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ABSTRACT

In order to increase the overall efficiency of energy use in a community, excess
thermal energy from inefficient processes can be stored and used for heating applications.
A one-dimensional analytical conduction model is therefore developed for sizing of phase
change material thermal energy storage systems. The model addresses rectangular
channels of phase change material separated by flow channels for the addition and
removal of thermal energy. The analytical model assumes a planar melt front and linear
temperature profiles throughout the thermal storage cell. Heat flux and interface
temperatures are calculated at various melt fractions based on a quasi-steady electrical
analogue analysis of the instant in question. Compensation is made for the sensible
energy change between melt fractions by adding this energy at the calculated heat flux.

A two dimensional, conduction only computational fluid dynamics model is used to
compare the response of the analytical model to changes in the input parameters and
shows good agreement. A test apparatus and a three dimensional computational fluid
dynamics model are also created and melt-time results compared to analytical model
predictions. These comparisons also show good agreement. Finally, a thermal storage
system is sized for a specific application, HyGreen Energy Corporation’s Distributed
Storage System, with sizing based on the heat load requirements of McMaster Innovation
Park during the winter months. Technical feasibility of this system is shown with
analysis also included on economic feasibility. It is determined that the analytical model

is sufficient for initial assessment of phase change material thermal energy storage

it



systems where detailed geometry is unavailable. Recommendations are made for further
validation of the model and the development of a phase change material properties
database. Suggestions are also presented on additional sources of revenue for the

H,Green Distributed Storage System that will increase its economic feasibility.
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GLOSSARY

Availability
Capture System

Cell Charge Time

The potential for a given quantity of thermal energy
to be converted into work.

The system from which thermal energy is collected
for storage in a thermal battery.

The amount of time required to fully melt the phase
change material and impart any desired sensible
heat into a single cell within a thermal battery.

Complementary Error Function One minus the Error Function

Cogeneration

erfe(x)=1- \—/2__7-[- ;]e_’z dt

Simultaneous production of both electricity and
useful thermal energy.

Convective Heat Transfer Coefficient

Distributed Storage System

Duty Cycle

Effective Thermal Conductivity

Electrohydrodynamics

Error Function

Expected Error

Form-Stable

Freezing Temperature

A coefficient that relates the heat flux during
convective heat transfer to the difference between
the bulk fluid temperature and wall temperature.
An energy storage system that is located at the end-
user site.

The timing of thermal battery charge, storage and
recovery based on the capture and recovery system
on/off timing.

The value (k.p) calculated by dividing the heat
transfer through the phase change material chamber
wall by the average temperature slope in the phase
change material ((Tm-Tw)/s).

The study of the effect of electric fields on fluid
flow

Mathematical function defined as:

2 7 _p

erf(x)=—=|e™ dt

(%) Tr 3
The expected error in a measurement calculated by
adding the root squared of all possible error sources
at their expected or experimentally determined
values.
Able to keep a constant shape without external
encapsulation, even after melting of the integral
phase change material has occurred
The temperature at which a pure material changes
from liquid to solid at atmospheric pressure.
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Lauric Acid
Liquidus Temperature

Maximum Error

Melt/Melting Temperature
Mushy Zone

N ormalized__m3

Phase Change Material (PCM)

Rankine Cycle
Recovery System
Seebeck Effect

Solidus Temperature
Standard Deviation
Stearic Acid

Super-Cooling

Thermal Battery

Thermal Cycling

Thermo-Electric Generator

Variance

A fatty acid with potential for use as a phase change
material (T, ~ 317 K).

ANSY S-Fluent term for melt temperature of any
pure material or mixture

The maximum possible error in a measurement
calculated by adding the root squared of all possible
error sources at their maximum values.

The temperature at which a pure material changes
from solid to liquid at atmospheric pressure.

A region of partially solid and partially liquid
material during a melting or solidification process.
Normalized cubic meters (as if the temperature and
pressure were atmospheric).

A substance that is used to store energy as latent
heat via a change of phase.

A cyclical process of changing the pressure,
temperature and phase of a fluid (usually water) to
extract mechanical energy (usually through a steam
turbine) from thermal energy.

The system to which thermal energy is imparted
from storage in a thermal battery.

The thermoelectric phenomenon that causes
electrons to flow through a circuit connecting two
materials at different temperatures.

ANSYS-Fluent term for freezing temperature of any
pure material or mixture.

A statistical value for a normally distributed data set
defined as the square root of the variance.

A fatty acid with potential for use as a phase change
material (T, ~ 341 K).

The degree of cooling below the melt temperature
that a material or mixture can undergo before
solidification occurs.

A thermal energy storage system that decouples the
production of thermal energy from its usage in both
space and time.

Raising and lowering the temperature of a material
several times (usually transitioning from solid to
liquid and back each time for a phase change
material).

Devices that use the Seebeck effect to generate
electricity from thermal energy.

The amount that a data point deviates from the
mean value of the entire data set.
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CHAPTER 1 — Introduction

1.1 — Background

With the shift of focus in the energy industry towards more efficient and
sustainable generation, transmission and usage of power, reducing waste has become an
important area of research and development (MacCracken, 2009). Thermodynamics
teaches us that all process inefficiency eventually manifests itself as thermal energy. In
most processes, excess thermal energy is released to the atmosphere or a large body of
water to complete a cyclic process or prevent overheating of components or facilities.
Although excess thermal energy is impossible to completely eliminate, it has the potential
to be harvested and used for applications that would otherwise require additional energy
input from other sources. This method of energy transfer is not presently widely
employed for several reasons. The two most significant of these are that the industry or
utility that is producing the excess thermal energy is often not able to use it all at the time
it is available, and that creating thermal energy from combustion of fossil fuels has
historically been inexpensive. This means that recovering unused thermal energy does
not decrease the energy usage of the system the designer is concerned with, their own
facility, and low fossil fuel prices do not motivate others to seek alternate sources of
thermal energy. An increase in overall system efficiency from excess thermal energy
recovery would only be seen on a much larger scale in most instances, when the system

analyzed is a community or region and the energy inputs from all sources are considered.
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Due to the low fossil fuel prices, there is presently no thermal energy market to
encourage the harvest and trade of excess thermal energy. The transfer of thermal energy
as a commodity would minimize the traditional thermal energy generation requirements,
including the use of electricity and the chemical energy in fossil fuels to supply the
heating requirements of residential and industrial customers. Locating and quantifying
the production and utilization of thermal energy on a regional scale would allow a more
comprehensive energy system model to be developed in order to identify potential
efficiency improvements in various communities. It would also allow for small and large
thermal energy recovery systems to be used such that thermal storage and transport can
be accomplished on all scales. Some of the technologies required to make this possible

include thermal storage batteries and transport systems for thermal energy.

1.2 — Current Applications of Thermal Storage

Thermal storage is becoming more popular as energy efficiency gains importance
on the global stage. From before the invention of refrigeration systems, the thermal
storage capacity and insulative properties of the earth have been used to keep food and
ice cool during the summer in root cellars and ice houses. More recent applications of
thermal energy storage include phase change material impregnated wallboard or concrete,
seasonal thermal storage and regulation of facility temperatures. Phase change material
impregnated wallboard and concrete are used in construction of buildings to store thermal
energy during the day as the phase change material melts and keep buildings warm at

night through the solidification of the phase change material. They are created by filling
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hollow spaces inside the wallboard or concrete with pockets of phase change material.
Seasonal thermal energy storage using soil around boreholes or water tanks to store the
summer thermal energy for winter use is less common due to the large volumes required
to store seasonal energy. It is also becoming more common to see the use of bricks to
store electrically generated thermal energy when the cost is lower and the use of large-
scale chilled water or ice systems to shift cooling energy use to off-peak hours. Several
large-scale cooling systems are already in use and can be found around the world. The

5 million square foot (1.5 million m*) McCormick Place in Chicago, Illinois, along with
several neighbouring buildings, have an 8.5 million gallon (32 million litre) chilled water
system (Bush and Wolf, 2009) with a storage capacity of 123,000 ton-hours, equivalent
to 430 MW-hours or 156x10" J of thermal storage (Engineered Systems, 2000). Again
in Chicago, three ice storage facilities, which freeze water at night and have a total
capacity of 259,000 ton-hours (910 MW-hours or 3.28x10'2 J), cool many of the
downtown buildings during the summer through a secondary chilled water distribution
system (Williams, 1998). Each of these facilities is the size and shape of a small office
building and constructed to blend in with the local architecture. The Andasol 3 parabolic
solar facility in Spain uses a 28,500 kg eutectic salt phase change material thermal
storage system to store enough energy to run the turbines at full load for up to 7.5 hours
when the sun is not shining (Solar Millennium, 2008). Each of these facilities uses
thermal energy storage to enable the energy to be used whenever it is available or when it

is economically optimal.
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Energy efficiency is not, however, the only motivator for the use of thermal
storage. Comfort and convenience have also spawned some interesting uses of thermal
energy storage. In order to keep soldiers and other labourers (including animals) who
must work in hot climates more comfortable and effective, several companies offer vests
and other articles of clothing filled with phase change materials to keep the worker at a
constant temperature. One such vest maintains a temperature of 59 °F (15 °C) for up to
2.5 hours, at which time a freshly charged set of cooling packs can be inserted (Glacier
Tek, 2009). This vest weighs less than 5 lbs (2.3 kg) and the cooling packs require
20 minutes to recharge at 32 °F (0 °C (Glacier Tek, 2009). A similar application of phase
change material thermal storage is a coffee cup that keeps hot beverages at a constant,
desirable temperature for a long period of time (Salton, 2009).

The food, medical and electronics industries also use the thermal storage in phase
change materials for temporary protection of goods. Rather than using expensive back-
up generators to ensure that sensitive electronics installations stay cool during a primary
power outage, phase change materials can be included in the enclosure to ensure thermal
protection for a given period of time. A phase change material thermal storage system
can also be used to dissipate thermal energy from the enclosure at night to reduce or
eliminate the cost of cooling during the day (Intertec, 2009). This same principle is used
to ensure food and medical products are kept at their optimum temperature during
transport to avoid spoilage. Containers with integral phase change materials that

melt/solidify at the optimum temperature of the goods can be used as an alternative to
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expensive environmental control systems for transportation during a given period of time

(Drage, 2009).

1.3 — Potential Applications of Thermal Storage

With the proliferation of time-of-day electricity pricing in much of the world to
account for peak system requirements, the number of potential sites for thermal energy
storage is growing. While large-scale thermal energy storage sites currently exist, the
greatest potential for development in this area is in transportable systems. An example of
this would be a truck, train car or ship that captures thermal energy from a power plant or
large industrial installation and then moves to a city centre to recover the thermal energy
to a communal distributed heating system or absorption system for cooling. Using this
technique, several thermal energy sources can be transferred to a central facility and used
to feed a single or group of recovery systems in order to mitigate the risk if one of the
sources stops producing thermal energy. If there is excess thermal energy from such a
system during certain times of the year, it can be used to reduce energy input to other
systems. This could include preheating water for hot water systems or snow and ice melt
systems during winter months in parking lots or on airport runways.

Another group of potential applications for thermal storage is increasing the
overall efficiency of distributed storage systems for storage of off-peak electrical energy
for recovery during peak times. These systems would allow on-site conversion of
electrical energy into an appropriate storage medium (pumped hydro, hydrogen,

compressed gas, etc.) and then regeneration of electricity. This can not only reduce the
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cost of electricity based on time-of-day pricing, but also reduces the peak generating
requirements of the electrical grid. Due to the round-trip storage efficiency of such
systems causing energy losses, as well as transmission losses, additional sources of
revenue are often necessary to justify the system cost. One of the simplest sources of
revenue to consider is the displacement of space heating costs. This transforms the
inefficiencies in the storage and recovery process into useful thermal energy for heating
and absorption cooling applications and reduces the electricity or fossil fuels required to
keep a facility at a comfortable temperature.

Combined heat and power applications could also benefit greatly from thermal
storage systems. This would allow the generation of heat to be decoupled both spatially
and temporally from its use. Facilities that have large electricity demands could store and
transport excess thermal energy to off-site locations for recovery. Conversely, smaller
systems could be sized based on the thermal energy requirements of a building with
electricity used during peak times and any excess sold back to the grid. This would allow
the high availability chemical energy in fossil fuels to be used to generate high
availability electricity with only the resulting inefficiencies put towards low availability
space heating.

Thermal energy from some processes could also be used to generate electricity.
This can be done using conventional steam generators if the temperature is high enough.
An organic Rankine cycle, which operates the same way as the Rankine cycle used in
steam generation but uses a fluid with a lower evaporation temperature, can be used to

generate electricity from sources at lower than steam generation temperatures. Another
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option for electricity generation directly from thermal energy is using Thermo-Electric
Generators (TEGs). These devices operate on the Seebeck effect, promoting electron
flow through two materials connected by an electric circuit and subjected to a
temperature differential (Seebeck, 1895). Even when thermal energy is used to directly
generate electricity it is still beneficial to be able to store the thermal energy until such a

time when grid electricity is at its most expensive.

1.4 — Problem

With the development of thermal storage and transport technologies, the
utilization of by-product thermal energy can be decoupled from the primary process that
created it, both temporally and spatially, allowing it to be utilized when and where it is
needed. This removes one of the major hurdles currently preventing the widespread use
of cogeneration. The creation of a Thermal Energy Market would also lead to more
widespread use of thermal energy storage and transport, as revenue can be generated
from excess thermal energy that is curréntly released into the atmosphere. This not only
creates an additional source of income for some companies and reduces heating costs and
emissions from fossil fuel combustion for others, but also increases the overall efficiency
of a community, city or region. These technologies also have the advantage of helping
mediate intermittent sources of energy, such as wind and solar, in order to meaningfully
integrate them into the current generation capacity.

This study focuses on the storage of low temperature thermal energy that cannot

be used to produce electricity via steam generators. Materials and methods for thermal
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storage are discussed, a mathematical model developed and a feasibility study performed
on a distributed storage system (DSS), which will be described in Chapter 6. The system
model is also used to analyze the parametric behaviour of thermal storage systems to
determine which improvements would produce the most benefit to the system and which
research areas are the most beneficial. The creation of such a model aids designers in
evaluating thermal energy storage systems for a wide variety of potential applications.
While many mathematical models currently exist for predicting melt and solidification
times in phase change material cavities (Verma et al., 2008), they are not widely used in
industry for preliminary assessments and sizing due to their dependence on specific
geometry information. The models summarized by Verma et al. (2008) based on the first
law of thermodynamics use an energy balance to determine temperature and heat flux
profiles throughout the phase change thermal storage system. As the models based on the
second law of thermodynamics, which use the principle entropy generation, have not
been experimentally validated and are not particularly useful for sizing operations, they
were not considered here. The creation of a simple and easy to communicate model that
can be used for initial sizing of a phase change material battery will help promote
widespread consideration of thermal energy storage systems to help uncover additional

applications for this technology.

1.5 — Scope of Work

The scope of this study was the development of an analytical model to facilitate

prediction of the size of a phase change material thermal storage system. The only inputs



J.M. Bailey - M. A. Sc. Thesis
Department of Mechanical Engineering — McMaster University

to the model are specifications of the capture and recovery systems, including timing for
the capture and recovery needs, and properties of the phase change material selected.

This allows preliminary sizing without detailed geometric design. The focus was on solid
to liquid phase changes at temperatures between 50°C and 90 °C. This is a particularly
interesting and challenging range for thermal energy use because it is too low to generate
steam to run through a turbine. It is, however, attractive for space heating as the range is
well above the air temperature required for indoor air. Storage of thermal energy at these
temperatures would allow it to be used at a different time than it is produced. It also
opens up the possibility of transporting it to another location with minimal losses for use
elsewhere.

The figure of merit used to determine the usefulness of the model was the melt
time calculation for a given configuration. The analytical model melt time sensitivity
was compared to computational fluid dynamics results using the same assumptions to
ensure that the model has the correct responses to changes in the input parameters. The
base case was then validated experimentally to ensure reasonable agreement of the

analytical model and computational fluid dynamics simulations.
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CHAPTER 2 — Thermal Storage Technologies

2.1 — Thermal Storage Options

There are three main methods of storing thermal energy in any material:
reversible chemical energy, sensible thermal energy and latent thermal energy. Chemical
energy is absorbed or released when a chemical reaction occurs in a material, thus
changing the organization of the molecules. If this process is reversible, it can be used to
capture and recover energy. An example of this is splitting water into its component
gases, diatomic oxygen and diatomic hydrogen and then recombining them into water.
This can also be done to ammonia through the reversible Haber process (Soda-Fabrik,
1910) by combining and separating the nitrogen and hydrogen atoms.

