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ABSTRACT

The increase in energy consumption and the demand for effective thermal management
systems necessitate the search for enhanced heat exchangers with high thermal
performance, lower weight, and compact sizes. Crossflow heat exchangers are a key
component in the thermal management system of many industries such as HVAC,
automotive, etc. Generally, heat exchangers are characterized based on their steady state
operating conditions. However, a transient analysis helps predict the behavior of heat
exchangers when they experience variations in their operational conditions in terms of fluid

flow rate and temperature.

Thermal management and thermal comfort can be achieved through active and passive
cooling or heating. The transient analysis of active air heating and cooling provides an
insight on the response of the heat exchanger to the imposed variations and the time
duration in reaching final steady state conditions. On the other hand, passive air cooling
represented by a latent heat thermal energy storage offers a solution to provide thermal
comfort to occupants for short periods of time. The increasing interest in the thermal energy
storage is due to the rising demands for energy, increasing cost, and environmental and
economic concerns which need an efficient utilization of existing energy sources and a
reduction in energy consumption. A phase change material PCM is introduced as a latent
heat thermal energy storage offering a clean compact thermal storage technology that

provides extended thermal comfort with possible environmental and energy savings.

The dynamic response of a cross flow heat exchanger subjected to airside mass
velocity changes is studied. The transient air heating and cooling performance of the heat

exchanger due to step changes in airside mass velocity ratios is examined using



dimensional and dimensionless parameters. Results are shown in terms of fluids heat
transfer rates, dimensionless outlet temperatures, heat transfer coefficient, Colburn j-factor,
and Nusselt number. A generalized empirical correlation to predict the airside Nusselt
number as a function of air mass velocity ratio was derived for each of the cases. The results
demonstrate that both fluids response is not instantaneous to the step imposed and the
magnitude of the step has a dissimilar effect on each fluid’s response time. The increase in

the step change results in higher fluids response time.

Passive air cooling is studied due to the implementation of the start-stop function in
many vehicles for fuel savings and the increasing demand for electric and hybrid vehicles
which require a solution to provide extended passenger thermal comfort. An experimental
investigation of an innovative PCM-air-liquid meso heat exchanger to extend the thermal
comfort in a vehicle during short periods of engine shutdown is presented. Extended
surfaces (fins) are placed inside the PCM medium and integrated throughout the whole
heat exchanger to enable and improve the transfer of thermal energy between the PCM and
the air. The effect of air mass flow rate variation on the PCM discharging time is discussed.
A comparison of heat transfer when using PCM to no PCM case revealed a 120 kJ released
from the PCM during the discharging process. Furthermore, doubling the air mass flow
rate resulted in a 29% decrease in the cumulative energy transferred to the air. The current
experimental results indicate that the use of PCM extends the airside cooling time by more
than 4 minutes, thus provides additional thermal comfort. The presented dynamic results
along with the PCM efficient thermal energy storing and releasing processes offer a

productive thermal management, energy, and environmental savings.

Vi
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CHAPTER 1

INTRODUCTION

The continuous development in economy worldwide is faced by a strong demand of energy
supply. According to the International Energy Outlook [1], a 50% world energy
consumption growth between the years of 2020 and 2050 is projected by the U.S. Energy
Information Administration (EIA). The challenges represented by the current limitation in
energy resources, the fluctuation of their prices, and the significant effect of energy
utilization on global warming, have motivated researchers to develop alternatives and use
energy sources to avert from technologies with high environmental impact or higher cost.
This is due to the posing risks of the increase in energy use on global warming and climate
change. These risks are due to the greenhouse gases GHG released as a result of fuel
burning such as in the transportation section. The transportation section in Canada is
considered to be the second highest sector in energy use after industrial, Figure 1.1. It also
contributes to the emissions and has a 28% increase in the transportation GHG emissions

in Canada between the years of 2000 to 2019 [2].
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Figure 1.1. Primary and secondary energy use by sector, 2018 [2]

The availability of many energy resources is faced by the continuous increase of energy
consumption. Therefore, efficient utilization of the existing energy resources is highly
promoted. In industries such as automotive, some systems such as the Heating, ventilation,
and Air Conditioning HVAC system consume large amount of energy and contribute to

the GHG emissions. Air conditioners in a vehicle are referred to as Mobile Air



Conditioning MAC. It is predicted that by 2050, the energy use from MAC systems may
reach more than 5.7 million oil barrels each day [3]. In addition to MAC contribution to
GHG emission from its energy consumption, it also reduces the driving range of the electric
vehicle. However, a MAC system is important to provide thermal comfort to vehicle
occupants. Enhancement of the thermal management system in a vehicle has a significant
impact on safety, fuel consumption, range, and the thermal comfort of passengers.
Therefore, efficient thermal management and control is necessary to balance the required
thermal comfort of the passengers and the energy consumption of the MAC system. The
technology nowadays has not yet reached a point to fully eliminate the dependency on
fossil fuels. For this regard, it is important to perform good energy management to ensure

long lasting fuel reserves especially with the rising environmental concerns.

Vehicle thermal management represented by a MAC system gained more interest over the
years in its enhancement and new technologies. This is due to the concerns of energy
consumption, environmental impact, weight and size reductions, the new features added to
the car, and the increasing demand on electric cars. A thermal management system in a
vehicle is responsible to provide thermal comfort to the occupants. Thermal comfort is a
condition in which humans are satisfied with the thermal environment. The term thermal
comfort is influenced by many factors such as measurable factors: air temperature, relative
humidity, air velocity, and radiant temperature as well as personal factors such as clothing
and activity level Simion et. al. [4]. In the automotive industry, manufacturers are committed
to increase the thermal comfort for passengers. They ensure the use of an air conditioning
system to provide air heating, cooling, and ventilation. The HVAC technology plays an

important role in facilitating the comfort environment for the passenger cabin.

One of the vital components utilized for heat transfer in a thermal management system is
the heat exchanger which is designed to perform certain requirements by transferring
thermal energy between two or more fluids at different temperatures. Heat exchangers in a
system may perform different needs such as heating, cooling, recovering heat, evaporation,
condensation, control a fluid in a process, etc. There exist different types of heat exchangers
that are commonly used in current systems, shell and tube, automotive radiator, condenser,

heater core, etc. Shah and Sekulic [5] classified heat exchangers into many categories



based on transfer process, number of fluids, surface compactness, construction, flow

arrangement, and heat transfer mechanism.

Surface compactness is one of the classifications of heat exchangers which is characterized
by higher area density defined as the heat transfer surface area per unit volume. The higher
area density combined with the small hydraulic diameter, used for the fluid to flow in,
result in enhanced efficiency within a smaller volume compared to conventional heat
exchangers. A compact liquid-gas heat exchanger has a 400 m?/m’surface area density or
higher. On the other hand, a heat exchanger is called a meso heat exchanger if it has a
surface area density of higher than 3000 m*m?® or a hydraulic diameter between 100 um
and 1 mm. These types of compact heat exchangers provide advantages over conventional
heat exchangers and can find many applications such as aerospace, cryogenic, power

plants, automobiles, and others.

Many industries rely on the existence of heat exchangers; therefore, a necessity has been
driven to enhance their effectiveness and reduce their cost and energy consumption.
Researchers reported different enhancement methods of heat transfer such as the use of
extended surfaces, nanofluids, turbulence promoters, surface fluid vibration, etc. Siddeque
et. al. [6], Picon-Nufiez [7], and Steinke and Kandlikar [8]. The early work of Bergles et.
al. [9] organized these techniques into two groups, active and passive and generated a
database for the enhancement methods on convective heat transfer available in the
literature. The advancement in technology made it possible to manufacture channels with
very small diameters thus diverting from the large diameter tubes. This advancement
provides a solution to the heat exchangers weight and size concern with enhanced heat

transfer rate.

1.1. Transient Heat Transfer in Heat Exchangers

The vast majority of heat exchangers’ thermal performance evaluation focuses on steady
state operation. Typically, a thermal system is designed considering steady state or based
on a maximum load. This design results in an oversized heat exchanger and more power
consumption. In addition to that, in many applications, heat exchangers experience a

variation in their inlet operating conditions and therefore, they do not work according to



their design requirements. Many systems have the heat exchanger as one component of a
complex process, consequently, any perturbation in the inlet conditions leads to
unpredictable results in the performance of not only the heat exchanger but also the other
components connected to it in the system. Common scenarios where load variations affect
the steady operating condition of the heat exchanger are startup, shut down, accidents, and
failures. An example where a change in the operating conditions can occur in real
applications is in the automotive air heating or cooling system. A blower fan in an air
distribution system of a vehicle where the heater core and the evaporator housing are
located is turned on suddenly to a low, medium, or high level to achieve occupants’ thermal
comfort during hot or cold weather, the inlet mass flow rate entering the heat exchanger is
changed. This sudden change from an initial steady state creates a transient behavior and
affects the outlet air temperature entering the passenger compartment. Additionally, some
new design vehicles are equipped with double, triple, or quad climate control zones that

allow not only the driver but also the passengers to control their side of the blower speed.

A transient condition can affect the heat transfer and cause a thermal stress issue which if
increased can cause a mechanical failure. For this regard, a dynamic performance
investigation is necessary not only to study the behavior of these devices under inlet
condition variations and choose the suitable design but also to have a better control of the
thermal system in general. Transient analysis allows the prediction and control of the fluids
outlet temperatures in response to a change in the inlet conditions whether temperature or
mass flow rate of the working fluids. The dynamic analysis of the heat exchanger quantifies
the response time of the outlet temperatures to the change imposed which can be beneficial
to predict the time to reach the steady state condition. Additionally, this analysis assists in
analyzing the effect of the imposed change on the heat exchanger performance. The
transient heat transfer can be characterized by dimensional and dimensionless parameters.
One of these parameters is Nusselt number which represents the dimensionless heat

transfer coefficient as a quantitative characteristic of convective heat transfer.

1.2. Thermal Energy Storage

While transient analysis provides an understanding of the heat exchanger thermal behavior

and predicts the fluids outlet temperature, an efficient solution to sustain extra cooling load
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and damp the variation in the temperature due to transient changes is required. The search
for innovative methods to provide sustainable thermal comfort has led to the introduction
of the Thermal Energy Storage, TES, Yang et. al. [10]. There exist three types of thermal
energy storage: sensible, latent, and thermochemical. Sensible energy storage involves a
temperature change without a phase change, while thermochemical energy storage involves
a thermal reaction which the heat generated from it is stored. Through the integration of a
Phase Change Material, PCM, in a heat exchanger, a latent heat thermal energy storage,
LHTES, works on storing/releasing the heat to alleviate a peak energy load or provide extra

cooling and heating for thermal processes Elarem et. al. [11].

A latent heat thermal energy storage with PCM provides a cost-effective solution to reduce
energy consumption by releasing the stored energy through the exchange of heat from the
PCM to the process fluid. PCM can work to reliably extend the period of operation when
the main coolant experiences a short period of shut down which minimizes the need for a
source of power or batteries and results in energy savings. Such application can be found
in the vehicles equipped with an automatic start-stop function. When a vehicle stops at a
red light, not only the engine stops working but the air-conditioning compressor as well.
Since this is a short period of time while the car is stopped, a PCM can be used to provide

that extra cooling time and achieve a comfortable temperature level in the passenger cabin.

A phase change material, PCM, is a material that transforms its phase between liquid and
solid where it absorbs and releases thermal energy during its freezing and melting processes
at a constant temperature. A sensible heat involves the transition with a temperature change
while the temperature does not change during a latent heat transition. When a PCM melts,
it absorbs energy and the bond between the atoms gets loose and the material transforms
from the solid state to the liquid state. While in freezing it is the opposite, the PCM releases
energy and the molecules arrange themselves to form the solid phase. This energy is called
the latent heat of fusion. Each PCM is characterized with a latent heat of fusion which
controls the amount of energy to be absorbed or released along with the PCM mass. While

the melting and freezing rates are controlled by the operating conditions.

The heating process of a PCM can be found in Figure 1.2. In this figure, the transformation

from solid to liquid starts with a subcooled liquid that receives energy until it reaches its
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melting point through sensible heating. At his point, the material continues to be heated
and experiences a phase change to liquid at constant temperature. Thereafter, the liquid
heating results in the material reaching its boiling point at an increased temperature. When
the boiling point is reached, the liquid experiences a phase change to vapor. However, this
change in phase is controlled by the latent heat of vaporization and any further heating is

considered sensible heating.

A

Latent heat of Sensible heating
vaporization of vapor

Sensible heating of liquid

Temperature

Sensible heating of solid

Energy addition

Figure 1.2. PCM heating process [12]

1.2.1. PCM Classification

Various types of PCMs exist in a variety of different range of temperatures, however, they
all can be categorized within three different groups: organic, inorganic, and eutectic. This
classification is presented by Sharma et. al. [13] and can be found in Fig. 1.3. A brief

explanation of the main categories of PCM can be shown as follows.
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Organic

Non-Paraffin
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material
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Figure 1.3. PCM classification [13]

1.2.1.1. Organic PCMs

This is the most common type of PCM such as paraffin, fatty acids and polyethylene glycol.
Paraffin is widely investigated in thermal management applications due to its availability,
affordability, and feasibility. Organic PCMs possess high latent heat that makes it possible
to store a large amount of energy using a small mass. They can be used with many materials
without deteriorating them and have a good repeatability for multiple cycles with no effect
to their performance. They also show a physical and chemical stability. The drawback with

this type of PCM is the low thermal conductivity that can result in a reduced effectiveness.

1.2.1.2. Inorganic PCMs

This type of PCM comprised of salt hydrates and metallics. They possess thermal stability
over repeated cycles and are commonly used with applications that require a high melting
temperature. Inorganic PCMs have a high thermal conductivity compared to the organic
PCMs and their phase change occur faster than the organics. The drawbacks of inorganics
lie in their phase change irreversibility in which they need to be stirred or to add chemicals.
Another issue is they can be corroded when left to the environment or interacted with the

housing materials.



1.2.1.3. Eutectic

Eutectic is a compound that is comprised of two or more types which can be organics,
inorganics, or both and possesses a single melting temperature. The advantage of this type
of PCM is the ability to control its melting point by changing the weight percentage of the
components added. Their solidification or melting occurs without any phase segregation or

supercooling Atinafu et. al. [14].
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Figure 1.4. Various PCM groups melting temperature range [15]

1.2.2. Comparison of Different PCMs Types

A PCM can fall into one of the above-mentioned groups. Each group has its advantages
and disadvantages and choosing a specific PCM will take these characteristics into
consideration along with the application temperature range and other factors. A list of

comparison of different PCM groups is shown in Table 1.1.



Table 1.1. PCM groups advantages and disadvantages

PCM type Advantages Disadvantages
v Chemical stability [16] % Low thermal conductivity
v’ Effective repeated thermal % High cost
cycles % Large volume change [17]
v Available in a wide % Flammable
Organic temperature range % Low heat of fusion [16]
v Compatible with other
materials
v Nontoxic
v" Noncorrosive [17]
v" Lower cost « Many thermal cycles reduce
v High heat of fusion [18] effectiveness
Inorganic v High melting point range ¢ Supercooling and subcooling
v High thermal conductivity % Corrosive
v" Nonflammable ¢ Phase segregation [18]
¢ Incompatibility issues
v Lower cost % Corrosivity

Eutectics

<

Sharp melting temperature
Large volumetric storage

density [19]

Limited melting temperature
range

Low thermal conductivity [20]

1.2.3. PCM Applications

PCM is gaining more interest due to many reasons including the increased cost of energy
utilization, environmental concern, and space and weight limitation. Thermal energy
storage with PCM is used for energy efficiency as well as thermal comfort. There is a
variety of PCM applications as an energy storage due to the wide range of temperatures
utilized in many systems. Some of these applications include the use of PCM in buildings
for cooling purposes. Phase change materials can be used for cooling in a building

envelope, HVAC unit, and solar system. It works on storing energy and releasing it thus



reduces peak load and results in smaller HVAC unit Souayfane et. al. [21]. A PCM can be
employed as a thermal energy storage in solar systems to store thermal energy for later use.
PCM can find an application in the protection of food, medical supplies, electronics, etc.
at their desired temperature during transportation. Another application is in the
transportation of refrigerated trucks to minimize the peak heat transfer rate and maintain
the refrigeration equipment working for a longer period of time. Depending on the
temperature range of the application, a PCM can be integrated in a system such as
electronics. It works on absorbing the heat at peaks and emits it thus results in minimization

of the cooling system.

1.2.4. PCM Selection Criteria

Phase change materials exist in a wide temperature range of melting and freezing.
Choosing a PCM for a specific application depends on the PCM characteristics. The
following presents some consideration points to value when selecting a specific type of
PCM. Three aspects can set a selection criterion when choosing a PCM: thermal, chemical,

and economical.

1.2.5. PCM Thermal Characteristics

The thermal characteristics of the PCM can include latent heat of fusion, thermal
conductivity, density, and melting temperature range. The latent heat of fusion is an
important factor for selecting a PCM since its unit is in (J/g). High energy storage capacity
is required in order to store higher amount of thermal energy through using a minimum
quantity of the material. A high thermal conductivity is important for heat transfer
performance therefore, researchers are continuously investigating different methods to

enhance the PCM thermal conductivity.

1.2.5.1.Chemical Characteristics

A phase change material is expected to undergo many melting and freezing cycles.
Through a DSC test, the reliability of the PCM to continuously absorb and release energy
without any effect to its performance is assessed. The degradation of PCM can occur over

the many repeated cycles it experiences; therefore, it is important to choose a PCM that
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maintains its chemical and thermal stability after many melting and solidification
processes. For health and safety considerations, the selected PCM should show no

corrosivity, toxicity, explosivity and possess low flammability.

1.2.5.2.Economical Characteristics

Economical consideration is represented by the PCM cost, availability, and compatibility.
The PCM cost can affect its feasibility in different applications. The integration of a
specific type of PCM in an application requires the availability of that PCM at an affordable
cost. While cost and availability are important factors, the compatibility of the PCM with

the housing material is crucial.
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1.3. Motivation

Dynamic analysis is a great tool to characterize the transient heat transfer and provide a
prediction on the response of the heat exchanger. The experimental investigation of the
transient behavior of a cross flow heat exchanger is of great importance due to its use in
many industries. The integration of PCM in a heat exchanger as a latent heat thermal energy
storage has gained significant research interest due to its capability to provide cooling and
heating without the reliance on a power source or a battery. The transient analysis and the
PCM incorporation in the heat exchanger can offer some advantages which are summarized

below,

o The dynamic analysis under inlet conditions perturbations presents a prediction of
the thermal behavior of the heat exchanger as a result to a sudden change.

o The prediction of the fluids’ outlet temperature response and behavior due to transient
changes and the use of PCM in heat exchangers assists in achieving a continuous and
uninterrupted occupants' thermal comfort.

o Sizing of HVAC unit for average thermal load instead of peak thermal load.

o Size reduction when space is limited and cooling with a process fluid cannot be
utilized.

o Energy savings and less use of power or battery for example in vehicles. Less reliance
on fuel and energy conservation.

o Storing thermal energy according to the temperature required by the application.

o Thermal cycle repeatability without an impact on PCM effectiveness.

o Storing energy at peak periods for a later use.
The motivation to perform this work can be summarized in the following points,

e Lack of available data on transient analysis of heat exchangers with airside flow rate
perturbations, especially experimental data for air cooling.

e Majority of the published work focused on the liquid side inside the tube/channel
rather than the airside due to the complexity of the airside circuit and the need for a

state-of-the-art highly equipped experimental setup to perform such analysis.
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e The increasing demand for electric and hybrid vehicles, the incorporation of climate
control features such as start stop function, and the need to extend thermal comfort
such as in a vehicle's passenger compartment during short period of shutdown.

e The search for an existing source of energy that doesn't impact the environment yet
provide energy and fuel savings.

e The rising concern for space and weight limitations in many applications.

e Lack of experimental studies that involve a cross flow heat exchanger with two

working fluids (air and ethylene glycol/water mixture) besides PCM.

