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Tässä työssä tutkitaan numeerisin menetelmin lämmön varastoimista uudenlai-
seen lämpöakkuun. Lämpöakkukonsepti koostuu alumiiniverkosta ja tämän ympärille
varastoidusta faasimuutosmateriaalista (PCM), johon lämpö sitoutuu latentin läm-
mön muodossa. Tutkitun lämpöakun päätarkoitus on parantaa lämpövarastojen
lataamisessa ja purkamisessa saavutettua tehoa. Tämä saavutetaan alumiiniverkolla,
joka johtaa lämpöä hyvän lämmönjohtavuutensa myötä kokonaisvaltaisesti koko
akkuun nopeasti.

Työssä käytettävät numeeriset menetelmät ja mallit validoidaan käyttäen vertai-
lussa aiempia tutkimustuloksia kirjallisuudesta. Validoinnin yhteydessä käydään läpi
yleisiä PCM:ien sulamiseen liittyviä virtausmekaniikka - ja lämmönsiirtoilmiöitä,
jotka toistuvat työn muissa osissa.

Työssä selvitetään, miten eri lämpötilatasot sekä akun sisäinen geometria vai-
kuttavat saavutettavaan lataus- ja purkutehoon. Tätä tutkitaan varioimalla yhtä
suuretta pitäen muut saman aikaisesti vakiona.

Työn tulosten myötä selviää, miten eri suureet vaikuttavat saavutettavaan te-
hoon. Parhaaksi vaihtoehdoksi geometrian osalta paljastuu mahdollisimman tiheä
alumiiniverkko. Lämpötilatasojen osalta mahdollisimman suuret lämpötilaerot ta-
kaavat suurimman lataus- sekä purkutehon, tosin tulokset osoittavat, että liian suuri
jäähtyminen tai lämpeäminen heikentää tehoa seuraavalla lataus- tai purkusyklillä.
Avainsanat Lämpöakku, Lämmön varastointi, Lämmönsiirto, PCM, Sulaminen,

Kiteytyminen, OpenFOAM
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Abstract
In this work a novel thermal battery is studied numerically. The conceptual thermal
battery consists of a Aluminum grid and Phase Change Material (PCM) stored
around this grid. The purpose of the investigated heat storage is to increase the
power that is achieved while charging or discharging the battery. This power increase
is achieved by the Aluminum grid, which conducts heat well due to its high thermal
conductivity.

The numerical methods and models used in this work are validated against
reference data found in literature. In connection with the validation some of heat
transfer and fluid dynamics phenomena which are commonly found with PCM’s are
explained.

This work investigates how different temperature levels and geometrical details
of the battery affect the charging and discharging power. This is investigated by
varying one variable while holding others constant.

The results indicate that a denser Aluminum grid provides higher power in both
charging and discharging. The power is also increased as temperature differences
increase, although the results indicate that for optimal use, one should avoid heat-
ing/cooling the battery excessively, as this will degrade performance on the next
cycle.
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Symbols
T Temperature
P Power
u Velocity
p Pressure
L Latent heat
cp Heat capacity
κ Thermal conductivity
ρ Density
β Thermal expansion coefficient
g Gravitational acceleration(≈ 9.81m/s2)
µ Dynamic viscosity
ν Kinematic viscosity
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1 Introduction
Assume a system, where heat is produced and consumed. Also assume that this
generation and consumption of heat do not always happen at the same time. What
should be done about this?

One solution might be to do nothing. That depends on how the heat, and energy
in general are valued: are energy losses and inefficiency acceptable? Perhaps.

Another solution might be to do something similar which is done in the context of
electrical systems; to maximize the efficient use of electrical energy by storing excess
energy when demand is low, and using the stored energy at times of high demand
and low production. We could also store heat when the need for it is low, but heat is
none the less being produced. This may be stored in a similar way as with electrical
energy, in batteries. These heat storage devices could be called thermal batteries.
These already exist.

1.1 Thermal Energy Storage
Thermal Energy Storage is the discipline of changing the thermal energy content of a
storage medium in order to later recover thermal energy for either heating or cooling
[1], [2]. This is performed for the purpose of increasing the overall effieciency of an
energy system, with this leading to economical benefits [1]. This may be accomplished
in several different ways, with the main two being Sensible Heat Storage (SHS) and
Latent Heat Storage (LHS).

In SHS, thermal energy is stored by heating a material without changing its phase.
In this sense the amount of sensible heat stored depends on the specific heat capacity
of the material, and on the amount which it heats up. Thus the most important
quality which defines the usability of a material in SHS-applications is a high specific
heat capacity. SHS is by far the simplest way of storing thermal energy, an example
of this is the use of water as a SHS eg. in the context of a hot water tank. As a
result of this simplicity, SHS systems are compratively cheap [1].