Sensible thermal energy is stored through increasing the vibrational energy of the
molecules in a substance, which manifests itself as an increase in temperature. The
ability of a material to store sensible energy is represented by the heat capacity (the
amount of energy required to raise the temperature of one kilogram of the material by one
Kelvin).

Latent thermal energy is the energy required to bring about the reorganization of
molecular structure that accompanies a change bf phase. The phase change can be solid-
solid, solid-liquid, solid-gas or liquid-gas. A comparison of the energy that can be stored
in chemical, sensible and latent forms for water is shown in figure 2.1 and for ammonia

in figure 2.2.
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Sensible Latent

Figure 2.1: Comparison of sensible, latent and chemical energy stored in water.

Sensible Latent

Chemical

Figure 2.2: Comparison of sensible, latent and chemical energy stored in ammonia.
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Because of the relatively large amount of energy that can be stored as latent heat
in a material this was used as the primary storage mode in the design of the thermal
batteries. The complexities associated with chemical reactions, such as by-products,
catalysts and secondary reactions, can also be avoided by utilizing latent thermal energy
storage. Sensible thermal energy storage was not used as the main method, but may still
be used in certain systems to store some additional energy at peak generation periods
without increasing the size of the system. This is dependent on the temperatures of the
capture and recovery systems as it requires a large enough temperature gradient to drive
the thermal energy into the phase change material after it has surpassed its melt

temperature.

2.2 — Phase Change Material Categories

The use of latent heat as the primary thermal energy storage medium requires a
survey of available materials and their relevant properties. Since all materials undergo
phase changes, criteria and constraints have been clearly defined based on the system
requirements to narrow the number of candidate materials. The first decision is the type
of phase change to be employed.

Solid-liquid, solid-gas, solid-solid (this only occurs in a few materials that change
molecular structure under specific conditions) or liquid-gas are available as phase
transformations. In order for the system to be as simple and compact as possible, the
volume difference between the two phases should be minimized. This means that using a

gas phase would require compression, thus requiring additional energy and reducing the

12
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storage efficiency. For this reason, solid-gas and liquid-gas phase changes were not
considered in this stady. This leaves solid-liquid and solid-solid phase change as the two
candidates. Solid-solid phase changes only occur in a few materials, such as the n-
alkanes, while solid-liquid phase changes can occur in any material. In general, a solid-
liquid phase change has a higher latent heat than a solid-solid phase change due to the
larger difference in molecular organization and was therefore chosen as the focus of this
research. There is potential, however, to utilize a solid-solid phase change as a secondary
storage mechanism in a material with favourable solid-liquid transition properties, but

this opportunity is not usually available.

2.3 — Low Temperature Phase Change Materials

Given that solid-liquid phase change was chosen, the first constraint on material
selection was the melt temperature. The range of acceptable melt temperatures was
determined through a preliminary system analysis of the proposed capture and recovery
systems. Since this study focused on the applications that lie below steam generation
temperatures but above ambient air temperatures, the melt range specified was 50 °C to
90 °C. Since the second law of thermodynamics dictates that temperature difference is
the driver for heat transfer, the melt temperature of the phase change material was set
sufficiently below the input temperature of the capture fluid to remove as much thermal
energy as possible, but also sufficiently above the desired final temperature of the
recovery fluid to ensure a reasonable residence time in the thermal battery. The longer

the residence time of the capture or recovery fluid in the thermal battery, the closer the
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fluid exit temperature will be to the melt temperature of the phase change material but the
longer the fluid channel must be for a given flow rate and cross-sectional channel
geometry. Longer fluid channels cause higher pressure drop and therefore add parasitic
losses to a system. The next criterion met by the phase change material was chemical
stability for the required number of thermal cycles. Assuming that heat is stored from the
capture process overnight and used each day in the recovery process and that the product
should have a lifetime of at least 30 years without replacement, the required number of
thermal cycles is 10950. This is over ten times the 1000 test cycles recommended by
Kenisarin & Mahkamov (2007). It was therefore difficult to determine if a material could
withstand this many cycles from currently available data. When candidate phase change
materials and corresponding construction materials were chosen, further investigation to
determine the thermal cycle and corrosion lifetime of the system in order to assess
potential refurbishment costs was recommended since limited information was available.
The remaining parameters considered in the choice of a phase change material, as

outlined below (Kenisarin & Mahkamov, 2007), were criteria rather than constraints and
a balance between them to achieve an optimized system was found.

» High heat of fusion and specific heat per unit volume and mass

= Low vapour pressure at operating temperature to prevent evaporation

»  Compatible with common containment materials

»  Non-hazardous, non-flammable and non-toxic

*  Small degree of super-cooling and high rate of crystal growth

= Small volume variation on solidification

14
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»  High thermal conductivity
=  Abundant supply at low cost

Many of the desired properties on this list can be achieved through innovative
system and component design, but others are integral to the operation of the thermal
storage system and are not functions of design. The two most important properties on
this list that can be used to rate candidate phase change materials are latent heat of fusion
and cost. These cannot, however, be simply compared per unit mass or volume, but the
size and cost of the optimized system that results from their selection must be analyzed.
The cost of the phase change material itself is difficult to evaluate, as the very large size
of these systems may warrant the creation of a dedicated production facility. This would
significantly change the cost of the phase change material.

The size of the system is largely based on a combination of heat transfer surface
design and the effective thermal conductivity of the phase change material. Effective
thermal conductivity is defined as a representative value of the coefficient kgin equation
1 that includes the effects of all heat transfer enhancements, such as additives, natural
convection cells or mechanical or electrohydrodynamic mixing.

dT
szeﬁ’g 1)

Effective thermal conductivity is a way to approximate a heat transfer region as if
it were conduction in a pure material. This is most applicable to heat transfer
enhancements such as homogeneous mixtures of different materials (i.e. nanoparticles
suspended in the phase change material), but can also be applied to enhancements such as

fins, nanotubes and impregnated foams as long as these enhancements produce effects
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that are similar to a change in thermal conductivity. It is possible that for natural
convection currents or other heat transfer enhancements that k.y would be a function of
time for a given storage cell configuration. Effective thermal conductivity, along with
design options to improve effective properties, is further discussed in the proceeding
section. Preliminary engineering calculations can be made, however, to eliminate some
of the candidate materials. The advantages and disadvantages of organic and inorganic
phase change materials are presented in Table 2.1, and show that both have drawbacks.
Since the heat of fusion (called phase change enthalpy in the table) and cost are the two
most important factors, it is difficult to eliminate either of these categories as both contain
high heat of fusion and low cost options. The selection process therefore continued with
options in both of these categories. Further subdivisions of the materials were made into
eutectics, non-eutectics and fatty acids. Tables 2.2 and 2.3 show examples of low
temperature phase change material candidates in these sub-categories found in literature
summaries (Zalba et al., 2003 and Kenisarin & Mahkamov, 2007). Available properties
have been listed, although much of the information required to properly evaluate each
phase change material is not currently available in the literature. The most important
property, melt temperature, is available for all materials and accounts for the bulk of the
elimination process, although allowances were made for slight variations due to

differences in material grade and purity.
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Table 2.1: Low temperature phase change material properties (Zalba et al., 2003).

Organic Materials Inorganic Materials
Advantages Non-Corrosive Higher Latent Heat of Fusion

Lower or No Super-cooling

Chemically Stable

Thermally Stable
Disadvantages Lower Latent Heat of Fusion Higher Super-cooling

Lower Thermal Conductivity Corrosive

Flammable Prone to Phase Segregation

Lack of Thermal Stability

Table 2.2: Phase change materials with melt temperatures between 50°C and 90°C (Ref. 1-Zalba et al.,
2003, Ref. 2—Kenisarin & Mahkamov, 2007).

Compound Category Melt | Heat of Thermal Density | Density | Ref.
Temp | Fusion | Conductivity | (Solid) (Liquid)
[C]_ | [kVke] [W/mK] [kgm’] | [kg/m’]

Zn(NO3)2 2(H20) Inorganic 54 1
NaOH H20 Inorganic 58 1
Na(CH3CO0O0) 3(H20) | Inorganic 58 226 1450 1
58 247 0.66 1450 | 1280 2

Cd(NO3)2 4(H20) Inorganic 59.5 1
Fe(NO3)2 6(H20) Inorganic 60 1
NaOH Inorganic 64.3 | 227.6 1690 1
Na2B407 10(H20) Inorganic 68.1 1
Na3PO4 12(H20) Inorganic 69 1
Na2P207 10(H20) Inorganic 70 184 1
Ba(OH)2 8(H20) Inorganic 78 268 0.66 2070 1937 1
AIK(S04)2 12(H20) Inorganic 80 i
KAKS04)2 12(H20) Inorganic 85.8 1
Al2(§04)3 18(H20) Inorganic 88 1
Al(NO3)3 8(H20) Inorganic 89 1
Mg(NO3)2 6(H20) Inorganic 89 156 0.5 1636 1550 1
90 171 0.57 2

Paraffin C22-45 Organic 59 189 0.21 920 795 1
56 128 0.73 1060 2

Paraffin Wax Organic 64 173.6 0.167 916 790 1
82 83 0.68 1200 2

Polyglycol E6000 Organic 66 190 1212 1085 1
Paraffin C21-50 Organic 67 189 0.21 930 830 1
Biphenyl Organic 71 119.2 1166 991 1
Propionamide Organic 79 168.2 1
Naphthalene Organic 80 147.7 0.132 1145 976 1
Pentadecane Acid Fatty Acid 52.5 158.6 1
Myrstic Acid Fatty Acid 57 187 990 861 1
52 190 2

Palmitic Acid Fatty Acid 64 186 0.16 989 850 1
61 198 2

Stearic Acid Fatty Acid 69 203 0.172 965 848 1
65 185 2

Acetamide Chemical Compound 82 263 1159 998 2
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Table 2.3: Phase change mixtures with melt temperatures between 50°C and 90 °C (Zalba et al., 2003).

% Compound 1 % Compound 2 Category Melt | Heatof Thermal Density Density
Temp | Fusion | Conductivity | (Solid) (Liquid)
[€] [klikg] [W/mK] [kg/m’] [kg/m’]
Mg(NO3)2 Inorganic
61.5 | 6(H20) 38.5 | NH4NO3 Eutectic 52 125.5 0.5 1596 1515
Mg(NO3) MgCil2 Inorganic
58.7 | 6(H20) 41.3 | 6(H20) Eutectic 59 132 0.6 1630 1550
Mg(NO3)2 AI(NO3)2 inorganic
53 | 6(H20) 47 | 9(H20) Eutectic 61 148
Mg(NO3)2 Inorganic
14 | LINO3 86 | 6(H20) Eutectic 72 180 1610 1590
Inorganic
66.6 | Urea 33.4 | NH4Br Eutectic 76 161 0.33 1548 1440
Mg(NO3)2 Mg(NO3)2 Inorganic
6(H20) 2(H20) Non-Eutectic 55.5
Inorganic
KOH H20/KOH Non-Eutectic 99
Organic
37.5 { Urea 63.5 | Acetemide | Eutectic 53
Benzoic Organic
67.1 | Naphthalene | 32.9 | Acid Eutectic 67 123.4 0.136

Kenisarin and Mahkamov (2007) also provided a list of the commercially available phase

change materials, seen in table 2.4, however some data in this table were found to be

inaccurate or out-of-date (Rubitherm, 2009). As the commercially available phase

change materials are mainly for solar applications, the melt temperatures are relatively

low. Since these are considered specialty chemicals and are not widely used, their cost in

comparison to other chemicals can be comparatively high. The lowest cost chemicals are

usually those that are commonly used in current industrial processes, such as sodium

hydroxide, as large production facilities already exist.
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Table 2.4: Commercially available phase change materials (Kenisarin and Mahkamov, 2007).

Melt | Heat of
Trade Mame |Type Wanufacturer Temp | Fusion | Density
IC] | [kikg] | Tkgim]
STL-52 Salt Solution  |Mitsubishi Chemical 52 201 1.3
RT50 Paraffin Rubitharm GmbH 54 195
gT1-55 Salt Solution  [Mitsubishi Chemical 55 242 1.2%
TH-58 TEAP 58 226
ClimSel C 58 Climator 53 269 1.46
RTG65 Paraffin Rubitherm GmbH 64 207
ClimSel C 70 Climator Fi 184 1.7
PCRI72 Salt Solution  |Merk Kgah 72
RT80 Paraffin Rubitherm GmbH 73 209
TH-85 TEAP 89 148
RT90 Paraffin Rubitherm GmhH 90 197

2.4 — Recent Phase Change Material Thermal Storage Research

A literature review on the current state of the art in phase change material thermal
storage showed that the bulk of the recent research focused on solar energy conversion
and building materials (Khudhair and Farid, 2004). Much emphasis has been put on the
preparation of form-stable solid to liquid phase change materials (Sari, 2004 and Xiao et
al., 2002) that do not require additional encapsulation, but rather have a structural matrix
surrounding the phase change material so that it will not change shape as it melts. This is
particularly valuable for construction materials as phase change material impregnated
wallboard can be produced in commonly sized sheets and then cut to size without
additional encapsulation of the cut edge. An interesting subset of this research was
focused on using expanded graphite foams as a form-stable matrix for paraffin based
phase change materials (Sari and Karaipekli, 2007). This has the advantage of using a
material with relatively high thermal conductivity to lend structure to the phase change

material. Sari and Karaipekli (2007) found that the effective thermal conductivity of 10%
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expanded graphite by mass in paraffin (n-docosane) was 0.82 W/mK, compared to

0.22 W/mK of the pure paraffin. This created a form-stable composite balancing the
capillary forces retaining the paraffin in the open-celled graphite matrix with gravity.
Mills et al. (2006) have investigated using pieces of metal tubing, aligned and randomly
oriented graphite fibres and graphite foams and have achieved increases in effective
thermal conductivity of up to two orders of magnitude over pure paraffin by using a
graphite foam matrix.

Research into thermally stable phase change materials has produced many novel
materials and mixtures that can withstand a large number of phase change cycles. One
category of materials that was particularly relevant to this study was fatty acids. These
chemicals occur in plants and animals and have favourable chemical and thermal
properties including good stability under phase change cycling (Sari, 2006). Again, this
research is mainly focused on building materials and solar energy storage due to the
current demand in these areas, but is relevant to a much wider range of applications.

Early phase change material model research resulted in the one-dimensional
model known as the Stefan-Neumann solution outlined in Carslaw and Jaeger (1959).
This model assumes conduction only in the liquid phase and solves equation 2 subject to

the proceeding initial and boundary conditions:
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u(x,t) = temperature of phase change material at location x and time t
Initial Condition u(x,0) = p(x)
0(x) = known initial temperature profile at each location x

ds(t)  Ou(s(t),1)
dr Ox

Stefan Boundary Condition

s(t) = position of the solid-liquid interface as a function of time

ou(0,t)

Neumann Boundary Condition r

=f®

f(t) = known heat flux at x = 0 as a function of time

This model results in equations 3 and 4 for the position of the solid-liquid
interface and equations 5 and 6 for the temperature distributions in the liquid and solid

phases, respectively. Parameter definitions for these equations can be found in table 2.5.
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Table 2.5: Symbol definitions for equations 3 through 6.
Symbol Definition Dependencies
A Root (eigenvalue) of equation 3 ki, ko, xq, %2, T, V, L, Cpy
k; Thermal Conductivity of the Liquid Phase Material Property
k, Thermal Conductivity of the Solid Phase Material Property
K1 Thermal Diffusivity of the Liquid Phase - ki/(p,Cpy) ky, p1, Cpy
Ko Thermal Diffusivity of the Solid Phase - ky/(p,Cp») ky, pa2, Cpa
p1 Density of the Liquid Phase Material Property
P2 Density of the Solid Phase Material Property
Cp, Heat Capacity of the Liquid Phase Material Property
Cp, Heat Capacity of the Solid Phase Material Property
\4 Wall Temperature minus Initial Temperature Initial Temperature
T Melt Temperature minus Initial Temperature Initial Temperature
L Latent Heat of Fusion Material Property

This solution is dependent on finding the root of equation 3 in order to be able to

solve the position of the interface at time t. This can be done either using eigenvalue

methods or iterative solvers. Unfortunately, this solution requires a constant wall

temperature to solve the melt front, which may not be the case for many real capture and

recovery systems. Ifitis used to try to predict such cases using the bulk fluid

temperature as the constant wall temperature, it will under-predict the time to full melt as

the heat flux during the initial phase of the heat transfer will be much higher than with

natural convection. The Stephan-Neumann constant temperature model, along with

computational fluid dynamics, is used to compare analytical and numerical model results

and determine if there is a significant difference in calculation methods and if the trends

are reasonable.