For all the aforementioned reasons, this experimental work is of importance and need as it
provides an insight and a solution to real life problems resulting in power and energy

savings.
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1.4. Objectives

Heat exchangers are typically analyzed using steady state conditions. However,
perturbations in fluids’ inlet conditions can occur due to many reasons. A change in a
fluid’s inlet flow rate or temperature affects the thermal process and heat exchanger. Due
to the fact that heat exchangers are generally part of a thermal system, this effect can lead
to undesirable consequences to the subsequent parts connected to the heat exchanger.
Majority of the published transient works related to cross flow heat exchangers are based
on liquid side variations inside the tube. In view of the shortage of available studies on the
dynamic behavior of cross flow heat exchangers with perturbations in airside mass velocity
for air cooling and heating, the current work is presented. Therefore, an experimental study
of the dynamic behavior of a cross flow heat exchanger due to airside mass velocity

variations is investigated. The main objectives of this work are listed below,

» Present an insight into the transient thermal behavior of cross flow heat exchangers
when airside is subjected to an inlet condition change.

» Experimentally investigate the dynamic behavior of a compact heat exchanger for air
cooling and heating using different inlet mass velocity ratios.

» Discuss the effect of a sudden step change of a fluid inlet condition on the heat
transfer and fluid flow of the heat exchanger using different dimensional and
dimensionless parameters.

» Analyze the factors that affect the response time of the heat exchanger to the steps
imposed.

» Develop generalized empirical correlations to predict the airside Nusselt number with
respect to air inlet mass velocity ratios for both cases of air heating and cooling.

» Generate a database for future researchers on experimental transient heat transfer due

to airside inlet conditions variation.

The use of a PCM in enhancing and providing a sustainable energy system is important to
the efficiency of the system. This is due to the capability of the PCM to manage heat and
provide cooling energy in an effective way. For this regard, the current study proposes the
use of a PCM as a reliable cold thermal energy storage solution. While significant effort is

shown in the published literature into developing and presenting different thermal energy
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storages, there remains however a scarcity of published experimental work dealing with

the incorporation of PCM in a crossflow heat exchanger. The present study tackles the lack

of available experimental data problem and present a solution for thermal comfort of

occupants through fulfilling the following objectives,

>

Y

Conduct experiments using a PCM as a latent heat thermal energy storage for
extended thermal comfort in a compact cross flow heat exchanger to solve the limited
space and weight concern in applications.

Examine the effect of different air mass flow rates on the PCM discharge time.
Assess the PCM optimal performance using effectiveness.

Study the repeatability of the PCM charging and discharging through short periods
working and idles.

Evaluate the advantage of using PCM to provide thermal comfort when compared to
ano PCM case for the case of air cooling.

Compare the effect of the air mass flow rate and liquid mass flow rate change on the

discharging process of the PCM.

In order to successfully achieve the proposed objectives, a flow chart is presented as in the

following to show a step-by-step guide as in Figure 1.5.
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. . . 1
Transient experimental study of a latent heat thermal energy storage in a phase

change material-air-liquid heat exchanger )

\
» Comprehensive literature review

* Find the gaps in research and formulate the problem

* Outline motivation and objectives and identify a method of approach

 Obtain necessary equipement and measuring devices to run the experiements

w

- Implement modifications to the experimental setup to accomodate the transient
and PCM testings

W

* Run experimental tests to preset the operating conditions

» Conduct experiments and record data

- Analyze data, develp correlations, and compare results with published works

* Publish journal papers of the composed results

» Write, submit, and defend the dissertation

Figure 1.5. Research goals achievement flow chart
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CHAPTER 2
LITERATURE SURVEY

Heat exchangers are employed in a variety of applications and their main use is to
accomplish thermal management and maintain thermal comfort. A typical design of heat
exchangers is based on their steady state operating conditions. This means that the inlet
temperatures and flow rates of the working fluids remain constant and do not experience
any variation with time. Steady state numerical, analytical, and experimental investigations

on different types of heat exchangers are well established and presented.

2.1. Heat Transfer Enhancement

There are many studies on the thermal performance of heat exchangers that include
modifying the working fluid properties, using different heat exchanger orientations,
changing the geometry surface, and adding extended surfaces with varying the fin
parameters. Enhancing the heat transfer and obtaining better thermal performance in a heat
exchanger by adding another equipment which needs an additional source of energy is
considered costly and increases the weight and size of the thermal unit. Therefore,
alternative methods have been suggested. One of these methods is the use of nanofluids to
enhance the heat transfer in cross flow heat exchangers Albadr [22]. Huminic and Huminic
[23] have presented a review study on the use of nanofluids in heat exchangers. They have
divided their paper in two sections where the first one summarizes the enhancement in fluid
properties and Nusselt number. While the other section focuses on the use of nanofluids in

different types of heat exchanger.

Heat transfer enhancement can also be accomplished considering different tube/channel
sizes and shapes. The effect of different channel diameters in a thin slab has been
investigated by Ismail et. al. [24]. The heat transfer coefficient, pressure drop, and Nusselt
number have been shown to increase or decrease according to the slab length/channel
diameter ratio. Adding extended surfaces to the heat exchanger has shown to increase the
heat transfer by increasing the heat transfer area. Fin shapes. Sizes, and orientation are
investigated with their effect on heat transfer in a heat exchanger Moorthy et. al. [25],

Basavarajappa et. al. [26], and Altwieb et. al. [27]. The effect of geometrical parameters
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on the heat exchanger thermal performance was examined by Kuehndel et. al. [28] and

Erec et. al. [29].

2.2. Airside Steady State Thermal Performance

Cross flow heat exchangers with airside thermal performance evaluation focus have been
examined by many researchers at steady state conditions. Siddiqui et. al. [30] have
experimentally studied the effect of different operating conditions on the airside heat
transfer and fluid flow characteristics of a compact CFHX. They have compared airside
Nusselt number to a published literature and derived correlations for the case of air heating.
Junqi et. al. [31] experimentally evaluated the airside thermal performance in a crossflow
heat exchanger. They have used the effectiveness-NTU method to study the effect of fin
parameters on the thermal performance of the heat exchanger. Empirical correlations were

presented for Colburn j and friction factors.

An examination of the heat transfer and fluid flow of a cross flow heat exchanger under
steady state conditions was done by Dasgupta et. al. [32]. Their experimental work resulted
in airside heat transfer and thermal resistance evaluation along with an obtained correlation
for Nusselt number as a function of Reynolds number. Waltrich et. al. [33] presented an
evaporator design where the heat transfer coefficient experienced an enhancement due to
minimizing the free flow area. Experiments were conducted to analyze the thermal
behavior of the alternative evaporator design and present a method to predict the heat
transfer and pressure drop without any further fitting parameters. The presented model
compared reasonably with the experimental data. The airside heat transfer coefficient in a
crossflow heat exchanger was determined experimentally and numerically by Taler [34].
He obtained the fluids’ average heat transfer coefficients using a new method based on the

nonlinear least squares.

2.3. Transient Study of Heat Exchangers

Many researchers have studied the dynamic change in either one fluid or both fluids inlet
conditions and their effect on the thermal performance and outlet parameters of the heat
exchanger. A transient response of a counter flow heat exchanger with temperature

variation of one of the fluids was studied numerically by Bunce [35]. The transient behavior
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was modeled using a commercial software and the effects of the different variables such as
geometry and process were examined. A transient response of a double pipe heat exchanger
subjected to fluid flow rate change was numerically and experimentally analyzed by Lachi
et. al. [36]. A model was developed to predict the response of the heat exchanger. Their
results show a decrease in time constant due to the increase in flow rate which results in a

faster response of the heat exchanger.

Yin and Jensen [37] analytically examined the heat exchanger transient performance due
to a fluid’s temperature or mass flow rate perturbations. The working fluids used were a
single-phase fluid and a constant temperature fluid. They have concluded that their model
can be used for a heat exchanger regardless of the flow arrangement. However, further
study for the two fluids in a single phase has to be investigated. Transient analysis of a
plate type heat exchanger due to a temperature perturbation was investigated by Srihari and
Das [38]. Two types of plate heat exchangers, U and Z types were analyzed and compared
with and without flow maldistribution under the transient change. Dynamic parameters
such as initial delay time, response time, and time constant were evaluated. A model was

created and verified with experimental data to predict these parameters.

2.3.1. Transient Analysis of Cross Flow Heat Exchangers-Temperature Changes

Dynamic investigation of heat exchangers has gained noteworthy interest in recent years
for applications that involve mostly heating or cooling to control the outlet temperature of
the fluid. A number of researchers have reported studies on the transient analysis of
CFHXs. Much of them explored the effect of the variations of the fluid’s inlet temperatures
and channel/tube mass flow rate on the dynamic performance of the heat exchanger.
Abdallah and Rooke [39] examined the thermal response of a liquid-gas cross flow heat
exchanger due to a step change in liquid temperature and derived analytical expressions
for the liquid and gas outlet temperatures. They have compared their analytical solution to
the available numerical methods and found good agreement. Chen and Chen [40] worked
on developing a numerical work to analyze the transient response of a CFHX with finite
wall heat capacity. They have expressed fluids outlet temperatures as well as the wall

temperature in terms of the variation of the inlet temperature of the primary fluid.
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Likewise, numerical analysis of a cross flow heat exchanger by Syed and Idem [41]
considered a step change to the minimum capacity rate fluid inlet temperature. They have
reported a time lag on the stepped fluid unlike the other fluid which responded
instantaneously to the change. Also, they have found that the higher the NTU value, the
higher the time needed to reach steady state condition. Gogus and Ataer [42] numerically
and experimentally studied the transient response of a CFHX subjected to step changes in
the liquid temperature. A model was developed and verified to predict the thermal behavior

of the crossflow heat exchanger considering the existence of fins.

Ataer [43] studied the transient analytical modeling of a cross flow heat exchanger with
step change in the hot fluid inlet temperature by deriving energy equations for both fluids
and obtaining the outlet temperature variations with respect to time. He has characterized
the heat exchanger behavior by time delay, time constant, and gain while comparing his
results to experimental and numerical results found in [44]. Later on, Silaipillayarputhur
and Idem [45] numerically studied the effect of the step change in inlet temperature and
flow rate of the minimum capacity rate fluid on the transient performance of multi pass
cross flow heat exchanger. They have solved the energy equations for both fluids as well
as the wall and discussed the response of both fluids. Their results have been compared
with published work [46] for different flow arrangements yielding the conclusion of adding
more passes to cross and counter flow arrangements improved the steady state transfer
performance. Moreover, the crossflow arrangement showed an improved thermal response
time when three or more passes were used compared to the other arrangements. Vaisi et.
al. [47] numerically studied the transient behavior of a CFHX with fluids’ temperature step
change. The response of each fluid to reach the steady state as well as the effect of the step
magnitude on the time constant were examined. Furthermore, the delay time for each fluid

was discussed.

2.3.2. Transient Analysis of Cross Flow Heat Exchangers-Flow Changes

An early work on improving the control capability of cross flow heat exchangers using
transient analysis started in mid-sixties targeting applications in HVAC and automotive
fields. The research work studied the effect of variations in the inlet flow rate of the internal

fluid inside the tube on both fluids’ outlet temperatures as well as the response time of the
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heat exchanger for air heating. Pearson et. al. [48] have studied the dynamic response of
the air outlet temperature in a conventional CFHX due to changes in water flow rate. They
have solved a first order dynamic model and compared their results to their experimental
and numerical findings. Fotowat et. al. [49] have studied the transient response of a
minichannel cross flow heat exchanger when the channel flow rate is subjected to step
changes. They have analyzed different step magnitudes and their effect on the outlet
temperature response of both fluids. Askar et. al. [50] have experimentally studied the
effect of air mass flow rate step changes on a compact CFHX performance for air heating.
They have characterized the thermal response of the heat exchanger and obtained a derived
empirical correlation for Nusselt number prediction due to different air mass flow rate steps

imposed.

Mishra et. al. [51] have investigated the transient temperature response of a CFHX due to
fluids temperature and flow rate variations. In their numerical study, hot fluid flow rate
step and ramp changes were considered. They found that the exit temperatures increased
when the hot fluid flow had the higher variation while decreased when the cold fluid flow
rate changes were larger. Transient experimental characterization of a cross flow heat
exchanger with liquid and air temperature and flow rate perturbations was investigated by
Del Valle and Ortega [52]. Their results show that the increase in water flow rate raises the
outlet water temperature. Furthermore, perturbations in water flow rate presented no delay

in exit temperatures response.

Transient cooling response in data centers using CFHXs was studied by Gao et. al. [53].
Fluids’ flow rates were subjected to step and ramp changes to examine the effect of the
thermal response of the heat exchanger. Their numerical results investigated the fluids’ exit
temperature response, the time constant, and the step magnitude effect on the transient
response of the heat exchanger. The transient thermal behavior of a cross flow heat
exchanger used in a data center was examined numerically and experimentally by Erden
[54]. He developed a model and verified it with experimental data for transient prediction
of the heat exchanger subjected to different variations including airflow. Del Valle et. al.
[55] numerically modeled the transient response of a CFHX used in data centers due to

perturbations in inlet water temperature and flow rate. They have performed experiments
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to validate their model and found good agreement for the flow rate variations case.

However, the model faced some limitations for the temperature step changes.

Gao et. al. [56] worked on the prediction of the transient response for a cross flow heat
exchanger by numerically solving a thermal dynamic model. They have studied different
combination of variations, air inlet temperature and water flow rate change, air inlet
temperature and air flow rate change, air inlet temperature variation along with a
combination of air and water mass flow rate change, and both fluids inlet mass flow rate
change. Their results have shown that the effect of mass flow rate variation on the outlet
temperature response is faster than the temperature variation. In addition, the combination
cases resulted in an unexpected thermal performance such as overshooting of the outlet

temperatures.

2.4. Thermal Energy Storage

A latent heat thermal energy storage is a technology that allows the storage of energy using
a medium and releasing this energy when needed through heat transfer with a working
fluid. Their many benefits and the ability to store large amounts of energy with a small size
make them attractive alternatives for applications such as cooling or heating where space
is limited. Different thermal energy storage technologies including sensible and latent were
reviewed comprehensively by Sarbu and Sebarchievici [57]. While various applications of
thermal energy storage for heating and cooling were examined and reviewed by Chavan

et. al. [58].

A material that can store large amount of thermal energy and is characterized by a high
energy density is referred to as a phase change material. Many researchers have focused
on investigating and reporting different enhancement techniques to improve the PCM
thermal properties. Wang et. al. [59] have prepared a phase change material with an
aluminum nitride additive to enhance its thermal conductivity. They investigated the
thermal energy storage performance through a cycle of storing and releasing thermal
energy. Their experiments resulted in a PCM that is characterized by high thermal
conductivity but a decrease in the latent heat. Fan and Khodadadi [60] have presented a

review of experimentally and numerically studies review on methods to improve the PCM
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thermal conductivity. They reviewed different metal inserts as promoters on a variety of
PCMs. Teng and Yu [61] have investigated experimentally the use of different types of
additives into an organic PCM working as a thermal energy storage to enhance its thermal
characteristics. They have found that the use of titania in a PCM resulted in an enhanced

storage performance and extended phase change temperature range.

The increase in thermal conductivity of a PCM for a better thermal energy storage was
explored by Jiet. al. [62]. Their use of graphite foams resulted in an PCM enhanced thermal
conductivity that can be used for different applications such as automotive and buildings.
Sivasamy et. al. [63] have reviewed different enhancement techniques to improve the
thermal performance of the energy storage. various types of thermal conductivity
enhancement methods have been presented and applications of thermal energy storage have

been discussed.

2.4.1. Thermal Energy Storage in Heat Exchangers

The use of PCM in heat exchangers have found an increasing interest due to the many
applications where thermal management is required. Al-Mudhafar et. al. [64] have
investigated the effect of fins in a shell and tube heat exchanger on the thermal performance
of a PCM. A comparison of the used T-type fin with a longitudinal fin revealed that the T-
type fins have resulted in a reduced melting time. They have also found that the fin
geometry plays an important role on the melting of the PCM. Li et. al. [65] have
numerically studied the fin number and location on the melting process of an energy
storage heat exchanger. The heat exchanger investigated was a double tube positioned
horizontally. They have found that fin positioning has a higher effect than fin number in
heat transfer and performance enhancement of the heat exchanger. Additionally, fin

location has reduced the melting time considerably compared to the case of no fins.

A numerical investigation of PCM melting in a triplex tube heat exchanger was done by
Mat et. al. [66]. Their study examined heating with PCM using different fin positions such
as internal, external, and both sides fin positions. A comparison of the performance of the
PCM with both sides fins and without fins resulted in shorter melting time than no fins.

Their numerical models were verified with experimental data and found good agreement.
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An investigation of the performance of a plate heat exchanger with PCM was
experimentally done by Kumar et. al. [67]. The increase in the fluid’s flow rate or
temperature led to an enhanced efficiency for the case of melting while no effect was shown
during solidification. Recommendations for future performance enhancement for the plate
heat exchanger with PCM were discussed. Kalapala and Devanuri [68] reviewed two types
of energy storage heat exchangers, shell and tube and a triple concentric tube. Their work
involved operating conditions investigation of temperature and mass flow rate of the
working fluid, geometry consideration such as the ratio of the shell and tube diameters,
heat exchanger orientation, fins, and positioning of the tubes. They provided
recommendations for an enhanced heat transfer in the LHTES heat exchangers studied

based on the design, geometry, and operating conditions.

Lu et. al. [69] have studied the thermal performance of a LHTES in a shell and a tube with
fins. The melting and solidification characteristics were assessed using a paraffin PCM.
Higher fluid flow rates showed a significant reduction in the charging time. while higher
fluid temperature reduced the discharging time. Promoppatum et. al. [70] have studied the
use of PCM in a crossflow shell and tube heat exchanger for HVAC applications. A model
validated by experiments was used to examine the heat transfer characteristics. They
explored the parameters that affect the thermal performance such as geometry and
operating conditions. Through a dispersion of aluminum in the PCM, its thermal

conductivity was enhanced and as a result, the thermal performance was improved.

