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Abstract

Water scarcity and the inefficiencies of current cooling systems highlight the need for alternative
cooling solutions. This study presents a cold thermal energy storage (CTES) system designed to
store cold thermal energy during nighttime and release it during daytime operations. The
experimental setup consists of three primary components: a hot water heat transfer fluid (HTF)
conduit for melting, a vertical phase change material (PCM) tank, and an air-cooling section for
solidification. Heat pipes were employed to facilitate cold thermal energy transfer from the PCM
to the HTF during discharge (melting) and from the cold air to the PCM during charge
(solidification). Two operational scenarios, charging (solidification) and discharging (melting),
were investigated, with three distinct HTF inlet temperatures of 45°C, 50°C, and 55°C and two
HTF mass flowrates of 8.2 kg/s and 5 kg/s. Local temperature measurements were collected,
melting and solidification times were monitored, and thermal resistance of the systems were
calculated. Results indicate that thermal resistance tends to decrease as the mass flow rate of the
HTF or the HTF temperature increases, and that the useful energy exchanged by the PCM per
discharge cycle is around 236253 kJ. In addition, a transient three-dimensional numerical model
was developed in ANSYS-FLUENT to provide insights into the underlying physics. The phase
change was simulated using the enthalpy-porosity approach, with computational results showing
reasonable agreement with experimental data. This study demonstrates a compact CTES module
that stores off-peak “cold” in a PCM via heat pipes and releases it on demand, improving efficiency
relative to purely mechanical cooling. The approach is a good fit for industrial, residential and data
center cooling, enabling peak load management and short-duration backup while reducing water

and energy use.

Keywords: CTES, Melting, Solidification, PCM, Heat pipe
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Chapter 1. Introduction

This chapter sets out why industry and residential sections need cooling solutions that use far
less water and power, and how thermal energy storage (TES) can make that shift practical. It begins
with a short look at the competing demands for water and energy in industrial cooling and the
limits of both wet systems (due to water use and regulation) and fully dry systems during hot/dry
weather. Next, the chapter introduces TES as a means to produce cooling at one time and use it
later, followed by a concise review of sensible, latent, and thermochemical options and how each
is applied in operating plants. Afterwards, strategies for harvesting cooler nighttime conditions and
integrating storage into existing equipment are outlined. Lastly, the literature review around
application of CTES systems at different sections is summarized. Next chapter defines the focus
of this work: a cold thermal energy storage (CTES) unit that uses phase change material (PCM)
and high-conductance heat pipes to charge at night and discharge by day, cutting daytime power,

shaving peaks, and reducing water use in industrial cooling.

1.1 Background

Cooling technology plays an important role in addressing water scarcity, a worsening global
issue driven by increasing demand and shortage of resources. Industrial sectors like thermoelectric
power, refining, petrochemicals, and data centers depend on reliable heat rejection. For example,
thermoelectric power generation uses a large portion of freshwater for cooling, emphasizing the
urgent need to manage water usage in industries. This issue is especially serious in arid regions,
where relying on freshwater for cooling is no longer sustainable. Furthermore, water-based cooling
systems are facing stricter regulations due to their environmental impacts on aquatic ecosystems,
making it clear that alternative solutions are necessary. Dry cooling technologies have been

developed as a solution to reduce water dependence. However, these systems face performance



challenges, particularly during hot weather, and have lower efficiency due to limited air-side heat
transfer, leading to higher operational costs resulting in decreased efficiency and increased

operational costs. As a result, their adoption has been limited [1, 2].

The most common industrial cooling options fall into three groups. Wet systems include once-
through cooling (using rivers, lakes, or seawater), recirculating cooling towers, and closed-circuit
fluid coolers. Dry systems include air-cooled heat exchangers and, in power plants, air-cooled
condensers. There are also hybrid systems that combine wet and dry equipment in parallel or series

and switch between modes as conditions change.

Enhancing the efficiency of cooling systems could be achieved through several methods.
Active cooling strategies depending on mechanical systems and external energy sources, include
combining wet and dry cooling methods such as vapor compression-based cooling (chillers),
desiccant-evaporative cooling (desiccants dry the air before evaporative stages), and multi-
evaporator cooling [3], implementing dew-point evaporative cooling techniques (direct/indirect
evaporative coolers and dew-point evaporative systems) [4] and coupling cooling systems with

renewable energy [5].

On the other hand, passive cooling methods focus on reducing energy consumption including
managing internal heat gains, optimizing heat transfer through the envelope, facilitating heat
exchange between indoor and outdoor air, or a combination of these approaches [6]. One of the
promising passive approaches is to utilize nighttime cooling, where the cooler nighttime
temperatures are captured and stored for use during the warmer daytime hours. This method is
especially beneficial in regions with large day-to-night temperature differences, such as arid and

semi-arid climates. By storing thermal energy during the night, these systems can address the



limitations of dry cooling technologies and reduce the dependence on water in wet cooling systems
[7]. The focus of this study is on evaluating and optimizing nighttime TES systems for
industrial/residential applications. Thermal energy storage systems can be applied across various

energy sources, including solar, geothermal, fossil fuels, nuclear power, and industrial waste heat.

1.2 Thermal Energy Storage Systems

There are several energy storage technologies including thermal, mechanical (e.g.,
hydropower reservoirs, compressed-air energy storage, and flywheels), electrochemical
(batteries), chemical (organic molecular carriers), as well as biological and magnetic storage
methods. Thermal energy storage systems are one of the most widely studied and employed

methods and can be divided into three categories:

Sensible Heat Storage (SHS)

SHS stores energy by changing the temperature of a material without a phase change.
During charging, heat is added to the storage medium such as water, thermal oil, molten salt,
concrete, or packed rock, leading to the greater temperature of the storage medium. During
discharge, the medium cools as it gives that heat back to the process. This approach is inexpensive,
and easy to scale (tanks and rock beds are common), and it works well when the supply temperature
is allowed to vary over time. The balance between lower energy density (for a given temperature
window) and larger volumes and insulation to limit losses; good thermal stratification and adequate

heat-exchange area are usually important for this storage mechanism [8, 9].

Latent Heat Theral Enerey Storage (LHTES)

Latent heat thermal energy storage systems use PCMs to absorb or release a relatively

large amount of heat over a narrow temperature range as the material melts and solidifies. The



most well-known PCMs are organics (e.g., paraffins), inorganics (e.g., salt hydrates), and eutectic
blends in which the phase-change temperature lines up with the process needs. Because the
temperature stays approximately constant during the transition, LHS can deliver more stable outlet
temperatures and much higher energy density than SHS when only a small temperature swing is
allowed [10, 11]. PCM is the main material used in LHS systems. Selection of PCM is typically
based on a balance between phase-change temperature, latent heat, thermal conductivity, cycling
stability, and compatibility with containers [12]. PCMs show up in many applications like as
building envelopes and HVAC/free-cooling, solar thermal and CSP systems, waste-heat recovery,
and electronics or cold-chain thermal management [13]. For higher operating temperatures (120—
1000 °C), materials such as carbonate, fluoride, and chloride salts are used for industrial storage,

with their own benefits and constraints [14].

Thermochemical Heat Storage (TCHS)

Thermochemical heat storage stores energy in reversible chemical or sorption reactions.
Compared with sensible (SHS) and LHTES, TCHS can achieve much higher energy density with
very low standing losses because the energy is held as chemical potential rather than as
temperature. The gains come with added complexity: purpose-built reactors, careful heat and mass-
transfer management, control of reaction kinetics, attention to cycling durability, and safeguards

for corrosion and safety [15].

Thermal energy storage systems are already widely used in cooling applications. For
instance, in building cooling and air-conditioning systems, TES allows energy to be stored during
low-demand hours for use during peak demand periods like pumps, pipes, and fans, ultimately
lowering costs and improving efficiency [16]. To take advantage of the cooler nighttime

temperatures, this research develops a LHTES system for cooling purposes. By combining PCMs

4



with heat pipes, the system enhances cooling efficiency. The proposed CTES system operates
passively, storing cold energy during nighttime hours and releasing it during the day when cooling
demand is highest. This approach reduces power consumption and helps to manage peak energy
loads, offering a highly energy-efficient solution for industrial cooling systems. Moreover, the
ability of the system to integrate continuously with existing infrastructure without requiring

substantial modifications makes it a versatile and practical solution.

1.3 Literature Review

This section introduces progress through the challenges in cooling technologies that aim to
reduce water usage and enhance efficiency. Conventional water-based cooling systems are
increasingly unsustainable, while dry cooling alternatives suffer from inefficiencies, particularly

during hotter periods.

The literature on CTES spans several application domains and shows how the same basic
idea of storing cold and releasing it when needed works under different operating constraints. In
this regard, this work is organized into four use cases, food cold-chain and storage,
HVAC/buildings, electronics cooling, followed by research on heat pipe (HP)/PCM storage
hybrids that address the low conductivity of PCMs, and data center cooling. For each area, we
summarize how cols storage is implemented, what conditions make it effective, and the main
performance metrics reported. The following chapter presents the experimental setup and

describes each component of the proposed CTES system in detail.

Some studies propose the use of nighttime cooling systems, which capture cooler
temperatures during the night to store energy for use during the day. This strategy has shown

potential for addressing the limitations of existing systems, particularly in regions with significant



temperature differences between day and night. Storing cold during colder periods (such as
nighttime) for use during peak daytime hours has been widely explored through LHTES systems
utilizing PCMs. These systems offer high energy density and simplicity, requiring 5 to 14 times
less space than SHS systems for the same energy capacity. An effective LHTES system comprises
PCMs with suitable phase change temperatures, a storage medium, and a heat exchanger to
facilitate heat transfer between the energy source, the PCM, and the target load. PCMs could be
utilized either at high or low temperature. The application of PCMs in low temperature could be
for ice storage, conservation and transport of temperature sensitive materials and in air
conditioning, cold stores, and refrigerated trucks. However, their applications extend to high-
temperature scenarios as well notable high-temperature PCM applications include solar power
plants, industrial waste heat recovery, high-temperature TES, and building heating systems [11,

17-20].

1.3.1 CTES in HVAC Systems
One of the main purposes of cold storage is to maintain thermal comfort in residential,

commercial, and industrial sectors by integrating it with conventional HVAC systems.

Nwaigwe et al. [21] reviewed nocturnal cooling systems, commonly known as night sky
cooling, focusing on both air-based and water-based approaches. In air-based systems, building
roofs function as radiators, dissipating heat to the night sky through evaporation or radiation. This
cool air is then circulated indoors via fans or natural buoyancy. Conversely, water-based systems
utilize water as the heat transfer medium. Cooled at night, the water is stored in tanks and later
pumped through heat exchangers to cool indoor spaces. The study highlights that nocturnal cooling
can potentially reduce cooling energy demand by up to 48%. However, it also notes challenges

related to economic feasibility and geographic applicability.
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Night radiative cooling (NRC) is an energy development method that harnesses the cooling
potential of the night sky. Tsoy et al. [22] estimated the maximum possible amount of cold energy
provided by NRC by calculating the heat transfer through a 1 m? radiative surface during the night
across various cities, with radiating surface temperatures ranging from -30°C to 100°C. Their
findings indicated that greater amounts of cold energy could be obtained in northern regions,

especially during winter, when longer nights and lower temperatures prevail.

Yanbing et al. [23] introduced an innovative Night Ventilation with PCM Packed Bed
Storage (NVP) system, where cool outdoor air is directed through a LHTES system and then
released into the room during the day. Their research included both mathematical modeling and
experimental studies, focusing on optimizing factors such as the surface area-to-volume ratio of
the PCM for effective heat transfer, aligning the PCM melting point with day-night temperature
variations, and ensuring sufficient airflow to meet varying cooling demands. The findings

demonstrated an enhancement in indoor thermal comfort levels.
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Figure 1-1 Schematic of the room and embedded PCM of Yanbing et al. [23]

Wagqas and Kumar [24] explored the use of a latent heat storage unit to enhance comfort

ventilation in buildings located in hot and dry climates. They developed a system that incorporates



PCMs to store cool energy during nighttime, which is then utilized for ventilation during the hotter
daytime periods. Through both experimental and numerical analyses, the researchers assessed the
system's thermal performance, focusing on its ability to maintain indoor thermal comfort and
reduce reliance on conventional air conditioning. The findings indicated that the PCM-based
storage unit effectively moderated indoor temperatures, thereby enhancing occupant comfort and

potentially lowering energy consumption in arid region.

In another research, Wagqas et al. [25] analyzed the performance of a PCM storage unit
designed to provide both heating and cooling for buildings. The system harnesses solar energy and
cool ambient night temperatures to store thermal energy, which is later used to maintain indoor
comfort, Fig. 1-2. They utilized a flat-plate glazed solar air collector to absorb solar energy during
the day. The collected energy was stored in a phase change material (PCM) chamber and used to
heat airflow during cold nights. They found that the PCM storage unit performed optimally with
melting points of 29°C in summer and 21°C in winter. The ideal temperature for year-round

operation was determined to be 27.5°C.

I: Glass Cover. 2: Absorber Plate. 3 Airinlet. 4: Air I: Air inlet to PCM storage. 2:Air outlet from PCM storage
flow channel. 5:Air outlet 6: Insulation 3: Storage material slabs 4: Air flow channel

Figure 1-2 Configuration of the solar air collector and PCM storage of Waqas et al. [25].

In their experimental and numerical studies, Nagano et al. [26, 27] proposed a floor supply
air conditioning system that integrates packed bed latent heat storage within the building's

structure. The system utilizes PCM granules consisting of granulated porous media with particles
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approximately 1-3 mm in diameter, combined with paraffin wax as the PCM. Bench tests were
conducted on a small-scale floor sample measuring 0.5 m?, incorporating 30 mm deep PCM boards
with a melting and solidification point around 20°C. Cool air from the air conditioning system
circulates beneath the floor, charging the PCM packed bed with cold energy, which is later released
into the interior space during air conditioning operation. The results indicated that integrating PCM
boards allowed for the storage of 1.79 MJ/m? of heat overnight, enabling the air conditioning
system to operate for only three hours during the day.

Thermal energy storage Discharging or air conditioning

Ceiling space vaA¢ —, Ceiling space ==
{0 O} {0 Ok ‘,': {0o {0 O}

Room

g From top g Room
- Carpet, : z Cooling
o OA floor board, o load

PCM packed bed
Under floor space

llllllllllllllllllllllll From
N O e . R AHU

———oncrete slab

[Nighttime] [Daytime]
Figure 1-3 schematic of the packed bed latent heat storage in the proposed setup of Nagano et al.
[26, 27] during night and day.

Darzi et al. [28] conducted a numerical study to optimize a plate-type storage system filled
with PCM for use in night ventilation systems. They examined how variables such as air mass
flow rate, PCM plate thickness, and inlet air temperature influenced cooling power, outlet
temperature, PCM melting behavior, and overall thermal performance. The PCM used had a
melting point between 22°C and 24°C, while room temperatures ranged from 23.5°C to 25.5°C.
Their findings indicated that a smaller temperature difference between the indoor environment and

the PCM's melting point enhanced heat exchanger efficiency. Additionally, PCM melting during

9



the day was directly proportional to PCM thickness; however, outlet temperature and cooling
power remained unaffected by this parameter. Increasing the mass flow rate was identified as the

sole method to boost cooling power.
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Figure 1-4 schematic of working mechanism of plate-type storage system of Darzi et al. [28]

Zeinelabedein et al. [29] experimentally investigated a modular PCM energy storage for
free cooling of buildings at hot-arid climate condition. They studied the effect of PCM arrangement
versus air flow in the PCM-air heat exchanger. They used paraffin RT28HC as PCM for rapid
solidification and melting transition temperature range of 27-29 °C. Their set up included macro-
encapsulated PCM modulus embedded within an aluminum enclosure and a ducting system shown

in Fig. 1-5.
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Figure 1-5 the set up used for experiments of Zeinelabedein et al. [29].