22




J.M. Bailey — M. A. Sc. Thesis
Department of Mechanical Engineering — McMaster University

More recently, focus of model development has shifted to improving the
prediction of convective heat transfer effects for given geometries. A detailed description
of the currently available models is available from Verma et al. (2008) for the models
listed in table 2.6 and is therefore not provided here. These models provide detailed
calculations for specific system geometries. The difficulty with using most of these
models lies in the available material property data. Many phase change material

specifications include only properties at a single temperature and therefore do not provide

Table 2.6: Mathematical models for phase change energy storage (Verma et al., 2008).

Model Name Dimensionality Geometry Steady/Transient
Shamsunder et al. Three Square Transient
Hamden Two Rectangular N/A
Kurkulu et al. Two Square N/A
Esen et al. Two Cylindrical Transient
Gong et al. Two Cylindrical Transient
Costa et al. One (with fins), Rectangular Transient
Two (without fins)

Vakilaltojjar Two Rectangular Transient
Zhang et al. One Spherical Capsule Transient
Benmansour et al. Two Spherical Capsule Transient
Xu et al. One Shape-Stabilized Slab | Transient
Halawa et al. Two Rectangular Transient
Sharma et al. Two Heat Exchanger Transient
Trp Two Shell and Tube Transient
Hed and Bellander | One Rectangular N/A
Dwarka and Kim Three Wallboard N/A

sufficient information for these models, such as liquid density and viscosity as a function
of temperature near the melting point. Another difficulty lies in using these models for
initial assessment of phase change material thermal storage systems since this type of

assessment occurs before detailed geometry information is available. Cell geometry
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required by the two and three dimensional models is therefore not available and iterative
design over a wide range of dimensions would be required. This is cumbersome for an
initial assessment. One-dimensional models are therefore more appropriate for sizing and

budgeting calculations.

2.5 — Capture Systems

The most commonly available systems from which low temperature thermal
energy can be captured include furnaces, internal combustion engines, chemical
processes, refrigeration systems, exhaust air (ventilation, micro-turbines, drying booths),
and heat sinks for thermodynamic cycles, as in combined heat and power applications.
The simplest ways to characterize such systems are by the heat transfer medium and
whether it is an open or closed system. Open systems involve heat transfer media that are
not recirculated, while closed systems involve recirculation of all of the heat transfer
medium. The major difference between these two types of system is that closed systems
provide an opportunity for higher efficiency as the only losses are those due to imperfect
insulation, while open systems have lower efficiency due to the temperature difference
required between the medium at the outlet and storage cell temperature to ensure heat
transfer. The heat transfer medium can either be a solid (conduction), fluid (convection).
Since this study focused on low temperature thermal energy, radiation was not
considered. While using conduction to transfer the thermal energy from the capture
system to the thermal battery is possible, using a fluid to transfer the thermal energy via

forced convection is more common and simpler for a modular, transportable system.
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This study therefore focused on two types of fluid systems, either utilizing the primary
fluid that is used in the thermal energy producing process, or using a secondary heat
transfer fluid with an intermediate heat exchanger. The addition of an intermediate heat
exchanger reduces the temperature of the thermal energy that is delivered to the thermal
battery, but this is acceptable in many cases to mitigate the effects of fouling, acid
formation and corrosion that may occur in exhaust gases and corrosive liquids. The
addition of a heat exchanger may, however, have negative effects on the capture system
due to increased back pressure and this decision must therefore be made based on the
specific system in question. When the primary heat transfer fluid is used, it may be either
a liquid or a gas, but if a secondary fluid is used, it would most likely be a liquid due to
improved heat transfer characteristics.

Another distinction made when characterizing the capture system is whether it is
constant or variable temperature and constant or variable heat flux. Many systems will
have a set operating temperature but may have variable heat flux depending on the
system load. Conversely, some systems may have a set heat flux with a variable
temperature to ensure all the heat is dissipated under different conditions. These
considerations resulted in the matrix shown in table 2.7 for characterizing the capture
system.

It is important that the thermal storage system not detract from the operation of
the capture system. To ensure that the backpressure on the capture fluid is minimal,

either additional pumping power can be added, which would result in increased parasitic
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losses, or the pressure drop in the thermal battery can be kept as low as possible. This

can be accomplished by designing the system for low Reynolds numbers.

Table 2.7: Capture system characterization matrix.

Parameter Option 1 Option 2

System Configuration Open Closed

Heat Transfer Type Convection Conduction (not considered)
Heat Transfer Fluid Loop Primary Fluid Secondary Fluid

Heat Transfer Fluid Type Liquid Gas

Input Temperature Constant Variable

Input Heat Flux Constant Variable

2.6 — Recovery Systems

As with capture systems, recovery systems can be characterized using the matrix
in table 2.7. While closed systems are reasonable for many capture systems, open
recovery systems using the primary fluid are common since the thermal energy is to be
used elsewhere. Some potential applications, both open and closed, include: water
heating (pre-heat or full heat), building air (pre-heat, full heat or over-heat and
subsequent mixing with fresh air), building radiators and absorption cooling systems.

The one additional parameter considered for the recovery system is whether or not
it can use the same heat transfer medium as the capture system. If this is the case, cost
and volume savings can be realized by having only one set of capture and recovery
channels within the thermal battery. Separation between the two systems can be done

using intelligent valve and plumbing design. The only drawback to using one set of
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capture and recovery channels is that the capture and recovery cycles cannot be run
through the thermal battery at the same time. This is not an issue for most thermal energy
storage systems as the thermal energy can be used directly in this case and does not need

to be routed through the thermal battery.

2.7 — Temperature Mediation Systems

One type of system that requires both capture and recovery to occur
simultaneously is a temperature mediation system. Many thermodynamic processes
require specific temperatures to operate at optimum efficiency. One example of this is an
organic Rankine cycle, which has an optimum operating temperature due to the constant
evaporation temperature of the fluid. Phase change material thermal storage systems can
be used to mediate temperature fluctuations in the thermal energy source to ensure that
the optimum operating conditions are met as often as possible. In this case, separate
capture and recovery channels would be required and careful control of the charging and
discharging of thermal energy for a single cell would be needed to ensure that full melt or
full solidification does not occur, allowing sensible heating or cooling of the cell and drift

from the optimum temperature.

2.8 — Design Methodology

The method used in this study to design solid-liquid phase change material (PCM)
thermal energy storage systems is shown in figure 2.3. The analytical model outlined in

Chapter 3 deals with the storage cell time and storage cell geometry portions of this
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method. Grey boxes in this figure indicate the system inputs for the design that must be
specified.

An example of the use of this design methodology is presented in Chapter 6,
wherein it was used to design a thermal storage system for a specific application. Each
step in the process was considered and the model developed in Chapter 3 is used to
determine cell charge time and geometry.

During the preliminary stages of the thermal battery design, the capture and
recovery systems are clearly defined. This includes defining duty cycles for each. In
many instances this will be complex as conditions will change based on time of day, day
of the week, outdoor conditions, electricity demand and other factors. While designing
for the worst case scenario may be appropriate in some cases, it is far more efficient to
target typical seasonal conditions for a thermal storage system since excess capacity is
costly and does not provide a significant benefit. It should also be determined if any
sensible thermal energy storage is desired. This would be an option for large temperature

differences between the capture and recovery systems.
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Figure 2.3: Design methodology for solid to liquid PCM thermal storage systems.
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Once the design conditions and cycles are chosen for the capture and recovery
systems, the melt temperature range for the phase change material can be chosen. With
the chosen melt temperature range, a list of candidate materials can then be compiled.
Along with the relevant heat transfer properties, each material on the list should have an
approximate cost, health and safety concerns and list of compatible construction materials
accompanying it. At this point, many of the materials on the list can be eliminated based
on latent heat of fusion, cost or health and safety concerns if they differ significantly from
the other candidates. While other properties, such as thermal conductivity and density,
are also important, more weight should be given to latent heat of fusion and material cost
as they have the largest effect on overall system cost.

This leaves a short list of candidate materials that will undergo a more rigorous
analysis beforec a PCM is chosen. A requirement for the service life of the thermal battery
must be set out in order to evaluate the PCMs based on thermal cycling stability. If the
service life is a function of the system cost, an estimate should be made at this point
based on the expected life of the phase change material and then iterative design cycles
can be performed as necessary.

The latent heat of fusion of the remaining materials can be used along with the
capture and recovery systems and cycles (including sensible heating where appropriate)
to determine the mass of each listed PCM that would be needed to store the desired
amount of energy. If a secondary fluid is being used for either of the capture or recovery
cycles, the pumps, heat exchangers and plumbing can be designed at this point to

determine the fluid temperature and mass flux entering the thermal battery.
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Using flow data from the capture and recovery systems and the PCM properties
the storage cell time can be chosen and the cell geometry determined using an appropriate
analytical model or computational fluid dynamics. The cell charge time should be based
on the heat removal and addition needs of the capture and recovery system, but left as
long as possible to reduce costs. The transient behaviour of the capture and recovery
systems as well as their duty cycles should be carefully considered when deciding on a
target cell charge time. This will give a preliminary estimate of the material costs for the
cell, including capture and recovery channels. This calculation can be performed for all
candidate PCMs and for several storage times. Once enough model data has been
collected, the PCM and geometry can be chosen from those previously analyzed. Usually
the lowest cost system will be chosen, however additional considerations such as
financial risk and environmental impact may affect the decision.

Detailed design calculations and prototype validation can then be done to validate
some of the assumptions made in the modelling phase of the process and get a better
estimate of cell charge/discharge time and cost. This detailed design and experimentation
may include heat transfer surface enhancements, additives or other means of increasing
the PCM effective thermal conductivity, such as electrohydrodynamic or mechanical
enhancement of fluid motion. Some of these methods may result in a variable value for
the effective thermal conductivity and a more advanced model or prototype iterations

would need to be used to accommodate such findings.
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CHAPTER 3 — PCM Thermal Storage Models

3.1 - PCM Mass

The mass of phase change material required to store a given amount of energy can
be calculated using the latent heat of fusion of the PCM. This is shown in equation 7
with Egore as the amount of energy stored in the PCM, A as the change in energy as the
PCM changes from a solid to a liquid or liquid to a solid (also known as the latent heat of
fusion) and mpcy as the total mass of phase change material contained in the thermal

battery.

Estol'e[l]]
Mpey kgl = —h [J/kg]
sl

(M

In certain cases where the capture and recovery systems are at very different
temperatures, it may be prudent to store some sensible thermal energy in order to reduce
the size of the system. In this case, the mass of PCM will be sized using both the latent
and sensible storage up to the safe operating temperature of the phase change material or
capture system limits. The safe operating temperature is determined either by the
degradation of the PCM, liquid to gas phase change of the PCM or limits of the
construction materials. In this case, the mass of the PCM is calculated using equation 8
where ATgsy is the temperature difference above the melt temperature to which the PCM

will be heated (Thax - Tmett) and Cp is the heat capacity of the phase change material.

Esrare[']]
holJ kgl +CplJ 1 kgK]* ATy, [K]

(8)

Mpeyl kgl =
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This simple calculation can be used as the first feasibility check to determine if

space and budget are available for a PCM thermal battery.

3.2 — One-Dimensional Storage Cell Geometric Model

Once the mass of PCM required for the thermal energy storage system has been
determined, the cell geometry, including the capture and recovery channels, must be
determined. Since most thermal energy storage systems are large, it is feasible to assume
that custom capture and recovery channels will be economical and therefore channel
geometries will not be limited to commercially available dimensions. Channel
thicknesses must be determined by careful consideration of pressure and corrosion
requirements and flow dimensions by the desired convective heat transfer coefficient
within the capture and recovery fluids. The spacing between the capture and recovery
channels in which the PCM is located determines the time required to charge the
individual storage cells. Since banks of round tubes would result in variable PCM
thicknesses between neighbouring tubes, as seen in the upper two diagrams of figure 3.1,
alternating rectangular channels will be assumed in the model. This will result in the
uniform melt thickness seen in the lower diagram of figure 3.1. Using this assumption
and neglecting any buoyancy and edge effects the storage cell can be modeled as one-

dimensional heat transfer.
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Figure 3.1: Non-uniform melt distances for round tube banks (staggered and aligned, white for
capture tubes, grey for recovery tubes) versus uniform melt distance for rectangular channels.

3.3 — Analytical Model Single Storage Cell Time

The required time to fully charge a single thermal storage cell is dependent on the
achievable heat flux into or out of the cell from the capture or recovery fluid. This heat
flux is limited by the capture/recovery fluid flow, temperature and properties along with
the thermal resistance of the cell. As the melt/solidification front propagates through the
cell, this resistance will change. In the analytical model a pseudo-steady heat transfer
assumption is used with time discretization to approximate the resistance at each melt
fraction. Natural convection within the phase change material is neglected in the
analytical model, as it is highly dependent on the detailed geometry and orientation of the

cell, which are not specified in the preliminary design phase where this model is to be
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used. This is a conservative assumption, as natural convection would only shorten the

melt time estimated by conduction alone, or allow a larger spacing for a given melt time.
Once a range of reasonable geometries for typical phase change material thermal storage
cells is determined, further investigation into convection effects and other enhancements

can be pursued.

3.3.1 — Pseudo-Steady Heat Transfer Model

In order to estimate the temperatures and thermal resistance in the phase change
material thermal battery at each melt fraction, a pseudo-steady heat transfer model is
used. This assumes that there is no heat flux imparted to the various components along
the heat transfer path to bring about the changing temperature profile, but rather it is all
transferred through to the melt front. This results in linear temperature profiles in each of
the conduction components of the thermal battery, including the liquid phase of the PCM.
This assumption does introduce a certain amount of error, especially at the beginning of a
capture or recovery cycle, as the larger sensible thermal energy change causes the
temperature profile to be non-linear. The non-linearity is caused by only part of the heat
flux being transmitted to the neighbouring region of the material since some of it must be
used to raise the temperature of the material. In a real system the temperature gradient
must therefore decrease along the heat transfer path at the same rate as the heat flux for a
material with constant thermal conductivity and cross-sectional area according to

equation 9, Fourier’s Law.

g'= k- ©
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The assumption of constant heat flux up to the melt front at a given melt fraction
also causes appreciable error in cases where there is a significantly non-linear
temperature profile due to certain combinations of system parameters and properties.

This error was evaluated with the help of the CFD model in section 3.5.

Using this pseudo-steady assumption, a heat transfer balance can be performed at
each melt fraction in order to solve for each of the interface temperatures. Rather than
using set time steps, which would require iterative calculation of the melt front location,
the time-step size is determined by setting the change in location of the melt front as 5%
of the total PCM thickness. The heat fluxes calculated at any of the interfaces is then
used as the average heat flux during that time step. This heat flux, along with the energy
required to melt 5% of the PCM is used to get an estimate of the time required to progress
from one melt front position to the next. It is also assumed that the capture or recovery
convective heat transfer coefficient is known at each time step. While it is possible to use
a convective heat transfer coefficient that changes with time, it would be more common
to encounter a capture or recovery system with a constant flow rate, creating a constant
convective coefficient. In this way the heat flux and time to melt are approximated for

each melt fraction.

3.3.2 — Changing Temperature Profile and Sensible Energy

The fact that the linear temperature profiles do change between consecutive time-
steps is partially accounted for by determining the sensible heat difference between the
two profiles and adding that amount of thermal energy at the average heat flux for the

time step in question. This allows for a more accurate energy balance, but still neglects
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the effect of the slightly non-linear temperature profile caused by the sensible storage.
This, in addition to the pseudo-steady heat flux balance, is used to determine a more
accurate time required to melt a given amount of the PCM. Iteratively using this model
with different geometries allows the determination of the PCM thickness required for a

desired storage cell time.