There is an increasing interest in utilizing PCM in heat exchangers as a thermal energy
storage for various applications due to the energy supply and environmental concerns.
Herbinger et. al. [71] have numerically investigated the thermal performance of a PCM-air
heat exchanger as a thermal energy storage in HVAC applications. Their results show the
dependency of the heat transfer rate on the airside temperature and velocity as well as the
channel diameter. They have found that the small channel size along with the high inlet
temperature increase the heat transfer, while less significant effect was found from the inlet
velocity. A PCM in a finned tube was experimentally researched by Rahimi et. al. [72].
The melting and solidification processes were examined based on the effect of varying the

fluid’s temperature and flow rate. The fin effect on these processes was also considered.
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They concluded that the existence of the fins and the flow regime significantly influence
the melting time. Additionally, the solidification process is affected by the fluid flow rate

variation.

Energy improvement with a TES was investigated by Medrano et. al. [73]. The charging
and discharging processes were evaluated for different heat exchangers. Using the average
thermal power, the compact heat exchanger is concluded to be the most adequate to store
heat for real applications. Amagour et. al. [74] have experimentally studied a compact
finned-tube heat exchanger as a TES. The fluid flow rate effect on the phase transition
process and the TES effectiveness was considered. They have found that the mass flow
rate possessed higher significant effect than temperature on the TES effectiveness. They
also concluded that higher flow rates resulted in lower system effectiveness and faster

phase transition.

Koukou et. al. [75] have investigated a LHTES unit using different organic PCMs in a
staggered heat exchanger. They observed that fluid flow rate change presented an effect on
the charging and discharging processes, however, the heat transfer mechanism showed the
highest effect. Wang et. al. [76] have designed a climate control system with LHTES to
provide heating to electric and hybrid vehicles’ compartment. Their design targeted a 20%

extension in the winter driving range.

2.5. Summary of The Literature Survey

The transient analysis of heat exchangers has found great interest due to its importance in
controllability and thermal management. In the past, researchers have depended on the
steady state conditions to design and analyze heat exchangers. Therefore, most of the work
published on heat exchangers have dealt with steady state conditions due to the complexity
of performing the dynamic analysis. Studies on cross flow heat exchangers have reported
the effect of geometry of the tubes, channel sizes, and orientation on heat transfer and heat
exchanger performance such as, Horvat et. al. [77], Mosa [78], Ismail et al. [79],
Mangrulkar et. al. [80], and Mohanan et. al. [81]. While research related to the fluid inside
the tube/channel can be found in Mesbah [82], Quaiyum [83], and Ghachem et al. [84].

Meanwhile, the focus in crossflow heat exchangers on airside was investigated by Junqi et.
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al. [31], Paeng et al. [85], Siddiqui et. al. [30], Das Gupta et. al. [32], Waltrich et. al. [33],
Fotowat [86], and Taler [34].

While transient analysis of heat exchangers is of interest to many researchers, their work
involved the use of conventional heat exchanger Bunce [35], Lachi et. al. [36], Yin and
Jensen [37], Srihari and Das [38]. On the other hand, dynamic analysis of cross flow heat
exchangers, in particular, studied the heat exchanger performance and response due to a
fluid’s inlet temperature change such as, Abdallah and Rooke [39], Chen and Chen [40],
Syed and Idem [41], Gogus and Ataer [42], Ataer [43], Silaipillayarputhur and Idem [45],
and Vaisi et. al. [47]. However, for the case of flow variations, the reported research main
emphasis was on the liquid inside the tube/channel of the heat exchanger Pearson et. al.
[48], Fotowat et al. [49], Mishra et. al. [51], Del Valle and Ortega [52], Gao et. al. [53],
and Erden [54]. It is observed that most of the transient analysis was represented using

numerical or analytical analysis while less can be found using experimental work.

2.6. Scope of the Current Work

Several published articles have been thoroughly reviewed and reported in this study. The
results of their work are also discussed in the above sections. In light of the previous
published work and to fill in the gap in the research, the response of a compact finned meso
heat exchanger was experimentally investigated. An experimental setup that is capable of
accommodating different experimental sets of operating conditions was used to study the
transient response of the heat exchanger. This setup was designed and developed to
accommodate the heating and cooling modes of operation. Many equipment and devices

are connected to the setup for measurement and recording.

The transient part of this study was achieved through the variation in the inlet mass velocity
of the airside which flows perpendicular to the channel length. A thermal wind tunnel that
is capable of running different airside flow rates at a wide range of temperatures was used.
The heat exchanger response to the flow rate steps imposed was reported and discussed.
The effect of the variation of airside flow rate on the thermal performance and heat transfer
in the heat exchanger was analyzed. The aluminum heat exchanger consists of many

channels distributed evenly in a thin slab. Correlations for airside Nusselt number
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prediction in the cases of air heating and cooling were derived. The working fluids for the
transient analysis involved air and water having all the inlet conditions constant except for

the airside flow rate which was varied in a step form.

For the case of the thermal energy storage in the meso heat exchanger using a PCM, a
modification was done to the experimental setup to run these experiments. The main
working fluids were air and 50/50 ethylene glycol-water mixture along with the PCM as
the latent heat thermal energy storage. Several cases of air flow rates and their effect on the
storage performance were introduced. A comparison case study of the heat exchanger
response time with and without PCM was made. Repeatability and effectiveness of the

thermal energy storage was also investigated.

The outcome of this study will enrich the transient database and provide researchers with
the required knowledge needed for the efficient design and control of heat exchangers. The
results from this work will facilitate the prediction of the outlet temperature response to the
changes in the inlet conditions and the response time for the heat exchanger to reach the
steady state after the imposed variations. The correlations developed will offer a great
prediction on the heat transfer necessary to manage a thermal system through the use of a
heat exchanger. The thermal management accomplished via the thermal energy storage
will attain savings in energy and fuel with low environmental impact. The use of PCM to
store and release cold thermal energy assists in reaching occupants thermal comfort for an
intermittent operation. The design of the heat exchanger makes it attractive for many
applications due to its compactness and high heat transfer. While the use of PCM offers a

source of energy that is available, cost effective, and environmentally friendly.
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CHAPTER 3
EXPERIMENTAL SETUP

The experimental work discussed in this chapter was carried out in the Thermal
management laboratory at the university of Windsor. This advanced lab features many
different types of equipment, measuring devices, and test specimens. The focus of this
laboratory is on running experiments that involve thermal management and thermal
comfort such as heat transfer in heat exchangers and the use of PCM as a latent heat thermal
energy storage along with other experiments related to solar energy and vehicle battery
management. The major components of this sophisticated system include closed and open
loop thermal wind tunnels with a built-in heat exchanger, chillers, heaters, water supply

system, test section with tested heat exchanger, and a Data Acquisition System DAQ. The

experimental setup with its main components can be shown in Fig. 3.1.

TR

Figure 3.1. Experimental Setup

The experiments in this study are divided into transient air heating, transient air cooling,
and air cooling using thermal energy storage. Therefore, the experimental setup is modified
according to each experiment. Modifications are made to two main circuits in the system
which are the airside and the liquid side circuits to accommodate the heating or cooling

mode. A detailed description of each circuit can be found in the following sections.
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3.1. Airside Loop

Conditioned air is supplied through an open loop thermal wind tunnel that encompasses a
built-in heat exchanger for air temperature control. This wind tunnel is designed to have a
thick wall of Icm and a contraction ratio of 6.25. It has a test section in its middle top part
that is detachable and can be adjusted to incorporate different heat exchangers. The air
velocities in the wind tunnel vary in a wide range as well as the air temperature. The wind
tunnel has an in-built ga to liquid CFHX for temperature control. This heat exchanger is

located in the upstream of the air flow where it supplies conditioned air to the test section.

Air enters a thermally insulated open wind tunnel at ambient temperature and is forced into
the test section by means of a blower. A blower is attached to the wind tunnel along with a
controller to accommodate a wide range of air mass flow rate. The flow of air is considered
uniform through the wind tunnel due to the use of a honeycomb mesh and a set of screens.
Air temperatures at the inlet and the outlet are measured using 2 thermocouple grids. A
total of 9 T-type thermocouples are placed in a grid at the inlet section of the airside and
18 thermocouples grid at the outlet as shown in Figure 3.2. Calibrated thermocouple probes
are installed and connected to the multi-Channel data acquisition system for measurement
readings and recordings. The relative humidity of air is also monitored and recorded via a

humidity sensor attached at the inlet and outlet of the test section.
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Figure 3.2. Air thermocouple grids (a) Inlet and (b) Outlet
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Air enters the thermal wind tunnel at room temperature, therefore, attaining the required

air inlet temperature below or above room temperature needs some system modifications.
3.1.1. Air Heating Experiments

Pipes that supply hot and cold city water are connected to the inbuilt heat exchanger. A
mixing valve is installed to allow the control of the amount of each of the streams. The
mixture of these two hot and cold streams passes through to the inbuilt heat exchanger and
exchange the heat with the incoming air at room temperature. This heat exchange process
achieves the desired air inlet temperature supplied to the test section. After exchanging the

heat with the air, the city water is sent to drain.
3.1.2. Air Cooling Experiments

Air at room temperature is pre-dehumidified before entering the wind tunnel. The pre-
dehumidification is to ensure no condensation effect takes place. A circuit comprising an
inbuilt gas to liquid heat exchanger, a heater, a plate heat exchanger, and a pump is used to
obtain the air inlet temperature. The city supplies hot and cold water. However, the
exchange of air with hot city water alone in the inbuilt heat exchanger is not adequate to
yield the desired air temperature. Therefore, a main inlet tank supplies DI-water at room
temperature to the heater. Afterwards, a pump draws this heated DI-water and passes it
through a plate heat exchanger where it exchanges heat with the city water supply. A
mixing valve controls the amount of hot and cold city water needed to exchange the heat
with the DI-water from the heater. As a result, a hot DI-water at a specified temperature is
passed to the inbuilt heat exchanger. The heat transfer that occurs between the two fluids
provides the desired inlet air temperature entering the test section. Figure 3.3 illustrates the

inlet air temperature set loop.
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Figure 3.3. Inbuilt heat exhanger air temperature control loop

3.2. Test Chamber

The test section is located at the wind tunnel top center part and houses the cross flow meso
heat exchanger. Since polycarbonate is known for its lightweight, transparency, and a very
good thermal resistance, it is used to fabricate the test chamber with a 0.25" thickness. It
has dimensions of 4”"x12"x 24" in a rectangular cross-section. All test chamber outer sides
are well insulated to ensure no heat transfer to or from the environment. There are top inlet
and outlet doors to provide accessibility to the inner part of the test section. The test section
is designed with thick walls to ensure no heat transfer with the surrounding. There is an
extra insulation all around the test section to ensure a complete insulation and minimization

of any heat transfer between the chamber and the surroundings.

The test chamber is made detachable using screws to the wind tunnel for replacement,
maintenance, or modification. The entrance to this section has a Pitot static tube placed at
the center of the airflow and connected to a Differential Pressure Transducer PTD to
provide air velocity measurement through static and total pressures difference. Velocity
profile measurement is achieved using 5 ports on the test section inlet side. There are two
other ports located in the test section center inlet and exit front walls which are used to

provide pressure reading across the heat exchanger. A total of 30 thermocouples are
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distributed evenly at the slab and serpentine inlet/outlet of the meso heat exchanger to

provide surface temperature measurements.

3.3. Meso Heat Exchanger

The heat exchanger in this study is situated in the center of the test chamber with a perfect
fit from the top and the bottom. This heat exchanger is a serpentine finned compact liquid-
gas cross flow exchanger with a header and a manifold at the inlet and outlet. It is
constructed of aluminum material with dimensions of 304.8 X 101.6 mm and a height of
101.6 mm. The heat exchanger has 5 aluminum flat thin slabs of 2mm thickness with an
alternate flow direction and a surface area density p of 4000 m?/m?>. Each slab incorporates
68 channels that are Imm diameter distributed evenly along the flat slab and run through

the serpentine bend leading to a total of 4 serpentines. The schematic of the heat exchanger

is shown in Figure 3.4 and a section of the slab with the minichannels is shown in Figure

3.5.
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Figure 3.4. Meso heat exchanger

A list with the specifications of the heat exchanger is found in Table 3.1. Each slab has a
set of aluminum fins that run parallel to the air flow along the depth of the heat exchanger.
This heat exchanger is a one circuit exchanger with 5 passes. The fins are located between
slabs and connected to them to allow heat transfer from the slab to the fins. There are 12
fins per 25.4 mm and the fins have a total length of 304.8 mm along the slab which make
the total fin number in one row to 144. These rows were sealed from all directions to ensure
no PCM leak happens during the experimental runs. Several thermocouples are distributed
inside the PCM and on the slabs and serpentines surfaces to monitor and record the heat

exchanger surface and PCM temperatures.
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Table 3.1. Heat exchanger specifications

Compact heat exchanger Specifications
Number of serpentines 4
Number of slabs 5
Thickness of slab 0.002 m
Material of the slab Aluminum
Width of slab 0.1m
Number of channels in a slab 68
Channel diameter 0.001 m
Fin height 0.018 m
Fin density 12 fins/in
Fins material Aluminum

/
N

Figure 3.5. Slab with minichannels

3.4. Liquid Side Loop

The liquid side main components are a chiller, heater, pumps, liquid tanks, pipes, fittings,
and hoses along with temperature and pressure gauges distributed along the inlet and outlet
lines to monitor the temperature and pressure of the liquid. This loop differs in components
depending on the heat transfer mode it is used for such as air heating or cooling. The flow
of the liquid that passes through the meso heat exchanger is accurately determined and
monitored via an inline Coriolis mass flow meter. It provides measurements of mass flow
rate and temperature of the liquid with an uncertainty of +0.1%. A variable speed gear

pump was used to deliver steady state flow of the liquid and can handle different types of
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liquids depending on their viscosity. The liquid mass flow rate is controlled by changing
the frequency of an electric motor attached to the pump (more information can be found in

appendix B).
3.4.1. Air Heating Experiments

For the case of air heating, the liquid side loop consists of two circuits: primary and
secondary circuits as shown in Figure 3.6. DI water at room temperature is drawn from the
main supply tank by the gear pump and is distributed into two portions. One portion is
allowed to pass to the meso heat exchanger where its quantity is controlled by a needle
valve. Another portion is heated by the incoming hot water from the secondary circuit via
the brazed plate heat exchangers. Two common brazed plate heat exchangers are placed
between the primary and secondary circuits to assist in providing a desired liquid inlet

temperature.

The secondary water circuit comprises a tank, a gear pump, and an inline heater. In this
circuit, the gear pump draws the water from the tank to the inline heater. The main purpose
of using the secondary circuit is to assist in achieving the desired controllable DI water
temperature flowing to the meso heat exchanger. The water exits the brazed plate
exchangers and returns to the tank while, the DI water flows to the meso exchanger and is
mixed with the first portion from the primary supply tank to obtain the desired DI water
temperature going to the test section. Precise needle valves assist in controlling the amount

of hot DI water and room temperature DI water mixture.

The amount of DI water that flows through the meso heat exchanger is measured and
monitored by an inline Coriolis type mass flow meter. Additionally, Resistant Temperature
Detectors RTDs and PTDs are used to measure the temperature and pressure of the
inlet/outlet DI water. These measurements are recorded and stored through the DAQ

system for processing using the NI LabView software.
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Figure 3.6. Schematic diagram of the experimental setup (heating)

3.4.2. Air Cooling Experiments

There are two types of the main working liquids used inside the channels of the heat
exchanger for air cooling experiments, a DI-water for the transient air cooling and a 50/50
Ethylene Glycol (EG)-water mixture for the PCM experiments. The main reason for using
the latter in the PCM experiments is to obtain a low liquid temperature to charge the PCM.
Both experiments share the same liquid side main components: supply tank, gear pump,
chiller, control valves, inline Coriolis mass flow meter, RTD, PTD, and pressure and
temperature gauges as seen in Figure 3.7. The liquid mass flow rate was kept constant by
means of a pump controller. The pump draws the working liquid from the supply tank at
room temperature where it passes through the chiller to be cooled then transferred to an
inlet tank to maintain it at a stabilized liquid temperature. Afterwards, the cooled liquid is
passed to the test section meso heat exchanger. This working liquid had two purposes

depending on the type of the experiment: cooling the air and charging the PCM.
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Figure 3.7. Experimental apparatus schematic diagram (cooling)

3.5. Data Acquisition System

The data acquisition system is comprised of the software, terminal block, and signal
conditioner. All the readings at different measurement locations from the installed
instruments such as thermocouples, PTDs, and RTDs are connected to the DAQ through
their respective channels and recorded using LabView software. This system is capable of
monitoring and recording 96 separate experimental parameters through its channels. In
addition, DI water mass flow meter is monitored and recorded through the use of an inline

Coriolis mass flow meter and its accompanied software.

3.6. Experimental Approach and Operating Conditions

The transient as well as the thermal energy storage experiments involved the compact cross
flow heat exchanger in which liquid flows inside the channels and air flows perpendicular
to the liquid flow. The PCM in the thermal energy storage experiments was injected and
sealed as liquid under room temperature in the two upper rows between the fins. The

experiments investigated the transient heat transfer in a crossflow heat exchanger for the
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cases of air heating and cooling and the application of PCM as a thermal energy storage

for air cooling. The operating conditions for each experiment are listed as follow.

3.6.1. Transient Air Heating Conditions

The air mass velocity in the air heating experiments was varied in a step form from an
initial value to different final values. Meanwhile, the air inlet temperature, the liquid mass
flow rate and inlet temperature were kept constant. The air inlet temperature was controlled
using the wind tunnel inbuilt CFHX. The hot and cold city water supply heat exchange
with the inlet air at room temperature provided the constant air inlet temperature to the
meso heat exchanger. The heating system maintained the liquid inlet temperature at the
required value. While the variable frequency pump allowed to control the inlet liquid mass
flow rate. The operating conditions for the transient heating experiments can be found in

Table 3.2.

Table 3.2. Air heating experimental operating conditions

DI water Air

Inlet temperature Mass flow rate Inlet temperature Mass flow rate
°C) (kg/s) °C) (g/s)

100 - 150

100 - 200

70 60 13 100 - 250

100 - 300

100 - 350

3.6.2. Transient Air-Cooling Conditions

The transient air-cooling experiments are performed at air inlet mass velocity step changes
while the other conditions of air and liquid are maintained unchanged. The cooling system
which its main component is the chiller supplies the cold liquid to the meso heat exchanger
at a very low temperature. The supplied liquid can be DI water for the transient air-cooling
experiment or 50/50 ethylene glycol-water mixture for the thermal energy storage
experiment. While a variable frequency pump controls the liquid flow rate, the wind tunnel

blower and its controller mange the air mass flow rate to the desired value. Meanwhile the
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built-in heat exchanger regulates the air inlet temperature to its constant value. The

operating conditions for the transient air cooling can be found in Table 3.3.