They reported that the air inlet temperature impacted the charging and discharging
duration. They recommended higher air flow rates for accelerating the solidification process. Also,
narrower air channels increased the cooling process and shorter solidification time, however it led

to higher pressure drop and fan power consumption.

In another study, Hu et al. [30] investigated the performance of an HVAC system integrated
with a PCM storage. Their set up included PCM storage, a heat pump and ventilation ducts. They
monitored the impact of the PCM quantity on the charge and discharge process, the impact of air
temperature and airflow rate on the discharge process. They found out that the PCM closer to the
inlet melts/solidifies faster than that one closer to the outlet. They proposed different sizes of PCM
storage for different applications and recommended big size PCM storage for long charge period
applications like solar energy storage. Comparing the HVAC system integrated with PCM storage

and without it, the system save energy bill for 7% for similar thermal comfort zone condition.

An experimental study performed by Reboli et al. [31], they focused on the discharge process of a
full-scale, shell-and-tube CTES module. They evaluated the impact of HTF inlet temperature, mass
flow rate, and flow direction (top-to-bottom vs. bottom-to-top) on discharge and output power.
They found out that by doubling the HTF mass flow, peak power increased by 25%, and increasing
the inlet temperature by 6 °C roughly doubled peak power. However, flow direction mattered
insignificantly as buoyancy dominated during late-stage discharge. They reported the total thermal
resistance of 0.0038 K/W for their system and a round-trip efficiency above 90% for the latent

store.
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Figure 1-6 The schematic of the set-up of Reboli et al. [31].

Wang et al. [32] used TRNSYS for dynamic simulations of a clathrate hydrate ice-
structured cold storage and tested how well it worked over a full year. They surveyed the
differences of thermal performance between the hydrate cold storage and ice-cold storage systems.
They used annual cooling loads from Shanghai, China to evaluate the operational costs and energy
consumptions. The hydrate storage could move cooling to oft-peak hours and cut peak power when
it was run in the right temperature and pressure range. They reported lower energy consumption

for the hydrate cold storage system in comparison to ice cold storage system.

Lamrani et al. [33] compared thermal performance of sensible (chilled water) and CTES
options for building/district cooling in a realistic, time-varying operation. They built a lumped
dynamic model for a shell-and-tube store, validate it against published experiments, and then ran
simulations using water (sensible) and two commercial PCMs (RT4, RTSHC) as the storage
medium. They observed that latent stores mechanisms offer much higher storage density when the
operating condition matches the PCM’s melt range, while chilled-water stores were sampler and
less primary cost, when land is expensive or space is tight. They reported that PCM RT5SHC
extended the stable cold delivery in comparison to chiller water for a factor of 4.5. PCM RT5SHC

12



had better performance versus PCM RT4 due to higher latent heat of fusion and greater energy

storage capacity.
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Figure 1-7 The schematic of the set-up of Lamrani et al. [33].

Alam et al. [34] reviewed mechanisms how cold thermal energy storage systems (CTES)
have been being paired with renewable energy sources in air conditioning systems due to the rising
cooling demand and the need to cut grid stress and emissions. They introduced main CTES options
such as chilled water, ice, and PCM-based stores, and explained how they are charged by on-site
PV/wind or off-peak power and then discharged at peak to reduce compressor work and shift load.
Their research showed that CTES technologies including enhanced PCMs, improved ice storage
systems, and innovative advanced materials had higher thermal storage of around 15%-25%. The
output of their surveyed studies was practical that renewable assisted CTES reliably lowers peak
electricity when the charge times aligns with local renewable output and tariff structure, while
challenges remain around added capital cost, controls complexity, and long-term material

durability.

Fang et al. introduced five main cold storage systems such as: chilled water storage system,
coil pipe cool storage system, packed bed cool storage system, gas hydrate cool storage system
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and ice slurry cool storage system. In above systems PCM can be employed to improve the

performance of the cooling systems [35].

Yang et al. [36] reviewed research around the CO: hydrate slurry as a medium for cold
energy storage, release, and transport. CO- hydrate slurry has high latent heat, is pumpable like a
fluid, and is CO2-friendly. Bringing together recent lab data and models, the authors emphasized
an operating sweet spot: with the right promoter recipe and hydrate fraction, systems can lift
overall efficiency (less compressor work, lower pumping penalty) compared with naive settings.
They also pointed out there still need more understanding about how the additives actually speed
up freezing and melting, keeping storage and release stable in real plants, and clarifying how heat

and fluid move inside the slurry.

Wang et al. [37] studied a multi-stage cold storage packed bed for air conditioning that
used a modified sodium-sulfate decahydrate (Na.SO4-10H20) PCMs to better match low-
temperature cooling needs. Their idea was that instead of one PCM, they stacked three slightly
different melting points (5.1 °C, 7.1 °C, 12.9 °C) within cylindrical capsules so the bed charged
and discharged more effectively across the operating band (Fig. 1-8). Using a two-dimensional
CFD model of the packed bed, they compared the cold storage capacity of various cases of
filling ratio of the three PCMs, and the best multi-stage mix against a single-PCM bed. Their
results showed a 4:2:4 split among the three PCMs raised cold storage density by 7.3% versus a

single-stage bed and could cover at least an hour of emergency cooling for an AC unit.
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Figure 1-8 The schematic of the set-up of Wang et al. [37].

Hlanze et al. [38] studied an in-duct PCM storage concept that adds thin PCM panels to an
air ducts of a building, and the system can charge off-peak (supply air set below the PCM
solidification point) and discharge on-peak (warmer supply air use the stored cold). They built and
calibrated a panel-level numerical model, then did simulation with EnergyPlus and a calibrated
variable-speed DX system, testing five U.S. cities under actual time-of-use (TOU) tariffs. Using
simple rule-based control, the PCM storage cut on-peak cooling energy by 23—-32% and lowered
seasonal cooling cost by up to 16%, with a simple payback of 7.5 to 27 cooling months depending

on climate and rates.

1.3.2 Integrating CTES with Food Refrigeration
CTES is increasingly used in the food sector to keep products within temperature limits,

reduce moisture loss, and maintain cooling during brief power interruptions or compressor restarts.

Ahn et al. [39] examined ice thermal energy storage (ITES) for food cold storage. In their

study they monitored the performance of direct-contact, evaporative discharge cooling for food
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cold storage while protecting product quality by minimizing latent heat transfer. They built a
laboratory scaled rig including a commercial ice-making device (contains a reciprocating
compressor, condenser, capillary tube for the expansion device, and an evaporator), a digital scale
(the amount of ice stored in the ice storage was measured and then moved to the cooling unit), and
a cooling unit (Fig. 1-9). They surveyed the effect of various parameters like inlet air temperature
and humidity, face air velocity, and the amount of ice in the store on the cooling performance for
different scenarios. The results showed direct-contact ITES can be tuned to deliver efficient
evaporative cooling and they reported performance depends on both the air conditions and how
much ice is exposed at a high face velocity. They found out that the weight loss ratio of the fresh
food increased as the amount of ice increased. In the case of products with low weight-loss
sensitivity (e.g., potatoes), the authors recommend using the ice amount that maximizes COP,
while for items (e.g., mushrooms) sensitive to the amount of moisture, it is better to limit the ice

to keep weight loss low.
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Figure 1-9 The schematic of the set-up of Ahn et al. [39].

In a review research Ouaouja et al. [40] surveyed what PCMs actually work best for CTES
in refrigeration and cooling systems. Authors explored the usage of conventional PCMs including

water/ice, hydrated salts, and paraffins and how they are built into chillers, display cases, cold-
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chain packs, and building cooling so that “cold” can be made off-peak and used when it is needed.
They also explored that bio-based PCMs could deliver similar performance with a smaller
environmental footprint. They concluded that across the studies surveyed, utilizing the right PCM
at the right temperature can decrease energy use, provides stabilized temperatures, and can lower

emissions, while bio-based options look increasingly viable if durability and supply are managed.

Wang et al. [20] did a focused review on the recent advances of CTES in refrigeration
cooling systems and how CTES should be operated and controlled in real cooling systems. They
surveyed the main CTES storage media and layouts used in buildings and refrigeration with more
focus on PCM mediums. They also classified the CTES systems as building cooling, cold chain
logistics, and other refrigeration systems, based on the driven energy of passive and active cooling
systems. They did performance optimization on various groups of the operational control

strategies, cold load predictions and economic evaluation methods.

Liu et al. [41] experimentally tested a controllable separate heat pipe (CSHP) based cold
storage temperature control system, and coupled it with a PCM tank to tackle uneven
temperatures and slow response in cold TES. As shown in Fig. 1-10, their set-up comprised
CSHP, cold storage unit, and cold supply loop (to simulate the operating conditions of the
evaporator in a household refrigeration system), the usual loop hardware (pump, valves), sensors,
and a data acquisition system. Different parameters such as temperature field distribution of the
PCM and temperature control performance were monitored through charging and discharging
process. Their system could keep the temperature of the fresh food compartment at 7 °C for an
acceptable period. Also decrease in the temperature of ethylene glycol solution accelerated the

storage rate of PCM.
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Figure 1-10 The schematic of a) set-up and b) cold storage unit of Liu et al. [41].

Yedmel et al. [42] introduced a passive cold-storage accumulator that combined a
thermosyphon with a PCM to capture cooling whenever needed and release it later. The two-phase
loop of thermosyphon moves heat quickly into and out of the PCM block, so the storage medium
charges and discharges with much lower thermal resistance than a plain PCM unit. In tests and
modeling, the hybrid showed faster discharge/charge and more uniform temperatures than
conventional alternatives. In cabinet tests that simulated a 1.5-2-hour shutdown, the hybrid held
the rear duct air within the allowable range for 72 minutes versus 3 minutes without the

accumulator. The air temperature rise was noticeably slower than the no storage case.

>‘2‘
Expansion
vaive
X

------------ ‘: Compressor i E Vaive3 ' Compressor
E 'l- R e )
: % Accumulator '
D) 1
Valve 4 Valve 1l _'K/}// Valve 4
Evaporator Evaporator
(a) (b)

Figure 1-11 Diagram of the cold storage accumulator integrated into a vapor compression cycle

during (a) charging phase and (b) discharging phase of Yedmel et al. [42].
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Continuing the previous study as Yedmel et al. [42] introduced their novel thermosiphon
thermal accumulator (TTA), in another study they expanded their research to evaluate the
performance of their system through various types of PCMs, ambient and thermostat temperatures,
product loads, and door-opening scenarios [43]. They observed that discharging and charging

performance was affected considerably by thermal loads and operating conditions.

1.3.3 CTES in Data Center Cooling
Data centers benefit from CTES because it delivers short, reliable cooling when the plant
is stressed; during generator start, compressor trips, or hot-hour peaks without adding large

mechanical capacity.

Tareen et al. [44] evaluated a seasonal ground cold energy storage concept for data center
cooling that used passive thermosyphons to capture winter cold and release it during warmer
months. Cold energy was stored in the saturated ground in form of sensible heat as well as latent
heat of fusion of water. Using available climate datasets, the authors compared five Canadian cities
and rank them by (1) how much cold can realistically be stored in the ground and (i1) the resulting
carbon-footprint reduction for both new builds and existing facilities. The study linked location to
outcome by accounting for local weather patterns and ground conditions in the storage model, then
contrasts the thermosyphon approach with conventional mechanical cooling. They found that
location matters significantly as some cities offer substantially higher storage potential and deeper
CO: cuts. Also, their analysis provided practical guidance for where seasonal cold storage can

deliver the biggest impact in data-center cooling.
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Figure 1-12 schematic of the cold energy storage concept of Tareen et al. [44].

Singh at al. [45] proposed a heat pipe based cold energy storage strategy for data centers,
with the goal of cutting chiller run time, lowering electricity cost, and reducing associated CO..
They framed two practical options, an ice storage system and a chilled water (cold water) store.
They used heat pipe/thermosyphon heat exchangers to grab free ambient cold (when available)
and move it efficiently into the store, then discharge that “cold” during peak or outage periods.
Their results showed that both ice and cold water options were technically and economically viable
for data centers. Ice storage is especially attractive in very cold climates (seasonal storage) while
cold water storage is simpler where deep winter is not available. In all cases, the authors

emphasized retrofit feasibility in the existing datacenters facilities with no major change in design.
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Figure 1-13 the set up used for experiments of Singh at al. [45]

Huang et al. [46] designed a PCM based cold storage unit for emergency cooling in an air
cooled modular data center, in order to save time during outages without relying only on backup
chillers. They tested two encapsulated PCM units within 1) smooth plates, and 2) smooth plates
equipped with arcuate fins. The unit was mounted with the ceiling air-conditioner, so it could
charge during normal operation (the PCM freezes) and discharge on demand (the PCM melts and
absorbs heat). Authors built a test rig to measure charging/discharging behavior under realistic
supply air conditions and airflow rates. Their results demonstrated that both PCM plate designs
met the cooling need for 300s in the case of wind speed 1.5 m/s and inlet air temperature of 31 to
39 °C. for the case of 900s cooling, smooth plates could meet the need when the inlet air

temperature was lower than 31 °C.
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Figure 1-14 The emergency cooling system of Huang et al. [46].

In another research around cooling of data centers Zheng et al. [47] proposed an air-based
phase-change cold storage (APCCS) unit for emergency cooling in internet data centers (IDC).
They prepared the APCCS tailored to IDC supply air temperatures, built a test rig to measure
charging and discharging, and developed a validated model for the discharge phase. The design of
APCCS was cascaded from one to five PCM stages and was optimized using exergy analysis, and
the PCM stages were designed from in-line to staggered configuration to improve heat transfer of
air and PCM. They reported a raise in average exergy efficiency by 7.8%, added 19 kJ of exergy,
and extended effective cooling time from 1300s to 1960s, moving from a single to a five-stage
cascade. However, four-stage staggered arrangement performed best overall, delivering 10%

higher average exergy efficiency and 25 kJ more exergy than the single-stage unit.
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Figure 1-15 Schematic of the experimental set-up of Zheng et al. [47].

In an experimental and numerical study Ma et al. [48] proposed a passive solution for data centers
that integrated a loop thermosyphon with a LHTES unit to absorb server heat during a chiller
outage. Their system included a water-cooled loop thermosyphon (an evaporator, a vapor pipe, a
condenser, and a liquid pipe) and a multi-tube PCM storage unit (Fig. 1-16). They could keep the
operational condition of the servers for around 6 mins in the case of outrage of chiller. They also
mentioned that if the thermal conductivity of PCM increased from 0.2 W/(m °C) to 2 W/ (m °C),
the emergency cooling time rose to 15 mins.
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Figure 1-16 Schematic of loop thermosyphon integrated with multi-tube TES unit of Ma et al.
[48].
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Liu et al. [49] built and tested a novel thermosyphon integrated LHTES condenser
(TLTEC) for data center cooling. The heat exchange mechanism of their condenser comprised of
start-up, latent heat, sensible heat and fluctuating stages. They used two-phase HTF with varying
condition. They studied the effect of filling ratio of HTF (refrigerant volume to evaporator, LTES,
and connection lines volume) on the thermal performance. They showed that the two-phase path
cuts thermal resistance and speeds transient response compared to conventional exchangers. Their

results showed decrease in cooling capacity when the filling ratio increased form 48.7% to 82.5%.
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Figure 1-17 The schematic of the test rig of Liu et al. [49].