3.3.3 — Equations Used in the Analytical Model

The one-dimensional pseudo-steady analytical model is composed of equations 10
through 13. These equations are solved for each melt fraction. The values of temperature
at zero melt fraction are set to the initial temperature and the value of heat flux is set to
zero. The temperature profiles at each subsequent melt fraction are based on the pseudo-
steady heat flux balance of equation 10, assuming that immediately after time zero the
capture or recovery flow is fully developed at the given bulk temperature and flow rate.
The heat flux imparted to the melt front is therefore any of the three terms in equation 10.
Equation 11uses the first term, the convective heat transfer, to calculate the heat flux
through the pseudo-steady system. The melted mass is then calculated by multiplying the
melt fraction by the total PCM thickness, cross-sectional area and density as in equation
12. Equation 13 is used to calculate the time required to achieve the desired melt fraction
by adding the previous time to the additional mass melted, multiplied by the latent heat of

fusion and divided by the heat flux at the present melt fraction.
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The size of melt fraction increments chosen can affect the solution and a melt
fraction independence study was therefore performed. It was found that increments of
5% melt fraction produce final melt time results within 0.01% of the same model using
2.5% melt fraction increments. Increments of 10% showed results within 0.13% of the
2.5% increments, and 20% within 1.14% but only produce small number of temperature

data points, therefore 5% melt fraction increments have been used.

3.4 — Fluent Melting/Solidification Model

Numerical studies using the commercial software ANSY S-Fluent version 6.3.26
were used in this investigation. The transient studies were done using conduction only in
the phase change material using the melting/solidification model by turning the solution
of the flow and turbulence equations off, preserving only the solution of the energy
equations. The melting/solidification model is designed to be used for two-phase flows
and involves density and viscosity calculations in a “mushy zone”. This mushy zone is
partially liquid and partially solid and its properties are determined using a lever rule

based on the difference between the melting and freezing temperatures. The lever rule
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calculates the density, viscosity and heat capacity of the mushy zone based on a
proportionally weighted average of the liquid and solid properties. Despite the fact that
these calculated “mushy zone” properties are not used in a conduction-only solution,
problems can arise in the model if the melting and freezing temperatures are set too close
together. These problems can manifest as convergence issues or cause a discrepancy in
the energy balance equations and are characterized by the integral of the heat flux not
being equal to the change in stored energy of the system. For this reason, a check on the
sum of the heat flux versus the enthalpy increase from the initial to final time step is

necessary each time the melting/solidification model is used.

3.5 — Two-Dimensional Numerical Storage Cell Model

In order to test assumptions and help develop the mathematical model for the
PCM thermal battery, a two-dimensional CFD model was created. This model, seen in
figure 3.2, consisted of four layers: the capture channel wall, phase change material,
recovery channel wall and recovery fluid. The boundary conditions for the base case
were set to convective heat transfer on the capture channel wall and adiabatic walls for
the other outer boundaries of the domain. An adiabatic condition was used for the edge
of the recovery fluid domain because this represents only one-half of the fluid width and
can therefore be considered as the centerline for one periodic repeating unit with no heat
flux across this plane. Appropriate material properties were set up for the four regions

and can be seen in table 3.1.
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Figure 3.2: Two-dimensional CFD model geometry with temperature profiles for 50% liquid fraction
during capture (a) and recovery (b).

Table 3.1: Material properties for the two-dimensional CFD base case.

Property Units Stainless | Lauric Aluminum | Air

Steel Acid
Density [kg/m’] | 8000 869 2719 1.235
Heat Capacity [J/kgK] | 500 2150 871 1006.43
Thermal Conductivity | [W/mK] | 16.4 0.17 202.4 0.0242
Kinematic Viscosity [kg/ms] | N/A 0.0073 | N/A 1.7894x10”
Latent Heat of Fusion | [J/kg] N/A 182,800 | N/A 0
Melt Temperature [K] N/A 317.15 | N/A 0
Freezing Temperature | [K] N/A 316.15 | N/A 0
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Meshing and solving of the two-dimensional CFD models was done using
ANSYS-Fluent and Gambit. The energy and melting/solidification models were used for
these simulations. Solution of the flow and turbulence equations was turned off again for
these cases, as only the solution of pure conduction in the liquid phase was desired. The
simulated convective boundary condition at the capture channel wall does not require a
flow solution due to the assumed constant convective heat transfer coefficient boundary
condition previously discussed in section 3.3.1. Second order energy equations were
used in the unsteady solver with the initial condition set at the uniform starting
temperature.

A grid independence study was first performed to determine the required grid size
for the CFD models. It was found that both the coarse and fine rectangular grids
produced the same time to 100% melt, but there were slight differences in the heat flux
profiles. Discontinuities in the heat flux versus time results were seen at intervals during
the unsteady solution for both cases (2880 and 9216 elements), as seen in figure 3.3. It
was hypothesized that these discontinuities were being caused by the melt front
progressing parallel to the mesh divisions. This causes all of the cells in one row to
achieve 100% melt and suddenly be permitted a temperature gradient simultaneously. In
order to investigate this effect on the melt time, two triangular meshes were built. It was
again seen that both of these meshes produced the same time to 100% melt as the
rectangular cases, and produced the same heat flux at 10% melt, but did not show as
pronounced irregularities in the heat flux versus time curve. Some irregularities are still

seen, however, as the first few rows of cells are simply rectangular cells that have been
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cut in half and the root problem therefore still exists at some melt front locations. With a
paved triangular mesh in a rectangular geometry it is very difficult to avoid cells that
closely approximate a hexahedral mesh without artificially skewing the geometry, which
would also cause problems. The results for the triangular meshes are also shown in
figure 3.3. Although the heat flux curves were smoother, the tetrahedral meshes
produced unrealistic non-planar melt fronts since the line of 100% melt was forced to
follow the contours of the cells. In light of these results, the coarser of the two triangular
meshes (5956 cells) was chosen for the two-dimensional CFD studies in order to get heat
flux data over time that makes more physical sense, but it was also noted that a

rectangular mesh would produce acceptable final results and allow for the possibility of a

planar melt front.
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Figure 3.3: Heat flux versus time curves 0-400 s for the rectangular and triangular meshes.
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A time-step study was also performed for the base case in order to determine the
maximum time-step size that could be used in the unsteady simulations. It was originally
hypothesized that because the only equations being solved were the energy balance and
conductive heat transfer, the time-step used could be very large without significantly
affecting the time to 100% melt. This was verified by using time-steps of 1, 10 and 100
seconds. It was shown that, with the exception of the accuracy due to the time-step
increment, the 1, 10 and 100 second time-step cases produced the same time to full melt
(2152, 2160 and 2200 seconds respectively). The heat flux at 10% melt fraction was also
within 0.1% for the 1 and 10 second cases (1474 and 1475 W/m? respectively). It was
therefore decided that a time-step size of 10 seconds would be used for the two-
dimensional simulations in order to get good resolution in the output data without
increasing the computational time unnecessarily. Along with this time-step size decision,
a maximum energy residual is also required for the iterative solution of each time-step to
optimize computational time. Based on the extremely small changes in heat flux and
melt fraction values in the grid independence study for residuals below 108, seen in
figure 3.4, it was decided to use 10® as the maximum energy residual value for the two-
dimensional time-step convergence.

The base case for all of the two-dimensional CFD work therefore has the
parameters, Fluent set up and model boundaries described in Appendix D. All
deviations from the input parameters are outlined in the individual sections of the
parametric studies. The base case time for the CFD model was 2160 s, while the

analytical model base case time was 2219 s and the Stephan-Neumann base case full melt
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time was 1307 s. As predicted, the Stephan-Neumann model predicts a shorter time to
melt than the CFD and analytical models. The parametric study was based on the change
in the CFD and analytical base case full melt times and is therefore expressed as a

percentage change in the base case melt time.
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Figure 3.4;: Change in heat flux and melt fraction vs. energy residual during a single time-step.

3.5.1 — Effect of Thermal Conductivity

Four different thermal conductivities are involved in each of the two-dimensional
four layer models that have been studied: 1) that of the capture channel, PCM, recovery
channel and recovery fluid for the capture cycle and 2) that of the recovery channel,

PCM, capture channel and capture fluid for the recovery cycle. Using the Fluent melting
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and solidification model, it is not possible to specify different thermal conductivities for
the two phases, so these were constrained to be equal in the CFD simulations. The
analytical model is simplified such that changing the thermal conductivity of the solid
PCM region, the recovery channel and recovery fluid have no effect on the melt cycle

and changing the thermal conductivity of the capture channel and capture fluid have no
effect on the freezing cycle. This simplification is assessed by looking at the changes in
the CFD model under these conditions. Changing the recovery fluid thermal conductivity
by -60% to +400,000% (0.01 — 1000 W/mK) showed no change in the time to full melt,
while changing the recovery channel thermal conductivity by +400% (1000 W/mK)
showed a slight increase in time to full melt, as seen in figure 3.5.
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Figure 3.5: Effect of changing recovery channel thermal conductivity from 0.01 to 1000 W/mK
during melt cycle.
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Changing the capture channel thermal conductivity during the melt cycle,
however, does have an effect in the analytical model, as this parameter is used to
calculate the pseudo-steady thermal resistance of the cell. The effect of changing the
capture channel thermal conductivity in both the analytical and CFD models by -90%
+6000% (1 - 1000 W/mK) can be seen in figure 3.6. For changes between 500% and
6000% the CFD model showed poor convergence behaviour during the first four
iterations and therefore produced unrealistic results due to exceptionally high heat fluxes
during this period. The two data points in this range are therefore omitted from the
graph, but the two models agree quite well for the other two data points. A second mesh
was solved for the capture channel sensitivity study, but poor convergence in the first
three iterations was still seen. Further attempt to improve convergence behaviour for the
higher channel thermal conductivities was not successful, and the model limits will

therefore be based on only the tested values (up to 202 W/mK).
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Figure 3.6: Effect of changing capture channel thermal conductivity from 1 to 1000 W/mK during
melt cycle.

The effective thermal conductivity of the PCM is an important parameter in the
determination of cell storage time for the thermal battery. This is referred to as
“effective” thermal conductivity as it can include enhancements such as forced or natural
convection, conductive fins, foams and fibres, nanotubes, particles or other additives. All
of these would modify the “effective” thermal conductivity of the PCM used in the
model. While research has been done on improving effective thermal conductivity of
phase change materials, it usually involves an increase in the volume required to house
the enhanced material (Mills et al., 2006). As this volume increase can have a
detrimental effect on overall system size and cost, more research should be done into the

cumulative effect of additives on thermal battery system design.
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In order to ensure that a change in the effective thermal conductivity of the PCM
produces realistic results in the analytical model, these changes are compared to the same
change in the CFD model. Figure 3.7 shows the percentage difference in total melt time
for three different effective PCM thermal conductivities that extend beyond the expected
range for low melt temperature PCM enhancements found in Zalba et al. (2003). The two
models show very good agreement in the effect of changing effective PCM thermal
conductivity. The comparative sensitivity studies for the various thermal conductivities
used in both the CFD and analytical models therefore show good agreement, which lends

confidence to the simplifications made in the analytical model.
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Figure 3.7: Effect of changing effective PCM thermal conductivity from 0.1 to 100 W/mK.
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The result of changing the effective thermal conductivity of the PCM is greatest
for values under 10 W/mK, with only a 1.5% difference in the total melt time between
10 W/mK and 100 W/mK. If improvements in effective thermal conductivity are to be
made, this sensitivity study should be performed for the geometry and materials in
question. For the base case geometry and properties studied here, increases up to
10 W/mK should be targeted. Care should be taken, however, to ensure that the
additional volume occupied by the additives does not overbalance the decrease in PCM
thickness for a given cell charge time. The figure of merit that should be used to
determine the effect of conductivity enhancing additives is the total material cost for a

given cell charge time.

3.5.2 — Effect of Latent Heat of Fusion

The latent heat of fusion is also an important parameter in the determination of
thermal storage cell charge and recovery time. The effect of adjusting this parameter by
-50% to +20% is seen in figure 3.8. Both the CFD and analytical models show similar
responses to the change in latent heat of fusion of the PCM. This result also instils

confidence in the analytical model.
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Figure 3.8: Effect of changing PCM latent heat of fusion from 91,400 to 219,360 J/kg.

3.5.3 — Effect of Sensible Energy Storage

Another important parameter in the determination of capture/recovery cycle time
is the difference between the initial temperature and melt/freezing temperature. This
parameter is of particular interest as the inclusion of only PCM sensible heat in the
analytical model is assessed. Figure 3.9 shows the effect of changing the initial
temperature from 1.05 K to 20 K below the melt temperature. Smaller differences were
not possible in the CFD model due to the computational requirement of having a 1 K
difference between the melting and freezing temperatures in the CFD
melting/solidification model. The trends for both the CFD and analytical models are

similar for a change in initial temperature difference, but the slopes are somewhat
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different. As the amount of temperature difference increased, the disparity between the
CFD and analytical models increased, with the analytical model under-predicting the time
to full melt in the CFD model. This was as expected, due to the lack of consideration of
the thermal mass of the components other than the PCM in the analytical model. This
error was deemed to be acceptable for small degrees of initial temperature difference, but
should be further investigated in systems that utilize sensible thermal energy storage as

well as latent thermal energy storage.
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Figure 3.9: Effect of changing difference between initial and melt temperatures (1.05 to 20 °C).
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3.5.4 — Effect of Capture/Recovery Temperature Difference

Since the driver for heat flux within the thermal battery is the temperature
difference between the PCM melting or freezing temperature and the temperature of the
capture/recovery fluid, this difference is also a very important parameter to study. Figure
3.10 shows the effect of changing the capture fluid temperature difference from 2 K to 50
K. For differences of 10 K or above the agreement between the two models was quite
good. Lower temperature differences, however, produced a significant disparity between
the full melt time predicted by the CFD and the analytical models. This was due to the
increasing non-linearity in the temperature profiles caused by the lower heat flux into the
cell, as seen in figure 3.11 compared to figure 3.12 which shows the base case (21 K
temperature difference). This will be a limitation of the analytical model that must be
clearly defined for users in order to prevent large sizing errors in situations with very
small temperature differences between the PCM melting/freezing and recovery/capture
temperatures. This will also be a source of error in the analytical model due to the
assumption that the entire cell is transferring heat between the average bulk fluid
temperature and the average cell wall temperature. For fluids with a significant residence
time in the flow channel and therefore a large temperature drop in the flow direction, the
error in under-predicting the capture temperature upstream of the average will not
necessarily balance the error in over-predicting the capture temperature in the latter

portion of the channel.
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Figure 3.10: Effect of changing the capture fluid temperature difference (2 to 50 °C).
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Figure 3.11: CFD temperature profile at 50% melt for a dT Capture of 2K.
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Figure 3.12: CFD base case temperature profile at 50% melt for a dT Capture of 21K.

3.5.5 — Effect of Dimensional Changes

The effect of changing the cell dimensions was investigated by producing several
more meshes with the same boundary conditions as the base case, but different
thicknesses for each of the four materials. The first geometries investigated were
doubling or halving the PCM thickness. The time to melt the same thickness of PCM,
0.016 m, was compared. The base case and doubled thickness were found to have the
same melt time, but the halved case took 3% longer than the base case. This supports the
analytical model assumption that the geometry past the melt front has very little effect on
the melt time.

This hypothesis was further investigated by testing a fourfold increase in the

thicknesses of the recovery channel and recovery fluid. This geometric change resulted
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in a 4% decrease in the time to half melt but only a 2% decrease in final melt time over
the base case final melt time. These small changes for large geometry changes in the
region beyond the phase change material further support the model assumption that
nearly all of the heat flux is absorbed in the phase change front.

The final geometric parameter to be analyzed in the conduction-only model was
the thickness of the capture channel. This was increased by twofold from the base case
and resulted in a 1% increase in the time to both 50% and 100% melt over the base case.

The very small changes in melt time resulting from geometric changes in the
capture and recovery channels show that any error in estimating the size and thickness of
these portions of the phase change thermal energy storage cell will not have a significant
effect on the sizing of the system. This is an important finding, as it further supports the
use of the analytical model for initial thermal battery assessment without knowledge of

the detailed design.

3.5.6 — Effect of Capture/Recovery Convective Heat Transfer Coefficient

Since this study focuses on laminar flow through the capture/recovery channel,
the convective heat transfer coefficient does not change with flow rate in this range. The
analytical model, however, was compared to CFD results for convective heat transfer
coefficients of 10 to 10,000 W/m’K in order to ensure that the sensitivity showed the
proper trends. Figure 3.13 shows this comparison with good agreement between the two
models. It also shows almost no advantage to increasing the heat transfer coefficient

above 1000 W/m’K for the analyzed geometry and properties.
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Figure 3.13: Effect of changing the capture fluid convective heat transfer coefficient from 10 to
10,000 W/m’K.