Table 3.3. Air cooling experimental operating conditions

DI water Air

Inlet temperature Mass flow rate Inlet temperature Mass flow rate
°C) (kg/s) °C) (g/s)

100 - 150

100 - 200

5 60 30 100 - 250

100 - 300

100 - 350

3.6.3. PCM Properties

PCM selection is an essential factor in the study of the LHTES system as the cooling energy
and the time for discharging is related to the PCM amount and properties. The PCM in this
study is selected based on the proposed application temperature range, automotive. In this
work, the PCM selected is characterized by its high thermal storage density, nontoxicity,
thermal stability, and availability. The Differential Scanning Calorimetry DSC results
provided by the manufacturer shows the melting and solidification process as in Figure 3.8.
This PCM is a commercial product and its detailed properties found in Table 3.4 are taken
through measurements while most of them are supplied by the manufacturer [Microtek

Laboratories Inc.].
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Table 3.4. PCM properties

Item Value
Type Paraffin
Melting point [°C] 4-8
Latent heat [kJ/kg] 211
Density [kg/m®] 760
Viscosity [m?/s] 2.81x10°
Boiling point [°C] 252-254
Flash point [°C] 100
Thermal conductivity [W/m.K] 0.21
Specific heat [kl/kg.°C] 2.17
Thermal cycling Multiple

Above melting point
Below freezing point

Liquid, colourless
Solid, opaque

Peak Temperature: 1.54 °C

b
~
| g . Enthalpy (normalized):
% 0 Solidification zpré 98 )/ )
o ) . 8
ﬁ / Onset Temperature:
N / 1.52°C
T P
E . — —
ZO \._\‘.I‘ /
g \ .f/ Enthalpy (normalized):
E 1 Melting 211.55 J/g
= -10- | Onset Temperature:
m© \ /
[ Y 3.79°C
=
Peak Temperature:
1 [Microtek Laboratories Inc.] 5.42°C
-30 20 -10 0 10

Temperature T (°C)

Figure 3.8. DSC results of the PCM

The operating conditions of the thermal energy storage experiments are shown in Table

3.5.
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Table 3.5. PCM experimental operating conditions

Air mass flow rate change Liquid mass flow rate change
50/50 Ethylene Air 50/50 Ethylene Air
glycol-water glycol-water
Inlet Mass Inlet Mass Inlet Mass Inlet Mass
temperature | flow | temperature | flow | temperature | flow | temperature | flow
(°cO) rate (°cO) rate (°cO) rate (°cO) rate
(g/s) (g/s) (g/s) (g/s)
80 20
150 25
-2.5 30 30 200 -3.0 30 30 80
35
300
40

3.7. Experimental Procedure

The experimental procedure for each of the four experiments is detailed in this section. All
of the experiments commenced with steady state conditions. This steady state is
predetermined by running trial experiments to determine the exact set positions of the
heater, chiller, valves for the main DI water temperature, the mixing chamber valves of the
city water in the wind tunnel, frequency of the airside blower, and the frequency of the DI
water pump controller. Trial runs are also used to preset the equipment and valves
according to the changes required during the experiments such as setting each of the inlet

air mass flow rate that will be used for different step changes.

3.7.1. Transient Air Heating Procedure

1. Turn on the water heater from the secondary circuit and the blower of the wind tunnel.
The desired water temperature and air mass flow rate are reached.

2. Start the DI water circulation by turning on the primary gear pump and adjusting its
frequency to the pre-set value.

3. Achieve initial steady state conditions in which all the inlet operating conditions of air

and the liquid experience no change with time.
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Initiate the transient experiment by a sudden change in the frequency of the airside
blower which results in changing the air velocity entering the test chamber.

Achieve the new steady state conditions after the transient change.

Repeat steps 3 to 5 for different mass velocity step changes as well as repeat these steps
for each transient change 3 times for accuracy and repeatability confirmation.
Monitor and record all the data during the experiments using the data acquisition

system.

3.7.2. Transient Air-Cooling Procedure

Start up the chiller until the set temperature of the DI water in the tank is reached.
Turn on the airside secondary circuit with the heater until it reaches its predetermined
value.

Run the wind tunnel blower and set the mass flow rate and air inlet temperature to the
desired values.

Achieve an initial steady state condition where liquid and air operating conditions are
constant.

Apply a sudden change to the frequency of the airside blower from an initial mass flow
rate to another mass flow rate value creating a step in the mass velocity.

Monitor the system till the new steady state conditions are achieved after the imposed
change.

Repeat steps 4 to 6 for different mass flow rate step changes as well as repeat these

steps for each transient change 3 times for accuracy and repeatability confirmation.

3.7.3. PCM With Air Mass Flow Rate Variations Procedure

The use of TES to provide extra cooling to the air when the liquid is stopped in a heat

exchanger is investigated in this study. The motivation is to lower energy consumption

while providing extra thermal comfort. The experiments are accomplished in 3 stages, the

first stage is achieving a steady state condition, the second stage is the charging process,

and the third stage is the discharging process. Meantime, all the inlet operating conditions

are held constant which comprise an air inlet temperature of 30°C, a liquid inlet

temperature of -2.5°C, and a liquid mass flow rate of 30g/s. These temperatures are chosen
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to replicate a hot summer day where air enters a car evaporator at about 28-30°C with a
very low coolant temperature to ensure the PCM is fully charged. The air mass flow rate
did not experience a change with time during the experiment. However, different sets of
experiments were investigated using a different air mass flow rate each time. The values
of the airside mass flow rate case studied are 80, 150, 200, and 300 g/s.
The charging process is where the steady state is accomplished and the liquid in the heat
exchanger reaches its set temperature value which leads to solidify the PCM at a
temperature below its freezing point. This process is the charging of PCM where it
transitions from liquid to solid storing energy for later use.
1. Start up the chiller until the set temperature of the 50/50 ethylene glycol-water mixture
in the tank is reached.
2. Turn on the airside secondary circuit with the heater until it reaches its predetermined
value.
3. Run the wind tunnel blower and set the air mass flow rate and inlet temperature to the
desired values.
4. Run the variable frequency pump to the predetermined liquid mass flow rate frequency.
5. Achieve a steady state condition where liquid and air operating conditions are constant.
The positioning of several thermocouples in the airside, inside the PCM and on the surface,
as well as the RTDs for the liquid side allow for data monitoring and recording through the
DAQ system. The third stage is the discharging process where the PCM is melted and its
stored cold thermal energy is discharged to cool the air.
The discharging process starts by shutting down the liquid mass flow rate while the airside
circuit is still running. This procedure resembles the air-conditioning of a vehicle when
stopping at a red light. In this case, the liquid is not cooling the air anymore, which triggers
the discharging process of the energy stored in the PCM. The air outlet temperature starts
rising but the PCM will work on delaying the rise in air outlet temperature by providing an
extra time of cooling through its melting process. The liquid circuit is kept turned off till
the PCM fully melts and transfers its stored energy to the air. Once the discharging process
is complete, the liquid circuit is allowed to work, and the test is repeated for accuracy and
repeatability confirmation. These 3 stages of steps are repeated each time with a different

airside mass flow rate to examine the air flow rate effect on the discharging behavior of the
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PCM. The data are recorded to be analyzed through the LabView software and the data

acquisition system.

3.7.4. PCM With Liquid Mass Flow Rate Variations Procedure

These sets of experiments are conducted to investigate the effect of liquid mass flow rate
variations on the PCM performance as a thermal energy storage. The experiments are very
similar to the air mass flow rate variations however, the air mass flow rate was kept
constant through all the experiments. The system started off by achieving a steady state
where all the operating conditions are not changing with time. The air mass flow rate
chosen was 80g/s, air inlet temperature of 30°C, and a liquid inlet temperature of -3.0°C. a
set of 5 experiments were tested where the liquid mass flow rate value was different for

each set as 20, 25, 30, 35, and 40 g/s.

The first stage is the charging where the cold liquid works on solidifying the liquid PCM
to store the cold thermal energy for a later use. This stage starts with turning on the chiller
to set the temperature of the 50/50 ethylene glycol-water in the tank. Meanwhile, the airside
secondary circuit is also turned on, thus the heater provides the hot liquid that will assist in
setting the airside inlet temperature to the desired value. Next the wind tunnel blower is
switched on and air mass flow rate as well as its inlet temperature are allowed to reach their
set values. While the liquid mass flow rate is adjusted by the variable frequency pump.
Once these inlet conditions of the working fluids are achieved, a steady state condition is

pursued where these parameters do not vary with time.

The last stage, which is called discharging, starts by switching off the 50/50 ethylene
glycol-water pump. This process will cause a rise in the air outlet temperature and trigger
the melting of the PCM to discharge its cold thermal energy to the air. The same steps in
all the stages are repeated with a different 50/50 ethylene glycol-water mass flow rate each
time. Additionally, each set of the five experiments is repeated 3 times for accuracy and

repeatability confirmation.
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CHAPTER 4
THEORETICAL BACKGROUND AND DATA REDUCTION

This chapter presents the methodology behind the transient heat transfer analysis for the
crossflow heat exchanger. It also pertains to the theoretical consideration for using a PCM
in a heat exchanger as a thermal energy storage. Additionally, the fundamental equations

of heat transfer are demonstrated as part of this chapter analysis.

4.1. Thermophysical Properties of The Working Fluids

The thermophysical properties of air, ethylene glycol-water mixture, and DI water such as
thermal conductivity, viscosity, density, etc. were evaluated using the fluid’s bulk
temperature. The bulk temperature of the working fluids was found using the average of

both inlet and outlet temperature measurement as follows,

Tap =~ 4.1
_ Tw,i+Tw,0
TDI water,b — 2 4.2
Tgi+T,
— _gt'’'go
Tgp = 222 4.3

4.2. Key Assumptions

The objectives of the current study are to investigate and evaluate the main dimensional
and dimensionless parameters that affect the transient response of a cross flow meso heat
exchanger subjected to step changes in air inlet mass velocity for the cases of air heating
and cooling. These parameters include both fluids outlet temperatures, heat transfer rates,
airside heat transfer coefficient, Nusselt number, Colburn j factor, Reynolds number, and
friction factor. Furthermore, evaluate the performance of the heat exchanger when a PCM
is injected in it as a thermal energy storage. Thus, studying the effect of air mass velocity

change on the discharging of the PCM in comparison to the liquid mass flow rate change.

The evaluation of the transient behavior of a compact CFHX is studied when the airside

mass velocity experiences sudden variations. This evaluation is presented in terms of
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parameters such as fluids dimensionless outlet temperatures, heat transfer rates, airside heat
transfer coefficient, and Nusselt number. Furthermore, this section explores the thermal
management aspect of the crossflow heat exchanger equipped with PCM for extended
thermal cooling. It also investigates the influence of air mass flow rate on the PCM
discharging process. Modeling the heat transfer for this case study requires some

assumptions to be considered that are listed as in the following:

e A uniform temperature distribution of the heat exchanger body at a given time.

e The heat transfer between the test section and the surrounding can be considered
negligible.

e The two fluids in the heat exchanger are assumed to be in a single phase.

e The liquid is uniformly distributed in the channels along the slab.

e The radiation effect between the heat exchanger and the air is negligible.

e Conduction heat transfer for both fluids along the direction of the fluid flow is
negligible.

e The air is assumed to be dry air since the humidity contribution was found to be less
than 1.5% (for air heating) and using properties of moist air for the case of air cooling.

e The potential and kinetic energies are approximated to zero.

4.3. Dimensionless Parameters

A dimensionless parameter is used to provide a generalized form of a relationship between
different dimensional parameters. It is independent of any variation in the measuring unit
and is preferred due to its convenience in delivering comparisons with other research
works. Some of the dimensionless parameters for heat transfer and fluid flow used in this
study are Reynolds number, Nusslet number, Stanton number, etc. The following is the

dimensionless parameters used in this work along with a description of each.

4.3.1. Nusselt Number

Nusselt number is a dimensionless number that characterizes the enhancement in heat

transfer in a fluid layer. It also represents the dimensionless form of the heat transfer
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coefficient. It is defined as the ratio of convection to conduction heat transfer and can be
expressed for the airside as,

haDh,a

Nu, = -

(4.4)

4.3.2. Stanton Number

It is a dimensionless number that considers the ratio of the heat transfer coefficient of the
fluid to the fluid’s thermal capacity. Stanton number for airside can be expressed as,
h
St, = ——

GaCp,a

(4.5)

This number is inversely proportional to the Reynolds and Prandtl numbers and also relates

to the Nusselt number and the Colburn j factor.

4.3.3. Transient Dimensionless Temperature

The transient dimensionless temperature was defined by Srihari and Das [38] for each fluid

at the transient time depending on the case whether air heating or air cooling as,

Tw,o (t)_Ta,i(t)

Tyo(t) = T T (heating) (4.6)
* Tai(t)_Tw,o(t) .
T, (t) = T T (cooling) 4.7)
* Ta,o(t)_Ta,i(t) .
Tgo(t) = T (heating) (4.8)
Ty o (6) = 207 Taol®  (551ing) (4.9)

Ta,i(t)_Tw,i(t)
4.3.4. Dimensionless Time

The dimensionless time is defined as the heat transfer of the fluid by convection to the wall

thermal capacity multiplied by time as,

_ (hd)q
T Mc

t* t (4.10)
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4.3.5. Colburn j Factor

The Colburn j factor for the airside is a modification of Stanton number which is utilized
to characterize the heat transfer capacity of the heat exchanger and also accounts for the

moderate variations of Prandtl number as,
Ja = St Pr? 4.11)

4.3.6. Reynolds Number:

Reynolds number is a parameter that is used to distinguish the fluid flow regime such as
laminar, transient, or turbulent. It is comprised of different parameters and is represented

by the inertia to viscous forces of the flow as,

Re =—= (4.12)

The airside Reynolds number was determined using the mass velocity definition using the

minimum free flow area of the air passing through the fins and slab as follows,
g

G, = (4.13)

Amin,a

The mass flow rate of the air crossing the heat exchanger was found using the air velocity

and area as,
Mg = PaVala (4.14)

The air velocity V was measure using Pitot static tube that was installed at the inlet of the
test section. It measured the dynamic, static and total pressure which were recorded using
the data acquisition system. The dynamic pressure difference is used to calculate the inlet

air velocity as,

20P gynamic
Pdumanie (4.15)

a

Therefore, airside Reynolds number can be found based on the mass velocity definition as,

pVAa,minDh a_p,
VD Agmin M A oCha G op,
Rea — (p ) — a,min — ZAamin — Ya’ha (416)
w/a Ha Ha Ha
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4.4. Transient Heat Transfer Rate (Air Heating)

The heat transfer rate of the liquid is calculated as,
Qw = mwcp,w(Tw,i - Tw,o) 4.17)

The heat exchanger is assumed to behave as a lumped system which indicates that the
temperature of the heat exchanger body at any point is uniform at a given time. However,
this temperature is a function of time. Using this approach, the airside heat transfer rate
was evaluated from applying the energy balance on the heat exchanger wall (slab+fins) as
shown in Figure 4.1 for the case of air heating. Assuming the kinetic and potential energies

are =0 and that no work is produced, the energy balance equation can be written as,

Qiv — Q= T2 =22 = MCZ2 (4.18)
Qa = Qi —MCT2 (4.19)

Thus, the airside heat transfer rate is found from the following equation as,
Qa = 11t (T in — Toyo (ti41)) — ot ToC) (4.20)

Where,i=0,1, 2, 3,......k

Figure 4.1. Thermal energy balance on the heat exchanger wall (air heating)

4.5. Transient Heat Transfer Rate (Air Cooling)

The liquid heat transfer rate is represented as,

Qw = mwcp,w(Tw,o - Tw,i) (421)

48



Following the same approach of lumped system to obtain the heat transfer rate for the
airside, an energy balance on the heat exchanger wall was applied as illustrated in Figure

4.2 and presented as follows,

0= Qu =L =22 = MC 2 (4.22)
Qa = Qu + MC=2 (4.23)

Therefore, the air heat transfer rate final equation is expressed as,
Qa = 1t Cpu (Tu o (ti41) = Tg) + T (4.24)

Where,i=0,1, 2, 3,......k

Figure 4.2. Thermal energy balance on the heat exchanger wall (air cooling)

4.6. Heat Transfer Coefficient

The heat transfer coefficient represents the heat transfer rate that occurs between a solid
and a fluid for a unit area and temperature difference. There is a challenge with the current
heat exchanger geometry to precisely obtain the surface temperature for the slabs and the
finned areas. The obtained surface temperature is used to calculate the heat transfer
coefficient. Therefore, the airside heat transfer coefficient is found through an iterative

process using the fin and overall surface efficiencies.

The overall surface efficiency for airside is expressed in the following equation,
Afin
Ng=1- A_a(l - nfin) (4.25)

The airside heat transfer area for the slabs and fins is found from, A, = Agaps + Afins
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The expression for fin efficiency of a uniform cross section is presented by Shah and

Seculic [5] and is adopted in this study as,

tanh(SL
Npin = e (4.26)
Where,
2hg
S= lomn (4.27)
Hfin
L= f; — trm (4.28)

The surface temperature is measured using a distribution of 30 thermocouples on the inlet
and outlet manifolds surfaces of the heat exchanger and the serpentine bends which are
located before and after the inlet and outlet sections of the test chamber. While the air
average temperature is found through the inlet an outlet grids comprised a total of 27
thermocouples inside the test section to measure the incoming and outgoing air
temperature. The surface and average air temperatures are used in an iterative process to
find the airside heat transfer coefficient. The following sets of equations explain the

iterative process of obtaining the air heat transfer coefficient.

1. Obtain the surface and air average temperatures.
2. The overall surface efficiency is set na =1 and entered in the following equation to
solve for h, as,
Qa
NaAa(Ta,avg~Ts,avg)

_ 0
naAa(Ts,avg _Ta,avg)

(heating) or h, = (cooling) (4.29)

a

The h, from Eq. (4.29) is substituted into Eq. (4.27) to solve for S.
Substitute the value of S from Eq. (4.27) into Eq. (4.26) to find the fin efficiency.

3

4

5. Use the fin efficiency from step 4 and enter it into Eq. (4.25) to find the new na.

6. The value of the new n. from step 5 is then to be entered into Eq. (4.29) to find ha.
7

. Repeat steps 2 to 6 using the values of na, ha, and nrin, for their final values.

The resulted heat transfer coefficient can be used to obtain the dimensionless airside

parameter, Nusselt number.
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4.7. Transient Air Cooling With PCM

The PCM melting and solidification processes are associated with the energy provided
during the charging process or the energy extracted during the discharging process by the
heat transfer fluid. The thermal performance of a latent heat thermal energy storage is
evaluated using the PCM absorbed thermal energy Medrano [72]. The amount of energy

during a phase change process can be found as,

Q = M.cppems(Teem,r — Trem,initiar) + M-H®pew + M. cppei(Trem, finat — Tremm)  (4.30)

Where, M is the PCM mass, cprcm;s is the PCM average specific heat between the initial
and melting temperatures, cprcm, is the PCM average specific heat capacity between
melting and final temperature, Trcm,r and Tpcmm are the PCM freezing and melting
temperatures, H°pcum is the PCM latent heat per unit mass, TpcMmiinitial and Tpcwm,final are the

initial and final PCM temperatures during the process.

