidification, such as the work on solar bubble
column systems (Srithar & Rajaseenivasan, 2017) and biomass-powered dehumidification
(Rajaseenivasan & Srithar, 2017a). However, the use of a cold plate offers a more direct and
controllable solution, achieving condensation via rapid temperature reduction and effectively
leveraging the latent heat release to further enhance performance.

The cold plate cooling system demonstrates

t advantages in energy efficiency, simplicity, and stable dehumidification performance
when compared to existing hybrid, desiccant, chilled beam, and solar-based dehumidification
solutions. Future research will focus on experimental validation to corroborate these findings
and explore opportunities for optimizing individual system components, such as the cold plate
configuration and airflow dynamics, to further enhance moisture removal efficiency and reduce
energy consumption.

5.8. Conclusion

The study demonstrates the efficacy of the cold plate cooling system in achieving
dehumidification through controlled airflow dynamics and temperature reduction. Velocity
analysis reveals an initial 5 m/s for hot and humid air and 2 m s for the vortex cooling gun,
effectively facilitating the air mixing and cooling process. Relative humidity decreases from
100% at the inlet to 30% at the outlet, indicating substantial moisture removal. Moisture
removal efficiency is maintained consistently over 5000 seconds, reflecting stable system
performance. The temperature distribution shows a reduction from 30 °C at the inlet to
approximately 0 °C at the outlet. These results, derived through COMSOL Multiphysics

simulations, validate the system’s capacity to regulate temperature and humidity effectively.
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The COMSOL Multiphysics modelling confirms the system’s dehumidification potential
for moisture control in targeted environments. Future work will emphasize experimental
validation and component optimization to further enhance system performance. Beyond time
limit, challenges include replicating complex boundary conditions (e.g., moisture transport and
ice crystallization) in a controlled lab with advanced sensors. Additionally, the study likely

prioritized numerical optimization before investing in costly prototyping.
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CHAPTER 6

Discussion, future studies and conclusions

6.1 General discussion

The focus of this research was on the development, testing, and performance evaluation of an
innovative HVAC dehumidification system, designed to address the limitations of
conventional humidity control methods. This system combines a vortex cooling gun with a
cold plate to facilitate rapid cooling and moisture removal from humid air, a novel approach
aimed at increasing energy efficiency while maintaining precise humidity control. Unlike
traditional dehumidification systems that rely heavily on energy-intensive refrigeration cycles,
this design utilizes phase-change processes, enabling the effective removal of moisture through
ice crystal formation.

This doctoral research began with a thorough examination of current dehumidification
technologies, exploring their limitations in handling high humidity levels, energy consumption,
and effectiveness in varied environmental conditions. Most conventional systems are
optimized for temperature control rather than humidity, resulting in less efficient performance
in high-moisture settings. In contrast, this research introduces an approach that addresses these
challenges by focusing on rapid temperature reduction and enhanced moisture removal through
direct contact cooling, significantly lowering RH without excessive energy use.

While traditional systems primarily focus on lowering air temperature to condense moisture,
this system was designed with a more dynamic approach, capitalizing on the principles of phase
transition. Initial findings demonstrated that integrating the vortex cooling gun and cold plate
not only improved moisture extraction but also allowed for sustained dehumidification even in
high-humidity environments. The research thus provides new insights into HVAC system
design, showing that advanced cooling techniques can yield substantial gains in both energy

efficiency and dehumidification performance.
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In this study, the dehumidification system utilized a vortex cooling gun and a cold plate to test
the cooling, dehumidification, and energy efficiency of this novel HVAC design. Airflow and
temperature variables were carefully adjusted to analyze the system's performance under
different humidity conditions. The vortex cooling gun directed high-speed, cold air towards the
hot and humid airflow, creating rapid temperature reduction, while the cold plate provided a
condensation surface for moisture extraction.

The experiment involved setting the inlet air temperature between 25°C and 30°C, while
maintaining a steady airflow rate. During the initial cooling phase, the temperature reduction
was gradual until it reached approximately 5°C, a sharp increase in cooling efficiency occurred.
This effect is due to the combined cooling mechanisms of both the vortex gun and the cold
plate, which allowed for rapid phase transitions at lower temperatures.

The cooling gun enabled the controlled movement of air, transferring heat from the moist air
to the vortex cooling mechanism and then to the cold plate. As the air temperature dropped
below the dew point, moisture condensed on the cold plate surface, forming ice crystals. The
cooling process was primarily driven by convective and conductive heat transfer, with
convection playing a dominant role as the air moved swiftly through the system. Radiation was
not considered significant for heat transfer in this context, given the low temperatures and the
specific design, which focused on direct contact cooling.