In a numerical investigations Liu et al. [50] studied a CTES block that was equipped with
micro heat pipe arrays (MPHA-CTES). As seen in Fig. 1-18, their CTES included refrigeration
unit, CTES device, heat exchanger, valves and pumps. Authors used a Taguchi design to see which
fin features mattered most, finding that fin height had most contribution to melting/solidification
time (70%), while fin thickness most strongly affects compactness (59%) (the ratio of cold energy
storage material volume to the total CTES volume). They also tested a response surface method to
capture interactions and run a multi objective optimization for goals of shorter solidification time,

small heat-exchange temperature difference, and high compactness. The optimized design cuts
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solidification time by 26.6%, holds the temperature difference to 4 °C, and reaches a compactness

factor 0.822.
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Figure 1-18 The schematic of cold thermal energy storage system of Liu et al. [50].

1.3.4 Heat Pipe Assisted LHTES Systems

A significant limitation of PCMs is their naturally low thermal conductivity, which affects
their ability to efficiently store and release energy during the charging and discharging cycles and
phase-change side effects such as subcooling or phase segregation. To address this issue,
researchers have explored various strategies, including the integration of heat pipes, the use of
nanoparticles, encapsulation, and embedding materials like fins or porous metal foams into PCMs

to enhance thermal performance [51-59].

While these methods have contributed to energy storage considerably, there are still
challenges particularly in balancing cost, system complexity, and overall efficiency. Among the
proposed solutions, heat pipes stand out due to their high thermal conductivity, passive operation,
and adaptability to different configurations. The integration of heat pipes is a key innovation to
overcome the primary limitation of PCMs, low thermal conductivity. Heat pipes efficiently transfer
heat passively, enabling faster and more uniform energy storage and release within the PCM.

Despite their potential, further research is necessary to refine the design and integration of heat
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pipes into LHTES systems, ensuring their practical applicability and maximizing their efficiency
in real-world settings[60-65]. The direct integration of heat pipes with PCMs to overcome low

PCM conductivity and accelerate discharge/charge, there have been various research around it.

Khalifa et al. [66] performed numerical and experimental investigations to improve the
thermal performance of a concentrating solar power plan by the help of a high-temperature latent
heat storage system equipped with finned heat pipes. In their proposed systems finned heat pipes
were suspended in PCM adjacent to the outer surfaces of heat transfer flow channel. Fins were
kept vertical to not hindering the natural convection effects in charging process. Their experimental
part included a solidification process in which they observed significant improvement of the
process after 45 minutes from the start of test compared to the initial stage. Furthermore, they

observed better performance of the system by increasing the number of heat pipes.

Yang et al. [67] proposed a passive thermal management set up including PCM, low
melting point metals (LMPM) and finned heat pipe (FHP) as shown in Fig. 1-19. The LMPM used
in their experiments was a nontoxic eutectic alloy, Bi31.6In48.8Sn19.6 (E-BilnSn). They did their
experiments for different cases like as FHP without PCM, Octadecabol/FHP, E-BilnSn/FHP, and
Octadecanol/FHP. Their system showed excellent heat extraction capability due to its high thermal
conductivity and high volumetric latent heat. They found out that the finned heat pipe can prohibit

the temperature rise as it starts melting to protect the heat source from overheating.
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Figure 1-19 The passive thermal management set up including PCM and finned heat set up used
in Yang et al. [67].

Shabgard et al. [68] studied the performance of a tube-in-shell configuration LHTES
system. In their system shown in Fig. 1-20, PCM filled within either the tube (Module a) or the
shell side (Module b). Their goal was to examine the benefits of the integration of heat pipes with
LHTES systems, and they proposed a thermal network model. They found out that the heat pipe
orientation has not a significant role in the thermal response of the Module 1 system, while it is an
important factor for Module 2. They showed the thermal performance enhancement of the system

by heat pipe effectiveness factor.
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Figure 1-20 The schematic of tube-in-shell configuration LHTES system in Shabgard et al. [68].

Tiari et al. [69] numerically studied the charging process of a LHTES system with PCM
filled in a square enclosure. The constant heat flux imposed on the base wall of the container was
the mechanism of conductive heat transfer to the storage tank. One or multiple heat pipes along
with fins mounted on the adiabatic and condenser sections of heat pipe are embedded in the PCM.
Fig. 1-21 demonstrates the schematic of the LHTES unit of this study. They used Ansys Fluent
commercial code for their investigations. Potassium Nitrate (KNO3) was considered as the PCM
for their study. They examined the effect of heat pipes spacing and the number and length of fins
and the effect of natural convection on the system performance. They observed 30% reduction in

the time of charging by considering the natural convection in the simulations. Also, they showed
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that by increasing the number of heat pipes (decrease the heat pipe spacing), the melting rate
increases. The increase in the length of the fins help uniform temperature distribution within the

PCM.
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Figure 1-21 The schematic of the LHTES unit of Tiari et al. [69].

In a numerical research, Liu et al. [70] investigated the effects of inlet temperature of heat
pipe and initial temperature of the PCM in charging process in a heat storage system. They
examined these parameters regarding the thickness and temperature of the PCM, total heat storage
capacity, and heat storage rate of the system. They used 13 heat pipes in their system and a specific
paraffin with a melting point of 55 °C as the PCM. They found that the heat storage capacity for
the PCM of initial inlet temperature of 25 °C is larger than the ones of 30 °C and 35 °C. The
temperature of the outlet part of heat pipe increased gradually during sensible heat storage in solid
and liquid states of the PCM, while it kept constant trend during the melting process or latent
storage. The heat storage capacity was larger inlet heat pipe temperature of 70 °C compared to 60

°C and 65 °C.

Robak et al. [71] experimentally investigated the performance of a cylindrical thermal
energy storage for three different scenarios of with and without heat pipes and with fins. In the

case of fins, heat pipes were replaced by stainless steel rods. The PCM they utilized was a n-
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octadecane paraffin. The schematic of their experiments is shown in Fig. 1-22. There was a heat
pipe in the center of cylinder and 4 others in a square pattern around it. They found out that the
overall melting rate for the storage system integrated with heat pipes was on average 70% greater
than the case of without heat pipes and 50% greater than the storage system integrated with fins.
Also, the heat pipe-assisted case has 100% greater solidification rate compared to the case without

heat pipes in discharging process.
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Figure 1-22 The schematic of the test rig of Robak et al. [71].

Ladekar et al. [72] did experimental study to compare the performance of a LHTES system
while embedded with heat pipe or copper pipe. Their set up comprised of flat plate collectors, a
sensible heat storage tank, and two LHTES tanks which one of them equipped by heat pipes and
the other with copper rods. Seven heat pipes/copper rods were used for experiments and half of
the copper/heat pipes were filled in PCM and the other half in water. Paraffin wax with melting
temperature of 50-55 °C was considered as the PCM. They reported 187% improvement in the
charging time for the configuration with embedded optimized heat pipe compared with the copper
pipe embedded case. They also reported better charging and discharging process for the cases with

larger diameter heat pipes from 16mm to 18mm.
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Ali [62] in a comprehensive study reviewed researches considering latent heat storage
systems integrated by heat pipes. He discussed some benefits of the combined system such as
resolving the low thermal conductivity of the PCM and overheating of heat pipes. Combined
system reduces the rate of temperature rise and makes safer operation working condition. The void
formation is an important parameter regarding the solidification of PCM leading to thermal stresses
and diminishing the heat transfer rate. Increasing the number of heat pipes increases the rate of
heat transfer in charging and discharging. Heat pipes along with metallic foam, fins, and foil has

better performance compared to heat pipe.

Behi et al. [73] studied the thermal performance and cooling capacity of a thermal storage
including PCM and heat pipe. They examined two different configurations of the energy storage
of PCM storage embedded with horizontal and vertical heat pipe. The test rig and schematic of the
test process is shown in Fig. 1-23. They used RT42 from Rubithern Co. as the PCM with the
melting point range of 38 °C - 43 °C. They reported up to 86% contribution of the proposed system
to the cooling application for the working range of the heating power from 50 W — 80 W. They
mentioned that employing the proposed system would lead to a reduction in the size of electronic

cooling devices.
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Figure 1-23 The thermal storage of Behi et al. [73].

Weng et al. [74] performed an experimental investigation on a thermal storage system
cooling purposes showing in Fig. 1-24. Their system included a heat pipe, and their tests were
done for different fan and heating powers, different filling volume of PCM, and also, they
compared their results while using water instead of PCM. Their results showed that using
Tricosane as PCM in the heat pipe module can result in a reduction of up to 46% in fan power
consumption and an average heater temperature decrease of 12.3°C when compared to not using

any thermal storage material.

Energy storage tank Heat sink

Heat pipe

i Evaporation Condensation

Figure 1-24 The experimental set up of Weng et al. [74]

In another research Krishna et al. [75] performed experiments for nano-enhanced PCM
with different volume percentages of 0.5%, 1%, and 2% of A1203 nanoparticles on the set up close
to the previous research shown in Fig. 1-25. They examined the effect of PCM material and
quantity, heat input, fan voltage and nano-particles concentration on the performance of cooling
module. They reported the reduction in the temperature of the evaporation part of the set up by

25.75% when PCM is replaced by 1% volume of nano enhanced PCM for energy storage. They
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also reported the capability of storage of 30% energy supplied from the evaporator part at by nano

enhanced PCM contributing to the lower fan consumption.
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Figure 1-25 The set up used in Krishna et al. [75] investigations.

Li at al. [76] carried out experiments on a system including enhanced thermal and
thermoelectric structure using flat heat pipe shown in Fig. 1-26. They used encapsulated PCMs
in a polycarbonate cavity as storage mechanism. They reported considerable increase in the
phase change heat transfer for the case of heat pipes assisted compared to pure PCM. They

reported a 7°C difference between PCM and heat pipes during the solidification process.
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Figure 1-26 The schematic of the test rig of Li at al. [76].
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Ling et al. [77] studied on the electronics cooling by pairing PCM with a three-dimensional
oscillating heat pipe (3D-OHP) to see whether this hybrid system can outperform plain air cooling
under realistic operating conditions. The contractual law was utilized to provide a leaf-shaped
three-dimensional oscillating heat pipe (LSOHP). The mechanism was straightforward that the
heating power of 25-100W was transferred to PCM, while the 3D-OHP transferred that stored heat
to ambient air. Different cooling air velocity, wind direction, and heat input were tested in their
study. In tests, the proposed mechanism held surface temperature of electric devices around 35 °C
lower than conventional air cooling, cutting thermal resistance by up to 36.3%. The LSOHP

configuration reduced a further 2 °C from the device surface versus a typical 3D-OHP.

copper box

paraffin wax

Figure 1-27 Schematic of PCM/3D-OHP unit and (LSOHP) of Ling et al. [77]

Sharifi et al. conducted a numerical investigation on the melting behavior of Phase Change
Material (PCM) integrated with three different configurations: a vertically-oriented heat pipe, a
solid rod, and a hollow tube. In their study, the condensation area of the heat pipe was in direct
contact with the PCM as shown in Fig. 1-28. The simulations were performed using a finite
volume-based model, exploring various heating methods applied to the top and bottom parts of the
heat pipe by changing the gravity direction. Their findings demonstrated that the vertically-

oriented heat pipe significantly outperformed the other two configurations in terms of PCM
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melting rate. This performance was due to the heat pipe's ability to enhance heat transfer
effectively. Additionally, they observed that increasing the length of the condensation section or

the diameter of the heat pipe further improved the melting rate [78].
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Figure 1-28 Physical model and computational domain of Sharifi et al. [78].

Liu et al. [79] reviewed several studies including heat pipes with PCMs as an effective way

to overcome low conductivity demonstrating typical layouts and operating mechanisms.

Qu et al. [80] designed a three-dimensional oscillating heat pipe (3D-OHP) integrated in a
LHTES including PCM, so a two-phase oscillatory flow can move heat quickly into and out of the
storage volume. They did tests on a LHTES unit utilized 6 turns 3D-OHP and LHTES unit assisted
by a conventional heat pipe (CHP) for different composite PCMs and heating powers. Their results
showed that the 3D-OHP design reduced thermal resistance, speeded melt/solidify times and
improved temperature uniformity in the PCM compared with the baseline (CHP), making it a

practical alternative to faster cycling in latent-heat stores.
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Maldonado et al. [81] compared a conventional shell and tube LHTES and heat pipe based
design of LHTES to see which moves heat through the PCM more effectively under the same
operating conditions. They built five prototypes, one shell-and-tube unit and four heat pipe
configurations and ran discharging tests at fixed HTF temperature and flow, logging temperature
histories, calculating heat-transfer rates, and visually tracking the melt front. Their results showed
that the heat pipe assisted designs discharged faster and more uniformly than the shell-and-tube
model, showing higher effective power during transients. Authors recommend heat pipes as a

strong alternative when compactness and fast cycling are priorities.

In an experimental and numerical research Zhong et al. [82] on a thermoplastic elastomer-
based form-stable phase change material. Their system comprised a sealed thermosyphon and
form-stable PCM (FSPCM) section as shown in Fig. 1-29. Their system showed latent heat of the
FSPCM has minor effect on the melting time. The extension of the evaporator section led to faster
phase change of PCM up to a threshold, and this effect decayed after that. In other words, when

the evaporator was long enough, thermal resistance went to condenser section (FSPCM).
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Figure 1-29 The schematic of the set-up of Zhong et al. [82].
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In another numerical study, Sharifi et al. [83] investigated conjugate heat transfer within a
module that integrates PCM with a vertically-oriented HP. Their study analyzed the melting and
solidification processes under three distinct operational modes: charging-only, simultaneous
charging and discharging, and discharging-only. Their simulations incorporated all relevant heat
transfer mechanisms, including conduction through the wick and wall sections of the HP,
evaporation and condensation of the HP’s working fluid, and natural convection of the molten
PCM within the cavity. The results indicated that increasing the aspect ratio (the height-to-
diameter ratio) of the PCM cavity led to a relative improvement in melting efficiency during the
simultaneous charging and discharging process. This suggests that optimizing the cavity
geometry can enhance the thermal performance of the system, particularly when both charging

and discharging occur concurrently.

1.4 Research Gaps

A review of the prior CTES literature reveals a few clear gaps. Many published systems
are actively driven; pumps, compressors, or complex controls run throughout the cycle which
improves power but also raises operating cost and complexity. In contrast, the approach taken here
1s mainly passive, using simple design using HPs for heat transfer through discharge and charging
process. A second gap is that, to the authors’ knowledge, only one prior study has developed a
numerical model in ANSYS-FLUENT for an HP—{in—PCM system that attempts to resolve the
governing equations of heat pipes, specifically in the context of battery thermal management
applications [84]. The present research represents the second effort in this area and extends the
application of such modeling to CTES systems. Most existing studies involving HP—fin—PCM
configurations continue to simplify HP behavior by representing them as regions of high effective

thermal conductivity or using thermal resistance networks. In contrast, the present study advances
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the numerical modeling framework by explicitly solving the full governing equations of heat pipes
while concurrently capturing conjugate heat transfer within the PCM and fin structures. This
integrated and detailed approach provides a more physically accurate representation of the coupled
thermal phenomena, positioning the current work as a valuable contribution to the field. Finally,
most demonstrations use the storage only for discharge and rely on a separate heat exchanger or a
second unit to recharge. The module developed here performs discharge and charge in the same
storage medium and can even do both simultaneously without any extra heat exchanger. Together,
these choices target simpler integration, reduce auxiliary energy use, and a storage block that is

closer to how real plants would use it.