3.6 — Three-Dimensional Sample Cell Model

Because the melt time for the thermal battery is dependent mainly on the
properties of the phase change material and its thickness, validation of the model should
be done using various materials and thicknesses. This causes some difficulty, as most
feasible phase change materials with similar melt temperatures also have very similar
latent heat of fusion and thermal conductivity. It would therefore be quite beneficial to
have a reliable numerical model with which to test the analytical model in order to reduce
the time, cost and complexity involved in experimenting with a wide range of possible
phase change materials. A three-dimensional CFD model was therefore created that had
the same geometry as the experimental test cell discussed in Chapter 4. This allowed

validation of the CFD model against a limited number of experimental results in order to
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increase confidence in using CFD to investigate the effects of material properties and

geometry changes.

3.6.1 — Lauric Acid Storage Cell

A model of the experimental set up using lauric acid as the phase change material
was created to compare the results of the testing with those of the CFD model. Some
simplifications were made to facilitate geometry creation and meshing of the CFD model.
Sensor geometries were not included after it was discovered that this increased the mesh
size well above the hardware capabilities. It was initially unknown if the presence of a
baffle would significantly change the results of the CFD model, and a simplified
geometry was therefore modeled to determine whether or not it should be included.
Based on the results of this simple rectangular prism geometry of similar dimensions to
the test cell modeled with and without a 2 mm thick baffle, it was seen that the baffle
only changed the final melt time by 0.1%. For this reason the test cell geometry modeled
in the 3D CFD simulations did not contain a baffle.

Due to the occurrence of sliver elements caused by any profiles coming together
with a mating part with square corners, as seen in figure 3.14 all geometries were
approximated as having square corners rather than filleted ones. Fittings and hoses were
not included in the 3D CFD model. Instead, 50 mm inlet and outlet tubes were added
above the top of the flow channel to capture the turning of the fluid in these regions.

These simplifications resulted in the geometry scen in figure 3.15.
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Figure 3.14: Sliver elements at junction of rounded and non-rounded parts.

Figure 3.15: Lauric Acid storage cell CFD model geometry.
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Based on the two-dimensional grid independence study and the difficulties
associated with tetrahedral meshing in multiple files with subsequent merging, a
hexahedral mesh was chosen for the three-dimensional test cell geometry. The cell size
was based on the results of a three-dimensional rectangular prism grid independence
study of the PCM region, seen in table 3.2. It was determined from this study that a
hexahedral mesh of 1.18 million elements would be sufficient for the phase change
material chamber. This resulted in a total mesh size of 6.4 million elements, of which

cross-sections can be seen in figures 3.16 and 3.17.

Table 3.2: Grid independence results for three-dimensional CFD PCM chamber.

Cells Melt Cells Meli Cells Melt Cells Melt

Time Time Time Time
Hexahedral 1710 63180 | 16302 | 63150 | 141726 68400 1180734 69610
Tetrahedral 146827 | 61280 | 474789 | 65290 | 997025 67150 2003170 68170

Chamber

Figure 3.16: Lauric Acid storage cell CFD mesh transverse cross-section.
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PCM
Chamber

Figure 3.17: Lauric Acid storage cell CFD mesh lateral cross-section, inlet end.

The CFD model was run using the material properties and boundary conditions
listed in Appendix D. First the flow in the capture/recovery channel was set to the initial
temperature of the cell so that flow could be solved, keeping the entire cell at the correct
temperature. The flow was solved using a k-epsilon turbulence model with enhanced
wall treatment in order to have consistent model set up over the entire range of flow rates.
A laminar model would have been unsuitable for higher flow rates as turbulent intensities
of up to 13% were found in the inlet impingement zone when solving with the k-epsilon

model. While some y-plus values were out of the desired range of 1-10 for the region
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where the inlet flow impinges on the flow channel bottom, this region is not in contact
with the phase change material chamber and refinement of the cells would have caused a
large increase in the total number of cells in the model. However, based on the location
of the cells, away from the main heat transfer zone, and the maximum y-plus of only 13,
the small errors caused by these y-plus values were not expected to have a significant
effect on the solution. Utilization of the k-epsilon turbulence model for predominantly
laminar flow was verified for a flow rate of 0.00435 kg/s using a laminar model and the
two solutions were found to be within 3.2% for both average and maximum velocity.
The resulting time to full melt predicted by both models was 8.2 hours. An additional
solution was also performed with a higher water flow rate of 0.0266 kg/s to match
additional experimental conditions. The melt time predicted by this model was 8.0 hours.
This slight decrease in melt time makes sense, as it would be expected that a higher flow
rate would cause slightly higher local heat transfer coefficients, as the flow is not

everywhere laminar and fully developed and therefore a slightly shorter time to full melt.
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CHAPTER 4 — Test Facility

4.1 — Test Cell Design Criteria and Constraints

In order to ensure that the analytical and numerical models produced valid results,

a test apparatus was designed to compare predicted melt and solidification times.

Constraints to ensure that the test apparatus would adequately test the predictions of both

the analytical and numerical phase change material thermal storage models were:

Able to measure the position and width of the melt front in the phase change
material to within 10% of the full melt thickness (enough to check if there is a
significant mushy zone but still a reasonable spacing for 1/16” thermocouples)
Able to simultaneously record temperature, heat flux and flow data at an adequate
rate to capture the transient behaviour of the melting and solidification processes
(minimum 1 sample set per 10 seconds in order to obtain enough data to capture
the transient behaviour)

Insulated such that the thermal losses are either reduced to <10% of the total heat
transfer or are known to within <10% of the total heat transfer (to more closely
approximate a real system, which would need excellent insulation in order to
prevent wasted thermal energy)

Able to accommodate expansion and contraction of the PCM during the entire

range of temperatures and states of the test matrix (different PCMs will have
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different expansion coefficients, but the rig constraint is accommodation of up to
20% change in volume)

Initial temperature of the cell controllable to within 1 °C to ensure a known initial
condition and guarantee full melt or solidification

Measurement capabilities for temperature profile within the PCM and
capture/recovery flow rate

Thermal energy source and sink temperature controllable to within 2 °C to keep

the fluctuations in the capture or recovery fluid temperature to a minimum.

Criteria to make the test apparatus effective and easy to use included:

Easy to assemble and clean

Safe to handle during set up and operation

Ease of adding and removing PCM

Compact and light-weight

Robust for use with different thermal energy sources and sinks and suitable for a
wide range of operating temperatures

Adjustable melt thicknesses

Optically clear for visualization of melt front during some tests

Large enough cross-section to evaluate one-dimensional assumptions, capable of
operating in multiple orientations to test gravitational effects

Flexible for the addition of conductivity or convection enhancement devices or

materials
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»  Modular to accommodate reuse of some components for different test conditions
and thermal cycling tests
The test cell designed using these criteria and constraints is shown schematically

in figure 4.1, with detailed geometry and test procedures in Appendices A and B.
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Figure 4.1: Schematic of the phase change material test cell.
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4.2 — Phase Change Material Chamber

The melt time for a PCM thermal battery is dependent largely on the PCM
properties and the melt thickness. This means that the thicker the PCM chamber is in the
melt direction, the longer it will take the cell to reach 100% melt. The melt thickness
chosen for the test apparatus was therefore a balance between reasonable melt time and
enough space for several temperature measurement devices along the thickness. A
flanged modular design for the PCM chamber was therefore used such that different
thicknesses can be achieved by stacking several cells in series. The single cell thickness
is 40 mm with room for 16 thermocouples placed in three columns. Since the
investigation of gravitational effects is eventually desirable, the cell design is a
rectangular cross-section with an aspect ratio of 4.5. This will allow evaluation of
convective currents in the vertical orientation with two different geometries, one with the
longer dimension aligned with gravity and one with the shorter dimension aligned with
gravity. In order to have large enough dimensions to reasonably approximate one-
dimensional heat transfer, the chamber width is 100 mm with a height of 460 mm. This
gives a single cell volume of 1.77 x 10° m® and a reasonable mass of PCM for handling,
assuming the specific gravity of the phase change material is between 0.9 and 2.1, as in
all the materials presented in tables 2.2 and 2.3. Despite the known volume of the PCM
chamber, the mass of phase change material was verified using a scale with capacity of

5kg and precision of 1.0g (Starfrit, 2009). The test cells were made from clear
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polycarbonate for potential visualization, but this was found to be unrealistic due to
insulation requirements and the opacity of the solid phase change material. Holes were
drilled in the short end of the PCM in order to fill the chamber with plugs to allow some
leakage as the material melts and expands.

Attachment of the PCM chamber to the capture/recovery flow channel and
backing plate was done using bolted flanges and gaskets. Additional test configurations
are possible using more than one PCM chamber in series. The flanged design can be seen
in figure 4.2 for the single PCM cell. Up to four of these parts can be attached in series,
resulting in melt thicknesses of 40 mm, 80 mm, 120 mm and 160 mm. Additional
adjustment of the melt thickness is possible by using a backing plate with a protrusion
into the PCM cell cavity. Two backing plates, one flat and one with an 18 mm protrusion
were fabricated giving additional melt thicknesses of 22 mm, 62 mm, 102 mm and
142 mm. Bolts were located, seven per side, at a spacing of 76 mm (3 in). No bolt holes
were used along the shorter side of the rectangular PCM chamber in order to
accommodate the capture and recovery module. Buna-N (Nitrile) gaskets at 3.2 mm

(1/8 in) thickness and a layer of silicone caulking were used to seal between flanges.
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Figure 4.2: Flanged modular PCM chamber design.

To facilitate temperature measurements, a 2 mm thick 460 mm long
polycarbonate baffle was placed along the centre line of the PCM chamber with a total of
18 1/16” holes to keep each of the temperature measurement devices in their intended
location. A machined slot in the backing plate retains this baffle in place during
assembly and testing. Additional baffles can be fabricated easily for the multi-cell
configurations or different temperature measurement locations. The flat backing plate
and baffle assembly can be seen in figure 4.3. Detailed drawings and specifications for

all test components can be found in Appendix A.
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Figure 4.3: Flat backing plate with temperature measurement locator baffle.

4.3 — Capture/Recovery Fluid Channel

Since the thermal resistance of the phase change material alone is quite high, it
was not necessary for the test apparatus to accommodate high flow rates, as the increase
in convective heat transfer coefficient only has a small effect on the average heat flux into
the PCM. This is demonstrated in the following calculations (equations 14 _through 17)

of the system thermal resistance up to the melt front corresponding to figure 4.4:
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Figure 4.4: Electrical resistance analogy diagram for calculating the heat transfer resistance of a
phase change material cell.
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Thus the resistance of the flowing fluid has a greater effect at small values of x,, the
distance the melt front has propagated into the PCM. However, in a real system it takes

time for the capture or recovery fluid flow to increase from zero at the initial condition to
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full velocity at the bulk fluid temperature. The resistance equation was therefore

considered when 10% and 90% of the PCM has been melted.

A 1 _ [ ] B [ -

a:—c+l.6x10 s-m %_+2.2x10 ZLm % @10% melt

4 _1 sk /] ik /| 00%%

L= 16x107) 7 [r2.0x107 K7 @90% melt
C

In order for the convection to comprise at least 5% of the thermal resistance with
an estimated hydraulic diameter of 0.03m and a fluid conductivity of 0.6 W/mK and
Prandtl number of 4.44, the value of h¢ (the convective heat transfer coefficient) would
have to be less than 900 at 10% melt and less than 100 at 90% melt. This means that
increasing the convective heat transfer coefficient above 1000 would have only a small
effect on the time required for 100% of the PCM to melt. It was therefore decided that
the flow channel would be designed for a final temperature drop of approximately 1 °C
and laminar flow.

The working fluid in the capture/recovery flow channel is water at temperatures
between 5 °C and 75 °C. Using an estimated heat flow value of 90 W towards the end of
the test, as determined from the quasi-steady resistance analysis shown in figure 4.4, the
maximum flow rate for a 1 °C temperature difference was 0.0043 kg/s (0.26 LPM). The
flow rate range for the test apparatus was therefore set to 0.0043 kg/s to 0.0266 kg/s
(0.26 to 1.6 LPM).

With the given fluid and flow rate range, the internal cross-sectional dimensions

to give laminar Reynolds numbers were calculated using equations 18 through 20.

70



J.M. Bailey — M. A. Sc. Thesis
Department of Mechanical Engineering — McMaster University

Re= (18)
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44
Dy == (19)
therefore i = Rep
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m
p=m (20)
Re u

This resulted in a channel perimeter of 0.228 m for a Reynolds number of 170 at the low
mass flow and 1000 at the high flow. Since the PCM chamber minus a reasonable
material thickness was 95 mm wide, the required depth was therefore 19 mm. Halfofa
rectangular aluminum channel measuring 101 mm by 51 mm with 3 mm wall thickness
therefore comprised the upper portion of the flow channel. The lower portion was made
by welding the resulting C channel on to a flat piece of aluminum large enough to
accommodate the flange dimensions of the PCM chamber. The open ends were capped
with appropriately sized aluminum sheet and fittings welded on to accommodate the fluid
inlet and outlet.

A baffle near the inlet fitting distributed the flow more evenly within the
capture/recovery channel. This baffle was constructed of a piece of aluminum sheet the
same dimensions as the fluid flow cross-section with seven 9 mm holes drilled at even
intervals along the horizontal centre-line. The effect on the flow distribution was
confirmed using a three-dimensional computational fluid dynamics (CFD) study, the

parameters for which are discussed in Chapter 4.5. A flow velocity map 3 mm from the
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bottom surface of the flow channel is presented in figures 4.5 and 4.6 for flow rates of
0.26 L/min and 1.6 L/min. It can be seen in these figures that with the exception of a
small stagnation zone (circled in the figures) in the centre after the flow passes through
the baffle, the flow is relatively uniform across the width of the channel. Detailed

drawings of the flow channel and flow distribution baffle can be found in Appendix A.
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Figure 4.5: CFD flow distribution 3mm from the channel bottom for 0.26 I/min flow.
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Figure 4.6: CFD flow distribution 3mm from the channel bottom for 1.6 L/min flow.

4.4 — Temperature Measurement

The temperature profile and the thickness of the melt zone as it propagates
through the PCM were determined by recording temperature at several locations along
the melt thickness. Sixteen thermocouples were located throughout the thickness of the
PCM chamber, distributed in three columns.

In order to get an accurate temperature profile across the PCM thickness, the
position of each thermocouple had to be known very accurately. Due to the forces
generated in the PCM as it melts and solidifies, and therefore changes volume slightly,
some method of holding the thermocouples in place was required. A central baffle was

therefore employed to fix the position of the thermocouples. The locator holes, seen in
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figure 4.7, had the same diameter as the thermocouple sheaths to ensure a tight fit and
were located using a milling machine to ensure good positional accuracy (0.02 mm). The
baffle material was chosen as polycarbonate to minimize the effect of the baffle on the
melt time and temperature profile, as it has a similar thermal conductivity to many phase
change materials. A three-dimensional CFD study was performed to determine the
distance away from the baffle that the thermocouple junctions should be located in order
to capture the PCM temperature with minimal distortion due to the presence of the baffle.
This distance was set at 20 mm, based on the temperature profile in the liquid portion of
the phase change material near the melt front at 25% melt, shown in figure 4.8. This is
sufficiently far away from the baffle to measure the temperature of the phase change
material outside the zone of influence of the baffle, which was approximately 12 mm on

either side of the bafile centre.
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Figure 4.7: Thermocouple positioning hole pattern in the central baffle (thermocouple spacing in
melt front propagation distance is 1.8 mm).
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Figure 4.8: Temperature profiles near the baffle in the three-dimensional CFD study.

Type T thermocouples were chosen as they have the appropriate temperature
range. Exposed junctions were selected in order to capture the temperature as accurately

as possible at the chosen location.

4.5 — Flow Measurement and Control

A ThermoFisher Neslab RTE-10 Refrigerated bath with heating capabilities was
used to maintain the capture/recovery water at temperatures between 5 °C and 75 °C to
within approximately 2 °C. A miniature gear pump with flow rate up to 2 LPM and
pressure drop capability up to 150 kPa was used to circulate the water through the flow

channel. A flow meter capable of measuring flows between 0.11 and 2.6 LPM, Omega’s
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FP 5062, was used to determine the capture/recovery flow rate. Flow meter and pump

specifications can be found in Appendix A.