The PCM charging and discharging processes depend on the energy given by the air to the
50/50 ethylene glycol-water mixture. The temperature measurement of the air inlet and
outlet thermocouple grids are used to evaluate the heat transfer for the PCM melting and
solidification processes. This instantaneous energy is determined from the fluid’s

temperatures and mass flow rate as in the following,

Qa = macpa(Ta,i - Ta,o) (4.31)

A dimensionless form of the airside outlet temperature can be represented using the

normalized air outlet temperature as follows,

_ (Tao=Taoinitia) (4.32)

T =
anorm
’ (Ta,i_Ta,o,initial)

The cumulative heat transfer or the energy capacity is found by integrating the

instantaneous heat transfer to the air for every one second duration as,

Qa,cum. = ?:1 Q;dt (4.33)

Where, dt=time (second), Qi = instantaneous heat transfer, and n is the number of time

intervals.
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CHAPTER 5
RESULTS AND DISCUSSION

The experimental transient results of air heating and air cooling using active and passive
methods through a working fluid are presented in this work. The active method is
represented by the transient performance of a meso CFHX for a variation of airside mass
velocity while holding all other inlet fluid conditions constant. The transient response of
the heat exchanger characterized by different heat transfer and fluid flow parameters is
reported for the cases of transient air heating and cooling. These parameters are presented
in dimensional and dimensionless forms which comprise outlet temperatures, heat transfer

rates, Reynolds number, Nusselt number, etc.

A generalized empirical correlation to predict the airside Nusselt number using
experimental results is also derived. The experimental derived correlations obtained from
this work are compared with the previous published work in the literature. The transient
analysis provides an insight into the effect of the variation of the airside mass velocity ratio
on the outlet fluids temperature response and other parameters listed in this chapter.
Furthermore, the response of the compact crossflow heat exchanger to step changes in air

mass velocity and the response time of each fluid to reach the steady state are discussed.

On the other hand, the passive method includes air cooling through the integration of PCM
in the meso heat exchanger as a latent heat thermal energy storage. This case relates to the
results of air mass flow rate effect on the PCM discharging time and extending the cooling
period. The significant results of this work are presented and discussed according to the

experimental findings and the predefined operating conditions.

5.1. Transient Air Heating

The experimental findings of the active air heating are discussed in the following sections.
The hot DI water was flowing inside the minichannels while air flew perpendicular to the
liquid flow over the slab surface between the fins. The hot DI water was used to cool the

incoming air while performing step changes in air mass velocity. This resulted in a change

52



in the outlet response of each of the working fluids which their results are discussed in the

following sections.

5.1.1. Exit Temperature Response with Dimensionless Time

The outlet temperature response of air and DI water in a dimensional and dimensionless
form is shown in Figures 5.1 and 5.2. The non-dimensional definitions are found using
equations (4.6-4.9). The two fluids outlet temperatures do not show an instantaneous
response to the change in air mass velocity ratio. The delay in the outlet temperature
response is called initial delay time. The delay time for the DI water is higher than the air
due to many factors such as the instrument response, residence time, etc. The residence
time is defined as the time the fluid takes to enter and exit the heat exchanger which is
shorter for the air flow compared to the long DI water channel. The airside delay time for
all the steps was found to be about 6s compared to 12s on the DI water side. It can be
concluded that for the same volume of the heat exchanger, increasing the mass velocity
reduces the time the fluid resides in the heat exchanger. For an air heating process, the
increase in air mass velocity ratio results in shorter residence time, lower exit temperature

of the fluids, higher heat transfer coefficient and heat transfer rate.

The higher the step change, the higher the decrease in the outlet temperature of the two
fluids. When comparing Figure 5.2a with 5.2b at the same step change, the decrease in air
outlet temperature is found higher than DI water outlet temperature reduction. The fact that
air travels through a short length of the heat exchanger along with the step change imposed
on the airside contribute to this difference in the outlet temperature. Additionally, the
response time, which is the time it takes the fluid to undergo a change from one steady state
to another, of the DI water is higher than air. It is also seen that the response time of each
fluid increases with the increase in the step change however, as GR increases, the rate of
increase in the response time levels off. The sudden increase in air mass velocity causes
more air flow movement from inlet to outlet of the heat exchanger resulting in air outlet
temperature drop. Once the DI water outlet temperature starts responding to the step change
applied, the increasing tendency of air outlet temperature to drop is reduced until it reaches

a final steady state.
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Figure 5.1. The effect of air mass velocity ratio on outlet temperature response
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Figure 5.2. Effect of air mass velocity ratio Dimensionless outlet temperature

5.1.2. Dimensionless Outlet Temperature Response with Reynolds Number

The effect of the step change variation represented by Reynolds number is demonstrated
in Figure 5.3. This figure shows all the steps starting from an initial Reynolds number of

about 700 since no change in inlet conditions happens and the mass flow rate of air is set
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to 100 g/s at steady state. When a step change is applied to the air mass flow rate, it takes
some time for the initial mass flow rate to reach its predestined value. However, the
dimensionless outlet temperature continues to drop till the final steady state is reached and
that is due to the ongoing heat transfer that takes place from the DI water to the heat
exchanger wall then to the air. Once heat transfer balances between the two fluids at steady

state, the dimensionless outlet temperature reaches its final steady state value.

It is noticed that the higher the Reynolds number, the higher the time it takes for the
dimensionless outlet temperature to reach its final steady state value. The initial delay and
the residence time effect contribute to the continuous change in the dimensionless outlet
temperature after reaching the predestined value. When comparing Figures 5.3a with 5.3b,
the DI water dimensionless outlet temperature does not possess the decreasing trend as in
the airside for the transition period from an initial to a preset value of Reynolds number.

The DI water has a longer initial delay time as well as residence time.
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(a) Dimensionless air outlet temperature vs. Re,
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Figure 5.3. Dimensionless outlet temperatures with respect to Reynolds number

5.1.3. Transient Fluids Heat Transfer Rate

The heat transfer rate for the two fluids is evaluated and plotted with respect to time in
Figure 5.4. Both fluids heat transfer rate increases with the increase in air flow rate,
however, since the step applied is in the airside mass velocity, air behaves differently than
DI water during the transient change. Initially, the two fluids heat transfer rates are
balanced at the steady state. The step change applied to the air mass velocity causes an
unequal delay time between the two fluids heat transfer rate and a dissimilar behavior

during the transient change.

The increase in air mass velocity increases the rate of heat transfer to the air and that causes
a sharp drop in the surface temperature of the wall since the air initial delay and response
time is short. This explains the increase in airside heat transfer rate after the initial delay
time to a high value. Then a decline in heat transfer rate is noticed since DI water outlet
temperature, after its initial delay time, starts showing its response to the air mass velocity
change. This response reduces the sharp rate drop of the surface temperature and increasing
trend until reaching the re-balance of the two fluids heat transfer rate at the final steady

state. The percentage error in comparing the two methods of finding the heat transfer rate,
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where one is based on the heat exchanger wall heat transfer and the other is based on the

heat transfer on the airside at the final steady state, is found to be less than §%.
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Figure 5.4. Effect of GR on the transient heat transfer rate

5.1.4. Transient Airside Heat Transfer Coefficient

The airside heat transfer coefficient is calculated using the iterative process discussed
previously and the results are shown in Figure 5.5. The system ability to record
simultaneous measurement of the air temperatures through the grids at the inlet and outlet

sections across the heat exchanger provides the bulk air temperature. Along with the
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surface average temperature and the air heat transfer rate, the average airside heat transfer
coefficient is found. The air mass velocity step increase leads to an increase in the heat
transfer coefficient and the higher the step, the higher the heat transfer coefficient. The
response time of the heat transfer coefficient increases with the increase in the step change.
The behavior of the airside heat transfer rate affects the trend of the heat transfer coefficient
especially during the transient period. The sudden increase in air heat transfer rate in the
transient region due to the increased air mass velocity and the decrease in surface
temperature results in an increase in the heat transfer coefficient. However, this sharp
increase is adjusted after the heat transfer rate of the two fluids balances and eventually

reaches the steady state.
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Figure 5.5. Transient airside heat transfer coefficient at different GR

5.1.5. Transient Airside Nusselt Number

Airside Nusselt number represents the dimensionless heat transfer coefficient calculated
for different air mass velocity step changes and shown in Figure 5.6 with respect to changes
in the dimensionless time. As expected, Nu, increases with the increase in air mass velocity
step change since the heat transfer coefficient is increased. The higher the step, the longer
it takes for Nua to reach steady state since the response time increases with the increase in
the step change. Figure 5.7 illustrates the effect of changing airside Reynolds number on
Nua. The step increase of air mass velocity from an initial value to the predestined value

happens during a finite time which is controlled by the magnitude of the step change. This
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rise in air mass velocity step change leads to an increase in heat transfer rate and in turn
the heat transfer coefficient. Once the air mass velocity reaches its set value and due to the
heat transfer occurring between DI water, heat exchanger wall, and the air, the change in

Nusselt number continues till reaching a final steady state.
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Figure 5.7. Transient Nu, with Re,

5.1.6. Transient Airside Colburn j Factor

The Colburn j factor is a dimensionless parameter that characterizes the heat transfer of a
heat exchanger. The variation of Colburn j factor due to the step changes in air mass
velocity is shown in Figure 5.8. Colburn j factor is proportional to Prandtl number and

Stanton number, equation 4.11 which depends on the airside heat transfer coefficient and
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the mass velocity of the air. The sudden increase in air mass flow rate while the other inlet
conditions are constant increases the mass velocity and thus results in a sharp decrease in

Jato a lower value.
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Figure 5.8. Transient j, with dimensionless time

At first, the increase in air mass velocity is higher than the increase in the heat transfer
coefficient and this results in a sharp decrease in Colburn factor j,. This sharp decline is
reduced when the heat transfer increases, and the air mass velocity reaches its set value.
Therefore, the behavior of airside Colburn j factor shifts and starts increasing till the final
steady state is reached. Figure 5.9 represents the changes in j. due to the airside Reynolds
number variations. This figure illustrates the time it takes for airside Reynolds number to
change from an initial common value to final set values related to each airside mass
velocity step change. When the air mass velocity reaches its final set value, the vertical
change of each step illustrates the changes in j, until a steady state is achieved. The response

and the increase in j, depend on the magnitude of the step change applied.
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5.1.7. Comparison of the Current Study with the Literature

A comparison of the current results in terms of airside Nusselt number is made with
previously published work found in the literature. This comparison illustrates the
enhancement in heat transfer using the current meso heat exchanger compared to other heat

exchangers designs.

5.1.7.1. Nua-Rea Relationship Comparison

The dynamic investigation of airside in cross flow heat exchangers is scarce and rare. The
discussion of important parameters influencing the heat transfer and fluid flow in airside
heat transfer such as Nu is mainly found in steady state studies. Therefore, to compare the
results of the current study, a steady state comparison approach was adopted. In which, the
steady state results are considered and compared with available steady state data found in
the literature [34, 87, and 89]. Taler [34] and [87] determined the radiator averaged airside
heat transfer coefficient at steady state for a wide range of Reynolds number 150 < Re, <
1500. The radiator in Taler’s study was a two row with two passes plate fin and tube heat
exchanger having oval cross section tubes. His averaged air heat transfer coefficient results
are compared to the current findings from this study at steady state as shown in Figure 5.10.

While Siddiqui et al. [89] on the other hand used a three-loop compact cross flow heat
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exchanger with 12”X12” frontal area having ethylene-glycol/water mixture and air as the

working fluids.
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Figure 5.10. Steady state comparison of Nu, at different Rea

As observed from these literature studies, the differences from the current study include,
heat exchanger geometries, the operating conditions, number of loops, and the working
fluid. The figure demonstrates that the current study yielded higher Nu, thus superior heat
transfer rate at a range of Reynolds number. These high results in Nu, can be attributed to
the use of a flat slab which results in a uniform temperature distribution compared to using
tubes. A wake region forms usually downstream of the tube which reduces the heat transfer
while in the case of using a slab, only one wake region is formed compared to the multiple
regions for each tube. Thus, the formation of one wake region as well as the flow of air
over the flat slab where it is in contact with its surface, lead to the high heat transfer and
therefore Nusselt number in the current meso heat exchanger. Additionally, the existence
of the serpentine bend works on mixing and agitating the flow as it moves from an exit of
a slab to the entrance of the next slab. The airside Nusselt number increases with the
increase of Rea and the variations followed a power-law relationship. A steady state

correlation for the current study is found as follows,

Nu, = 0.13Re262 (5.1)
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5.1.8. Empirical Correlation for Airside Nusselt Number

In the current work, the transient heat transfer and fluid flow of a cross flow meso heat
exchanger is investigated due to step changes in the airside mass velocity. Important
dimensionless parameters are presented from the experimental findings. An empirical
correlation for Nusselt number will be introduced in the following section which details
the method of obtaining the empirical correlation equation for airside Nusselt number as a
function of dimensionless time and the step change in airside mass velocity. Nusselt
number characterizes the heat transfer performance by means of a dimensionless heat
transfer coefficient. This characterization can be used to control the outlet fluid
temperatures of the heat exchanger which is an important component of a larger thermal
management system. Figure 5.11 represents the ratio of the experimental transient airside
Nusselt number to the steady state Nusselt number for each step change with respect to
dimensionless time. This figure demonstrates the increase in airside Nusselt number from
an initial steady state to a final steady state during a finite time period. It also shows that

Nusselt number is influenced by the magnitude of the step change imposed and time.
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Figure 5.11. Transient to steady state Nu, ratio at different GR

All the steps approach asymptotic value of 1 in the final steady state. At first, the effect of
airside mass velocity step increase on the response of Nusselt number is stronger and

gradually declines with the decreasing gradient.
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Initially, the correlation of the steady state Nusselt number with air mass velocity step
changes is found using the best curve fit of the steady state data for Nusselt number with
different GR ratios from the experiment. The resulted curve shows that Nua(c0) increases
with the increase in mass velocity step ratios. This increase follows a power-law

relationship having a positive exponent as,
Nua,(oo) = 8OOGR262 (52)

A generalized empirical correlation to represent Nua(t) in terms of Nua(w), and

dimensionless time is shown below,

Nug(t) = Nug(){1 — Ae7Bt} (5.3)

The coefficients A and B are found by obtaining the correlation of Nua(t) for each step
change. These correlations are plotted with respect to the changes in air mass velocity. The
transient Nusselt number correlation for each mass velocity step change is found in terms

of Nua(o0) and t* and are listed below,
Nug(t) = Nug(0)[1 — 0.23e7016"] (5.4a)

with R*=0.96, for GR=1.5

Nug(t) = Nug(0)[1 — 0.37e7012"] (5.4b)
with R?=0.98, for GR=2.0

Nug(t) = Nug(0)[1 — 0.45e7010"] (5.4c)
with R?=0.97, for GR=2.5

Nug(t) = Nug(0)[1 — 0.52e7011t"] (5.4d)
with R?=0.99, for GR=3.0

Nug(t) = Nug(0)[1 — 0.56e010"] (5.4e)
with R2=0.99, for GR=3.5

According to the above correlations, the coefficients A and B are defined as follows,
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Where, Nua(©), A, and B are dependent on the air mass velocity step change. A derived
correlation from the current study as shown in equation 5.3 is used to predict the airside
Nusselt number for all the step changes implied. To show the accuracy of the developed
correlation, a comparison is made between the derived empirical correlation and the results
from the experimental runs at different airside mass velocity ratios. Figures 5.12a to 5.12¢

illustrate the good agreement between the derived empirical correlation and the

A= 0.17GR*°2
B = 0.19GR™%5°

experimental results.
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(c) Transient Nusselt number for GR=2.5
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Figure 5.12. Transient Nu, correlation for GR (a) 1.5, (b) 2.0, (c) 2.5, (d) 3.0, and (e) 3.5
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The maximum and average deviations for all step changes are listed in Table 5.1.

Table 5.1. Maximum and average percentage deviation of the empirical correlation

GR  Maximum  Average absolute T, Ty, m,,

deviation % deviation % °O) (°O) (g/s)

7.89 1.56 30 5 60
11.02 3.92 30 5 60
10.15 2.29 30 5 60
8.94 1.06 30 5 60
16.63 3.63 30 5 60

Figure 5.13 represents the derived empirical correlation for the transient Nusselt number
from the experimental data for all the step changes. It is found that this correlation fits all
the transient experimental data within a maximum deviation of 16.6% at an average

absolute deviation of 3.7%.
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Figure 5.13. Transient Nusselt number correlations for all GRs
5.2. Transient Air Cooling
This section represents the results obtained from the transient air-cooling experiments
where the airside mass velocity changes in a step form into 5 different steps. The

parameters associated with the transient analysis are presented in a dimensional and non-

dimensional form as follows.
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5.2.1. Exit Temperature Response

The fluids’ outlet temperature response is represented in both dimensional and
dimensionless forms against the non-dimensional time as in Figure 5.14 and 5.15. A
variation in air mass flow rate in the form of a step change leads to a mass velocity ratio
of the final to the initial values. Five different inlet air mass velocity ratios are investigated
(1.5, 2.0, 2.5, 3.0, and 3.5). The influence of these steps on the fluids’ exit temperature
response is examined. Although the working fluids do not display an instant respond, DI-
water exhibited a higher delay time than air. This delay time in the outlet temperature
response can be explained due to the time it takes the thermocouples and RTD to react to
the change and the time it takes for the working fluids to flow through the heat exchanger.
The latter is called the residence time which is found dissimilar between air and liquid due
to the length of the channel compared to the depth of the airside. The delay time for the
airside was found to be about 1s while for the DI-water was 5s. Since airside delay time is
shorter and air travels through a short distance compared to DI-water, the air outlet
temperature rise occurs before the outlet DI-water temperature increase. Thereafter, once
some period of the delay time is passed, the exit temperature of the liquid starts responding
to the air mass velocity variation. Air exit temperature increasing rate is minimized up until

a final steady state is achieved.