This experimental and numerical study explores the potential for integrating the proposed
CTES system into existing cooling systems, demonstrating its feasibility for improving energy
efficiency and sustainability with providing a detailed performance analysis of the proposed
systems. The innovative design of the proposed system presents a new approach for cold energy
storage, offering a model for applications in various industrial/residential sectors. The proposed
configuration is designed to be easily integrated into conventional industrial cooling systems,
thereby contributing to significant reductions in both energy consumption and water usage. This

aligns with global efforts aimed at improving sustainability and energy conservation.
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Chapter 2. Design and Fabrication of the Novel CTES System

In this chapter, the innovative CTES system is introduced, and its working mechanism is
explained in full. The section starts with the description of the CTES system and different sections
of that. A practical CTES module is designed to charge at favorable times (nights) and discharge
by the peal times, combining a PCM storage core with embedded heat pipes (HPs) so “cold” can
be stored and moved. The two other subsystems, heat transfer fluid (HTF) conduit and air-cooling
section, are then described in this chapter. Materials are selected, PCM with a phase change
temperature in the desirable range (high latent heat, good cycling stability), and heat pipes
(envelope, wick, working fluid) chosen for heat transfer in repeated cycles, copper fins to
maximize the heat transfer in air cooling section, and thick acrylic walls for better heat loss
inhibition. For measurement and control, thermistors with the proper range/accuracy are placed at
different locations, and the heating method used in lab charging is chosen to be compatible with
the PCM melting point to ensure repeatable boundary conditions. A prototype is then built and
tested, quantifying discharge/charge times and delivered cooling, and to calibrate and validate the

numerical model of the CTES.

2.1 Description of Experimental Setup

Figure 2-1 presents a schematic diagram and a photograph of the experimental setup The
experimental setup is consisted of three subsections: (i) a HTF conduit, (ii) a PCM storage tank,
and (ii1) an air-cooling section. Each section is detailed in the following to ensure a thorough

understanding of the system's design and operational principles.
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Figure 2-1 Schematic of the experimental setup: a) front, b) side view; and photo of: c)
experimental setup, d) key components such as the HTF conduit, PCM storage tank, and air-
cooling section

2.1.1 HTF Conduit

Water was used as the heat transfer fluid (HTF) for this experiment. The water conduit was
fabricated from a 13-mm-thick acrylic sheet, assembled through adhesive bonding to form inner
dimensions of 22cm % 3.5 cm % 5.3 cm. The HTF inlet and outlet ports are 11.2 mm in diameter

and symmetrically positioned 18.5 mm above the chamber base. These openings functioned as
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inlet and outlet, as shown in the schematic (Fig. 2-1(b)) and actual photograph (Fig. 2-1(c)). Two
mass flow rates of water inside the conduit were 8.2 and 5 g/s. A Cole-Parmer variable-area
flowmeter was used to measure and maintain a constant HTF flow rate during each test. This
configuration enhanced the system's operational integrity and thermal performance during

experimental evaluations.

As shown in Fig. 2-1(c), the water exiting the conduit was collected in a bucket and
recirculated using a pump (INTG3-552), which is powered by a DC power supply (INSTEK GPS-
185000). The water was heated through a custom-designed counterflow helical tube-in-tube heat
exchanger. The heating fluid supplied to the heat exchanger was water from a Cole-Parmer Polystat
recirculating chiller (CP3211978). The integration of the heat exchanger into the setup ensures
precise control of the water temperature at the inlet of the conduit, maintaining consistent thermal
conditions throughout the system. Also, using the heat exchanger prevents any PCM that may leak

from the storage tank reaching to the chiller, avoiding performance issues.

Eight copper-water HPs (ATS-HP-D10L400S49W-172), each with an outer diameter of 10
mm and a length of 0.4 m, were employed to enhance heat transfer between the water inside the
conduit, the PCM in the storage tank, and the air in the air flow conduit. HPs were inherently
efficient heat transfer devices capable of passively transferring heat across small cross-sectional
areas by utilizing the phase change process of evaporation and condensation of their working fluid
[85]. As depicted in Fig. 2, the HPs were arranged in one row of eight HPs. These HPs were
positioned within the conduit, ensuring efficient heat transfer communication and maintaining
flow segregation. HPs were inserted into the system through the pre-designed holes on the caps of

the bottom conduit and storage tank. Silicon sealant was used to seal and secure the HPs. The
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spacing of the adjacent HPs was 25 mm, and the clearance of the HPs and water conduit wall was

12.5 mm. The length of HPs inside the water conduit was about 50 mm.

As illustrated in Fig. 2-1(a), a total of fourteen thermistors were installed at strategic
locations within the experimental setup to monitor local temperature variations, three water-proof
thermistors (GA10K3435DMO010) and eleven standard thermistors (SC30F103V). Four
thermistors, designated as Tri, Tro, Tr3, and Trs4, were embedded within the PCM at different
vertical positions along the centerline of the storage tank to measure the PCM temperature profile.
To secure the thermistors in place, a 2 mm diameter stainless-steel tube was used. Small holes,
precisely drilled at intervals of 1 cm, 7 cm, 13 cm, and 18 cm from the tube's end at the bottom of
the storage tank, were designed to accommodate the thermistor beads. This configuration allowed
the thermistor beads to be accurately positioned within the tank while the connecting wires pass

through the tube.

To monitor the surface temperatures of the HPs, six thermistors were installed on one of
the middle HPs (the fourth HP from the right side in 2-1(a). Four thermistors, designated as Thp1,
Tup2, Tups, and Tups, were positioned along the HP surface within the storage tank at vertical
distances of 1 cm, 7 cm, 13 cm, and 18 cm from the bottom of the storage tank. Additional
thermistors were attached to the HP surface within the water conduit (Twup, 8) and the airflow
channel (Tup, T). The thermistors were secured to the HP surface using aluminum tape to ensure
stable positioning and accurate temperature measurement. Two thermistors were attached to the
wall of the storage tank at vertical distance of 18 cm to measure the temperature of the inner

(Twaliin) and outer (Twali,out) Wall of the storage tank.
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The water temperatures at the inlet and outlet of the water conduit were measured using
two thermistors, labeled TuTF, in, and THTE, out, Tespectively, embedded in the inlet and outlet tubes

connecting to the HTF conduit.

Three HTF inlet temperatures of 45°C, 50 °C, and 55 °C were examined in this study. These
temperatures were chosen to evaluate the thermal performance of the HP-PCM CTES system
under varying thermal gradients, which are representative of realistic low-grade heat dissipated by
data centers and condenser unit of thermoelectric powerplant. These HTF temperatures is in the
temperature range of a plant can actually supply (e.g., condenser/return water or waste heat loops)
and give a decent AT above the PCM melt range so melting is repeatable and quick without
overheating the material or stressing seals, wicks, or sensors, and finally keep the heat pipe in a
stable, high-conductance regime. Using 5 °C steps provides a clean sensitivity covered. It lets the
study quantify how the HTF temperature affects melt time, delivered power, outlet temperature,
and the validation of the numerical model. The placement accuracy of the thermistors is

approximately +1 mm.

2.1.2 PCM Storage Tank

In this study, a paraffin based PCM with a melting temperature of approximately 32°C,
namely PCM-32 from Microtek [86], was selected as the storage material. While various PCMs
with different melting temperatures have been used in the literature, nighttime air temperatures in
most hot/arid regions usually drop to about 20-25 °C, creating a sufficient temperature difference
for the cold storage process. This operating range is also practical for most of the year, including
both summer and winter. Moreover, this PCM is safe for use up to 100°C, is not corrosive,is very

stable and readily available.
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The storage tank was constructed from a 13-mm thickness acrylic sheet with internal dimensions
of 21.5 cm x 22 cm x 3.5 cm (width X height % depth). The tank was assembled using acrylic glue
and sealed with silicone sealant to ensure structural integrity and prevent leakage. Eight holes, each
with a diameter of approximately 1 cm, were drilled into the top and bottom acrylic walls of the tank
to allow the HPs to pass through and be securely positioned. Silicone sealant was applied around the
HPs at the entry points to ensure a tight seal. The bottom wall of the tank was coupled with the water
conduit, while the top wall was mated with the air-cooling channel. It is noteworthy that the original
color of the PCM was clear and transparent; however, as shown in Fig. 2-1(d), it changed to a light
blue, possibly due to interaction with the copper HPs. The impact of PCM discoloration on its
thermophysical properties was examined by measuring density, and thermal conductivity of the PCM
before and after color change, and no noticeable difference was observed. The mass of PCM within

the storage tank is about 1.067 kg.

Table 2-1 Thermistors of the experimental set-up

Number location Name
1 Attached to rod, bottom one Tri
2 Attached to rod, second from the bottom Tro
3 Attached to rod, third from the bottom Tr3
4 Attached to rod, the top one Tra
5 Attached to heat pipe, bottom one Thp1
6 Attached to heat pipe, second from the bottom Tup2
7 Attached to heat pipe, third from the bottom Tp3
8 Attached to heat pipe, the top one Thp4
9 Attached to evaporation part of heat pipe Tup, B
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10 Attached to condensation part of heat pipe Twp, T

11 Within the inlet hose THTF, in
12 Within the outlet hose THTF, out
13 Attached to the inner wall of storage tank Twall, in
14 Attached to the outer wall of storage tank Twall, out

2.1.3 Air-Cooling Section

Following the fabrication of the water conduit and the PCM storage tank, an airflow
channel was constructed using acrylic sheets and subsequently sealed to ensure airtight operation.
The channel has a cross-sectional area of approximately 11 cm x 6 cm. Approximately 10.5 cm of
the HPs’ length was positioned within the air channel. As shown in Fig. 2-1(c), a 3D-printed
connecting piece was fabricated and connected to the air channel to direct airflow from a fan

(MS1238E48B1+6-FHR). Air flew through the channel at a speed of approximately 19 m/s.

To enhance convective heat transfer between the air and the HPs inside the air channel, a
set of eight copper fin jackets was fabricated and installed on the HPs. Each annular jacket was 11
cm in length with an inner diameter of approximately 10 mm and a wall thickness of 1 mm. A total
of 16 annular copper fins, each with inner diameter and outer diameters of 12 mm and of 25 mm,
respectively, and thickness of 1.8 mm, were brazed onto the outer surface of each jacket with a
spacing of 7 mm. A high-conductivity thermal paste (Noctua, k =~ 4 W/m-K) was applied between

the HPs and the fin jackets to minimize thermal contact resistance.

The HPs were inserted through pre-machined holes in the top and bottom acrylic walls of
the PCM storage tank, ensuring accurate alignment within both the PCM domain and the water

conduit. Silicone sealant was used to seal the interface between the HPs and the acrylic walls to
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prevent leakage and ensure mechanical integrity, as shown in Fig. 2-1(d). Finally, the airflow
channel was assembled onto the system to complete the setup. An Arduino MEGA 2560 was
employed as a custom-designed data acquisition system to collect data from the thermistors. The
thermistors were calibrated using boiling water and ice water mixture prepared from distilled water
to ensure accurate and consistent readings. According to the thermistors manufacturer’s data, the

uncertainty in the measured temperatures is = 0.5°C.

Table 2-2 presents the thermophysical properties of PCM, HP, and fins. It should be noted
that, since the PCM manufacturer provided only the melting temperature and the latent heat of
fusion, other thermophysical properties were directly measured using available laboratory

equipment and instrumentation.

Table 2-2 Thermophysical properties of PCM, HP and fin jackets.

HP wall (= 0.5
mm) and wick (= Conduits
PCM HP working fluid 1 mm, porosity of and storage
0.9), and fin tank
jackets
. Microtek .
Material PCM-32 Water [84] Copper [87] Acrylic [87]

Density, p (kg/m®) %2 Efi"qllll‘ilc)l) 996.6 (liquid) 8978 1150

Thermal . .

conductivity, k 0.25 (sphc}) 0.613 (liquid) 0.019 387 6 0.2

(W/mK) 0.15 (liquid) (vapor)

ke K 2 s vapon I R

p
. . 8614 x 107(liquid)

Viscosity, u (Pa.s) 0.0045 91.74 x 1077 (vapor)

Latent heat of

fusion, Ay (kJ/kg) 185[86]

Latent heat of

vaporization, /g 24349

(kJ/kg)

Thermal expansion 0.00101

coefficient, 5 (K1)
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2.2 Characterization of PCM Properties

Since the PCM datasheet did not include several key properties, this section outlines the
methodologies used to characterize key thermophysical properties of the PCM, including density,
thermal conductivity, viscosity, and thermal expansion. Calculating the density, the weight of the
melted/solid PCM within a measured beaker were examined and the densities of melted and solid

PCM were calculated 737 kg/m3 and 819.5 kg/m3.

2.2.1 Melting and Solidification Points

To determine the melting and solidification temperatures, the PCM was first fully melted and
poured into a beaker, which was then placed in a temperature-controlled water bath (Polystat
chiller, cp321978). For solidification testing, the bath temperature was gradually decreased by 1°C
per hour, starting from 33°C, to ensure thermal equilibrium between the PCM and the surrounding

water. The onset of solidification was identified visually and recorded at approximately 31°C.

Figure 2-2 different stages of solidification of PCM using Polystat chiller and measured
beaker.

A similar procedure was followed for the melting temperature measurement: the

solidified PCM was subjected to a gradual increase in water bath temperature from 31°C, again
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in 1°C increments per hour, until the onset of melting was observed. The melting temperature

was found to be approximately 33°C, as depicted in Fig. 2-2.

Figure 2-3 different stages of Melting of PCM using Polystat chiller and measured
beaker.

2.2.2 Viscosity of the PCM

The viscosity of the PCM was measured using a Brookfield Ametek viscometer
(DVIMLVTIJO0). To enhance precision for low-viscosity fluids, particularly when the viscosity is
below 10 cP, a UL adapter was utilized. The PCM temperature was carefully regulated using a
temperature-controlled water bath chiller, allowing for precise control near the melting point. As
the PCM approached its melting temperature (~33°C), the measured viscosity stabilized at
approximately 4.48 cP or 0.00448 Pa‘s (+2%). This value was selected as the representative
viscosity of the PCM in its molten state. It is important to note that further reduction in temperature
beyond this point risked the formation of solid particles within the sample, which could

compromise the accuracy of the viscosity measurements due to partial phase change.

47



Figure 2-4 measuring the viscosity of PCM using Brookfield Ametek viscometer.

Table 2-3 PCM viscosity at different temperatures

Working Temperature (°C) Viscosity (cP)
40 3.83
35 4.28
34 4.39
33 4.48

2.2.3 Thermal Conductivity of the PCM

The thermal conductivity of the PCM was evaluated using a C-Therm thermal conductivity
analyzer (TCi-3-A). Given the ambient room temperature of approximately 22 °C and the
solidification temperature of the PCM near 32°C, the C-Therm sensor was placed on a

temperature-controlled hot plate to ensure the PCM remained in the liquid phase during testing.

To ensure the accuracy and reliability of the C-Therm system in conjunction with the hot plate,
preliminary validation tests were conducted using water as a reference fluid. Once validated,
thermal conductivity measurements were performed on the liquid PCM, yielding an average value
of 0.145 W/m-K. Following this, the hot plate was deactivated, and the PCM was allowed to fully

solidify under ambient conditions. After sufficient time had elapsed to ensure complete
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solidification, the thermal conductivity of the solid PCM was measured and found to be
approximately 0.25 W/m-K. Fig. 2-5 shows the set-up of measuring the thermal conductivity for

liquid/solid PCM.

(a) (b)

Figure 2-5 a) The set up of measuring the thermal conductivity for liquid PCM, b) solid PCM
by C-Therm system.