4.6 — Heat Flux Measurement

Knowing the average heat flux into the PCM helps to validate the analytical
model and give insight into the appropriateness of some assumptions. Measuring the
average heat flux using the temperature difference and flow rate of the capture or
recovery fluid would have been difficult due to the small water temperature differences
between the inlet and outlet expected for the low heat flux either towards the end of the
melt cycle or for high fluid flow rates. In order to measure the heat flux under these
conditions, four heat flux sensors, Omega’s HFS-4 model, with integral temperature
measurement were cemented to the exterior of the flow channel where it contacts the
PCM using high thermal conductivity epoxy. The position of the heat flux sensors can be
seen in figure 4.9. These heat flux sensors were used to determine not only the average
heat flux, but also the heat flux and temperature distribution on the surface of the flow
channel. This helped to determine the validity of the quasi one-dimensional heat transfer
assumption. The readings from these heat flux sensors were also time-integrated and
checked against the amount of heat required to melt the known quantity of phase change
material. Unfortunately, calibration of the heat flux sensors was unsuccessful as all
available methods of verification available were less accurate than the heat flux readings

expected in the experiments. Details on heat flux sensors can be found in Appendix A.
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Figure 4.9: Position of heat flux sensors in the experimental set-up.

4.7 — Data Acquisition

A data acquisition system (DAQ) was required to interpret and record all output
values from the thermocouples, heat flux sensors and flow meter. This data was recorded
at least once every ten seconds and time-stamped in order to see how the values change
with time. Enough channels to record 16-20 T-type thermocouples, four K-type

thermocouples (cemented to the capture/recovery channel surface), four heat flux sensors
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and the frequency signal from the flow meter were required. In order to meet these
requirements, a Compact-DAQ system from National Instruments was used with a
chassis that allows eight data acquisition cards simultaneously. The Compact-DAQ
chassis sends the data to a computer via a USB cable and a custom LabView program
records the data.

In order to record the thermocouple data a 16-channel thermocouple card, the
NI-9213 was used. This allows recording of 14 of the thermocouples in the PCM
chamber and the two flow temperatures. The flow meter requires a 5-24 V input and
outputs a frequency signal at a slightly lower voltage. This voltage was determined by
the relative resistance of the data acquisition and the pull-up resistor. Therefore a 24 V
source was used in conjunction with a 2000 ochm resistor in order to produce a 14.4 V
signal. With this signal it was possible to use the NI-9421 digital input card in slot six of
the Compact-DAQ system, which has an integral counter, to measure the frequency of the
flow meter. This card has a digital-on threshold of 13 V and a digital-off threshold of
5 V. This means that the 0-14.4 V frequency signal was properly interpreted.

The data was interpreted by LabView with all associated calibrations found in
Appendix C applied to the raw signals. The LabView program then automatically sent

the processed data to an Excel spreadsheet for further analysis.
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4.8 — Experimental Uncertainty

According to Kline and McClintock (1953), experimental uncertainty of a
measured value consists of a fixed (bias) error and random (precision) error. The total
uncertainty is the root of the sum of the squared values of these two quantities. Bias
errors can be obtained through calibration curves for most instruments. The experimental
data recorded in this study were temperatures, heat fluxes and flow rate measurements.

Flow rate calibration was performed by collecting and weighing water passed
through the meter for a given period of time and comparing it to the time-averaged values
output by the data acquisition system. Calibration was performed using all of the
hardware and software that is used in testing. The comparison was fit to a linear equation
to obtain the calibration slope and offset for the flow meter, which can be found in
Appendix C. Assuming a normal distribution, the standard deviation of the error between
the reading and the measured value was found and the bias error for the flow meter set at
+/- 12%, two standard deviations from the mean.

The thermocouple bias error consists of several cumulative sources. This
includes: RTD calibration instrument uncertainty, RTD drift, RTD reference temperature
uncertainty, RTD instrument uncertainty and thermocouple instrument uncertainty.
Further uncertainty is introduced by the data acquisition system in the form of cold-
junction compensation sensor uncertainty, gain error, offset error and gain error from
source impedance (National Instruments, 2006). The PCM and flow thermocouples were
calibrated against an RTD from 5 °C to 75 °C using the temperature controlled water

bath. Using the same linear fit technique as the flow calibration but comparing to the
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RTD as the “actual” value, the maximum range for two standard deviations of any of the
thermocouples was 0.11 °C. This is smaller than the quoted +/- 0.5 °C from the
manufacturer. The more conservative value from the manufacturer will therefore be used
to determine the maximum possible error, while the tested range will be used for the
expected error. The calibration coefficients for the thermocouples are found in Appendix
C, table C.2. The bias of the RTD is quoted from the calibration lab as 0.057 °C, but due
to potential gradients in the fluid bath and possible drift over time, this value will be
increased by one order of magnitude to 0.57 °C. The expected cumulative bias for the
thermocouples is therefore taken as 0.58 °C with the maximum cumulative bias at 1.1 °C.
The K-Type thermocouples integral to the heat flux sensors were not calibrated, but
rather the quoted error of +/-1 °C was used. Adding the expected and maximum bias
from the data acquisition system brings the total bias error to +/- 1.2 °C and +/- 2.3 °C for
expected and maximum errors respectively.

Random error is associated with the data fluctuations at a steady-state condition.
In the case of the flow meter, this is quite complicated as it is difficult to achieve a
constant flow rate for a long enough period of time to collect statistical data. For this
reason, pumping noise will be included in the random error calculation for the water flow
rate, even though it is physically present and therefore not really a component of the
error. This results in a much larger flow rate error than is actually occurring. Taking
7500 data points without changing any of the pump system parameters gives a standard

deviation of 0.0062 L/min for an average value of 2.73 L/min. A range of two standard
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deviations corresponds to 4.5% of the flow rate. This value will therefore be used for the
flow rate random error, giving a total flow rate error of +/- 13%.

Random error in the thermocouples is also difficult to assess due to the
unsteadiness involved in taking temperature data over a long period of time. For this
reason solidification data during natural cooling was used such that the temperature of the
thermocouples in the phase change material chamber remained at the freezing
temperature for an extended period of time. The random error found from taking two
standard deviations of this data was 0.23 °C. This brought the total expected
thermocouple temperature uncertainty to 1.2 °C with a maximum uncertainty of 2.3 °C.
The expected uncertainty was used for error calculations.

Positional uncertainty also exists when using the thermocouple readings to
estimate the position of the melt front or determine the temperature gradient. This
uncertainty was set to +/- 2 mm after physical testing of the maximum movement of the
thermocouples under a manual load. All of these sources of uncertainty will be taken into

account when comparing the test data to the analytical and CFD models.
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CHAPTER 5 — Experimental Results, Discussion and

Comparison

5.1 — Experimental Phase Change Results and Model Validation

In order to compare the experiment to the analytical and CFD models, the figure
of merit used is the time to melt at various locations, specifically the half-melt time at a
depth 0 0.016 m. The heat flux into the cell is also compared to ensure that the trends
and magnitudes are as expected. The first occurrence of a thermocouple reading above
the full melt temperature threshold of 43.5 °C is used to determine the time to convert the
PCM to liquid at that location. The average of all recorded values of inlet and outlet
capture fluid temperature is used as the bulk fluid temperature in the analytical model,
with the initial temperature set as the average of the PCM thermocouple readings at time
zero. This is an approximation since the average fluid temperature differs between the
two tests and varies with the heat flux during the tests. The Reynolds numbers for the
range of test cases were found using equation 21 with mass flow rates of 0.00435 and
0.0266 kg/s, a perimeter of 0.228 m and viscosity of 0.000453 kg/ms. Because the
Reynolds number range was between 100 and 1100, laminar correlations were used for
the capture/recovery flow. The Nusselt number of 4.44, based on fully developed flow in
a rectangular duct with constant surface temperature and aspect ratio of 1:4 (Shah &

London, 1978) was used to determine the convective heat transfer coefficient in the

82



J.M. Bailey — M. A. Sc. Thesis
Department of Mechanical Engineering — McMaster University

capture/recovery fluid. Because the calculated entrance length range for this geometry is
10-25 hydraulic diameters, there is error involved in using a fully developed Nusselt
number for this channel, which is only 0.6 m, or 20 diameters long. To estimate the
magnitude of this potential error, the correlation for annular tubes with a diameter ratio of
more than 0.5 was used. This produces a Nusselt number range between 4.43 and 5.74
(Kays & Perkins, 1972). A Nusselt number of 5.74 rather than 4.44 produced only a
2.5% difference in the time to 100% melt for the tested cases. The fully developed
Nusselt number of 4.44 was therefore used to calculate the heat transfer coefficient of 84

W/m’K in the model using equation 22.

Re:p_@:4_m

21
L P ey

P Nuk NukP
D, 44

(22)

5.2 — Lauric Acid Storage Cell Low Flow

Figures 5.1 and 5.2 show the time to melt for the thermocouple locations within
the lauric acid test cell for the first two tests with a capture flow of 0.26 LPM
(0.00435 kg/s, Re = 170) at 63 °C. Since some of the thermocouples were damaged upon
installation, temperature readings were not available for all of the positions within the
PCM. Each of the available locations, however, has horizontal error bars of +/- 2 mm to
represent the uncertainty in thermocouple position and melt time error bars of +/- 1.2 C,
shown vertically. The half-melt time for the analytical model and CFD results are shown

in table 5.1. The analytical model consistently under-predicts the measured time to half-
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melt by about 21%, which is within the measurement error, while the CFD model under-

predicts this same value by 36%. The CFD results use local temperatures and Nusselt

numbers to calculate the heat transfer for each cell in the mesh, while the analytical

model assumes a fully developed Nusselt number and uniform temperature for the entire

domain. This explains some of the discrepancy between the CFD and analytical model

and why the analytical model predicts a longer melt time.

Table 5.1 Comparison of half-melt time predictions for tests 1 and 2 with CFD, and analytical models.

Test 1 Test 2 Analytical CED
Half-Melt Time [h] 3.09 3.18 2.48 2.00
Difference from Test Average -1.4% +1.4% -21% -36%
25000 -
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Figure 5.1: Lauric acid test 1 melt time results compared to analytical and CFD models.
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Figure 5.2: Lauric acid test 2 melt time results compared to analytical and CFD models.

Melt times for the two low flow cases are seen in figure 5.3 and data from the
second test show agreement to within 10% of the first test for all melt fractions. The 50%
melt time is within 2.2% and the final melt time within 6%. This shows that despite
differences in initial temperature and average capture fluid temperature, melt time results
are relatively repeatable. The original criteria for the experimental rig included sufficient
insulation to ensure a uniform initial temperature for both capture and recovery tests.
When the rig was built and tested, however, the insulation could not be applied as
intended, resulting in significantly larger insulative losses than desired. This meant that
the initial cell temperature was warmer in the centre and cooler near the outer edges and

this varied between tests based on the room temperature and temperature to which the rig
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was originally heated. In future testing it is recommended that the insulation be improved
in order to mitigate the heat loss.

To further compare the test data with model results, figures 5.4 and 5.5 show the
heat flux values for the test data, analytical and CFD models. Heat flow values were
calculated using the heat flux and multiplying it by the relevant area. For the CFD case,
this area was 0.129 m* and accounted for the averaged heat flux readings over the top,
bottom and sides of the PCM chamber in order to capture all of the heat flow into the
PCM. Since the output data was an area-weighted average of the total surface heat flux
for this entire area, this value must be used to calculate the total thermal energy input to
the cell. The test data and analytical solution use only the capture/recovery flow channel
area in contact with the PCM, which is 0.046 m?. The channel surface was divided into
four zones with the divisions equidistant between each pair of neighbouring heat flux
sensors. The reading from each heat flux sensor was then assigned to the entire area
containing that sensor and the four were summed to produce the total thermal energy

input through the surface of the flow channel.
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Figure 5.3: Repeatability comparison of lauric acid tests 1 and 2 melt time results.
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Figure 5.4: Lauric acid test 1 heat flux results compared to analytical and CFD models.
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Figure 5.5: Lauric acid test 2 heat flux results compared to analytical and CFD models.

Both the CFD and analytical models under-predict the majority of the heat flux
and melt time results seen in the first two test cases. It would be expected that if the heat
flux is under-predicted by a model this would result in the melt time being over-
predicted, but this would only occur for a perfectly insulated test apparatus. The fact that
there are thermal energy losses to the surroundings, as approximated in Appendix C,
causes additional heat flux through the capture/recovery channel wall that does not cause
melting of the phase change material. Given these losses, it is therefore expected that the
average of the heat flux sensor readings would be higher than the heat flux predicted by

the analytical or CFD models, as seen in figures 5.4 and 5.5.
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5.3 — Effect of Flow Rate

Increasing the capture fluid flow rate from 0.26 LPM to 1.6 LPM decreased the
half-melt time by 34% as compared to the 43% decrease expected from the analytical
model due to the differences in initial and bulk fluid temperature (initial tempéramres of
35.9 °C in test 1 and 40.0 °C in test 3 and capture fluid bulk temperatures of 62.9 °C in
test 1 versus 65.4 °C in test 3). The times to melt for test 3 with the 1.6 LPM flow rate
can be seen in figure 5.6. The analytical model prediction for half-melt is 39 higher than
the experimental data in this case, while the CFD under-predicts by 11%. The
improvement in the predictive capability of the analytical model in this case may result
from the decrease in the capture fluid residence time. This produces a much more
uniform capture temperature and is therefore closer to the one-dimensional assumption
used in the model. The heat flux prediction for this higher flow case is also improved, as

seen in figure 5.7.
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Figure 5.6: Lauric Acid test 3 melt time results compared to the analytical model.
60
— Heat Flux Sensor Average
50 —
== Analytical Model
& 40 ! _
E @ CFD
=
x 30
3
i
©
2 20
10
B
O T T T T \\
0 2 4 6 8 10

Time [h]

Figure 5.7: Lauric Acid test 3 heat flux results compared to CFD and the analytical mode].
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5.4 — Effect of Flow Direction

The presence of the flow baffle in the capture/recovery flow channel has an effect
on the fluid flow pattern. For this reason, the high flow rate test was repeated twice with
the capture channel plumbed in the opposite direction to evaluate these effects. There
were two differences in the geometry of tests 3 and 4. The first of these is a slight change
in the way the fluid entered and exited the flow channel. For tests 1 through 3 the tee
fittings that allowed the thermocouple to be inserted into the flow immediately adjacent
to the bosses were oriented with the run brancﬁes pointed away from the flow channel.
The addition of quick disconnect fittings between tests 3 and 4, as well as handling issues
caused by the long thermocouple leads protruding upward from the fittings, necessitated
turning these fittings such that the run was oriented parallel to the flow channel. This
may have caused small differences in the flow entering the channel, but these effects do
not show a significant effect on the melt times.

The melt time results for these three high flow tests are shown in figure 5.8 and
are very similar, with the exception of one outlier point. The melt time for 50% melt
(0.016 m) is more than that for 63% melt (0.020 m), which does not make physical sense
for a planar melt front. This outlier may be caused by uneven melting of the phase
change material since these two thermocouples are positioned in different columns in the
baffle, by trapped gas bubbles or foreign matter inclusions within the phase change
material at the thermocouple skewing the melt data, or by a change in position of some of

the thermocouples.
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Figure 5.8: Lauric Acid tests 3 and 4 comparing flow direction for 1.6 LPM capture flow.

Investigation into the cause of the outlier in figure 5.7 involved draining the phase
change material from the apparatus and observing the thermocouple position and
condition within the test cell. The first observation that was made was the discoloration
of the phase change material. New lauric acid is opaque white in the solid form and clear
in the liquid form. When the lauric acid was drained from the test cell it was translucent
yellow-orange in colour and solidified to an opaque yellow-orange. Since this
discoloration was not observed in thermal cycling in glass containers, it was hypothesized
that the phase change material reacted with one of the apparatus materials. Inspection of
the silicone caulking showed a similar yellowing of the sealant to the phase change

material. It was therefore hypothesized that a chemical reaction between the silicone
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caulking used to help seal the flanged components of the test cell and the phase change
material may have caused the discoloration of the lauric acid. A simple test was
conducted to verify this hypothesis by placing a sample of cured silicone in a glass
container with new phase change material and cycling it twice above and below its melt
temperature. No yellowing of the phase change material and silicone was seen during
this investigation as in the original tests, disproving the hypothesis that a reaction
between only the PCM and silicone sealant was causing the discolouration. It is therefore
recommended that further material compatibility testing be performed for additional
material combinations that occur within the cell.

With the exception of the possibility of uneven melting caused by local material
property changes due to this chemical reaction, a reasonable explanation was not found

for the outlier and more investigation is therefore required.