Higher airside mass velocity step changes cause a rise in the fluids’ outlet temperatures
and a decrease in the residence time. However, both fluids dimensionless outlet
temperature shows a decrease according to their definition in equations 4.6 and 4.9. It is
noticed that when the air mass velocity reaches its final value, T, continues to decrease
up to a point where a steady state is attained. This is described as the continuous heat
transfer happening between the liquid and air through the walls of the heat exchanger. A
comparison of Figures 5.15a and 5.15b reveals that the fluids outlet temperature response
time of the two fluids is not identical. An applied step requires a time for each fluid to

reach its final steady state and this is referred to as the response time. Higher airside mass
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velocity ratio results in an increase in the response time for each fluid with DI-water

exhibiting greater response time than the air.
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Figure 5.14. Effect of air mass velocity ratio on outlet temperature response
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Figure 5.15. Effect of air mass velocity ratio on dimensionless exit temperature

5.2.2. Heat Transfer Rate

The air and DI-water heat transfer rates are presented in Figure 5.16. For the case of DI-
water heat transfer rate, increasing the airside flow rate causes an increase in the DI-water

outlet temperature which leads to a rise in its inlet to outlet temperature difference. Since
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the DI-water operating conditions are constant, the heat transfer rate increases due to the
rise in the DI-water temperature difference as shown in Figure 5.16a. At initial steady state,
liquid and air heat transfer rate is the same but differs when the steps are applied. In addition
to that, both fluids display a delay time in their heat transfer rate during this process. The
air heat transfer rate transient behavior is different than liquid as demonstrated in Figure
5.16b. While DI-water exhibited a smooth gradual increase, air on the other hand
experienced an increasing and a decreasing trend. Airside mass flow rate increase results
in a sudden sharp rise in the surface temperature. Since the heat transfer rate is calculated
using the energy balance in equation 4.24 which accounts for heat transfer through the
walls of the heat exchanger, the airside heat transfer rate increases. As previously
explained, the air exit temperature responses faster than DI-water. As DI-water begins
showing a response, the sudden sharp rising trend in the surface temperature declines. After
which, the heat transfer rate behavior of air and liquid develops similarly till the two
achieve a final steady state. According to Fig. 5.16b, the percentage increase from the

lowest to the highest step change was 36% at final steady state.
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Figure 5.16. Effect of GR on the transient heat transfer rate

5.2.3. Heat Transfer Coefficient

The time dependent airside heat transfer coefficient is shown in Figure 5.17. The procedure
discussed in chapter 4 is used to find the heat transfer coefficient of air at any second during
the experiment. Equation 4.29 involves two temperatures, air bulk and surface temperature.
The air bulk temperature is found using the two grids of thermocouples located at the
entrance and exit of the test section. The thermocouples’ distribution along the inlet and
outlet serpentine and slab portions of the heat exchanger provided measurement for average
surface temperature. The airside heat transfer coefficient is affected by the increase in the
heat transfer rate. The rise in the airside mass velocity from one step to another causes a
rise in the heat transfer coefficient and in its response time. The heat transfer coefficient

reaches its optimal value when the steady state is achieved.
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Figure 5.17. Heat transfer coefficient

5.2.4. Airside Nusselt Number

The airside transient Nusselt number is shown in Figure 5.18. The effect of varying the
airside mass velocity on Nu, behavior is presented. Airside Nusselt number is proportional
to the heat transfer coefficient and an increase in air heat transfer coefficient due to the
step change causes an increase in Nusselt number. Higher step changes result in higher
Nusselt number values, however, the rate of change in small steps is higher than that of
the larger steps. A step increase in airside mass velocity raises the heat transfer rate, heat
transfer coefficient, and thus Nusselt number. The rise in Nusselt number ends when the

working fluids reach their final steady state.
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Figure 5.18. Transient Nusselt number

5.2.5. Transient Airside Colburn j Factor

The heat transfer characterized by the Colburn j-factor is presented in a dimensionless form
in Figure 5.19. From Colburn j factor definition, it is found that it is inversely proportional
to the increase in mass velocity. As airside Reynolds number increases, Colburn j factor
values decrease. A sharp drop in j, is noticed reaching its lowest values after which the
increasing rate declines. Since air flow rate is increased and a sudden step change is applied
in air mass velocity, this causes the sharp decline in j,. The heat transfer rate on the other
hand does not respond instantaneously to the change. Once the delay in heat transfer rate
diminishes, the behavior of j, is reversed and it starts increasing till reaching its final steady

state.
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Figure 5.19. Transient airside Colburn j factor

5.2.6. Comparison of the Current Study with the Literature

The current study results are compared with the findings in the literature and presented in
terms of airside Nusselt number. It represents the heat transfer improvement when using

the current meso heat exchanger compared to other heat exchangers designs.

5.2.6.1. Nua-Rea Relationship Comparison

The study of compact heat exchangers with variations in the airside inlet conditions is very
limited and scarce. The existing studies on airside are well presented and discussed at the
steady state level. However, there is a limited work involving transient heat transfer with
airside perturbations. Therefore, the dynamic response of CFHXs with airside mass
velocity variations is carried out in this research. This section presents a comparison of the
current experimental results at steady state with the available literature found in [90] and
[91]. Figure 5.20 represents the Reynolds number effect on Nusselt number. As noticed
from the figure, the current results compare well with [91]. However, some deviation is
noticed due to many reasons such as: the mode of heat transfer where air heating is used in
[91] compared to air cooling in this study, the heat exchanger used in the reference is
composed of many tubes placed in a staggered arrangement with an outside tube diameter

of 20mm and annular fins around them.
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While the current study resulted in higher airside Nusselt number values in comparison to
[90, 91]. The heat exchanger in Dasgupta et. al. [90] is a compact CFHX with a frontal area
of 127X12” and 15 slabs. DI-water and air were the working fluids with air inlet velocity
between (1-5m/s) compared to (2.6-9.2m/s) in this work. The difference in size of the heat
exchangers and the operating conditions contribute to the rise in airside Nusselt number.
On the other hand, Tang and Yang [88] investigated air heating using a plate-finned tube
heat exchanger with airside Reynolds number range of (120-480). The tested heat
exchanger size was 187X24” with 12 straight finned tube having an outside tube diameter
of 0.625”. It can be noted that the differences in the current experimental results from the
references is attributed to the heat exchanger geometry used whether tube or mini channels,
the operating conditions, and the number of slabs for the compact CFHX. All these factors

quantitatively affect the Nusselt number as Reynolds number increases.
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Figure 5.20. Steady state airside Nusselt number comparison

5.2.7. Empirical Correlation for Airside Nusselt Number

The following part involves a generation of an empirical correlation from the experimental
data to predict the airside Nusselt number related to mass velocity step changes. The
approach used to obtain the empirical correlation is discussed. The transient change in
Nusselt number depends on the step magnitude. Therefore, the correlation will be presented
in terms of mass velocity step and dimensionless time. The derived correlation is applied

to characterize and predict the dimensionless heat transfer coefficient of a CFHX due to
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variations in air mass velocity. The ratio of Nua(t)/Nua(e0) is shown in Figure 5.21 for each

step change.
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Figure 5.21. Effect of GR on transient airside Nusselt number

An increase in the ratio is seen as GR values increase during initial transient. The increase
in Nusselt number follows the same trend as in the heat transfer coefficient presented in
Fig. 5.17. The steady state Nu. is considered and plotted against each GR to obtain a best
curve fit that yields the equation of Nu, steady state. A power-law relationship is the result
which shows an increase in Nua. as GR increases. The steady state Nu, equation is as
follows,

Nua(er) = 10.53GR%%6 (5.6)

The transient Nu, can be found using a generalized empirical equation that depends on

steady state Nu, and dimensionless time as in the following,
Nug(t) = Nug(){1 — Ae B¢} (5.7)

Where A and B are coefficients found from plotting the transient to steady state Nu, ratio
with dimensionless time for each GR. Next, the obtained coefficients from these

correlations are plotted against their related GR step change Table 5.2.

Table 5.2. Transient Nu, at each GR value
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GR | Nua(t)/Nua() | R?

1.5 | 1-020e%1" 1 0.985
2.0 | 1-0.33e%%" 10.992
2.5 | 1-0.38e%" 1 0.995
3.0 | 1-041e° | 0.997
3.5 | 1-0.46e°%" 1 0.998

Therefore, A and B coefficients can be found as,

A = 0.15GR%%2 (5.8a)

B = 0.12GR™°55 (5.8b)

Theses coefticients are substituted in equation 5.7 to calculate the transient airside Nusselt
number. The accuracy of the derived equation in predicting the experimental results for

each mass velocity ratio is shown in the following Figures 5.22a-22e.
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(a) Transient Nusselt number for GR=1.5
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(e) Transient Nusselt number for GR=3.5
Figure 5.22. Transient Nu, correlation for GR (a) 1.5, (b) 2.0, (¢) 2.5, (d) 3.0, and (e) 3.5

Figures 5.20 (ato e) show the good prediction of the derived equation with the experimental

results. The amount of deviation for each step change is displayed in Table 5.3.
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Table 5.3. Maximum and average percentage deviation of the empirical correlation

GR Maximum Average absolute Ta,i Ty, m,,
deviation % deviation % °O) °O) (g/s)
1.5 5.02 1.06 30 5 60
2.0 5.99 1.89 30 5 60
2.5 5.03 2.50 30 5 60
3.0 4.79 1.08 30 5 60
3.5 4.04 0.92 30 5 60

The derived empirical correlation of the transient airside Nusselt number at each GR is
shown in Figure 5.23. The correlation to data highest deviation is found to be 5.99% at an

average deviation of 1.89%.
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Figure 5.23. Transient to steady state Nu, for all GRs

A set of non-linear regression equations is used to find Nusselt number. The importance of
the generalized empirical correlation lies in providing a quantitative characteristic of the

convective heat transfer.

5.3. Passive Air Cooling with PCM

This part demonstrates the results obtained from the experimental runs where the PCM
performs as a latent heat thermal energy storage in the meso heat exchanger. Different air

mass flow rate influence on the air exit temperature and other parameters during the PCM
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discharging process is presented and discussed. Additionally, the coolant mass flow rate

changes and the repeatability of the PCM cycle is also investigated and presented.

5.3.1. Normalized Air Exit Temperature

The thermal performance of the meso heat exchanger for air cooling is investigated using
PCM to absorb and store the thermal energy. Figure 5.24 represents the effect of varying
the air and 50/50 ethylene-glycol/water mixture mass flow rate on the normalized air outlet
temperature with time for the PCM discharging process. The variation of the airside mass
flow rate on the PCM discharging process is shown in Fig. 5.24a. Four different
experimental runs are conducted considering a different airside mass flow rate for each run
(80, 150, 200, and 300 g/s) with an inlet air temperature of 30°C while maintaining other
fluids inlet conditions constant. For each experimental run, as the PCM is charged and the
system reaches its steady state, the coolant shuts down to allow the thermal energy stored

in the PCM to be discharged thus provides air cooling.

The PCM transition temperature controls the start of the melting and solidification
processes. The latent heat capacity determines how much energy can be stored in the PCM.
It can be noticed that the PCM discharging time is affected by the air flow rate. The heat
exchange between PCM and the working fluid is longer for low air mass flow rate which
results in higher cooling time. Higher airside flow rates increase the melting rate and lead
to shorter air-cooling time. It is also observed that the mass flow rate effect on the
discharging time diminishes at higher mass flow rates. The aforementioned results show
that the air mass flow rate plays a role in the amount of the extra time of cooling provided.
Fig. 5.24b represents the effect of the change in the coolant mass flow rate on the air outlet
temperature as the PCM discharges its energy to the air. As seen in both figures, the PCM

affects the air outlet temperature which rises when the coolant pump is turned off.
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However, it is observed that the air mass flow rate has a significant effect on the air outlet

temperature compared to the coolant mass flow rate change.
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Figure 5.24. Normalized air outlet temperature at different mass flow rate variations

5.3.2. Heat Transfer Rate

The transient airside heat transfer rate behavior throughout the melting process is shown in
Figure 5.25 for different airside mass flow rates. Prior to the shutdown, the PCM is charged
through solidification using the cold working fluid inside the channels. Meanwhile, the hot
air is cooled by the liquid via the walls of the heat exchanger. After the shutdown, the PCM

discharging process starts with a sharp decline in heat transfer rate. It is noted from the
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figure that the increase in airside mass flow rate results in a decrease of heat transfer rate,

however, this effect diminishes at higher mass flow rates.

Figure 5.26 shows heat transfer rate difference with and without PCM for air cooling.
When no PCM is used, a sharp decrease in heat transfer occurs since by shutting off the
coolant, the air outlet temperature increases resulting in a decrease in heat transfer rate.
However, it is observed that the use of PCM extends the period of air cooling and delays
the decrease in heat transfer rate. PCM works on interrupting the increase in air outlet
temperature for a period of time thus providing extra time for heat transfer and cooling. It
can be seen from Fig. 5.26 that the airside heat transfer rate reaches the steady state at about
500s for the case of no PCM while the use of PCM extends this period to about 800s
providing extended thermal comfort. An integration of the area between the no PCM and
with PCM curves in Fig. 14 shows a 120kJ of energy released from the PCM as a cold
thermal energy to cool the hot air during the PCM discharging process.
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Figure 5.25. Airside heat transfer rate during the discharging process
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Figure 5.26. Airside heat transfer rate with and without PCM

5.3.3. Cumulative Heat Transfer

Figure 5.27 shows the results of cumulative airside heat transfer evaluated at different air
mass flow rates starting at the shutdown of the liquid. It is construed from the figure that
the discharging process can achieve a longer duration and higher amount of heat transfer
at lower air mass flow rates. A double increase in air mass flow rates resulted in about a
29% decrease in the cumulative energy transferred to the air. During discharging, the PCM
temperature increases due to the sensible heat and changes phase from solid to liquid due
to latent heat of fusion. Thus, the use of PCM slows down the rise of the heat exchanger
surface temperature which in turn, prolongs the period of air outlet temperature increase.
This delay in the air outlet temperature rise extends the heat transfer process duration

resulting in more air heat transfer release.
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Figure 5.27. Cumulative heat transfer at different air inlet mass flow rates

5.3.4. PCM Effectiveness

The PCM effectiveness as shown in Figure 5.28 is calculated from the cumulative energy
found using PCM to the cumulative energy when no PCM is used. The effectiveness
evaluates the performance of the PCM in providing extra cooling relative to the case of no
PCM. It is observed that the PCM effect starts increasing at coolant shutdown when the air
outlet temperature increases. Effectiveness reaches an optimum value before it starts
dropping as the PCM melting amount increases. Maximum effectiveness occurs at a
normalized air outlet temperature of 0.8 and decreases due to the phase change completion

of the PCM. This figure shows that PCM is more effective when the normalized air

temperature is about 0.8 which yields the maximum cooling time PCM provides.
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Figure 5.28. PCM effectiveness at normalized air outlet temperature

5.3.5. Air Outlet Temperature Comparison

The PCM effect on air exit temperature is shown in Figure 5.29. After the steady state is
reached, the coolant pump shutdown results in a rise in the air outlet temperature. This
increase in temperature triggers the PCM to discharge its stored energy and cool the air. It
is seen that the use of PCM extends the cooling time to a maximum value of 272s at air
outlet temperature of 27.9°C compared to no PCM. At this temperature, the no PCM case
requires 172s to reach this temperature from shutdown, while it takes 444s for the PCM
case. Additionally, the PCM to no PCM air outlet temperature difference reaches its
maximum value after 121s from shut down. After 121s from shut down, the outlet air
temperature reaches a value of 27.3°C for the case of no PCM and a value of 23.3°C for

the case of PCM which gives the highest temperature difference of 4.0°C.
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Figure 5.29. Air outlet temperature with and without PCM/

5.3.6. Repeatability

Experiments were conducted considering the repeatability, short drive, and idle cycles of
PCM charging and discharging in a vehicle. The operating conditions were used for these
experiments were liquid temperature -3.0°C, air temperature 30°C, liquid mass flow rate
of 30g/s, and air mass flow rate of 80g/s. The system was operated with these conditions
until it reached steady state after which, the pump that supplies the liquid to the heat
exchanger is turned off for a specific period of time, 60s, representing an idle cycle. The
idle cycle represents charging/discharging processes and once an idle is completed, the
liquid pump is turned on and the system takes few minutes to reach its steady state prior to

another idle cycle.

Figure 5.30 shows the outlet air temperature for PCM charging and discharging cycles at
60s idle time. As illustrated from the figure, the air outlet temperature rises when the liquid
pump is turned off. Meanwhile, the cold thermal energy stored in the PCM reduces the
increasing rate of the air outlet temperature. Since the idle time is very short, not all the
stored cold thermal energy is discharged. However, A very good repeatability was
observed from the experimental results indicating that the PCM cold thermal energy was
restored and released reasonably well during the repeated cycles. This observation can be
beneficial for the case of short idle/stop in a vehicle during engine shutdown. The use of

PCM works on extending the cooling time of the passenger compartment during idle times
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thus provides passenger thermal comfort and can lead to energy and fuel savings.
Additionally, for this 60s idle time, it takes the PCM about 1.5 minutes to be charged (i.e.

while driving the car) and reached its initial steady state.
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Figure 5.30. PCM repeatability for 60s cycles

The same approach is adopted each time with different idle times (30s and 45s). The system
is left to reach steady state before a liquid shutdown is applied by turning off the liquid
pump for periods of 30s and 45s for the different runs representing the idles. Once the idle
time is completed, the liquid pump is turned on and the system is allowed to reach its initial
steady state before applying another repeated cycle. Figures 5.31 and 5.32 confirm the
repeatability of the PCM in different idle times during different runs.
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Figure 5.32. PCM repeatability for 30s cycles
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

The current study uses an experimental approach to reach its results and conclusions. This
approach is significantly valuable yet complicated. Besides the fact that it requires a very
well-equipped experimental setup, researchers must have the capabilities of problem
solving and critical thinking as well as experience in solving issues while observing all the
parameters of investigation. Maintain and controlling many working conditions is not easy
to perform due to the many parameters and equipment involved. Test runs and presets have
to be performed prior to running experiments since any small variation can affect the
experimental runs. Additionally, the existence of several equipment in the system requires
the researcher to be familiar of the limitation and operation of each one of them as well as
trouble shooting if needed. However, the lack of experimental data in the field of transient
heat transfer with airside perturbations and thermal energy storage makes it worth
investigating. Experimental research provides a scientific knowledge, tests published
theories, and allows the physical study of real case scenarios.

The dynamic response of a liquid-air cross flow meso heat exchanger subjected to airside
mass velocity variations is experimentally investigated for the cases of active air heating
and cooling. Furthermore, the effect of air mass flow rate variation is examined for the case
of passive air-cooling when a PCM is injected in the meso heat exchanger acting as a
thermal energy storage. Transient analysis is important to characterize the heat transfer
behavior due to fluid inlet changes and to predict the outlet temperature response to

maintain the thermal comfort of occupants or passengers.

6.1. Results and Discussions on Active Air Heating and Cooling

The current transient response of active air heating and cooling is studied due to a change
in the air mass velocity stepping up from a common initial value to 5 different final values
while maintaining the other fluids inlet conditions constant. Heat transfer and fluid flow
are studied for step increases in air mass velocity for final to initial ratios of, 1.5, 2.0, 2.5,

3.0, and 3.5. The impact of the mass flow step changes is examined on the fluids outlet
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temperature response, heat transfer rates, airside heat transfer coefficient, airside Nusselt

number, and airside Colburn j factor. The experimental results show that the step

magnitude affects the response time of each fluid and these two factors combined influence

the performance of the heat exchanger as it undergoes a transient change.

The current study provides a quantitative prediction of the transient behavior of the meso

heat exchanger illustrating the relationship between the changes in the input operating

condition and its effect on the heat transfer and fluid flow. The findings from the

experimental work are summarized in the following points,

- Both fluids outlet temperatures response is not instantaneous to the step change due to
the heat stored in the wall of the heat exchanger and the time it takes for the transition

to occur from an initial to a final flow rate value.

- Each fluid possesses different response time than the other which depends on the

magnitude of the step change imposed.

- Higher mass velocity step changes yielded higher heat transfer rate, heat transfer
coefficient, and Nusselt number with a diminishing effect at higher ratios. However,
the case is not the same for outlet temperature of both fluids where they decrease with

the increase of the step change.

- Air and liquid exhibited an initial delay time to the airside mass velocity ratio increase,
however, DI-water exhibited higher initial delay, residence and response times

compared to air.

- The step imposed on the airside mass velocity along with the shorter residence time of

the air result in faster response time of air compared to the DI water.