2.2.4 Thermal Expansion Coefficient of PCM

The thermal expansion coefficient (f) of the PCM was determined experimentally by
monitoring the volumetric change of the liquid PCM over a specified temperature range. The PCM
was initially poured into a calibrated glass beaker, and its volume was recorded at a stabilized
temperature of 41 °C, maintained for approximately 20 minutes to ensure thermal equilibrium. The
temperature was measured using a thermocouple centrally placed within the PCM. At this
condition, the PCM volume was measured as 30.0 mL. Subsequently, the PCM was heated to a
temperature of 70.8 °C and held for about 30 minutes to allow for full thermal expansion. Under
these conditions, the PCM volume increased to 30.9 mL. Based on the observed volumetric change
and corresponding temperature difference, the volumetric thermal expansion coefficient was

calculated using:
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_AV/V, _ (30.9—30.0)/30.0
AT 70.8 — 41

(1)

B ~ 0.00101 K1

V =30ml @41 °C V=30.9 ml @70.8°C

Figure 2-6 measurements of thermal expansion coefficient using
chiller and measured beaker.

2.3  Experimental Procedure

To fill the setup with PCM and prepare it for experimentation, the setup was first leveled to ensure
uniform filling and proper alignment. Approximately 1.07 kg of PCM was melted in a beaker placed
inside a water bath, CPX3800H, with the water bath temperature set to 60 °C. Once the PCM was
fully melted, it was carefully poured into the storage tank through the opening on the top acrylic wall
using a funnel. Initially, about one-third of the total PCM volume was introduced into the tank. The
setup was then allowed to cool naturally under ambient air condition (Tair < Tr) for about 2 hours to
solidify the PCM. Once the initial layer of PCM had solidified, the pouring and solidification process
was repeated once more to add all the PCM to the storage tank, reaching a final height of 19 cm from
the bottom of the tank. To accommodate the expansion of the PCM upon melting during later

experimentation, an air gap of approximately 2.5 cm was maintained within the storage tank.
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In the context of CTES systems utilizing PCM, the charging process involves storing cold energy
by solidifying the PCM, removing latent heat from the liquid PCM, effectively "charging" it with cold
energy. During the discharging process, this stored cold energy is released as the PCM absorbs heat
from a warmer environment and undergoes melting. In the present system configuration, cold energy
is delivered by a stream of relatively cold ambient air flowing through the airflow channel, which
extracts heat from the PCM via embedded HPs. These HPs, in turn, draw thermal energy from the
relatively warm water circulating within the water conduit, thereby facilitating indirect cooling of the

water via the cold-stored PCM.

This study experimentally investigates two distinct operational scenarios: (i) the melting process,
representing the discharging phase, and (ii) the solidification process, representing the charging

Process.

The temperature of PCM returned to ambient temperature before each test as tests were done
in separate days, and the entire system had sufficient time to reach thermal equilibrium. The inlet
water temperature was controlled using the chiller and the counterflow heat exchanger described
earlier in the HTF conduit section. The chiller set point was adjusted to establish the desired inlet
water temperature at the conduit entrance. After the water temperature stabilized at the target value,
the water flow was introduced into the conduit, marking the start of the discharging (melting)
experiment. Temperature data were recorded at a 1-Hrtz frequency using the data acquisition system.
To monitor the progression of the melting process, photographs were taken at intervals of

approximately 10 minutes. Each melting experiment was concluded when the PCM was fully melted.

The charging (solidification) process was initiated immediately after the completion of the

discharging process, with the PCM in a fully melted state. The water circulation in the conduit was
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stopped, and the fan was switched on. Heat was extracted from the PCM to the relatively cold air via
the HPs, causing the PCM to gradually solidify. Temperature data were continuously collected
throughout the solidification process, and photographs were taken at regular intervals to document

the progression. The charging experiments were concluded once the PCM had completely solidified.
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Chapter 3. Experimental Analysis

Experimental analyses were conducted to determine the energy efficiencies of both the
charging and discharging processes. The control volume was defined to include the acrylic storage
tank, PCM, and HPs. The energy balance of the system was evaluated by applying the first law of
thermodynamics (conservation of energy) to the defined control volume during each operational

phase.

3.1 Discharging Process (Melting)
The energy conservation equation for the defined control volume is expressed as follows:
tot = Qpem + Qwant + Osenup + Quoss,up + Qioss (2)
where, Qi represents the total amount of thermal energy extracted from the circulating warm water

within the water conduit throughout the entire melting period (0 to Zsop, disch)-

t disch _.
Qtot = fosmp S myrec HTF(THTF,in - THTF,out)dt )

The total energy absorbed by PCM, QOpcwm, is the sum of its sensible and latent heat

components:

Qrcm = QprcM,sen T QpeMm, lat 4)

where

Qpcm,sen = Qpcmsen,s T Qpremsent = MpemCrem,s(Tm — Ti) + mPCMCPCM,l(Tm - Tstop,disch)

)

Here, T; and Tiip,aisch represent the average temperatures measured by thermistors Tri
through 7. at the start and end of the discharging process, respectively. 7; corresponds to the initial

temperature of the solid PCM at the beginning of the experiment, while Tsupaiscn denotes the
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temperature of the fully melted PCM at the conclusion of the discharging period. The latent heat

absorbed by the PCM is:

Qpemiae = Mpewhs = 1.07kg x 185:—; = 197.4k] (6)

The energy stored within all acrylic walls of the setup at #p, dgisch 1S:

Qwan = MwanCwan(Twan — T) (7)
which is around 117.5 kJ for the case with Turrin= 50°C and myrr = 8.2 g/s. The heat absorbed
by all HPs and fin jackets due to their thermal mass during discharging, denoted as Qsennp , 18
based on the total mass of HPs and fins (around 1.6 kg) and temperature difference of the start and
end of discharging.

Qsentip = Mups finsCeopper (Tstopaisch — Ti) 3
The total heat absorbed by all HPs and fin jackets due to their thermal mass calculated to
be around 15kJ for the case with Tyrrin = 50°C and myrr = 8.2 g/s. Additionally, the heat loss
from the fin jackets to the stagnant air within the airflow channel up to #op,qiscn 1s accounted for by
estimating convective losses based on the local temperature difference and heat transfer
coefficient.
Quoss,up = e, rin Apin(Trin — Tair) ©)
Here, hinc fin, Afin, and 5, represent the natural convection heat transfer coefficient between
the jackets exposed to the airflow channel, the total inner surface area of the fin jackets within the
airflow domain, and the surface temperature of the fin jackets at up to faisen, respectively. To
determine Auanralfin of the jacket, the correlation for natural convection over vertical cylindrical
surfaces proposed by Churchill and Chu [88] was used. It should be noted that the additional

surface area provided by the fins was also included in the calculations [89]. The total heat loss
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from the fin jackets to the ambient air via natural convection is estimated to be approximately 18.3

kJ for the case with Turri»= 50°C and myrp = 8.2 g/s.

The corresponding heat loss from the external surfaces of all acrylic walls to the ambient
air is given by:
Quoss.acriic = 2 hairAw(Tw,oute — Tair) (10)

The heat loss from the acrylic walls is calculated based on the convective heat transfer from
the outer side of the walls including storage tank and water conduit, taking into account the
temperature difference between the outer surfaces of the wall for each section of the setup and
ambient temperature measured at the start of each test. The same approach for calculating natural
convective coefficient for the vertical cylinder was used for estimating /.- for the vertical walls of
storage tank and HTF conduit. The heat loss, Qioss,acrlic , 1S €stimated to be approximately 35.45 kJ

during the discharge up to #sop,discn for the case with Turgin = 50°C and myrp = 8.2 kg/s.

3.2 Charging Process (Solidification)

Equation (1) remains applicable for the charging (solidification) process, with the
following modifications: Qtal represents the total amount of heat extracted from the PCM during
the solidification phase, transferred through the HPs to the cold air flowing within the airflow
channel at the conclusion of the charging process, denoted as fuop, crn. Additionally, Qjoss, mp refers
to the heat transferred from the HPs to the stationary air within the empty water conduit during
this phase. It is important to note that the water inside the conduit was emptied before the charging

process began, and no water was circulating during this phase.

Qloss,HP = hnatural,HPAHP (THP - THTF,in) (11)
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where hnaniral HP 1S the natural convection heat transfer coefficient between the HP surfaces
and the stationary air within the water conduit, Axp is the surface area of the HPs within the water
conduit, and Typris the surface temperature of the HPs within the water conduit , Tair is the
stationary air temperature within the conduit. The total heat released from the HPs to the air
through natural convection is estimated to be about 8 kJ for the case Turrin= 50°C and myrr = 8.2

kg/s. The heat loss from the external surfaces of all acrylic walls to the ambient air is given by:

Qioss = Z hairAw (Tw,out - Tair) (12)

The total heat transfer to ambient from the acrylic walls of the storage tank during the

solidification estimated around 18.5 kJ for the case Trrrin= 50°C and myrp = 8.2 g/s.

The overall performance of the latent heat storage system can be evaluated through its
thermal resistance, which reflects how effectively heat is transferred from the HTF to the PCM. A
lower thermal resistance indicates more efficient heat exchange and faster energy storage within
PCM. In this study, the thermal resistance of the system during the melting process was determined

using the following relation:

_ AT X At (13)

Qtot

where AT represents the average temperature difference between the inlet and PCM average
(average of Tri, Tro, Tr3, and Tr4) temperature during the total melting period, At is the duration
of the melting process, and Opcy denotes the total heat transferred to the PCM in that interval. This
term provides a simple way to capture the combined influence of the driving temperature
difference, time, and heat input on the performance of the system. A smaller value of R corresponds

to a more efficient thermal interaction between the HTF and PCM, as heat is transferred more
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readily through the system. Conversely, a higher thermal resistance suggests slower energy
exchange, which may result from reduced convection, weaker thermal contact, or lower
conductivity within the storage medium. Similarly, for discharging process AT represents the
temperature difference of the ambient temperature through cooling process and the average
temperature within the PCM reservoir, At is the duration of solidification process, and Q denotes

the total heat transferred from PCM.

It should be noted that the calculations for both the charging and discharging processes
were performed for each experimental case, corresponding to the different HTF inlet temperatures

0f 45°C, and 50°C and 55°C, and two different HTF mass flow rates of 8.2 g/s, and 5 g/s.
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Chapter 4. Numerical Model and Mathematical Formulation

A three-dimensional numerical model was developed using ANSYS-FLUENT 2023 to
investigate the underlying physical mechanisms of the system, providing insights beyond those
achievable through experimental studies alone. This model also supported optimization of the
setup’s design and performance. The transient enthalpy-porosity technique was employed to
simulate phase change behavior. The governing conservation equations for mass, momentum, and
energy were fully solved across the entire computational domain. The heat transfer processes were
influenced by transient and coupled effects, including: (i) conduction through solid components
such as the fins and the walls and wicks of the HPs, (ii) vaporization, condensation, and the flow
of the HPs' working fluid, (iii) natural convection within the PCM during phase transitions, and
(iv) forced convection in the air-cooling section and the water conduit of the setup. A User-Defined

Function (UDF) was implemented in FLUENT for detailed modeling of HPs.

4.1 Physical Domain and Computational Grid
The complete computational domain is illustrated in Fig. 4-1, with detailed dimensions
provided in Table 4-1. The domain exhibits symmetry along the mid x-z plane, as indicated in Fig.

4-1.
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Figure 4-1 Complete computational domain of the CTES system: (a) front view, (b) side view,

(c) top view.

Table 4-1 Complete computational domain dimensions.

Symbols Dimensions (cm)
L 40.6
w 22

Bac 6.1
Byt 3.5
Ly 5
Lt 21.5
Lac 11.5
Lab 2.6
Dr 2.8
Dy 1
Dyi 0.8
Dint 0.5
Dy 0.49

Lyc: length of the HPs within the water conduit section
Ls:: length of the HPs within the storage tank section

Lac: length of the HPs within the air-cooling section

59



Labv: length of adiabatic section of the HPs

To simplify the numerical simulation of the melting and solidification of the HP assisted
CTES, the average convective heat transfer coefficients between the finned HPs and air as well as
between the HPs and water were determined separately. Calculation of the heat transfer
coefficients was done in two parts. In the first part, airflow over the finned HPs within the airflow
channel was simulated to determine the average convective heat transfer coefficients. The
computational domain for this part is shown in Fig. 4-2(a). Due to symmetry along the x—z plane,
only half of the physical domain was modeled, which included four HPs. The average convective
heat transfer coefficients obtained from this simulation were uniformly applied as convective
thermal boundary conditions on the exterior surfaces of the fin jacket exposed to the airflow within

the computational domain shown in Fig. 4-2(a).

In the second part, the water conduit section of the setup was simulated. The computational domain
for this part is illustrated in Fig. 4-2(b). Similar to the first component, symmetry along the x—z
plane allowed for the modeling of only half of the physical domain, which included half of HPs.
The average convective heat transfer coefficients obtained from this simulation were uniformly
imposed as convective thermal boundary conditions on the exterior surfaces of the HPs exposed
to the water flow inside the water conduit, as represented in the computational domain in Fig. 4-
2(a). Solid rods were used exclusively in these two computational domains for two reasons: 1) the
HPs temperatures are fairly uniform in the air and water conduits, and ii) the convective heat
transfer coefficients are insensitive to small changes in temperatures. However, in the

computational domain shown in 4-2(a), HPs were considered instead of solid rods.
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Figure 4-2 Computational domains: (a) Air-cooling section of the setup; (b) Water conduit
section of the setup. Flow direction is along the x-axis.

The model was developed based on several key assumptions. All thermophysical properties
were treated as constant, except for the vapor phase of the HP working fluid, which was modeled
as an ideal gas with a density that varies as a function of both temperature and pressure. The PCM
was assumed to be pure, and the density of the molten PCM was considered identical to that of the
solid phase. However, it was assumed that the thermal conductivity of the solid and liquid PCM
phases differs. Natural convection within the molten PCM was modeled using the Boussinesq
approximation and discharge simulations began with a laminar flow assumption. As the Rayleigh
number in the vertical annular PCM—HP configuration stays below 10° (based on the gap thickness,
height of HPs in contact with PCM, and temperature difference of the HPs and PCM melting
point), the flow regime remains laminar natural convection[90]. Thermal radiation was neglected
due to the relatively low operating temperatures. The vapor phase of the HPs' working fluid was
modeled as, laminar, and incompressible flow, with the wick assumed to be fully saturated. At the
wick-vapor interface, both the vapor and liquid phases of the working fluid were considered to be
in thermodynamic equilibrium. It was also assumed that the porous wick generated sufficient
capillary pressure to sustain the liquid flow through the wick under the operating conditions of this

study.
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The computational domain, as shown in Fig. 4-1(a), is delineated by multiple physical
boundaries that separate various materials, and components within the conjugate system. Thermal
contact resistances were ignored. The system is governed by specific boundary and initial
conditions. Symmetry conditions were applied along the mid x—z plane of the setup. During the
discharging process, the surface temperature of the HPs within the water conduit was set equal to
the HTF average temperature (7urr i» and Turr owr). The convection heat transfer coefficient,
obtained from the computational domain shown in Fig. 4-2(b), was uniformly applied to the
external surfaces of the HPs within the water conduit. All external surfaces of the fin jackets
located in the airflow channel were assumed to be adiabatic. Conversely, during the charging
process, the convection heat transfer coefficient derived from the computational domain shown in
Fig. 4-1(a) was uniformly applied to the external surfaces of the fin jackets within the airflow
channel. The external surfaces of the HPs located within the water conduit were considered

adiabatic to account for the absence of circulating water.

The remaining external boundaries were treated as adiabatic and impermeable, with no-
slip conditions applied to the fluid flow. The initial temperature throughout the entire domain was

set to the ambient laboratory temperature of 7.

Computational grid

Achieving accurate simulations, the quality of the mesh is very important, especially for
the small area of interface inside the heat pipe where the wick and vapor area are detached. It was
tried to make a structural mesh for the whole domain study for more accurate results and better
convergency. A dense mesh was provided at the regions of interface that are small and needs
smaller elements to be captured. Trying to decrease the time and cost of simulations, half of the

domain study was considered for simulations and symmetry conditions were applied. The grid
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used for the simulations of the symmetry case is shown in Fig. 4-3. The number of grids for the

domain study is around 315000 elements.