5.5 — Discussion

The analytical model developed in this study produces reasonably similar results
to those from CFD analysis with similar boundary conditions and experimental data.
This supports the use of this model in preliminary sizing calculations and preliminary
assessment of phase change material thermal storage systems. The under-prediction of
the melt times may be attributed to thermal energy losses due to insufficient insulation in
the test apparatus. If this is not the case, however, and the model under-predicts melt
times for well insulated systems, it means that a system sized on a given melt time may

have a slightly thicker PCM layer than the final design requirement. This would cause a
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corresponding under-prediction of the volume multiplier based on a given capture and
recovery channel geometry. This is not likely, however, as natural convection within the
liquid phase change material should increase the heat flux of the cell above that predicted
by the analytical model. The effect of an error in the prediction of the melt time will have
less of an effect for longer storage cell times due to the smaller volume multipliers
calculated in these cases. For example, a 20% error in the PCM thickness for a geometry
where the PCM occupies 50% of the cell causes a volume multiplier range of 1.83 to
2.25, while a 20% error in the PCM thickness for a geometry where the PCM occupies
90% of the cell has a volume multiplier range of only 1.09 to 1.14. This does not change
the cost of the phase change material required to store the required amount of energy, but
can have a significant effect on the total system volume and the cost of the capture and
recovery channel materials in the system. The effect of a 20% error in PCM cell
thickness on an actual system will be evaluated using the HoGreen Distributed Storage

System thermal energy storage battery design in the following chapter.
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CHAPTER 6 — Sample System Sizing

6.1 — H,Green Distributed Storage System Thermal Storage Sizing

Sizing of a sample system is demonstrated based on inputs from the proposed
Distributed Storage System (DSS) from HyGreen Energy Corporation. The capture and
recovery systems are based on utilizing the DSS at McMaster Innovation Park, a
170,000 square foot industrial research facility owned by McMaster University. This
demonstrates the utility of the analytical thermal battery sizing methodology in
determining the size and economic feasibility of utilizing thermal energy storage in a

specific application.

6.2 — H,Green Distributed Storage System

H,Green’s DSS is an energy storage system based on time-of-day electricity
pricing. The system stores energy from the electrical grid at times when it is cheap and
abundant for use during times when it is costly and limited in availability. This system
can also be used to store energy during excess supply of renewable energy sources when
demand is not present. The storage system can be made in various sizes using various
different types of energy storage such as pumped hydro, compressed gas, mechanical
flywheels and chemical energy (such as turning water to hydrogen and oxygen). The
system under investigation is a small-scale storage system that uses hydrogen as the

storage medium in order to store and recover energy for an office building, as depicted in

95



J.M. Bailey — M. A. Sc. Thesis
Department of Mechanical Engineering — McMaster University

Electrical Grid J

¥ I

. | Hydrogen |
Electrolysis: ™| Storage " Internal

Hydrogen ’ ” Combustion:
Production “I~Thermal Generator
|__}~Storage
] ¥ !
Building Spacst and Water Heating l

Figure 6.1: Schematic representation of the H,Green Distributed Storage System.

figure 6.1. The electrolysis and electrical generation system sizes were not
predetermined, but rather based on the thermal load of the site.

The hydrogen is created using a commercial electrolysis unit during off-peak
pricing periods and electricity regenerated using a high efficiency hydrogen internal
combustion engine (ICE) during peak pricing periods. No hydrogen or electricity
production occurs during mid-peak pricing periods, as this provides a lower rate of return.

Time-of-day pricing in the province of Ontario in January 2009 was used to
determine the timing cycle and is shown in table 6.1 (Ontario Energy Board, 2009). This
gives a maximum capture time of 57 hours during weekends with a capture to recovery
time ratio of 102 : 30 during the summer and 102 : 35 during the winter. In order for this

system to break even in terms of operating efficiency for electrical storage only, the ratio
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Table 6.1: Time-of-day electricity pricing in Ontario, January 2009 (Ontario Energy Board, 2009).

Price

Day of the Week Time Time-of-Use (cents/kWh)

Weekends & Holidays All day Off-peak 4

7:00 a.m. to 11:00 a.m. Mid-peak 7.2

Summer Weekdays (May | 11:00 a.m. to 5:00 p.m. On-peak 8.8

1st - Oct 31st) View chart | 5.y, p.m. to 10:00 p.m. Mid-peak 7.2

10:00 p.m. to 7:00 a.m. Off-peak 4

7:00 a.m. t0 11:00 a.m. On-peak 8.8

. 11:00 a.m. to 5:00 p.m. Mid-peak 7.2
Winter Weekdays (Nov ] ]

1st - Apr 30th) View chart 5:00 p.m. t0 8:00 p.m. On-peak 8.8

8:00 p.m. to 10:00 p.m. Mid-peak 7.2

10:00 p.m. to 7:00 a.m. Off-peak 4

for peak to off-peak price of 8.8 : 4 would require a round-trip storage efficiency of 4/8.8
or 45%.

Analysis of the proposed system can give an estimate of the storage efficiency and
therefore determine whether it meets the break-even efficiency for storage only. Product
literature from Hydrogenics Corporation shows that the HySTAT-A electrolysis unit
requires 4.8 kWh (1.7x10’ J) to produce one normalized cubic meter of hydrogen at a
maximum storage pressure of 25 bar (Hydrogenics, 2009). Compressing the gas by eight
fold (400 bar) requires additional energy, resulting in an input requirement of
6.4 kWh/Normalized_m3 (Praxair, 2009). A turbo-charged internal combustion engine
can be used to turn the hydrogen back into mechanical and then electrical energy and
could achieve a conversion rate of approximately 50% of the higher heating value of
hydrogen (Shudo, 2007). This results in 1.77 kWh (6.37x10° J) of energy being produced
for every normalized cubic meter of hydrogen gas. The maximum attainable storage

efficiency of such a system would therefore be 1.77 / 4.8 or 37%. If compression to
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400 bar is required for storage at a compression efficiency of 75% (Praxair, 2003), this
number is further reduced to 28%. Since both are lower than the break-even operating
efficiency of 45% dictated by the pricing ratio, additional sources of revenue must be
included to produce an economically feasible system.

While feed-in tariffs for off-peak energy storage are a possibility in the future,
they are not currently available and were therefore not evaluated in this study. Sale of
oxygen gas from the electrolysis process is also a potential source of income, but
contracts would have to be negotiated with a buyer and these would be highly dependent
on the pressure and purity of oxygen that is provided. As these values were also
unavailable, this source of revenue were also not evaluated in this study. Displacement
of natural gas heating costs for the building in which the system is housed using a thermal

energy storage system was calculated with readily available data.

6.3 — Capture and Recovery System Definition

The thermal energy storage system will be based on the phase change material
thermal battery design process presented earlier in figure 2.3 and reproduced in figure 6.2

with numbered steps for easy reference.
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The capture system, specified in step 1, will therefore be the electrolysis unit
which produces excess thermal energy at approximately 80 °C (353.15 K), the optimum
operating temperature of the unit. In order to preserve as much of the availability of the
thermal energy as possible, a closed system utilizing the primary fluid as a heat transfer
medium (liquid caustic solution, with approximately the same properties as water) has
been used. While there is also excess thermal energy from the hydrogen internal
combustion engine (ICE) while it is generating electricity, this occurs primarily at times
when the building is occupied, and this energy can therefore be used directly for heating
or hot water needs without storing it in the thermal battery.

The recovery system for the DSS, specified in step 2, was the building’s HVAC
system. The sizing was performed with focus on the winter months, but a similar system
may be used in the summer months in conjunction with an absorption cooling system to
aid the in conditioning, It was therefore assumed that the recovery system uses the
primary fluid (air) in an open system that adds thermal energy to fresh air from the
outdoors and provides it to the building. The goal was to heat the recirculated air from
20°C to 50 °C so that it can be mixed with fresh air to provide warm air at approximately
30 °C to the occupied space. The capture/recovery cycle, specified in step 3, was
therefore based on capturing during times of off-peak electricity cost and recovering
during times when the building is occupied and heating is required. Based on the
specified capture and recovery systems, the PCM melting and freezing temperatures
should be in the range 60-70 °C (333.15-343.15 K), as specified in step 4 of the design

Process.
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6.4 — PCM Selection

Using PCM material summaries from a literature review (Zalba et al. 2003) with
updated properties from the manufacturers (Rubitherm, 2009) a list of candidate materials
for energy storage is prepared as step 5 and presented in table 6.2 along with required
construction materials (step 6). All available properties were included to evaluate the
different materials and narrow the list based on undesirable heat transfer properties, high
cost or service life expectancy of less than 10 years (step 7). In the search for additional
properties of Sodium Hydroxide it was determined from figure 6.4.1 that the required
concentration of NaOH in water to achieve the listed properties is approximately 68% by
weight (Dow Chemicals, 2009). This is much higher than the saturation solution quantity
of 52% at room temperature (Solvay Chemicals, 2009), seen in figure 6.4.2, which would
result in a decrease in concentration due to precipitate forming if the solution were
cooled, as is likely during initial manufacture, shipping and start-up. This would then
change the properties, making this material unacceptable for use as a PCM. Since RT65
is a stabilized form of paraffin, it will be used instead of n-triacontane to evaluate the
paraffin family. Several of the materials on the list are not common chemical compounds
and prices were therefore not available from suppliers for Polyglycol E6000 and Palmitic
Acid, which were eliminated on this basis, but should be investigated further when data
becomes available. The short list (step 8) is thus the highlighted materials in table 6.2.

The decision of whether or not to store some sensible energy is based on the
capture/recovery systems and timing as well phase change material properties. In the

case of the proposed system, there is only a small temperature difference between the
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capture fluid at 80 °C and the PCM melt temperature (60-70 °C). This would make

resistance to imparting sensible energy on the PCM above its melt temperature

significant, as there is very little gradient to drive the heat transfer. Because of this small

temperature difference, only 4 degrees of sensible thermal energy will be stored to ensure

the PCM has fully melted.

In order to perform step 10, calculation of the PCM mass required, we first need

to look at the heating and electrical needs of the building in question in order to properly

size the thermal battery and distributed storage system. Since excess electricity would be

sold back to the grid, the system will be sized based on heating requirements.

Table 6.2: List of PCM candidates with melt temperatures between 60 and 70 °C.

Melt Heat of | Density | Required | Required Cost Required

Name temperature | Fusion ()] Volume Mass Price | per MJ | Materials
IC] [kd/kg] | [kg/m?3] | [mA3/MJ] | [kg/MJ] | [$/kg] | [$/MJ]
Sodium Stainless
Hydroxide 64 | 227.6 1690 | 2.60E-03 4.39 | $0.95 $4.17 | Steel
Tetrasodium
Pyrophosphate Stainless
Decahydrate 70 184 1820 [ 2.99E-03 543 | $5.45 | $29.62 | Steel
Polyglycol
66 190 1085 [ 4.85E-03 5.26 n/a

Palmitic Acid 64 186 850 | 6.33E-03 5.38 n/a Aluminum
Paraffin C31 (n-
Triacontane) 67 189 830 | 6.37E-03 5.29 n/a Aluminum
RT65 66 152 780 | 8:43E-03 6.58 | $3.79 | $24.95 | Alumintm
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Figure 6.4.1: Solidus temperature for NaOH + H20 systems (Dow Chemicals, 2009).
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Figure 6.4.2: Saturation levels for NaOH + H20 systems (Solvay Chemicals, 2009).

6.5 — McMaster Innovation Park Heating Needs

McMaster Innovation Park (MIP) used a projected $44,000 of natural gas

combustion with forced air circulation for its space heating and hot water needs in 2009.

Forced air heating is common practice for many facilities in Canada due to the climate

necessitating heating in the winter and cooling in the summer. The approximate natural

gas monthly usage at MIP for the year 2009 can be seen in table 6.3 (Sandwell

Consulting, 2008).

Table 6,3: Estimated natural gas usage per month [therms] at McMaster Innovation Park (Sandwell

Consulting, 2008).
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Thermal energy usage for the winter months (December to March) therefore
averages to 16,100 therms (1700 GJ) per month. At an assumed 85% gas furnace
efficiency based on the higher heating value of natural gas (38,200 kJ/N. 01*rnalized_rn3 ),
this is an average winter heating requirement of 334 GJ each week. With 57 hours of
capture time during the weekend and an additional 9 hours during four week nights, this
results in a total capture time of 93 hours. Not all of this energy needs to be stored,
however, as some of it can be used directly when it is produced. Assuming the heat load
is constant for the entire month, the hourly heat load average for the winter months is
2.0 GJ/hr. In order to produce all of the thermal energy required for the week during the
93 hours of capture time, this results in an hourly thermal energy production requirement
of 3.6 GJ/hr. Not all of the thermal energy produced requires storage, however, as
2.0 GJ/hr can be used directly. The storage capacity requirement for the phase change
material thermal storage system is therefore 1.6 GJ/hr for 57 hours, or 91 GJ. In order to
store this 91 GJ of thermal energy from the distributed storage system, the mass and
volume of each short listed PCM, calculated in step 10, is shown in table 6.4. Both the
RT6S5 and stearic acid will undergo further calculations although the RT65 was expected

to cost much more.

Table 6.4: Required PCM mass and cost to store 91 GJ of latent thermal energy.

Melt Heat of | Density | Required | Required
Material Temperature | Fusion () Volume Mass Price | PCM Cost
[C] [kJ/kg] | [kg/mA3] [mA3] [ka] [$/kg] [$]
Stearic
Acid 69 199 940 489 459347 | $1.30 $597,151
RT65 64 152 780 771 601382 | $3.79 $2,279,236
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Because the DSS sizing was based on the thermal energy requirements of
McMaster Innovation Park, no transportation of the thermal energy was required in this
case. This means that step 11 did not impose any additional requirements on the system.
It was prudent, however, to design the cells such that they can be installed using a
standard lift truck and fit through standard sized equipment doors for ease of
replacement. This also accommodates future needs if transportation becomes desirable.
The next phase of the design was therefore the determination of the cell storage time,

step 12.

6.6 — PCM Thermal Storage System Sizing Results

The model inputs for the cell storage time sizing of the DSS thermal energy
storage system can be seen in tables 6.5 and 6.6 for the different PCMs. Due to the
corrosive nature of the capture fluid, separate capture and recovery channels were
required. Several different geometry iterations were performed, with the outputs for each
simulation found in tables 6.7 and 6.8 along with the raw material costs for each
configuration. For each simulation the capture channels were assumed to be stainless
steel with a total thickness of 6.7 mm and a wall thickness of 1.6 mm. The recovery
channels were made of aluminum with a total thickness of 4.6 mm and a wall thickness of
1 mm. Because the channels are of different metals, the effect of a galvanic charge
between the channels should be evaluated in the phase change material to ensure that
significant corrosion and contamination of the PCM do not occur. The commodity prices

of stainless steel and aluminum are approximately $3 and $2 per kilogram respectively.
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It can be seen from these results, plotted in figure 6.3 that the longer then charge time, the

less material costs in the thermal storage system. This is balanced by the capture and

recovery systems’ need for constant heat flux to ensure the system temperature does not

undergo large fluctuations.

Table 6.5: Common inputs for the thermal energy storage system for McMaster Innovation Park.

Capture Recovery Recovery
Function Units Capture Fluid | Channel PCM Channel Fluid
Material Water Stainless Steel Stearic Acid | Aluminum Air
Density [ke/m’] 8000 940 2719 1.225
Heat Capacity [1/kgK] 500 2380 871 1006.43
Thermal Conductivity [W/mK] 16.4 0.3 202.4 0.0242
Latent Heat of Fusion [3/kg] 198800
Freezing temperature K] 340.95
Melt temperature [K] 341.95
Thickness {m] 0.000508 Table 6.6 0.0015875 0.001778
Convective Coefficient [W/mzK] 100
Bulk Temperature [K] 353.15
Initial Temperature [K] 337.95 337.95 337.95 337.95

Table 6.6: Phase change material inputs for the thermal energy storage system.

Function Units PCM1 PCM2

Material RT65 Stearic Acid
Density [kg/m’] 780 940
Heat Capacity [J/kgK] 2200 2380
Thermal Conductivity | [W/mK] 0.2 0.3
Latent Heat of Fusion | [J/kgl 152000 198800
Freezing temperature | [K] 336 341
Melt temperature [KI 337 342
Thickness [m] Table 6.7 Table 6.8
Initial Temperature [K] 333 338
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Table 6.7: Model outputs for the RT65 thermal energy storage system for several geometries.