Throughout the experiment, the airflow was approximately between 0.3 and -1 m s, At lower
temperatures, the air was able to carry heat away effectively, with most of the heat transfer
occurring through convective processes. As the air temperature approached 10°C, there was a
shift in the heat transfer profile, where conduction between the cold plate and the adjacent air
layers became more prominent. The temperature reduction rate was steeper between 10°C and
5°C, demonstrating the system’s efficiency in achieving low humidity at lower temperature

thresholds.
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The placement and configuration of the vortex gun and cold plate also influenced the heat
transfer characteristics. When both components were optimally aligned, there was greater heat
absorption from the moist air, allowing for faster condensation and enhanced dehumidification
efficiency. This setup effectively utilized the energy in the cooling cycle, showing potential for
reducing HVAC operational costs by achieving high moisture removal rates at low energy
inputs.

The novel dehumidification system demonstrated a robust ability to handle high humidity loads
through effective moisture removal, stable heat transfer, and adaptable humidification control.
The relationship between the inlet absolute humidity and the MRR was positively correlated,
with MRR increasing proportionally as inlet absolute humidity rose. This response highlights
the system’s design efficiency, particularly in high-humidity environments, and was validated
through polynomial regression, which confirmed a high correlation, underscoring the system’s
reliability in maintaining effective moisture control.

In terms of heat transfer, the total heat extracted from the air was calculated based on both
sensible and latent heat contributions. The results showed higher total heat removal rates at
elevated humidity and temperature levels, aligning with peak MRR measurements. Polynomial
regression analysis further confirmed a strong correlation between total heat transfer and
relative humidity, with R2 values above 0.8, reinforcing the system's reliability in dynamic
conditions. The enthalpy difference between the inlet and outlet air provided insights into
cooling efficiency, with the average heat extraction rate stabilizing after the initial cooling
phase, indicating the system's capacity to sustain performance over time.

Throughout the testing, RH at the outlet consistently remained lower than at the inlet, with the
system achieving rapid RH reduction and stable absolute humidity levels. This indicates the
system’s capability to deliver dry air effectively, maintaining low humidity levels even under

varying initial conditions. The steady enthalpy reduction and absolute humidity control
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illustrated the system's ability to perform reliable dehumidification while ensuring continuous
cooling.

During humidification, the system allowed processed air to reabsorb moisture at a controlled
rate, keeping outlet RH levels close to 95%, independent of the starting air conditions. This
balance between dehumidification and controlled humidification demonstrates the system’s
adaptability in managing air moisture levels precisely. The humidification capacity could be
further adjusted by altering the cold plate temperature or airflow rate, tailoring the system’s
performance to specific application needs. In this study, only the maximum dehumidification
capacity was evaluated, with the outlet air conditioned until it approached the dew point.
Overall, the system effectively combined high MRR, stable heat transfer, and flexible moisture
management, showcasing its potential as a reliable and energy-efficient solution for HVAC

applications in environments with variable humidity demands.
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6.2 General conclusions

The main objectives of this study were to explore the feasibility of separating latent and
sensible heat loads using water as an HVAC working fluid, generate cold fog to simulate cloud
conditions within the experimental setup, and RH and absolute humidity by forming ice
particles. Additionally, this research aimed to quantify the moisture removed from the system
as air transitions from saturated vapor to ice. Specific objectives included creating heavy fog
within the chamber, producing and directing ice crystals using an ice scrapper system,
measuring temperature reduction with a vortex cooling gun and cold plate, and analyzing the
system’s impact on RH and absolute humidity levels.

This study developed and evaluated an innovative dehumidification system that aims to
separate latent and sensible heat loads, create cold fog, and reduce RH and absolute humidity
by generating ice particles. Utilizing a vortex cooling gun and cold plate, the system
demonstrated effective cooling and moisture control across various conditions, achieving the
research objectives and presenting promising implications for advanced HVAC applications.
The system’s MRR showed a strong correlation with the inlet absolute humidity, which ranged
from approximately 2 to 16 g m=3. As the inlet absolute humidity increased, MRR rose from
around 0.014 g s'*to a peak of approximately 0.03 g s*. Polynomial regression analysis of this
relationship yielded an R2 value of 0.9834, validating the system's capability to handle high-
humidity environments and maintain reliable dehumidification performance.

In terms of total heat transfer, the system efficiently extracted both sensible and latent
heat, with higher heat removal at elevated humidity and temperature levels. The heat removal
rate increased with higher inlet RH and inlet temperatures, reaching around 14 kJ kg* at an
inlet temperature of approximately 25°C and inlet RH levels up to 90%. Polynomial regression
analysis further supported these findings, with R? values of 0.81 and 0.94 for the correlation

between total heat transfer and inlet RH and temperature, respectively. This strong correlation
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underscores the system's effectiveness in achieving enthalpy increase as the air transitions from
saturated vapor to ice crystals.