Figure 4-3 The grid used for simulations.

4.2  Descriptive Equations for the Heat Pipe

The transport of vapor within the HP can be mathematically represented by the following equations

[84]:
apy o (14)
R + V-(p,u)=0
200 1 - (p, i) = ~Vp +uv?ii (15)
(16)

oT 5
p,,cp,v(a+ u-VrT) = k(V°T)
The ideal gas law is used to determine the vapor density as a function of its pressure and

temperature.
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P=45=

P (17
R,T

where Ry represents the specific gas constant. The compressibility factor was found to be
approximately 0.99 and remained nearly constant throughout the operating conditions of this study,

thereby validating the assumption of ideal gas behavior for water vapor within the HP.

A UDF was implemented to account for the transmission of the local mass transfer rate due
to evaporation and condensation at the wick-vapor interface., as well as the temperature
distribution within this region and along the walls at the interface between the vapor zone and the
wick. At the vapor-wick interface, the saturation pressure and temperature are correlated using the
Antoine equation, which is derived from the Clausius-Clapeyron equation. The explicit
temperature-based form of the Antoine equation can be expressed as [91]:

1730.63 (18)
= — 233.42
8.07 — log P,

Tv,i = Tsat(Pv,i)

The variable 7,; denotes the saturation temperature at the inner part of the wick-vapor
interface. The constants A, B, and C are associated with the working fluid, which in this case is
water, and their values are: A = 8.07, B = 1730.63, and C = 233.42. Additionally, the mass of the
vaporized fluid within the evaporator section of the HP was calculated and incorporated as a source
term in the energy equations for the vapor control volumes at the interface. The UDF used in these
simulations is divided into multiple sections. The initial section determines the vapor temperature
in both the interface and vapor regions of the HP, accounting for the pressure in these zones. The
heat flux within the interface zone is then used to calculate the mass of condensed vapor in this

region. This calculation was performed by applying the equation [84]:
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14

q interface = (mhfg)interface = (pvvvhfg)interface (19)
It is assumed that the wick zone of the HP is fully saturated with liquid water. The heat conduction
equation governing all solid components of the HP can be expressed as:

d(pcp)w
ot

= k,, V2T 20)

4.3 Descriptive Equations for the PCM

To model the phase change phenomenon of the PCM, the fundamental conservation equations
must be solved throughout the computational domain. The numerical approach used to address the
phase change process is the enthalpy-porosity method, where the solid-liquid mushy zone is treated

as a porous medium. The governing balance equations for mass, momentum, and energy are as

follows [92]:
V-i=0 €2y
a‘lj . ——> — _ i 2= Sb+Sh 22
5TV (uu) = (p)Vp+vVu+—p (22)
oh (23)

- T — 2
3 + u-Vh=k/p(V-°T)

In the above equations, U represents the velocity vector, P denotes the pressure, g is the
gravitational acceleration vector, T stands for the temperature, C is the heat capacity, x is the viscosity,
p is the density of the liquid PCM, and k refers to the thermal conductivity. The density gradient,
which varies with temperature, contributes significantly to natural convection, which is a dominant
heat transfer mechanism in the liquid phase of PCM. In contrast, the conduction term is predominant

in the solid phase of the PCM and HPs. To account for the temperature dependence of density, the
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Boussinesq approximation is employed, where the density is treated as a constant in all equations

except for the buoyancy term in the momentum equation [93].

Sp = prefg.B(T - Tref) (24)

The enthalpy term in the energy equation can be formulated as follows:

h=hg+ hy=hpes + f;;ef CpdT + al (25)
Where, h,..; represents the enthalpy of the solid phase at the initial PCM temperature. The latent heat,
h; = aL, varies between 0 when the PCM is in solid state and reaches L when the PCM is in the
liquid state. This variation is essential for accurately modeling the phase change behavior of PCM.
The fourth term in the momentum equation represents a source term that accounts for the momentum
sink in the x and y directions. This effect is due to the reduced porosity in the mushy zone, where the
PCM undergoes a transition from solid to liquid, impacting the flow characteristics and energy

transport within the material.

S, = A()u (26)

The porosity function, denoted as A(«), is defined as:

mushy(1 - a)z (27)
ad + ¢

A
Ala) =

where Amushy is the constant associated with the mushy zone which was set to 500000 provided a
satisfactory agreement with the experimental data; & = 0.001. The liquid volume fraction, denoted as

a, 1s defined as:
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T <T,
T,<T<T,
T>T,
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Chapter 5. Results and Discussion

After providing a comprehensive explanation of the experimental design, procedure, and the
underlying physical model, the results from both experimental and numerical analyses are presented
and discussed in this section. It is organized into two subsections: the first addresses the experimental
results, analyzing the data obtained from physical tests, while the second focuses on the numerical
results derived from computational simulations. A comparative analysis is conducted to evaluate the

performance of the HP-PCM cold storage system.

5.1 Experimental Results

Each experiment was conducted two/three times on separate days to assess the repeatability of
the results and evaluate the impact of initial temperature variations on the outcomes. The detailed
experimental procedures are described in the experimental procedure section. The initial temperature
for each trial was approximately 19°C, with a variation of £1C. Minor discrepancies were observed
between the two sets of results, with instantaneous temperature measurements differing by no more
than 1°C. The experimental data presented in this study represent the average values derived from

both trials to ensure accuracy and reliability.

5.1.1 Results for HTF Temperature of 55 °C
Two experimental trials were performed on September 6, 2025, and September 26, 2025,
using an inlet HTF temperature of Turr, in = 55 °C. The initial average temperature of the PCM for

these trials was approximately 7; = 19.5°C.

Figure 5-1 depicts the temperature distributions at various locations within the system for

Turr,in =55 °C at myrr = 8.2 g/s. During the melting phase, the cylindrical region surrounding the
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HPs is the first to undergo phase change, as indicated by a rapid temperature increase in this area
immediately after the test begins. As depicted in Fig. 5-1(a), the temperature of the HPs rises
sharply, quickly reaching the HTF temperature as evaporation occurs within the HPs.
Concurrently, thermistors embedded within the PCM capture a gradual temperature rise at different
spatial points. Initially, heat transfer is predominantly governed by conduction, leading to a
uniform temperature increase across the PCM height. As melting progresses, natural convection
becomes the dominant mechanism, with the heated molten PCM rising and accelerating the phase

transition from the top downward.

This process is distinctly reflected in thermistor readings. The first thermistor to register a
sharp temperature increase is 7r4, positioned at the top of the rod, corresponding to the onset of
melting in that layer. Subsequently, Tr3, Tr2, and Tr1 exhibit similar sharp temperature rises as
melting propagates downward. The thermistor positioned at the HTF inlet maintains a constant
temperature of 55°C throughout the process, whereas the outlet thermistor records a slightly lower

temperature, approximately 2.8°C lower, due to heat exchange.
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Figure 5-1 Local temperature histories for 7Tutr, in = 55 °C and myrp = 8.2 g/s for. (a)
Melting (discharging) and Solidification (Charging) of a) within the storage tank thermistors and,
(b) outer storage tank thermistors

5.1.2 Results for HTF Temperature of 50 °C
Three experimental trials were performed on September 5 and September 22, September 23 2024,
using an inlet HTF temperature and mass flowrate of Turtr, in = 50 °C and myrp = 8.2 g/s. The initial

average temperature of PCM for these trials was approximately 7; = 19°C.

Figure 5-2 presents the local temperature variations at different locations within the setup for
Tutr, in =50 °C at myrr = 8.2 g/s. The overall trends observed in this case are consistent with those
recorded for the scenario where Turr,in =55 °C, except for the melting and solidification times. In
this case, it took around 111 minutes for the entire PCM to melt, which results from decreasing the
HTF inlet temperature by 5 °C. Sensible heat transfer from the liquid PCM to the heat pipes lasted
approximately 28 minutes, less than the corresponding period for Tyrr i, = 50°C (32 minutes).
As shown in Fig. 5-2(a), the average temperature measured by the thermistors located on the rod
(Tr1, Tr2, Tr3, and Tr4) at the time of complete melting is lower than that in the Tyrp;n =

55°C case. Therefore, it was expected that the sensible heat transfer from the melted PCM would
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take less time. Furthermore, the temperature difference between Tyrp inand Tyrr oy¢ls lower in this
case, indicating a lower heat transfer rate from the HTF to the heat pipes due to the decreased inlet

temperature.

Melting is completed in approximately 111 minutes, after which HTF circulation ceases, and
a fan is activated. This transition is marked by a sharp temperature drop in the thermistors located
on the HPs, except for the thermistor in the condensation section at the top of the HP, which
maintains a steady temperature. During the initial stage of solidification, the thermistors embedded
in the PCM display a rapid temperature decline, indicating sensible heat transfer from the liquid
PCM to the HPs over approximately 28 minutes. Beyond this point, the temperature decrease
becomes more gradual as the phase change process stabilizes. Solidification initiates in the vicinity
of the HPs, as illustrated in Fig. 5-4, forming a cylindrical solid zone that expands progressively
to encompass the entire storage tank. Throughout this phase, the PCM transitions through a mushy
zone, existing in a mixed solid-liquid state. The majority of the solidification process occurs within
100 minutes, after which the rate of phase change slows significantly, proceeding at a microscale

that is not visually discernible.
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Figure 5-2 Local temperature histories for Turrin = 55 °C and mhyrp = 8.2 g/s for melting
(discharging) and solidification (Charging) of a) within the storage tank thermistors and, (b) outer
storage tank thermistors
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Figure 5-4 Temporal evolution of melting (discharging) for Turr, in = 50 © and myrp = 8.2 g/s.

5.1.3 Results for HTF Temperature of 45 °C

Two experimental trials were performed on September 10, 2025, September 24, and October
1, 2025, using an inlet HTF temperature of Turr, in = 45°C. The initial average temperature of the
PCM for these trials was approximately 7; = 19°C. Fig.6-5 illustrates the temperature distributions
at various locations within the system. The observed thermal response follows a similar trend to
the cases with Tutr, in = 55°C and 50 °C with this exception of the melting and solidification period.
In this scenario, the complete melting of the PCM occurred after roughly 155 minutes, a result of
decreasing the HTF inlet temperature by 5 °C compared to the case Tyrr i, = 50°C. The sensible

heat transfer from the liquid PCM to the heat pipes continued for about 24 minutes, which is shorter
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than the duration observed when Tyrp;, = 50°C. As illustrated in Fig.5-5(a), the average

temperatures recorded by the thermistors along the rod at the point of full melting were lower than

those in the Turr, in = 55°C and 50 °C cases. Consequently, the sensible heat transfer from the

melted PCM was expected to persist for a shorter period.
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Figure 5-5 Local temperature histories for Tutr, in = 45 °C and myrp = 8.2 g/s for melting
(discharging) and solidification (Charging) of a) within the storage tank thermistors and, (b) outer
storage tank thermistors.

Figure 5-6 indicates same figures for the case of mass flowrate myrr = 5 g/s at different
HTF temperatures of a) Turr, in =55 °C, b) Turr, in =50 °C, and Turr, in =45 °C. The melting and
solidification durations show dependence on the mass flow rate at the same HTF temperature. As
the HTF flow rate decreases, the total melting time increases noticeably due to the reduced rate of
convective heat transfer between the fluid and the HPs. For instance, at an inlet temperature of 45
°C, the melting time increases from about 155 min at 8.2 g/s to nearly 170 min at 5 g/s, representing
roughly a 10% increase. A similar trend is observed at higher temperatures. During the
solidification stage, the cooling is provided by fans operating at constant power rather than by the
HTF. Consequently, the solidification time remains nearly independent of the previous HTF
operating conditions, since the same air flow rate and cooling power are applied in all cases. The

small differences observed in total time solidification and melting durations are mainly attributed

to the slight variations in initial PCM temperature at the beginning of each charging cycle.

Although Tyrg in1s kept constant, Typ pshows a gentle increase during melting. At the early
stage, much of the HP’s middle part is embedded in solid PCM, so the external thermal resistance
is high and the HP transports less heat, the HP’s internal saturation/metal temperatures are lower.
As melting progresses and more of the middle part becomes wet by liquid PCM (better heat
transfer), the effective middle side UA rises, the condensing rate and vapor mass flow increase,
and the pipe operates at a slightly higher saturation temperature. This lifts the whole HP’s
temperature field by a few degrees showing as a slight upward trend in T p  even though the HTF

temperature is constant.
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Figure 5-7 and Fig. 6-8 demonstrates the melting and solidification process for the case
myrr = 5 g/s at different Turr, in =55 °C. Compared with the higher flow case of myrp = 8.2 g/s at
the same Turr, in , complete melting took 8 min longer, and the full discharge-charging cycle was
around 20 min longer. During melting, regions adjacent to the heat pipes liquefied first, while PCM
near the side walls melted later, consistent with the stronger local heat transfer around the HPs.
During the freezing period, columns of solid PCM formed around the HPs and grew radially,
setting the initial geometry for the next cycle. The way that the solidification runs and finishes, it
affect the format of melting especially at the primary times. In Fig. 5-3, melting began more rapidly
on the right side of the tank. This early asymmetry is consistent with stronger local heat transfer at
the upstream HPs and with the previous day’s refreezing pattern, which left a denser solid band
around the HPs. After a partial melt formed, buoyancy-driven natural convection dominated and
the front flattened, so melting proceeded more uniformly along the length of the storage tank. In
Fig. 5-7, the tank had been allowed to refreeze passively (no forced airflow) before the test was
started. Solidification from the corners and walls made more solid PCM at the side walls (see t
=15 min). This reason combined with the lower HTF flow (myrr = 5 g/s) made the melt front
nearly uniform from the start of the test. These front melt shape differences are transient and,
within experimental scatter, do not impact the overall melting time. Shorter time steps are shown

during solidification to highlight the liquid-to-mushy transition at early times
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Figure 5-6 Local temperature histories for a) Turr, in=55 °C, b) Turr, in=50 °C, and TurF, in=45

storage tank thermistors and, (II)

77

outer storage tank thermistors.

=5 g/s for melting (discharging) and solidification (Charging) of I) within the



8 e R YR W

t =65 min t = 80 min

Figure 5-7 Temporal evolution of melting (discharging) for Turr, in =55 °C and myrr =5 g/s.
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Figure 5-8 Temporal evolution of solidification (charging) process following complete melting,
with Tutr,in =55 °C and myrr =5 g/s.

5.2 Numerical Results

Numerical simulations were performed to complement the experimental findings and provide
a more comprehensive understanding of the underlying heat transfer mechanisms. The convective
heat transfer coefficients in the air-cooled section of the HPs were determined computationally using
the domain depicted in Fig. 5-2 (a) (air speed ~ 29 m/s). The distance from the inlet to the HPs was
shorter than the length required for the boundary layer to transition into a turbulent regime, ensuring
that the airflow over the fin jackets remained laminar. Additionally, the Richardson number was
calculated to be approximately 0.00003 at the air speed, indicating that the flow was sufficiently fast

to suppress the effects of natural convection at the given velocity.

A constant surface temperature of 50°C (from measurement) was imposed on the internal
surfaces of the fin jackets within the airflow channel. Once steady-state conditions were
established, the average heat flux and temperature distributions across fin jackets were evaluated.
The heat flux was then divided by the temperature difference between the exposed fin jackets
surfaces and the average air temperature of (7% = 19.5°C) within the air channel nearby the jackets

to compute the average convective heat transfer coefficient, which was found to be 136.7 W/m?-K.