- A generalized empirical correlation for airside Nusselt number in the form of Nusselt

number with dimensionless time for different mass velocity ratios as Nu,(t) =

Nug, (00){1 —Ae™B t*} is derived and presented in this study for air heating and cooling.

The performance data from the experimental results as well as the presented generalized
correlations provide an insight on the behavior of compact heat exchangers that can be used
in practical heating system found in industries such as automotive heater core. The results

from this work can be utilized to predict different parameters of the heat exchanger such
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as the fluids outlet temperature response, heat transfer rates, heat transfer coefficient, etc.
using the knowledge of input mass velocity ratio to be imposed. Non-linear regression
equations are used in finding the generalized empirical correlation to obtain the transient
dimensionless airside Nusselt number for a wide range of Reynolds number. The transient
study of the crossflow heat exchanger under changes in its inlet condition from an initial
steady state presents an experimental dynamic characterization of the airside. Furthermore,
the current work provides a better control in maintaining the passengers thermal comfort

by understanding and predicting the transient behavior of airside.

6.2. Results and Discussions on Passive Air Cooling with PCM

The second aspect evaluated is the passive air cooling with PCM as a cold thermal energy
storage. An innovative PCM-air-liquid crossflow meso heat exchanger is experimentally
investigated with the aim of thermal energy storage to provide extended thermal comfort
during coolant shutdown in a vehicle. Fins are distributed inside the PCM and between the
slabs to transfer the thermal energy between the PCM and the fluids. The effect of various
mass flow rates on the PCM discharging process is examined. In addition, the air heat
transfer and air outlet temperature were compared for both cases of with and without PCM.

The following conclusions are reached for the passive air-cooling and are listed below,

- Higher inlet air mass flow rate resulted in a faster PCM discharging time. This effect

diminishes at higher mass flow rate values.

- The use of PCM extended the cooling time by more than 4 minutes and resulted in a

thermal energy release of 120 kJ during the discharging process.

- A double increase in airside mass flow rate resulted in a 29% decrease in the cumulative

energy released to the air.

- The PCM effectiveness reveals that the PCM reaches its optimal performance at a

normalized air outlet temperature of 0.8.

- The effect of air mass flow rate on air outlet temperature during PCM discharging

process is found significant compared to the effect of liquid flow rate change.
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- The PCM is found repeatable during multiple charging/discharging cycles without any

deterioration in its performance.

This work is provided as a solution to the passengers’ thermal comfort that is compromised
during short periods of engine stops for electric and hybrid vehicles. As vehicles run and
experience multiple idles, it is necessary to provide air outlet temperature control and
management to the passenger cabin. The use of PCM is beneficial in providing extended
cooling times without the need for energy or fuel through its storing and releasing of cold

thermal energy processes.

6.3. Recommendations

The results and observations made in this study present a valuable and deep insight into

the limited knowledge of transient heat transfer in compact crossflow heat exchangers.

Most of the published work for heat transfer in heat exchangers is based on the steady state

analysis, thus the presented study along with the derived empirical correlations provide a

characterization and quantification of the behavior of the dynamic heat transfer of heat

exchangers as well as the outlet temperature response of the working fluids. However, the

transient active air heating and cooling study can be further extended by future researchers

considering the following points,

» Analyzing the effect of different inlet initial steady state each time a step is imposed to
reach a common final steady state.

» Applying step down in airside mass velocity ratios and compare the findings with the
current results.

» Experimentally investigate the application of two variations at the same time such as
air mass flow rate and temperature variations on the heat exchanger performance.

» Experimentally investigate the air cooling for a compact crossflow heat exchanger with
liquid temperature and flow rate variations.

» Numerically investigate the transient heating and cooling using this study operating
conditions and geometry.

The experimental investigation of a PCM in a meso heat exchanger as a thermal energy

storage is rare due mainly to its complexity of controlling two working fluids along with

the PCM. Adding to that, modifying the experimental setup to accommodate different
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primary and secondary loops used to charge and discharge the PCM and control other

fluids’ operating conditions. The highly beneficial results reached from this work enrich

the data base of such studies and pave the way for future researchers to advance this study

further exceptional work. Some recommendations are listed below,

» Applying enhanced types of PCMs for better thermal performance that is characterized
with higher latent heat or enhanced thermal conductivity.

» Numerically investigate the use of PCM in the presented heat exchanger for extended
thermal comfort using cooling and heating processes.

» Investigating the effect of fins on the charging and discharging processes as well as the
thermal properties of the PCM using different fin specifications.

» Introducing an infrared thermal camera to observe the melting and solidification
behavior of PCM with time and obtain its temperature distribution.

» Studying the effect of air mass flow rate variation on the charging process and
investigate different parameters that influence it.

» Enhancing the design of incorporating the PCM as part of the heat exchanger.
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APPENDICES

APPENDIX A: UNCERTAINTY ANALYSIS

This chapter evaluates the uncertainties associated with the many parameters presented in
this study and quantitatively evaluates the errors that can rise from different sources and
affect the measured variables. Several dimensional and dimensionless parameters have
been presented in the previous chapters to characterize the heat transfer and fluid flow of
the meso heat exchanger for the transient air heating and cooling as well as the thermal
energy storage with PCM. Errors can be due to many different sources and can affect the
measurement of the main values. They can also influence the dependent parameters
impacting the final results. Uncertainty analysis can point out the major sources of
uncertainty in parameters for further examination. The uncertainty in experimental work is
comprised of bias and precision errors [1] where the total uncertainty is the squared root of
the sum of the squared values. The uncertainties in the independent parameters such as the
dimensions of the meso heat exchanger, fluids temperatures, and data acquisition system

components will be introduced then the dependent parameters uncertainties.
A.1. Uncertainty Evaluation Methods

The uncertainty of some of the independent parameters such as temperature measuring
devices represented by RTDs, PTDs, and data acquisition components are found through
the specifications provided by the manufacturer. These specifications can include linearity,
hysteresis, accuracy, etc. which combined form the bias errors. On the other hand, precision
errors are found from the data collection through experimental runs. Therefore, the Root
Sum Square RSS method is used to obtain the bias and precision uncertainty calculation

and can be found as in equations A.1 and A.2.

B =+\/B? + B2+ -+ B} (A.1)

P=+\P?+ P} + -+ P? (A.2)
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The overall uncertainty in this study is evaluated as per [2] and [3]. The overall uncertainty

is evaluated as,
Uy = +VB? + P? (A.3)

The fluids properties uncertainty is found using the maximum and minimum average
fluid temperature. These properties can include density, thermal conductivity, specific

heat, viscosity, etc. and their uncertainty can be calculated as,

1 . .
Ufluid property = 2 |[fluld property at Tavg.max] - [fluld property at Tavg.min” (A4)

The uncertainty in other parameters represented by Y in the following equations which are
a function of independent parameters denoted by X such as heat transfer rate, Reynolds
number, Nusselt number, etc. is found using RSS method. The dependent parameters
uncertainty is represented through error propagation where Y is dependent on X1, X2, etc.,

the uncertainty in Y is found as,

Y :f(Xl,Xz,Xg, .....) (A.S)
_ 4 (2 2 ay 2 ay 2 Absol A
Uy = + (6—X1UX1) + (E Uy,) + (a—XkUXk) (Absolute) (A.6)

2

o j(—)(—) :

- = + P e X (Relative) (A.7)

Where, the uncertainty of the X1, X2, etc. are found using equations (A.1 — A.3).
A.2. Uncertainty in the Heat Exchanger Independent Dimensions

The heat exchanger measurements and their uncertainties are obtained using a digital
caliper or supplied by the manufacturer. The digital caliper provides two sorts of errors,
bias and precision. Bias errors are comprised of accuracy and resolution errors which can
be found using the following expressions while precision errors are found through several
measurements and taking their mean value assuming 95% confidence level with a student

t distribution of 1.96 rounded to 2.
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Baccuracy = £2.54 X 1075m (A.8)

1

Bresotution = EBaccuracy = +1.27 x 10™°>m (A9)

Bdigital caliper = i\/Bzaccuracy + Bzresolution = 12.84 X 10>m (A.10)

Uy = \/Bzcaliper + P2y (A.11)

The main basic heat exchanger dimensions such as slab width, number of fins for each
slab, fin length, channel diameter, fin height, and spacing. are measured. On the other hand,
the channel diameter was not measure but its information and uncertainty are provided by
the manufacturer. Additional basic dimensions include the and the channel diameter. The
calculation of these measured dimensions is used in finding the dependent areas, volumes
and other lengths associated to the heat exchanger. The precision error for any of the basic
dimensions can be expressed as,

S
Py = *tnosSx ~ +25 [N=20] (A.12)

Where X is any of the above-mentioned heat exchanger dimensions. This makes the overall
uncertainty of each dimension to be written as shown in equation (A.11). An example can

be shown as follows for finding the uncertainty of the slab width.

— ~ SWslab
PWslab - itN,gs%Swslab ~ 12 JN (A13)

Therefore, the total uncertainty of the slab width can be found using the expression in

(A.11) as,

UwWgiap = JBzcaliper + P2y (A.14)

A.3. Uncertainty in Fins and Slab Areas

The measurements taken from the heat exchanger are used to calculate different heat

exchanger parameters which can be found in the following equations.

The fin surface area and its uncertainty can be calculated using the following relationship,
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Afin,HT = 2Hfin(Lfin + tfin) (A.15)

Where,
";‘g_ = 2(Lyin + trin) (A.17)
"gf;_ﬂ = 2H,4 (A.18)
"‘;f;_“ = 2H, (A.19)

The fins total number comes from the number of fins per slab and the number of fin array

in the heat exchanger as,

Nfin,HX = Nfin array,HX Nfin,slab (A.20)

Its uncertainty is expressed as,

ONy 2 (ong 2
_ inHX inHX
UNfinrHX == (aNfin array,HX UNfin array,HX) + (aNfin,slab UNfin,slab) (A2 1)
Where,
ONfinHX
v - =Np A22
aNfin array,HX fin,slab ( )
ONfinHx
= Nfin array,Hx (A.23)

aNfin,slab

Once the uncertainty in the heat transfer area of one fin as well as the uncertainty of the
number of fins in the heat exchanger are calculated, the uncertainty of the heat transfer

surface area of all the fins in the heat exchanger can be found as,

Afin,HT,HX = Nfin,HX Afin,HT (A.24)
U — 4+ OAfin HT HX U 2 n OAfin HT HX U 2 (A.25
AfinHTHX ~ — N fin nx NfinHx dAfin T AfinHT 25)

Where,
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OAfin HT HX

= A,
in,HT
ONFinHX s
OAfin HTHX __ N
- in,HX
OAfinHT f

While the fin frontal area equation and its related uncertainty are,

Afin,frontal = Hfin trin

2 2
_ aAfin,frontal a"‘1fin,frontal
UAfin,frontal =z ( OH pin UHfin + Uffin

atﬁn
Where,

a"‘1fin,frontal = t,.
aHﬁn fin

6Afin,frontal
ot rin
fin

The total number of fins frontal area and their uncertainty can be found as,

Afin,frontal,HX = Nfin,HX Afin,frontal

2
U _ aAfin,frontal,HX aAfin,frontal,HX
Afin,frontal,HX - Nfin,HX

6Nfin,HX 6Afin,frontal
Where,
a"‘1fin,frontal,HX _ A .
ON finnx fin,frontal
a"‘1fin,frontal,HX _ N
— Nfin HX

aAfin,frontal

The slab frontal area with its uncertainty can be determined as,

Aslab,frontal = leab,HT Hgqp

2
Afin,frontal)

2
= + 6Aslab,frontalU + aAslab,frontal
- = leab,HT

U,
A
slab,frontal aleab,HT OHgiap

Where,
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UHslab)

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A.31)

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

(A.37)



0Aslab,frontal

oL = Hgqp (A.38)
slab,HT
aAslab,frontal _
9 H - leab,HT (A-39)
slab

The heat transfer frontal area of all the slabs in the heat exchanger and its uncertainty can

be shown as,

Aslab,frontal,HX = Nslab,HT,HX Aslab,frontal (A-40)

2 2
U =+ aAslab,frontal,HX aAslab,frontal,HX (A 41)
Aslab,frontal,HX - = aNslab,HT.HX NglabHT HX aAslab,frontal Aslab,frontal :
Where,
aAslab,frontal,HX
N = Aslab,frontal (A42)
slab,HT HX
aAslab,fronltal,HX
“nr = Ngiapur,1x (A.43)
slab,frontal

The sum of the areas of fins and slabs of the heat exchanger using equations A.32 and

A.40 will provide the blocked area of the airflow as,

Afrontal,blocked = Afin,frontal,HX + Aslab,frontal,HX (A-44)

The uncertainty in the blocked frontal area is,

O frontalplocked ) 2  (Asrontatilocked |, : (A.45)
Afin,frontal,HX '

U =+
Afrontal,blocked - aAfin,frontal,HX aAslab,frantal,HX Aslab,frontal,HX

Where,

0A
94 rontalblocked _ 4 (A.46)
aAfinf'rontal,HX

OAfrontatblocked _ 4 (A.47)
] Aslab,frontal,HX

The total area of one slab where there are no fins as well as its uncertainty is expressed as,

Aslab,no fins = 2Wslab( leab,HT - Nfin,slab tfin) (A-48)
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2
(aAslab,na fins )2 aAsla.b,na fins +
Wiiab aleab,HT leab,HT

U - MWsiap (A.49)
Aslabno fins - 0Ag1ab no fins 2 0Ag1abno fins 2 .
) U ) + | —— Ut .
ONfinsiab Nin,stab Otfin fin
Where,
aAslab,no fins
oW 2( leab,HT - Nfin,slab tfin) (A.50)
slab
aAslab no fins
_slabno fins _ S/ A5l
aleab,HT stab ( )
0A i
slab,no fins — _ZWSlab tfin (A52)
ON finsiab
0A i
—slabno fins _ZWslabein slab (A.53)
Otfin ’

The area of all the slabs where no fins are present and their uncertainty can be found as,

Aslab,no fins,HX = Nslab,HT,HX Aslab,no fins (A-54)

U =+ aAslab,no fins, HX U 2 aAslab,no fins HX U z A 55
Aslab,no fins,HX - = Nslab,HT,HX + Aslab,no fins ( : )

aNslab,HT,HX aAslab,no fins
Where,
aAslab,no fins HX
TN Asiabno fins (A.56)
slab,HT,HX
aAslab,no fins,HX
———— = Ngap,ur,ux (A.57)

6Aslab,no fins

A.4. Uncertainty in the Heat Exchanger Areas

The frontal area of the heat exchanger is comprised of the length and height of the heat exchanger

in the test section and can be calculated with its uncertainty as,

Anx frontal = Lux Hux (A.58)
_ aAHX,frontal 2 aAHX,frontal 2
UAHX,frontal - i\/( dLlyx ULHX) + (W UHHX) (A59)
Where,
0A frontal
HS(L—];,X = Hyy (A.60)
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aAHX,frontal

OHnx = LHX (A61)

The minimum free flow area is found from the frontal blocked area of the heat exchanger
subtracted from the frontal area of the heat exchanger. Its expression as well as uncertainty

can be shown as,

Aa,min = AHX,frontal - Afrontal,blocked (A-62)

A g mi 2 A g mi 2
= —%%amin__ —%lamin
UAa,min - i ( UAHX,frontal) + ( UAfrontal,blocked) (A63)

aAHX,frontal aAfrontal,blocked
Where,
_damin_ _ 4 (A.64)
aAHX,frontal '
Mamin__ _ _q (A.65)

aAfrontal,blocked
The total heat transfer surface area which includes all the fins and slabs as well as its

uncertainty is expressed as,

Agnrax = Afinurux T Astabno fins,Hx (A.66)

2 2
_ 0Aq HT HX 0Aq HT HX
UAa,HT,HX =z < UAfin,HT,HX + UAslab,no fins,HX (A.67)

aAfin,HT,HX aAslab,no fins,HX
Where,
aAa,HT,HX — 1 (A 68)
OAfin HT HX '
0A
——alTHX - (A.69)

aAslab,no fins, HX

The airside minimum free flow area and the total heat transfer surface area are used to

determine the airside hydraulic diameter as,

Agmin
Danyasr = Wy (2222 (A70)

AqHT HX

The uncertainty in airside hydraulic diameter can be found as,
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9Dg,nyd,HX z 9Dg,nyd,HX 2 9Dg,nyd,HX 2
— ahyd, ahyd, ahya,
UDa,hyd,HX =z ( OWgiab UWslab) + ( UAa,min) + ( UAa,HT,HX) (A71)

aAa,min aAa,HT,HX
Where,
0D, hyd HX Agmin
=2 =4 . A.72
OWsiab AqHT HX ( )
0Dg hydHX Wstab
e e A.73
0Agmin AaHT HX ( )
aDa,hyd,HX — _4Wl b ( Aa,min ) (A 74)
0AgHT HX SO \Agur Hx 2

A.5. Uncertainty in Data Acquisition Parts

The data acquisition system has many components such as a card, SCXI signal conditioner,
and SCXI terminal block. The measurements recorded by the data acquisition system
involve bias and precision errors. The following sections discusses the calculation of the

uncertainties in these components.

A.5.1. Uncertainty of the Data Acquisition Card

The uncertainty in the data acquisition card is mainly to bias errors. These errors include
relative accuracy, offset error, least significant bit, and differential nonlinearity. The RSS
method is used to calculate the total uncertainty due to the bias errors taken from each
source.

B, = Relative accuracy = +1.5LSB = 2.289 x 10~°V
B, = Of fset error = 1.0 x 10~V
B; = LSB = 1.523 x 107V
B, = Dif ferential nonlinearity = 7.629 X 1077V

Therefore, the total bias errors can be found as,

Bpagcara = BZ + BZ + BZ + BZ = 3.025 x 1076V (A.75)

A.5.2. Uncertainty of the Signal Conditioner
A signal conditioner works on proper conditioning of the signal to be interpreted by the

data acquisition card. Any errors in the signal conditioner can result in errors of the
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measurement data. The signal conditioner has two types of bias errors, an offset error and
a differential nonlinearity error. Using the RSS method, the total bias errors by the signal
conditioner can be calculated as,
B, = Of fset error = 1.5 x 107V
B, = Dif ferential nonlinearity = +0.005%FSR =5 X 107°V

Bscxi = /B2 + BZ = 5.22 x 1075V (A.76)
The terminal block is incorporated within the signal conditioner that considers with it the
uncertainty of the terminal block since there is not enough information provided on its
accuracy. The uncertainty of the DAQ system comprising the two above mentioned

uncertainties can be shown as,

A.6. Uncertainty in Air Temperature Measurement

The air temperatures were measured using 2 grids of T-type thermocouples one at the inlet
and the other at the outlet. The errors with airside temperature reading are due to the
instrument errors which involves accuracy and resolution errors.

B, = Accuracy error = 0.5°C

B, = Resolution error = 0.1°C

The combined bias errors associated with the use of thermocouples are,

Bihermocoupte = v/ (0.1)2 + (0.5)2 = 0.509°C (A.78)
The thermocouples are well calibrated at the inlet and outlet and there is no difference in
calibration between them therefore, the bias error due to spatial variation is assumed to be
zero. The precision error for the thermocouples is computed from the following considering

a t-distribution of 1.962 according to the experimental runs.