PCM Melt

Thickness | Time [ PCM SS AL PCM Cost SS Cost AL Cost Cell Materials

fm] [hr] | [%] %] | [%] 181 (1 [$] [8]
0.0075 0.5 | 782% | 5.3% [ 16.5% | $2,279,236.00 | $ 3,653,970 | $ 2,587,278 $ 8,520,484
0.0113 1| 84.4% | 3.8% | 11.9% | $2,279,236.00 | $ 2,425,202 | $ 1,717,220 | $ 6,421,657
0.0167 2| 88.9% | 2.7% 8.4% | $2,279,236.00 | $ 1,641,005 $ 1,161,951 $ 5,082,192
0.0208 3 [ 90.8% | 2.2% 6.9% | $2,279,236.00 | $ 1,317,537 S 932,913 $ 4,529,686
0.0243 4| 921% | 1.9% | 6.0% | $2,279,236.00 | $ 1,127,769 | § 798,542 | $ 4,205,547
0.0216 5] 911% | 2.1% 6.7% | $2,279,236.00 | $ 1,000,174 | $ 708,196 $ 3,987,607
0.0302 6| 935% | 1.6% | 4.9% | $2,279,236.00 | $ 907,443 | $ 642,536 | $ 3,829,215
0.0327 7| 94.0% | 1.5% 4.6% | $2,279,236.00 | S 838,067 | S 593,412 $ 3,710,715
0.0351 8 ( 94.4% { 1.4% 4.3% | $2,279,236.00 | § 780,763 | $ 552,837 $ 3,612,836

Table 6.8: Model outputs for the stearic acid thermal energy storage system for several geometries.

PCM Melt

Thickness | Time | PCM SS AL PCM Cost SS Cost AL Cost Cell Materials

[m] [hr] | [%] (%] | [%] [ [ [ [8]
0.0053 05| 71.7% | 6.9% | 214% | $ 597,151 $ 1,119,892 § 792,965 | $ 2,510,009
0.0083 1| 799% | 49% | 152% | $ 597,151 S 714,368 $ 505824 | $ 1,817,343
0.0127 2| 8.9% | 34% | 107% | $ 597,151 S 468,015 $ 331,389 | $§ 1,396,554
0.0161 3 [ 88.5% [ 2.8% 87% | $ 597,151 $ 369,363 $ 261,536 | $ 1,228,050
0.0190 4| 90.1% | 2.4% 75% | $ 597,151 $ 312911 $ 221,564 | $ 1,131,626
0.0216 5[ 91.1% | 2.1% 67% | $ 597,151 S 276,081 $§ 195,485 | $ 1,068,717
0.0239 6| 919% | 20% | 61%| $ 597151 [ $ 249,386 | $ 176,583 | $ 1,023,120
0.0260 7| 92.5% | 1.8% 56% | $ 597,151 S 229,059 $ 162,191 | § 988,401
0.0280 8| 93.0% | 1.7% 53% | $ 597,151 S 212,856 $ 150,717 | $ 960,724
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Figure 6.3: Cell material cost versus charge time for stearic acid and RT65 cells.

In the case of the DSS thermal battery with 91 GJ of storage and either 489 m’ of
stearic acid or 771 m® of RT65, the limitation was on physical cell size rather than
thermal size, so the cell storage time can be as long as feasible based on the capture and
recovery cycle timing. The shortest off-peak capture period (Ontario Energy Board
2009), as seen previously in table 6.1, was 10:00 pm to 7:00 am on weekdays, or 9 hours
of storage. Conversely the recovery was required for the remaining 15 hours per day to
meet heating needs in the winter months. Based on the material cost versus charge time
curve and these capture and recovery times, a cell storage time of 6 hours was therefore
chosen. This allows for some staggering of cell capture cycles to produce a more
constant system heat flux, if necessary, while reducing the number of partially charged

cells at the end of a cycle. These partially charged cells may cause atypical solidification
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behaviour upon recovery or melt behaviour upon charging as the melt front may become
significantly non-planar during the storage period due to potential dendritic growth of the
solid.

Based on the cell material cost, the RT65 system was eliminated at this point and
calculations continued only with stearic acid. The capture heat flux profile for the stearic
acid 6-hour capture time cell with a PCM thickness of 23.9 mm can be seen in figure 6.4.
The capture cycle heat flux profiles for cells staggered to start at 15 minute intervals is
seen in figure 6.5. Figure 6.6 shows the recovery heat flux for the 6-hour capture time
cell with an average bulk air temperature of 25 °C. The effect of an error of +/- 20% in
cell charge time (4.8 to 7.2 hours) was also evaluated and shown to cause only a +/- 5%
change in the cell material cost for the 6 hour cell. This percentage would, however, be

larger for a cell with a shorter charge time.
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Figure 6.4: Capture cycle heat flux over time for 6-hour stearic acid capture cell.

110



J.M. Bailey — M. A. Sc. Thesis
Department of Mechanical Engineering — McMaster University

|

I

— Single Cell

— Cell Average

Heat Flux [W/m*2]

A

7
=

\
\
\
5
.
T~

Time [h]

Figure 6.5: Net capture cycle heat flux using 6-hour stearic acid capture cells staggered at 15 minute

intervals.
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Figure 6.6: Recovery cycle heat flux over time for 6 hour stearic acid capture cell (1 hour recovery
time) with an average bulk recovery fluid temperature of 25 °C.
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6.7 — DSS System Sizing Results

Dependent on the volumetric restrictions for the distributed storage system and
thermal battery, a decision was required on whether or not the hydrogen will be
compressed before storage. The system volume and electrical requirements were
determined for both cases in order to provide all the relevant information for this
decision. The system designed without compression was denoted as system A with the
system using a storage pressure of 400 bar denoted as system B. As noted in section 6.2,
system A has a total electrical storage efficiency of 37% and system B 28%. The
electrical output of the system is the portion of the total energy that is not thermal energy.
The electrolysis efficiencies of 74% for system A and 55% for system B were based on
Hydrogenics’ (2009) HySTAT-A product literature and compression data from Praxair
(2003). For the proposed system with 91 GJ of weekly thermal energy storage from
electrolysis this resulted in a required hydrogen production of 880 Normalized m>/h for
system A and 660 Normalized_m3 /h for system B each week. This would require 60 and
44 HySTAT-A cell stacks respectively (Hydrogenics, 2009). Given the cumulative
winter on-peak electricity pricing time of 35 hours per week, and a generating efficiency
of 50% of the higher heating value of hydrogen (Shudo, 2007), 1.77 kWh/
Normalized m?, the distributed storage systems would require generation sets of 4200
kW and 3200 kW for systems A and B respectively. With an average on-peak demand of
410 kW during the winter months (Sandwell Consulting, 2009) this resulted in at least
3790 kW or 2790 kW of excess energy that can be sold back to the grid, while

completely eliminating the need to purchase electricity at on-peak prices. Also, the
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thermal energy created by these generators can either be used to generate more electricity
or can be sold on the thermal energy market due to its high availability.

The volume required for hydrogen storage was calculated from the longest storage
time of 57 hours over the weekend. This means that a storage capacity 57 / 93, or 61% of
the hydrogen gas must be available. System A, with a storage pressure of 25 bar would
therefore require 2.7% of the normalized volume and system B, with a storage pressure of
400 bar would require 0.22% of the normalized volume calculated using the ideal gas law
modified with a compressibility factor (Incropera & DeWitt, 2002). This results in a
hydrogen storage capacity of 1360 m’ for system A and 82 m® for system B, a 16-fold gas
storage space advantage for the system with gas compression.

The volume required for the thermal storage system is the same for both systems
A and B and is calculated by multiplying the required PCM volume by the volume ratio.
This volume ratio is calculated by dividing the PCM thickness by the total cell thickness
from the centre of the capture channel to the centre of the recovery channel and adding an
additional 20% for insulation, fluid routing and structural materials. This volume ratio
for the 6 hour capture cell is 1.48, resulting in a total thermal storage system volume of

730 m®. Summaries of both systems A and B are shown in table 6.9 for comparison.
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Table 6.9: Summary of Distributed Storage Systems A and B, with and without storage compression.

Parameter Units System A System B
Thermal Energy Storage GJ 91 91

Cell Material Cost CAD $1.02M $1.02M
Thermal Storage Cell Volume m’ 730 730
Storage Pressure Bar 25 400
Storage Efficiency % 37% 28%
Electrolysis Efficiency % 74% 55%
Weekly Hydrogen Production Normalized m’ 25,000 19,000
H, Generation Capacity Normalized m’/h | 440 330
HySTAT-A Cell Stacks 60 44
Generator Set Capacity kW 4200 3200
Minimum Excess Capacity kW 3790 2790

H, Storage Capacity m’ 1360 82

While adding a thermal storage system to the DSS does not change the thermodynamic

efficiency of the round-trip storage efficiency, it does turn the thermal energy caused by

the inefficiency in the electrolysis process into useful energy. For this reason, a new

efficiency for the electrolysis process was defined that is based on the useful thermal

energy not contributing to the component efficiency. Since all of the thermal energy

from the electrolysis is used, the new efficiency of this component was therefore defined

as 100%, increasing the round-trip storage efficiency by a factor of 1.36. This made the

new average efficiencies for systems A and B 49.8% and 37.4% respectively for

December to March, 47.5% and 35.7% for November to April and 42.8% and 32.1% for

the entire year.

The total cost of the system requires specific quotes for additional system

components such as hydrolysis units, gas storage cylinders, hydrogen internal combustion

generator sets and associated electrical equipment. It was determined, however, that the

thermal storage system will cost more than one million Canadian dollars. Given a
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projected payback period of 30 years, one thirtieth of this cost is $63,000. Since the
potential natural gas savings from using a thermal storage system is 45% (the heating
load not occurring during thermal energy production) of the $44,000 spent on natural gas
per year based on 2009 projections, additional sources of revenue from feed-in tariffs,
carbon offset credits and oxygen sales would need to be realized to create an
economically feasible system.

The carbon offsets realized from eliminating the need for natural gas heating at
McMaster Innovation Park was calculated based on 5.32 metric tonnes of carbon dioxide
per 1000 therms of natural gas combustion (Natural Gas, 2009). For the total
88,442 therms of natural gas used by MIP this results in a carbon dioxide savings of
470 tonnes. Since the average car produces approximately 4-5 tonnes of carbon dioxide
per year (Moblu, 2009), this is an equivalent amount of carbon dioxide savings to taking

more than 100 cars off the road.
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CHAPTER 7 — Conclusions and Recommendations

7.1 — Analytical Model

An analytical model was developed in this study based on one-dimensional
pseudo-steady heat transfer through a phase change material thermal storage cell with
laminar capture and recovery flow and rectangular channels. This model is intended for
use in preliminary consideration of thermal energy storage systems where detailed
geometry and phase change material property information is not available and other two
or three dimensional models can therefore not be used. This model was compared to test
data and a three-dimensional CFD model without natural convection and found to have
good agreement with both. The parametric behaviour was also compared to a two-
dimensional CFD model without natural convection and found to match the trends. The
model limitations that were tested in the parametric study are listed in table 7.1. In
addition to these, table 7.2 presents additional limitations and recommendations. While
further refinements to the model are both possible and advised, the model developed in

this study can be used for preliminary sizing of thermal energy storage systems.
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Table 7.1: Summary of successfully tested ranges for model input parameters.

Parameter Units Minimum | Maximum
PCM Latent Heat of Fusion Jkg 91,400 219.360
PCM Thermal Conductivity W/mK 0.1 100
PCM Heat Capacity J/kgK 1075 2580
Capture/Recovery Fluid Thermal Conductivity W/mK 0.01 10
Capture/Recovery Fluid Heat Capacity J/kgK 100 5000
Capture/Recovery Fluid Convective Heat Transfer Coefficient* W/m’K 10 10,000
Capture/Recovery Flow Regime* Laminar | Laminar
Capture/Recovery Channel Thermal Conductivity W/mK 1 202
Capture/Recovery Channel Heat Capacity J/kgK 100 5000
Capture/Recovery Temperature — Melt Temperature °C 2 50
Initial Subcooling or Superheating °C 1.05 20

*Note: the convective coefficient was tested for a much wider range of values than would be afforded for
laminar flow, however the model is currently set up for laminar flow only.

Table 7.2: Additional model limitations and recommendations for use.

Parameter Recommendation or Limitation
Geometry Rectangular Channels
Capture/Recovery Temperature to Melt Temperature Difference No less than 5 °C
Phase Change Material Melting Temperature to Solidification Less than 1 °C — any more than this
Temperature Difference should be verified experimentally
Channel Orientation Vertical — to ensure trapped gas
bubbles do not hinder heat transfer
Channel Thickness Less than 40 mm — larger
geometries should be verified
experimentally

7.2 — Further Model Development and Validation

Further evaluation of the assumptions used in the analytical model should be
performed based on realistic thermal battery geometries. In order to determine a
reasonable range of phase change material thicknesses, several more systems should be
sized based on a wide range of thermal storage applications. This range of thicknesses,
combined with engineering estimates of reasonable cell heights and widths, will then
provide a range of geometries and boundary conditions that should be investigated to
assess natural convection and linearity of temperature profiles in the liquid phase change

material. Quantifying the effect of natural convection, discussed later in section 7.4, and
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non-linear temperature profiles using either CFD or equations from the literature will
then indicate whether or not these assumptions should be eliminated from the model or
modified to more accurately represent the behavior of real thermal energy storage

systems.

7.3 — PCM Effective Thermal Conductivity Enhancement

A comprehensive literature review on effective thermal conductivity
enhancements should be performed with specific focus on the effect of overall system
size and cost. Additional investigation into other methods of heat transfer enhancement,
such as maximizing natural convection cells in the liquid phase through optimized
geometric design or utilizing electrohydrodynamics to increase velocities in the liquid
phase would also aid in decreasing the capture and recovery time for a given thickness.
Enhanced heat transfer structures, such as fins, within the PCM can also be investigated
as they will aid in both the capture and recovery processes. All enhancements, however,

should be evaluated based on the effect they have on overall system cost and size.

7.4 — Convective Heat Transfer in Liquid PCM

Even without any enhancements, convective heat transfer cells will form in the
liquid phase change material. This is highly dependent on the detailed geometry of the
cells and therefore difficult to predict in the preliminary feasibility study.
Experimentation should therefore be done on any expected geometries not in the
literature to try to determine the effect of convective cells on the effective thermal

conductivity in the phase change material. In this way, estimates of this effect can be
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applied to the model to improve the accuracy of the system sizing. The use of effective
thermal conductivity in estimating convective heat transfer cells can also be evaluated

and a modified analytical model created if it is found deficient.

7.5 — PCM Properties Library

One of the major hurdles facing phase change material thermal battery design is a
lack of readily available material property information. Creation of a phase change
material properties database including freezing temperature, melt temperature, density
versus temperature equations, latent heat of fusion, heat capacity, liquid thermal
conductivity, solid thermal conductivity, liquid viscosity and thermal cycling stability
would allow designers to evaluate a wider range of phase change materials. This would
also enable automatic phase change material selection via sizing software, greatly
reducing the time required for a designer to evaluate the benefits of a thermal storage

system.

7.5.1 — Thermal Conductivity Testing

While methods exist for measuring thermal conductivity of solids accurately, the
phase change material database requires thermal conductivity near the melting and
freezing temperatures. This necessitates test methods capable of measuring thermal
conductivity in both solids and liquids. Many solid materials also exhibit anisotropic
thermal conductivity behaviour, and testing of a single sample in more than one direction

is also desirable. Methods must therefore be developed for testing the thermal
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conductivity of both liquid and solid phase change materials near their phase change

temperature.

7.5.2 — Thermal Cycling Stability Testing

While some thermal cycling stability testing has been done in the past, it has
usually been for less than 1000 cycles. Considering the service life requirements for a
large-scale thermal storage system, the number of cycles should be increased to more
accurately reflect the actual number of cycles a system would undergo in 30 years. This
would change based on the capture and recovery cycle, but is approximately 11,000,

assuming one full cycle per day.

7.6 — H,Green Distributed Storage System

While the HyGreen distributed storage system for McMaster Innovation Park is
technically feasible, further information is needed to determine economic feasibility.
Since energy storage systems that shift the load on the electrical grid from on-peak to off-
peak times are not currently included in Ontario’s Feed-In Tariff program, a contract
would have to be negotiated to determine the price paid for the electricity provided to the
grid at on-peak times. Pricing for oxygen sales would also have to be negotiated with a
potential buyer based on the quantity, pressure and purity of oxygen produced by the
electrolysis units. The potential for carbon offset credits should also be explored and a
better estimate of material costs based on actual quotations could also be obtained now

with known quantities and preliminary geometries.
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