Similarly, the average heat transfer coefficient for water-HP interactions within the water
conduit, considering laminar flow (Fig. 5-2(b)), was computed as 1047 W/m?-K for the HTF mass
flow rate of 8.2 g/s and 841.5 W/m>-K for 5 g/s. This was achieved by imposing a constant
temperature of 22°C (setup initial temperature) at the outer surface of the HPs in the water conduit

while maintaining the inlet water temperature at 50°C. The initial temperature of the computational
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domain was set based on the ambient temperature recorded on the respective experimental data,
about 19°C. Temperature contours corresponding to the computational domains shown in A1 and
A2 are provided in Appendix A. It is important to note that the average convective heat transfer
coefficients are assumed to remain constant and unaffected by variations in water and ambient air

temperatures.

Figure 5-9(a) illustrates the temperature distribution over the surfaces of the fin jackets, as
obtained from the numerical simulations of the computational domain presented in Figure 4-9(a).
This temperature field was used to evaluate the convection heat transfer coefficient associated with

the heat exchange between the fin jackets and the flowing air.

Similarly, Fig. 5-9(b) displays the temperature distribution across the HPs located within
the water conduit, based on the numerical simulations of the computational domain depicted in
Figure 4-9(b). This temperature field was employed to evaluate the convective heat transfer
coefficient governing the heat exchange between the HP surfaces and the circulating water within

the conduit.
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Figure 5-9 Temperature contours of a) HPs and fin jackets on the mid-plane (x—z) within the
air-cooling section, and b) HPs within HTF conduit section (Air/water flow direction is from
right to left.)

The following Fluent settings outlined in Table 6-1 were employed in the integrated HP—fin—

PCM model:

Table 5-1 Settings used in the integrated HP—fin—PCM model implemented in ANSY'S

Fluent
Velocity-pressure coupling algorithm SIMPLE
Gradient spatial discretization scheme Least squares cell based
Pressure spatial discretization scheme PRESTO
Density spatial discretization scheme QUICK
Momentum spatial discretization scheme QUICK
Energy spatial discretization scheme QUICK
Transient formulation First order implicit
Mesh size (Number of control volumes) 315000 (resulting in a liquid fraction change

of no more than 2% at any given instant
during the simulation)
Under relaxation factors Pressure: 0.2
Density: 1
Momentum: 0.3
Liquid fraction: 0.9
Energy: 1
Residuals Continuity: 107
velocity: 107
Energy: 10°°
Mushy zone constant 5x10°
Time step size 0.5s (200 iterations per time step, results in
a stepwise dependence in the liquid fraction
history)

Figure 5-10 illustrates the numerically predicted evolution of the liquid fraction (VF1) of

the PCM during both the discharging (melting) and charging (solidification) phases for inlet heat
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transfer fluid (HTF) temperatures of 55°C, 50°C, and 45°C at a) myr = 8.2 g/s and b) myrg =5
g/s. The initial temperature of the computational domain was same as the experiments around

19°C, representing the ambient conditions.

For Turr,in = 55°C at myrp = 8.2 g/s, the melting process is completed after approximately
85 minutes, followed by an additional 15-minutes interval before the onset of solidification at
around 100 minutes. The solidification phase lasts for about 240 minutes. After about 270 minutes
of solidification, less than 10% of the PCM remains. Overall, the total duration of the phase

transition in this case is approximately 326 minutes.

For the case with Tutrin = 50°C at myrr = 8.2 g/s, the melting process is completed within
approximately 106 minutes, followed by an additional 11-minute interval before the onset of
solidification at # = 117 min. Before this period and after the completion of the melting process,
sensible heat is extracted from the melted PCM until it reaches the mushy-zone state, where latent
heat extraction begins. The solidification process extends for approximately 235 minutes. As
expected, the melting duration is shorter than the solidification period, primarily due to the
enhanced thermal transport during melting, driven by buoyancy-induced natural convection in the
liquid PCM. In contrast, natural convection is significantly suppressed during solidification,
resulting in slower heat transfer rates. After # =300 min, residual liquid PCM remains only corners
and edges, contributing negligibly to the phase change process. The total phase transition time for

this case is approximately 340 minutes.

For Turrin = 45°C at myrp = 8.2 g/s, the complete melting phase lasted around 145
minutes. Solidification initiated approximately 8 minutes after the conclusion of the melting

phase, with about 90% of the PCM solidifying within around 200 minutes of the solidification.
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The remaining 10% solidified more gradually over the next 50 minutes, resulting in a total phase

change duration of approximately 377 minutes.

Regarding the case of myrr = 5 g/s, the melting time of the PCM increases as the instant thermal
power transferred to the heat pipes decreases and it take longer time for the melting. The same
pattern also was seen in the experiments. In general, a decrease in the inlet temperature of the HTF

leads to an increase in the total duration required for both the melting and solidification processes.
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Figure 5-10 Computationally determined time variations of the melt fraction for a) myrr = 8.2
g/s and b) myrp =5 g/s.

As a representative case, the evolution of the PCM liquid fraction during both the melting

and solidification phases is presented and discussed for the condition with Ty i» = 50°C only.

Fig. 5-11 depicts the PCM liquid fraction on the wall of the PCM chamber corresponding
to the pictures of the real tests during the melting process. It is obvious that melting is more intense
in the center of the chamber closer to HPs but to have a comparison with experiments the melt
pictures on the wall of the storage tank are shown. The HPs are also included in the visualization
to enhance clarity regarding the evolution of the PCM liquid-solid interface, particularly in regions

adjacent to the HPs.

Melting initiates at approximately ¢ = 10 min in the regions surrounding the HPs, where
elevated temperatures result from direct thermal interaction with the hot water inside the water
conduit. As the process progresses, buoyancy-driven convection within the molten PCM facilitates
the upward movement of the liquid phase, leading to an accelerated melting rate in the upper
section of the storage tank. The liquid-solid interface progresses radially from each HP centerline
while simultaneously advancing from the top to the bottom of the storage tank. This behavior is

consistent with the physics observed in the experimental photographs presented in Fig. 5-4.
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Figure 5-11 Computationally predicted temporal evolution of melting (discharging) for Turr, in =
50 °C and myrp = 8.2 g/s.

Figure 5-12 illustrates the solidification process. Having better comparison to experiments,

the solidification on the symmetry wall within the middle of the storage along x-z axis is shown.
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It is clear that the solidification on the walls and edges takes longer time. Solidification initiates in
the regions surrounding the HPs, as these components exhibit the lowest temperatures within the
storage tank, falling below the PCM’s melting point. Unlike the melting process, where natural
convection significantly influences phase transition dynamics, the solid-liquid interface during
solidification progresses predominantly in a radial manner from each HP centerline. This behavior
confirms that natural convection has a considerably weaker effect during solidification compared

to the melting process, which aligns with the physics illustrated in Fig. 6-4.
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Figure 5-12 Computationally predicted temporal evolution of the solidification
(charging) process following complete melting, with Tutr, in =50 °C and myrr = 8.2 g/s.

For improved clarity and to facilitate comparison between numerical predictions and
experimental observations of the liquid—solid interface, the PCM phase interfaces for the case of
Tutr, in = 55°C and myrp = 8.2 g/s at representative time instances #1 =~ 45 min (during melting)
and £ = 135 min (during solidification) are presented in Fig. 5-13. Overall, the comparisons
demonstrate reasonable agreement, with discrepancies primarily attributed to the modeling

assumptions employed in the numerical simulations.
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Figure 5-13 Comparison of the liquid—solid interface for Turr, in = 55°C and myrr = 8.2 g/s: (a)
Melting at #1 = 45 min, (b) Solidification at /2 = 135 min. (Water and air flow directions are from

right to left.)

Figure 5-14 illustrates the heat flux at the PCM (solid lines) along with the volume averaged
PCM temperature (dashed lines) for a full cycle of discharging-charging at Tyrg i, = 45, 50, and
55°C. During discharge (melting), the flux is positive and peaks early, when HPs face the cold
PCM and the temperature difference, AT, is largest; the 55 °C case shows the highest initial peak
and the 45 °C has the lowest, consistent with the HTF temperature. As melting progresses and a
liquid layer of PCM forms, natural convection spreads heat and the driving AT falls, so the flux
decreases while the dashed temperature increases. When the cycle switches to charging
(solidification), the flux changes sign (negative), reaching a minimum at the start of freezing and
becomes smoother as the solid front grows and the thermal resistance increases. The average PCM

temperature drops accordingly and crosses the PCM heat flux range once freezing is largely
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complete. Overall, greater HTF inlet temperature yields a larger early heat flux peak and a faster
melt, while the solidification part shows a gradual return to equilibrium for all three cases as the

charging process has been same for all the cases.
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Figure 5-14 Heat flux to/from the PCM and average PCM temperature during discharge and
charging cycle for different Twurr, in and myrr = 8.2 g/s.

Figure 5-15 shows the melt fraction and x-velocity vectors on an x—y plane taken near the
top of the PCM storage tank at (I) t = 10 min and (II) t = 15min for Tutr, in =50 °C and myrp = 8.2
g/s. At =10 min, a thin liquid PCM forms around the HP’s surfaces, while rest of PCM near the
walls remains largely solid. The velocity vectors show lateral recirculation at the corners between
adjacent HPs. Warmer liquid next to the HPs moves sideways along the top plane, whereas
velocities decay rapidly at the solid—liquid interface. At £ =15 min, the liquid regions around
neighboring HPs thicken and begin to join, and the lateral motion becomes more organized. This
is consistent with convection strengthening as the liquid layer increases. Overall, the top section
transitions from conduction dominated melting to convection assisted melting, as natural

convection accelerates.
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Figure 5-15 (a) PCM melt fraction, and (b) x-velocity -vectors on x-y plane crossing through the
top of the PCM storage at time (I) t = 10 min and (II) t = 15min, with Txrtr, in =50 °C and 1ty =

8.2 g/s.

Figure 5-16 presents axial vapor velocity inside the HPs (evaporator at the bottom, in
contact with the HTF) at different tie slots for Tutr, in =50 °C and myrr = 8.2 kg/s. At the primary
times the vapor velocity is highest at early times (¢ <30 min) and decreases as melting progresses.
At the start, the middle part of the HPs are in contact with cold, mostly solid PCM, so the
temperature difference (7up, B - Tnp, 1) is large. This creates a strong saturation pressure gradient
along the HP and drives a high vapor mass flux contributing to the large vapor axial velocities. As
the PCM melts and the middle part warms, the temperature (and saturation pressure) difference
reduces, so the driving force for vapor circulation diminishes. At the same time, more length of

HP becomes wet by liquid PCM, so the required heat is in contact with a larger area, the heat flux
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per unit area and the vapor flow both reduce. These two effects explain the observed decline in

axial vapor velocity despite the constant evaporator temperature.
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Figure 5-16 Axial vapor velocity contours within the HPs for Tutr, in =50 °C and myrr = 8.2 g/s
at: (a) t = 10 min; (b) t = 30 min; (¢) t = 45 min; (d) t = 60 min; (e) t = 90 min (the bottom end is
in contact with the HTF)

Figure 5-17 compares melting (discharge) and solidification (charge) times of numerical
simulations for two HTF flow rates (8.2 g/s and 5.0 g/s) at three inlet temperatures (45, 50, 55 °C).
There are two clear patterns. First, melting gets faster as the HTF is hotter and as the flow is higher,
the larger AT and stronger convection transfer more heat through the HPs and the PCM, so the
melt time reduces for both flow rates. Second, for a constant flow rate the solidification times are
close and is slightly longer at higher HTF inlet temperatures. That small increase is due to a higher
PCM temperature at the end of discharge, the PCM starts the freeze a bit warmer (more sensible
heat to reject), and with a constant air side cooling, it takes slightly longer to refreeze. For example,
at Turr, in= 55 °C the volume-average PCM temperature at the end of melting is about 51.5 °C,
roughly 4.5 °C higher than in the 50 °C case, leading to greater time of solidification for Txtr =55

°C. At the same HTF inlet temperature, the PCM finishes the melt process about 1 °C warmer in
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the 8.2 g/s than in the 5.0 g/s case, showing the faster heat transfer at higher flow and the slightly

higher bulk temperature at the end of discharge.
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Figure 5-17 Charge/discharge times vs. HTF inlet temperature and mass flow rate.

Table 5-2 presents a comparison of the total melting and solidification durations
corresponding to different Thrrin temperatures, as obtained from both experimental measurements
and numerical simulations. The results demonstrate reasonable agreement, with observed
discrepancies primarily attributed to the simplifying assumptions employed in numerical
modeling.

Table 5-2 Comparison of predicted and measured melting and solidification times.

Melting Solidification+
Mmyrr (g/s) | Turr,in (°C) Case (min) Melting
(min)
45 Experimental 155 383
Numerical 146 377
Experimental 111 348
8.2 >0 Numerical 106 340
55 Experimental 86 331
Numerical 85 326
5 45 Experimental 177 403
Numerical 160 391
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50 Experimental 124 353
Numerical 114 347
55 Experimental 94 334
Numerical 93 332

5.3 Performance of the System

This section primarily focuses on assessing the thermal performance of the proposed CTES
and how well it delivers and stores cold under the two flow rates and three inlet HTF temperatures.
The experimental data show reasonable agreement with numerical predictions, validating the
accuracy of the simulation model. Table 5-3 summarizes the experimentally calculated heat
transfer quantities, heat losses from the system and summarizes the calculated thermal resistance
values during the melting process (delivers cooling) for different inlet temperatures and mass flow
rates of the HTF. The governing equations, calculation procedures, and definitions were previously
outlined in the Experimental Analysis section. Across both flow rates, raising the HTF inlet
temperature slightly increases the energy absorbs by the PCM ( Q1 + Qe grows from 238 to 253
kJ at 8.2 g/s, and from 237 to 252 kJ at 5.0 g/s). The overall resistance drops with both hotter inlet

and higher flow. The numerical results model data Ry, is close to Rey, shows confidence in the

numerical calculations of the melt phase.

Table 5-4 indicates the results for stores cooling under the same fan power for all runs, so
differences mainly reflect what was stored during the prior melt. As expected, the total heat
rejected depends on the PCM temperature at end of melting, and higher prior inlet temperature
contributes to higher PCM melt temperature (e.g., at 8.2 g/s, Qy, grows from 420—443 kJ and
Qat + Qe from 233—250 kJ for Tutr = 45—55 °C). The overall resistance in charging is higher
than in discharge which is due to dependence of refreezing on the air side adding resistance. The

numerical results are in good match with experimental ones for charging phase.
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Table 5-3 Calculated heats and system thermal performance during the discharging process at
varying HTF inlet temperatures at myrr = 8.2 g/s and myrr =5 g/s.

MyTF Tutr,in | AT Qrot QPCM,sen,s QPCM,sen,l Qlat + Qioss Rexp Roum
(g/s) O (O | (kI (kJ) (kJ) | Qsen(k)) | (kJ) kw) | (k/w)
45 1.8 | 527.88 27.75 18.17 238.1 201.31 0.47 0.46

8.2 50 2.1 | 451.35 26.7 25.94 244.72 201.72 0.46 0.46
55 2.8 | 473.95 27.75 33.38 253.24 220.9 0.45 0.45

45 2.7 | 542.52 27.75 16.67 236.55 | 208.65 0.49 0.51

5 50 3.1 457.8 27.75 24.61 244.46 211.74 0.48 0.49
55 4.1 464.68 27.75 31.88 251.74 226.56 0.47 0.48

Table 5-4 Calculated heats and system thermal performance during the charging process at
varying HTF inlet temperatures at myrr = 8.2 g/s and myrr =5 g/s.