Uthermocouple = \/Btzhermocouple + Ptzhermocouple (A.79)
2 sx)° (o
Uthermocoupte = || (0.509)2 + (1.962 x ﬁ) ©0) (A.80)

Since the thermocouples are connected to the DAQ system where the temperature reading

is obtained, therefore, the total uncertainty of the air temperature can be expressed as,
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Ur = i\/(Uthermocouple)2 + (UDAQ)2 (A.81)

Up = J(o.509)2 + (1.962 X j—%)z + (Upao)” + (aai . Ut)2 ©C)  (A.82)

The uncertainty in the DAQ can be written in terms of temperature using the thermocouple
sensitivity K as,

Kthermocouple =43x107° V/e0)

. 603 x 10-67 = 003 X107V
= 0. X =
bae Kthermocouple
6.03x107%V o
Ubag = jro=e qr g = 014°C (A.83)

The air bulk temperature depends on the inlet and outlet temperature readings and its

uncertainty is found from the following equation,

Ta,i"'Ta,o

Tapuik = = (A.84)
_ \/ 0T g puik z AT a buik 2
Urgpure = £ (Tm UTa,i> + (m UTa’O) (A.85)
Where,
Tk =2 (A56)
T (A.87)

The uncertainty in the airside temperature difference is found using partial derivation and

an example of that is the case of air heating as follows,

UATa =Too — Tu,i (A.88)
AT, Z (e, 2
Usr, = + (aTaz UTM) + ( o UTM.) (A.89)
Where,
OAT,
T, 1 (A.90)
AT, _
oro=-1 (A.91)
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A.7. Uncertainty in Liquid Temperatures

The liquid used in the experiments is either DI water or 50/50 ethylene glycol-water and
was measure using inlet and outlet RTDs. The uncertainty in the liquid inlet and outlet
temperatures is due to the uncertainty in the RTD measurement and the DAQ system. The

relation showing the combined uncertainty is shown as,

oT
Ur, = i\/U,%TD + UgAQ + (a—tl * U,)? (A.92)

The liquid side temperatures were measured using RTDs which have bias and precision

errors associated with them as illustrated below,

URTD = \/BlgTD + Pr?leasurement (A-93)

The manufacturer has supplied the bias error in the RTD readings as,

Brrp = £—=(0.3 + 0.005|T(C)]) (A.94)
While, the precision error is determined from the following,
PRTD = itN,95%ST ~ i1962 X ST'% (A95)

When it comes to the DAQ system uncertainty, the sensitivity of the RTD is used to
interpret the voltage reading to °C. The RTD sensitivity is shown as,

__ OVeTpD
K = —r (A.96)

Where,

Verp = IgxcitationRr

Rr is the temperature resistance relationship, Ry = Ry (1 + AT + BT?)
Ro=1000Q, A=3.9080 X 10, B=-5.8019 X 1077, Igxcitation= 100 X 10° A

Therefore,
K =3.9080 X 107> — 1.1604 x 1078T (A.97)
From the above relations, the uncertainty in the DAQ system will be as follows,
6 6.033 X 1076V
Krrp
6.033x107°V o

=+

(A.98)

3.9080X1075-1.1604x1078T

The liquid side bulk temperature using inlet and outlet temperatures is defined as,
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T1i+T10

Ty puik = — 5 (A.99)
Using the RSS method, the uncertainty in the liquid bulk temperature can be found as,
OT Lbulk 2 OT Lbulk 2
Urppue = T ( Ty, Ury; ) +1- AT, Ury,o (A.100)
Where,
_agz,Tqu( - % (A.101)
_621;7;;”« = % (A.102)

The uncertainty in the liquid temperature difference is found using partial derivation for

example in the case of air heating, it can be found as,

Upr, = Tio — Tiy (A.103)
dA 2 JAT 2
_ Ty l
UAT[ —_ i <Fl,0 UTl,o) + (FLL UTl,i) (A104)
Where,

aary _
T, 1 (A.105)
OAT; .
Fu = (A.106)

A.8. Uncertainty in Air Pressure

Differential pressure transducers were used to measure the airside pressures. These
transducers have bias errors associated with them which are given through the
manufacturer. These bias errors include thermal effects which is 0.02%FS and accuracy
which is 1%FS. Using the RSS method, the bias errors combined for the Pitot static tube

can be found as,

Bpitor = i\/Bc%ccuracy + Btzhermal effects (A.107)

Bpitor = +4/(0.01FS)Z + (0.0002[T|FS)? V (A.108)
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The Pitot pressure transducer measurement range is (0-1” H>O). The airside bias errors in
pressure difference across the heat exchanger is presented in a similar way to the bias errors

in Pitot tube calculation with a range set to (0-1” H2O).

Baap = i\/BgCCUTaCy + Btzhermal effects (A.109)

Bpitor = 2+/(0.01FS)2 + (0.0002|T|FS)Z V (A.110)
While the precision error in Pitot and the pressure difference across the heat exchanger is
presented through the use of standard deviation, the total number of samples, and the

student t-distribution as,

Pricor = Ftnos0Sp ~ £1.962 x et (A111)
Poap = ity osySp ~ +1.962 X Sﬁ (A.112)

The total uncertainty in the airside pressures in Pitot and across the heat exchanger alone

can be found using the defined bias and precision and applying the RSS method as,

Upitor = \/Bgitot + Pgitot (A.113)

Including the DAQ system uncertainty, the overall uncertainty in the dynamic pressure and

the differential pressure can be written as,

Udynamic pressure — Ugitot + UsAQ 4 (A.l 15)

Uairr. pressure = UiAp + USAQ 4 (A.116)

To convert the uncertainty of the dynamic and differential pressure from voltage to Pascal,

the sensitivity of the devices is used as,
Udynamic pressure,(Pa) — iKPitot Udynamic pressure,(V) (A- 1 17)

Udiff. pressure,(Pa) = iKa,AP Udiff. pressure,(V) (A-l 18)

Where, Kpiot = 24.49 Pa/V and Kaap = 125.5 Pa/V
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A.9. Uncertainty in Liquid Flow Rate

The liquid mass flow rate, whether DI water or 50/50 ethylene glycol-water mixture, was
measured using a Proline Promass inline Coriolis mass flow meter of the 100 series. This

meter has an accuracy of £0.1% of the measurement as per the manufacturer.

A.10. Uncertainty in the Thermal Properties

The fluid bulk temperature is used to find the fluid properties such as viscosity, specific
heat, density, and thermal conductivity. The uncertainty in the viscosity of the liquid and

air can be found as,

Uy, = 5| (1 @t Ty max) = (11 @t Typmin)| (A.119)
Uﬂa = %l(ﬂl at Ta,b,max) - (.ua at Ta,b,min)l (A.120)
The uncertainty for both working fluids’ density is assessed as,
Upl = %'(pl at Tl,b,max) - (pl at Tl,b,min)l (A.121)
Up, = %l(pa at Ta,b,max) - (pa at Ta,b,min)l (A.122)
The specific heat uncertainty of both working fluids can be written as,
Ucp,l = %'(Cpl at Tl,b,max) - (Cpl at Tl,b,min)l (A.123)
Ucp,a = % |(Cpa at Ta,b,max) - (Cpa at Ta,b,min)l (A.124)

The uncertainty in the thermal conductivity of both working fluids can be found from the

following equations,

Uk, = %l(kl at T pmax) = (ki at Ty pmin)| (A.125)

Uk,a = %l(ka at Ta,b,max) - (ka at Ta,b,min)l (A.126)

Prandtl number is a dimensionless number that can be found in the tables of fluid properties

however, its uncertainty can be found using the RSS method as,

Pr, = % (A.127)
Urr, = ij Crev) + () + v

Where,
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9Prg — Pa (A.129)

Olq kaq
OPrg _ Ha
dor. — R (A.130)
9Pre _ _ HaPa A.131
kg k24 (A.131)

A.11. Air Mass Flow Rate Uncertainty

The air mass flow rate in the heat exchanger depends on density, velocity, and minimum
free flow area. The equation to find air mass flow rate can be written as,

Mg = pPaVaAa frontai (A.132)
In order to determine the air mass flow rate uncertainty, the air velocity uncertainty needs
to be known. The following equations illustrate how to find the uncertainty in air velocity.

2AP

Vo=2 50 (A.133)
9 2 P 2
Va v
UVa =3 (aAdenamic UAdenamiC) + (E Upa) (A134)
Where,
v, . 1

6Apdynamic N \/Wynamic (A135)
o _ _ 1/ Pimic e

Pa 2 (Pa) /2

Therefore, the uncertainty in air mass flow rate can be determined from the following

equation,

arin, 2 o, 2 arh, z
Up, =+ j (apa Up,) + (W Uy,) + (—aAamml Uy, fmml) (A.137)

Where,
omg
7o = Valafrontal (A.138)
o1y
ar‘r/la = paAa,frontal (A.139)
g
6Aa,frontal N paVa (A140)
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A.12. Heat Transfer Rate Uncertainty

The uncertainty in the liquid heat transfer rate is found from the following expression,

Ql = mlcp,lATl

. 2 . 2 .
=t (2y,) + (2 (2o
Ug == J (aml Uniy +(acp,l UCpJ) + OAT; Unr,

Where,
2Q,
— = ¢, AT,
aml pl L
a0 .
% = mlATl
6Cp‘l
0Q; _ .
0AT; - mlcp’l

)

2

(A.141)

(A.142)

(A.143)

(A.144)

(A.145)

The air heat transfer rate depends on the liquid heat transfer rate and the heat transfer

through the heat exchanger walls. The following equations present the uncertainty

calculation for the heat transfer rate of the airside.
Qu=0+ Qwall

dTs
dt

Qa=Q1+MC

UQa = i\/(a& X UQl)Z + (6(62& X UQ'wall)2

2Q;

wall

Where,

90 _

2Q;

00a_ _
90wall

(A.146)

(A.147)

(A.148)

(A.149)

(A.150)

It is worth noted that the uncertainty in the heat transfer rate of heat exchanger wall yields

a very small value, therefore, the uncertainty in the air heat transfer rate can be taken as the

uncertainty in the water heat transfer rate.
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A.13. Reynolds Number Uncertainty

The airside Reynolds number is determined using the mass velocity and the airside

hydraulic diameter.

GD,hd
Re, = —2<
Ha

The uncertainty in air mass velocity is found from the following equation,

g

G, =

Aa,min

2
_ 3G, 2 9Gg
UGa B ij(ama Uma) + <aAa,mm UAa’min)

Where,

G, _ 1

a7ha Aa,min

3G, _ Ma

aAa,rnin Aa,min - (Aa,min)z

The uncertainty in Reynolds number can be calculated as,

2
ORe, 2 ORe, ORe,
— + ( a ) a ( a
Uge, = & J 3G, Us,) + dDg hya UDa,hyd + Altq
Where,

dReq _ Dgnyd

0Gq Ha

OReg; _ Gg
aDa,hyd Ua

OReq __ _ GaDg,nyd
Olq (ua)?

A.14. Uncertainty in Airside Heat Transfer Coefficient

)

(A.151)

(A.152)

(A.153)

(A.154)

(A.155)

(A.156)

(A.157)

(A.158)

(A.159)

The uncertainty in the airside heat transfer coefficient can be calculated from the following

equations in which air heating is taken into consideration as an example,

_ Qa
Nala(Ts,avg—Ta,avg)

hq
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= G0 )+ (o) )’ s (2 ) + 2 e

oh, _ 1

300 NgAa(Tsavg—Ta,avg) (A.162)
= nZaAa(Ts.S:g—Ta,wg> (A.163)
Tae =" naAZa(Tsffg—Ta,wg) (A.164)
ag:;,g B _naAa(Ts,af;—Ta,wg)z (A.165)

o . (A.166)

- 2
aTa»‘Wg UaAa(Ts,avg _Ta,avg)

The uncertainty in the overall surface efficiency can be found from the following equations,

Afin
Na=1="2(1 = npin) (A.167)
Where,

a’?a — Nrin—1 (A168)

OAHTFinHX  AHTaHX

Oma _ _ AnrTFinHx(1-TFin) (A.169)
OAHT a,HX (MFin)? .
0Ng _ AHT FinHX (A 170)
OMFin AHT,a,HX '

The uncertainty in the fin efficiency can be found as,

tanh(SL
Nein = (A171)
U -+ (anmn U )2 n (anFin U )2 A172
NMFin ~ — as °S L L ( . )
Where,

dMpin __ SLsech?(SL)—tanh (SL)
s = <21 (A.173)
dMpin __ SLsech?(SL)—tanh (SL) (A.174)

oL L2s
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A.15. Uncertainty in Airside Nusselt Number

Airside Nusselt number is a dimensionless form of the heat transfer coefficient. The

definition of airside Nusselt number and its uncertainty is determined as in the following,

Nu, = —ha”ka'hyd (A.175)

U =4 (aNuaU )2 4+ (Nua 2 + (aNuaU )2 A 176
Nua = = [\ g, ~Na 9Dpq  Pahyd ok, =~ Ka (A.176)
Where,

dNug _ Da,hyd

oh ke (A.177)

ONug hq

Dna ke (A.178)

6Nua _ haDa,hyd

oy x2, (A.179)

A.16. Uncertainty in Colburn j Factor

The Colburn-j factor is a function of Stanton number and Prandtl number. In order to

estimate the uncertainty in Colburn-j factor, the uncertainty in Stanton number is found

first as in the following,

St, = thp (A.180)
2 2 2
Use, = £ \/ (aas,ff Un,) + (a;’(f Us,) + (Zf—: Uc,,_a) (A.181)
Where,
= o (A.182)
= P (A.183)
P (A.184)
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Now, Colburn-j factor uncertainty is calculated as,

Jo = St Pr? (A.185)
9ja 2 (o, g
U, =+ (aSta USta) + (m Upra) (A.186)
Where,

e _ py3 A.187
aSty Ta (A.187)

a _2g, p-1/3
o = 2StaPr, (A.188)

The equations presented in this appendix relate to the main parameters discussed in this
study. In some calculations, the air heating equations are considered as an example of the
uncertainty calculation due to the presence of different modes such as heating and cooling.
In general, the uncertainty is found higher for lower airside mass velocity. Table A.l
represents the main parameters for air heating experiments in their percentages of nominal
values.

Table A.1. Air heating parameters uncertainty

Parameters Uncertainty
(%)
Air mass flow rate (m,) (kg/s) 2.8-1.4
Ta,i (°C) 4
Tw,i(°C) 0.24
Mass flow rate of water, (m,,) (kg/s) 0.1
Heat transfer rate ( Q) (kW) 1.5-0.9
Heat Transfer coefficient (h,) (kW/m2.K) 2.8-2.9
Nusselt number (Nu.) 3.2-34
Colburn factor (j.) 4.2-3.6

Table A.2 represents the uncertainty in percentages of the main parameters nominal value

for the case of air cooling with and without PCM.

129



Table A.2. Air cooling parameters uncertainty

Parameter Uncertainty
(%)
Air mass velocity G, (kg/m?.s) 3.2-2.1
Air inlet temperature T, (°C) 1.8
DI-water inlet temperature Ty,i (+C) 3.0
DI-water mass flow rate (m,,) (kg/s) 0.1
Airside heat transfer rate ( Q) (kW) 2.4-15
Airside heat Transfer coefficient (ha) (kW/m?.K) 5.5-5.6
Airside Nusselt number (Nuy) 5.7-5.8
Air outlet temperature T, (°C) 4.0-2.4

Measurements”, Sth edition, John Wiley and Sons, Inc., New York, USA.

experimental measurements and results." Transactions of the ASME, Journal of Fluids
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APPENDIX B: MAIN SYSTEM EQUIPMENT

The experimental work performed in this study comprises many system components that
are used for controlling, heating, cooling, measuring, or monitoring certain parameters such
as temperature, pressure, flow rate, etc. The following is pictures of some of these main

components.

B.1. Inline Immersion Heater

This 20kW heater is used to heat the main DI water for the air heating experiments. The
heated DI water is allowed to pass to the test section where the meso heat exchanger is
located. It is provided with a temperature control panel to achieve the desired final DI water

temperature Figure B.1.

s '

(a) (b)

Figure B. 1. (a) Heater and (b) Heater controller
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B.2. Gear pump

The main liquid whether DI water or 50/50 ethylene glycol-water mixture flows through
the connected pipes from a heater or a chiller to the test section heat exchanger by means
of a gear pump. This pump is supplied with a variable frequency controller that allows to

preset and control the liquid flow rate via a frequency change Figure B.2.

Figure B. 2. Gear pump

B.3. Chiller

A 10-ton chiller is used in the main liquid circuit for air cooling experiments Figure B.3.
The main purpose is to provide a low temperature liquid to cool the airflow and solidify

the PCM. It is equipped with built-in controller that allows to set the desired liquid

temperature.
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B.4. Blower

A blower provided at the inlet section of the wind tunnel is used to force the air flow
through the thermally insulated tunnel to the test section. The blower is operated by an
electrically powered hydraulic pump. A frequency controller provides a wide range of air
velocities that can be achieved. The flexibility in changing from one velocity to another
allows to perform air mass velocity step changes required for the transient experiments.
Figure B.4 shows the blower with its pump located at the middle lower section of the wind

tunnel.

Figure B.4. Air blower and controller

B.S. Instrument Calibration

The test facility is equipped with many measuring instruments that are selected to be
compatible with the DAQ system. The experiments involved many thermocouples and
RTDs to measure the liquid and air temperature at the inlet and outlet of the test section,
the surface temperature of the meso heat exchanger, and the PCM temperature. These
thermocouples and RTDs were carefully removed from the test section and calibrated using
a precision dry block calibrator to ensure accurate reading values. The values obtained from
the calibrator are entered into the LabView software that is used in the National instrument
data acquisition system. once the calibration is complete, the thermocouples and RTDs are
carefully placed back into their preset locations. The calibration device is shown in Figure

B.S.
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Figure B.5. Precision dry block calibrator

B.6. Thermal Conductivity Analyzer
The manufacturer of the PCM provides some information on the properties of the material,
however, some required properties were measured. The thermal conductivity of the PCM

was directly measured using a C-Therm thermal conductivity analyzer with an accuracy of

better than 5% as shown in Figure B.6.

Figure B.6. Thermal conductivity analyzer
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B.7. Differential Scanning Calorimetry (DSC)

The PCM melting and solidification temperatures, latent heat of fusion, heat flow, and
other information is provided through the use of the TA-DSC2500. Different tests have
been run in collaboration with the Chemistry department at the University of Windsor to
confirm the reported data by the supplier. An initial sample weight of 2.24 mg was tested
in small fully sealed crucible at (2, 10, 40, 60, 100) °C/min with a temperature range of 20
to 40°C to ensure the complete melting and solidification of the PCM sample. The sample
weight then reduced to 1.06mg for more accurate results using smaller °C/min range. The
peak and onset temperatures for the melting and freezing loops were measured and
recorded. Figure B.7 shows the DSC machine that is used with the tray that holds the
sample crucibles.

Figure B.7. TA DSC2500 (Curtesy of the Chemistry and Biochemistry Department)
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