Throughout the dehumidification tests, the system effectively reduced RH, with outlet
RH levels consistently maintained below 20% when the inlet RH was as high as 80%. This
stable RH reduction was accompanied by a consistent drop in absolute humidity, with outlet
absolute humidity reaching approximately 3 g m compared to an inlet absolute humidity of
over 10 g m=. This substantial decrease demonstrated the system’s capacity to provide dry air,
even in high-humidity conditions. This adaptability highlights the system’s flexibility to meet
specific application requirements by adjusting cold plate temperature or airflow rate. During
the tests, the maximum dehumidification efficiency observed was approximately 50% at higher
inlet humidity levels, indicating the system’s effectiveness in managing both dehumidification
and cooling processes as needed. Temperature reduction measurements confirmed the cooling
performance of the system, with the vortex cooling gun and cold plate achieving temperature
drops from an inlet temperature of around 20°C to an outlet temperature below 5°C. This rapid
temperature decrease facilitated the formation of ice particles, which played a critical role in
the moisture removal process by lowering the air’s energy content.

Overall, this study demonstrated that the dehumidification system successfully managed
air moisture and temperature with high energy efficiency. It achieved significant reductions in
RH and absolute humidity, reaching an MRR of up to 0.03 g s and a total heat removal of
approximately 14 kJ kg*. These findings contribute to the development of sustainable HVAC
systems, providing an innovative and energy-efficient approach to dehumidification suitable
for applications requiring precise humidity control. This research advances the field of cooling
and dehumidification technologies, offering a practical solution for environments with high

humidity demands.
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6.3 Recommended future studies

This research introduced a novel approach to dehumidification within HVAC systems,
providing substantial evidence of its potential for high efficiency and energy savings. However,
several areas warrant further exploration to maximize the system’s practical applications and
improve its design for broader use cases. The following recommendations for future studies
aim to deepen the understanding of this dehumidification method, optimize its functionality,
and evaluate its feasibility for widespread adoption:

1. Scaling up the prototype system: future studies should explore scaling up this
dehumidification system to larger, real-world environments. Testing in industrial or
commercial spaces would reveal its ability to handle varying humidity loads on a
broader scale, assessing if the same rapid RH reduction and energy efficiency observed
in laboratory conditions can be replicated in larger areas.

2. Energy efficiency and sustainability assessments: detailed studies on exergy analysis,
sustainability metrics are recommended to quantify the system's environmental impact.
By evaluating energy use, carbon footprint, and resource consumption, these
assessments will allow for a more comprehensive comparison with traditional HVAC
dehumidification methods, validating the system'’s advantages in sustainable practices.

3. Cost-benefit and payback period analysis: economic feasibility is crucial for the
adoption of this novel system. A cost-benefit analysis, including calculations of
payback periods under different environmental and usage conditions, would help
determine the system’s economic viability. Such analyses are essential for
understanding the investment value and potential savings over time, making it easier to

advocate for its implementation in diverse sectors.
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4.

Investigating system performance with varying moisture sources: the current study
focused on air dehumidification in controlled settings. Future research should
investigate how the system handles air with different sources of moisture and
contaminants to evaluate its resilience and effectiveness under various environmental
conditions. Understanding how factors like outdoor air quality, seasonal humidity
changes, and pollutant levels impact performance can guide system adaptations for
specific climates or applications.

Integration of vegetation and biofiltration: incorporating vegetation or biofiltration
layers could enhance both humidity control and indoor air quality. Investigating the
effects of a vegetation layer on the system’s cooling and dehumidification efficiency
would offer insights into natural, bio-inspired modifications. Researching the
interactions between plant transpiration, photosynthesis, and humidity control within
the system could reveal additional benefits, including thermoregulation and air
purification.

Reuse of ice crystals and water recycling: a promising area for further research is
finding ways to reuse the ice crystals formed during the dehumidification process.
Future studies could investigate methods to capture, melt, and recycle the ice, directing
the resulting cooled water back into the system as a secondary cooling source. This
recycling loop could enhance the system’s cooling efficiency while reducing water
waste, making the overall design more sustainable and self-sufficient. Developing an
automated system for collecting and channelling the cooled water could lead to
continuous, low-cost cooling, which is especially advantageous in high-humidity
settings.

Exploration of automated and smart control systems: to improve adaptability and

efficiency, future studies should consider incorporating automation and smart control
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systems, such as Al-based algorithms or 10T connectivity. By dynamically adjusting
airflow, cooling rates, and target RH levels in response to real-time environmental data,
these enhancements could optimize performance and energy usage, especially in high-
variability conditions.
These recommended areas for future study would provide a stronger foundation for this novel
dehumidification system's broader application, helping bridge the gap between laboratory
results and real-world performance. With further development, this system could become a
versatile and sustainable solution for advanced humidity management in various industries and

climate regions.
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