Myrr I HTE, in Qu(k) Qpcmsent | Qrcmsens | Qlat + Oloss | Rexp | Roum
(g/s) O (kJ) (kJ) Qsen(k]) | (kI) | (Kw) | (k'w)
45 420.21 21.58 2134 | 235.03 | 229 | 065 | 064

8.2 50 429.27 29.35 2134 | 24279 | 2665 | 64 | 0.63
55 443.75 36.80 2134 | 25025 | 2692 | 963 | 0.63

45 412.96 20.01 2134 | 23353 | 2023 | 966 | 0.65

5 50 416.59 28.03 2134 | 24147 | 2371 | 064 | 0.64
55 434.7 35.3 2134 | 248.75 | 2533 | 0.63 | 063

5.4 Simultaneous Charge and Discharge Operation

Up to this point, the CTES module has been tested in sequential modes; a full discharge

(PCM melting) followed by a full charge (PCM solidification). In practice, however, many cooling

plants operate under mixed boundary conditions, part of the system is trying to deliver cooling
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while another part is already resetting the store. This section introduces and analyzes that more

realistic case: simultaneous charging and discharging.

The operating idea is simple. The HPs evaporator in the hot water conduit are set to a fixed
condition (TutE in = 50°C), contributing to locally PCM melting, while at the same time the air side
and its fan work over the condenser section that extracts heat from the PCM and promotes freezing.
As a result, the PCM experiences competing thermal drives of one region gains heat through
melting, another loses heat through solidifying. This configuration mimics a cooling plant that
wants to keep serving heating load while gradually restoring storage, for example during a long,

hot afternoon with intermittent generator operation or when recovering from a short power event.

The goals of these tests are two things. First, to monitor the operating mechanism under
simultaneous drives, to identify when the net effect is “net discharge” (more melting than freezing),
“net charge” (more freezing than melting), or a quasi-steady balance in which the melt fraction
and outlet temperatures hold nearly constant. Second, to see the effects of hot-water setpoint and
flow on the evaporator side, the air-side capacity (fan setting), and the evolving PCM geometry.

In this regime, the useful criteria is the net rate.

Qnet = Qtot, discharge — Qtotal, charge — Qloss
Considering both melt fraction and the volume average PCM temperature, when Q,,.¢ >
0, the store is still delivering cooling overall (melting dominates) and when Q,,.; < 0, it is

recovering capacity (freezing dominates).

Tests in this section begin with a solid PCM state, apply Turr, in = 50 °C at the hp
evaporators while running the air-cooling section at the same fan setting used in prior charging

cases and other working conditions. HTF flow is held at the previous values of 8.2 or 5.0 g/s, and
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all temperatures (7urtkin, THTEout, PCM thermistors) are logged to compute instantaneous
Qtot,aischarges Qtotal,charges Qloss, and the net Qye.. Images of the PCM storage show how the

melt front and solid front evolve when both processes are active.

This simultaneous operation extends the useful cooling period as the store slowly
recharges at the same time. In other words, instead of a switch between use the cold and reset it,

operators can blend both to match real loads and ambient conditions.

Figure 6-18 presents the temperature evolution during the simultaneous melting-
solidification experiment of the CTES system. In this test the HTF enters the storage tank at
Tyrrin = 50°C, while the incoming air to the air-cooling heat exchanger is at T, = 19.5°C, with
mass flow rates of mytr = 8.2 g/s and m,;, = 150 g/s. The upper plot shows the local temperature
histories of the thermistors inside the storage tank (Tri—Tr4 and Tupi—Twp4). All thermistors within
the PCM (Tr1—Tr4) show a rapid increase in temperature during the first tens of minutes, followed
by a much more gradual rise as the phase change progresses. The curves flatten as the PCM
approaches its melting temperature and a large fraction of the supplied energy is absorbed as latent
heat. The lower plot illustrates the corresponding temperatures of the working fluids, tank wall and
bottom and up section of HP. The HTF inlet temperature remains close to 50°C throughout the
test, whereas the HTF outlet temperature and the temperature of the wall increase slowly, reflecting

the continuous removal of heat by the air stream and the ongoing phase change within the tank.

A direct comparison with the sequential melting and solidification experiment (Fig. 5-2)
helps to highlight the impact of simultaneous discharge and charge on the thermal response of the
CTES unit. In the sequential case, the system is first exposed only to the hot HTF, so the PCM

undergoes an alone melting process. As shown in Fig. 5-2(a) and Fig. 5-2(b), the temperatures of
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the internal thermistors quickly rise toward the HTF inlet temperature, and complete melting is
achieved in roughly 111 min. At the end of this melting period, the average PCM temperature is
about 44°C, indicating that the PCM is not only fully melted but also significantly heated above
its phase-change temperature. Once the charging phase is finished, the operating conditions are
switched and the system is allowed to cool, leading to a clear transition from the high-temperature

level to a gradual decay in all temperature signals as the PCM solidifies.

In contrast, when melting and solidification occur simultaneously in a single experiment,
the hot HTF and the cold air stream are acting on the storage tank at the same time. Part of the
energy supplied by the HTF is continuously extracted by the air loop, which effectively takes heat
out of the upper region of the tank while the lower region is still being heated. As a consequence,
the melting front progresses more slowly and the temperature profiles inside the tank become less
steep. This is evident in Fig. 5-18(a), where none of the thermistors reaches close to the HTF inlet
temperature, and curves remain in the vicinity of the melting temperature range for a much longer
period. The total melting time increases from about 111 min in the alone melting test to
approximately 208 min in the simultaneous melting—solidification case. In other words, concurrent
discharge and charge stretch the melting process in time and lead to more moderate, smoother
temperature gradients within the storage tank, which is consistent with the effects of heat input
from HTF and heat removal by the air stream. Moreover, at the end of melting in the simultaneous
test, the average PCM temperature is only about 38°C, noticeably lower than the 44°C observed
in the sequential case. This lower final PCM temperature confirms that a significant portion of the
supplied heat is continuously removed by the air stream rather than being stored as sensible heat
in the PCM, leading to a more moderate temperature range of the storage material even when it is

fully melted.
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Figure 5-18 Local temperature histories for Turr, in =50 °C, Ty = 19°C at myrp = 8.2 g/s and
My = 150 g/s for simultaneous discharging and charging of a) within the storage tank
thermistors and, (b) outer storage tank thermistors.

In Fig. 5-19 melting and solidification occur simultaneously, the pictures of evolution of the PCM
is clearly slower and more irregular than in the alone melting case of Fig. 5-3. In the simultaneous
case, the melt front descends gradually and develops a wavy shape, with pockets of solid PCM
persisting between the heat pipes even at 140—160 min and complete melting reached at about 208

min. On the other hand, in the melting-only experiment (Fig. 5-3), the front remains comparatively
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flat and uniform as it moves downward, and the solid phase disappears much earlier, with full
melting achieved around 111 min. The case by case comparison highlights the effect of the
concurrent cooling by the air stream, which continuously removes part of the supplied heat and

therefore stretches the melting process and enhances spatial non-uniformity of the melt front.

R =

¢ = 80 min _

t; 160 min ) “ = 10 min

Figure 5-19 Temporal evolution of simultaneous discharging and charging Turr, in =50 °C,
Tyir,in = 19.5°C at myrp = 8.2 g/s and m;, = 150 g/s.
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Figure 5-20 shows the temperature histories when the air mass flow rate is reduced by half,
to My, = 75g/s, while Tyrpiy = 50°C, Tyirin = 19.5°C, and thype = 8.2 g/s  remain
approximately unchanged. The only difference was on the slight change in the ambient temperature
that the day of this was a little higher. With the weaker air flow, the heat extracted from the tank is
smaller, so the PCM warms up more quickly and the melting front progresses faster than in the
previous simultaneous case with m,;,, = 150 g/s. As a result, the total melting time decrease to
about 168 min, which is still longer than the alone melting test but noticeably shorter than the 208
min observed with the higher air flow rate. At the end of melting, the average PCM temperature is
approximately 39°C, slightly higher than the previous simultaneous (38°C) case, reflecting the
reduced cooling effect of the air loop and the increased fraction of heat stored as sensible energy

in the PCM.
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Figure 5-20 Local temperature histories for Turr, in =50 °C, Ty, = 19.5°C at thyrp = 8.2 g/s
and mg;,- = 75 g/s for simultaneous discharging and charging of a) within the storage tank
thermistors and, (b) outer storage tank thermistors.

Table 5-5 summarizes the calculated heats and overall thermal performance of the CTES system
for the two simultaneous discharging/charging tests. In both cases the HTF conditions are the same
(mytr = 8.2 g/s, Tutr, in=50 °C) while the air mass flow rate is either 150 g/s or 75 g/s. When the
higher air flow is used, the total heat discharged from the tank is about 1476 kJ, compared with
1189 kJ for the lower air flow, and the corresponding charging heat also almost doubles (about 832
kJ versus 432 kJ). This reflects the stronger convective cooling and heating provided by the larger
air flow rate. Also, the useful thermal energy stored in the PCM, represented by Qgeps + Qlats
remains almost the same in both simultaneous cases, about 234-236 kJ. These values are also close
to those obtained for the sequential melting/solidification experiments, indicating that the main
storage capacity of the PCM block is essentially independent of whether the system is operated
sequentially or at simultaneous charge and discharge conditions. However, in the simultaneous

case this similar amount of cooling energy is spread over a longer period of time, so the PCM can
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provide useful cooling for a longer duration, which is more beneficial for applications that require
extended operating times or load shifting. The heat losses Q¢ are likewise of similar magnitude
(around 220-230 kJ), showing that changing the air flow rate mostly affects how fast and where
heat is transferred between the tank and the air, rather than how much total energy the PCM can

store and later give back.

Table 5-5 Calculated heats and system thermal performance during the simultaneous discharging
and charging process at varying mass flow rates and temperatures

rhHTF THTF, in Mgir Tair Qtot,Discharge Qtot,Charge Qsens + Qlat Qloss
(ghs) | CO) | (gs) | €O (kJ) kJ) (kJ) (kJ)
8.2 50 150 19 1475.5 831.6 233.9 216.8
8.2 50 75 19.5 1189.2 432.2 236 229.5
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Chapter 6. Concluding Remarks and Future Work

Experimental and numerical investigations were conducted to design and evaluate a CTES
capable of storing thermal energy during nighttime and discharging it during daytime, with a
specific focus on applications involving industrial hot waste recovery and residential HVAC
cooling. The CTES system integrates PCM, HPs, and extended surfaces (fins) to enhance thermal
performance. Three different HTF inlet temperatures of 55 °C, 50°C, and 45°C were analyzed for
both the charging and discharging scenarios, each with two different HTF mass flow rates of and

ThHTF = 82 g/S and ThHTF =5 g/S

6.1 Concluding Remarks

Concluding Remarks are summarized as follows:

e Melting Time Sensitivity: The total melting time at Turr, in = 55°C is approximately 45%
shorter than that at Turr, in = 45°C, highlighting the significant influence of HTF
temperature on the discharge performance.

e PCM Solidification Dynamics: During the charging phase, more than 90% of the PCM
solidifies within the initial 75% of the time, with residual solidification occurring near the
periphery (edges and corners) in the final phase.

e Heat Transfer Mechanisms: Natural convection significantly enhances the discharging
(melting) process once the system transitions from conduction-dominated to convection-
dominated heat transfer, unlike the charging phase which remains largely conduction-
driven.

e The hotter HTF and higher flow rate shorten the full charge/discharge cycle, making this

CTES design a practical, fast turnaround option for industrial cooling.
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Model Validation: The numerical simulations closely match experimental data, showing a
discrepancy in overall system performance of 5%.

Simultaneous discharge-charge keeps the Turr our lower than sequential case and extends
the delivery window. Compared with the sequential case, the melt time increases from
111 min to 208 min when the air flow was 150 g/s, and the PCM finishes the melting at
38 °C vs. 44 °C for sequential case, consistent with continuous heat removal by the air
loop during discharge.

The useful PCM energy (Qsen + Qiat) stays nearly the same in simultaneous run and the
sequential tests. Simultaneous charge—discharge therefore does not increase capacity. It
spread the same “cold” over a longer period while gradually rebuilt storage. This
operating mode supports longer, steadier delivery and aligns with applications that need

extended coverage or time-shifted cooling

6.2 Future Works

In this dissertation, a CTES setup is fabricated and evaluated under a variety of operational
conditions. The experimental study demonstrated promising results, showing the efficacy and
feasibility of a novel CTES system. Despite the advantages of the proposed system, several aspects
of the current configuration require further modifications or enhancements to optimize
performance. Future improvements should focus on refining these areas to fully leverage the

potential of this innovative storage approach.

One modification that could be implemented in the current study involves assessing the
influence of mass of the PCM, flowrate of the HTF, configuration of the HPs in the PCM

chamber/water conduit on system performance and long-term operational reliability.
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Using hourly ambient temperature data for a city like Norman, simulate a full day schedule
for the CTES under sequential and simultaneous charge—discharge modes to identify the
best operating windows considering optimize hot water setpoint, HTF mass flow, and fan
speed to maximize useful cold delivered, minimize cycle losses, and quantify expected
cooling continuity during brief outages.

As an optimized method, there could be a parametric study on the evaporator and condenser
lengths (holding total tube length and charge constant). For example, increase the
evaporator immersion in the HTF manifold from 5 cm to 7 cm and reduce the condenser
length exposed to the air-cooling section from 10.5 cm to 8.5 cm. Quantify the impact on
discharge power, charge/freezing time. This will show how the length split governs system
performance at the tested flows and temperatures.

It is recommended to explore the use of thermosyphons in place of HPs in large-scale
industrial systems, particularly in environments where the ambient temperature exceeds
the heat source temperature and PCM melting point. This would restore the fully passive
operation originally envisioned for the system, eliminating the need for an active fan. While
the HPs with a fan system effectively ensure functionality, they introduce mechanical
components that compromise the passive nature of the design. The decision to use HPs was
driven by the unavailability of suitable thermosyphons in the market at the time of this
research. For areas like arid regions or locations with fluctuating temperatures,
thermosyphons could provide an efficient, passive heat transfer mechanism, improving
system sustainability and reducing maintenance needs without the added complexity of

mechanical components.
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e However, the thickness of the acrylic material was chosen in a way to minimize the losses
through the system a recommendation is to fully insulate the setup including the PCM tank,
air-cooling section, pipes, and supports. This will cut stray heat losses, keep temperatures

steadier, and make the energy balance much tighter.
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Nomenclature

107

Symbol Description Unit / Note
Amushy Mushy-zone constant
cp, Cp Specific heat J/kg-K or J/kg-°C
g Gravitational acceleration m/s?
h, H Enthalpy J/kg
- latent heat of vaporization of the HP Wik
working fluid
hsi Latent heat of fusion of the PCM kJ/kg
HP Heat pipe
ID Inner diameter cm or mm
k Thermal conductivity W/m-K
L Length cm or mm
m Mass flux kg/m?-s
OD Outer diameter m or mm
p Pressure Pa
PCM Phase change material
0 Heat transfer J
0 Heat flux W/m? or kW/m?



T. air

VF

X, 0z

Greek

AT

Subscript

ab

ac

exp

Gas constant
Source term
Time
Temperature
Air temperature
Velocity vector
Volume fraction

Coordinates

Temperature range

Liquid fraction

Thermal expansion coefficient
Small value

Viscosity

Density

Adiabatic
Air cooling section

experimental
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Jkg K

S Or min

K or°C

Kor°C

m/s

m or mm

K or°C

/K

Pa-s

kg/m?



int

Lat

num

Ref

sat

sen

st

tot

wC

wi

Fin

Interface
Liquid
Latent heat
melting
Numerical
Reference
Solid
Saturation
Sensible heat
Storage tank
total

Vapor

Wall

Water conduit

Wick
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