In LHS, thermal energy is stored by changing the phase of the storage material,
say from solid to liquid. Phase change requires that a certain amount of energy,
coinciding with the latent heat of the material L, is absorbed or released by the
material at constant temperature. LHS is also capable of storing sensible heat, if
more heat, or cold, is added to the system after the phase transition. Desirable
qualities for a material used in LHS are high latent heat, small volumetric change
upon phase transition, high thermal conductivity and low cost, to name a few. Many
of these materials may be characterized as Phase Change Materials (PCM), which
will be expanded upon in the next section.

1.2 Phase Change Materials
PCM’s are substances which have a high latent heat of fusion (or melting). This
means that to change the phase of these substances, say from solid to liquid, requires
a large amount of heat to be transferred to the PCM. This energy absorbtion (or
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release) happens at constant temperature, as it occurs through phase change. If
one is able to transfer heat to PCM-storage and insulate this otherwise, this will
accomplish the task of storing heat. PCM’s also have a higher energy density than
for example water does for the purpose of storing thermal energy; PCM’s have the
ability to store 5-14 times more heat per unit volume than sensible heat storage
mediums, such as water or rock [2]. As PCM’s are used for the purpose of storing
latent heat, some desirable properties of PCM’s are among others high latent heat,
low chemical reactivity and small expansion upon phase change.

One commonly used PCM is paraffin, owing to its high latent heat, low cost, and
low reactivity. However, it suffers from a downside common to several PCM’s[5]: low
thermal conductivity [3]. An option to overcome this is to use alternative PCM’s,
such as hydrated salts, which have a comparitively high thermal conductivity and
latent heat. However, these suffer from subcooling and phase segregation , which
lead to degrading storage capacity and thus performance over several cycles [3]. This
is not a problem for paraffin, and as such, it will be the PCM used in this work.

The downside of low thermal conductivity of paraffin as a PCM’s means that a
vessel filled only with solid PCM will take a long time to melt, as the heat cannot
diffuse effectively due to low conductivity. This lengthens the time needed to transfer
the heat into the storage, as it reduces the power that can be achieved by this.
This means that the timescales of thermal energy storage are typically long, and
LHS-thermal batteries cannot be used as dynamic parts of a fast-responding energy
production-consumption system. Could this barrier of low thermal conductivity and
long charging times be lifted?

1.3 Latent Heat Storage Performance Enhancement
Although the previous discussions show that LHS is indeed a promising approach for
storing thermal energy, the downside of low charging and discharing power is still
considerable. To counter-act this, there has been a lot of research performed in order
to enhance the amount of heat transfer into a LHS. In a review article by Tao and
He [4], the authors distinguish three distinct methods for enchancing heat transfer
within the context of LHS: enhancing the conductivity of the PCM used as the
storage medium, increasing the heat transfer area that the heat is transferred through,
and improving the uniformity of the heat transfer process through thermodynamic
optimization.

In terms of enhancing the thermal conductivity of PCM’s, two distinct approaches
may be noted: using porous media and using nanomaterials [4]. Porous media, such
as metal foams, are used to increase the effective thermal conductivity of PCM’s
by placing the PCM within such a medium. These porous media must have a high
thermal conductivity to work effectively, thus materials such as copper and aluminum
are often used. They must also have a high porosity in order to keep the total energy
storage capacity of the system high by allowing it to be filled with as much PCM
as possible. As noted before, another approach is to use nanomaterials, such as
nanoparticles or nanotubes, as additives to increase the thermal conductivity of the
PCM. Among the possible choices for this are carbon nanotubes and metal-oxide
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particles, with different approaches having their own benefits [4].
Another approach is to improve the uniformity of the heat transfer process. This

can be accomplished by using multiple PCM’s with different melting points arranged
in particular fashion with respect to the flow of the working fluid of the external heat
exchanger providing the energy for the storage. With this approach, the temperature
differences in the system may be controlled, leading to a performance benefit [4].

The most obvious way of enhancing the heat transfer into the LHS is to increase
the area through which the heat is transferred through. There are several approaches
to this, with finned tubes being a commonly used option. The fins, made of a high
conductivity material, reach into the PCM enclosure from the surface of the heat
exchanger, thus effectively increasing the heat transfer area. As dicussed in [7], the
natural convection of the melted PCM, together with the interferrence of the fins
leads to non-uniform melting boundary and temperature distribution within the
PCM.

Pizzolato et al. [8] performed a topology optimization study on the shape of
the fins in a finned-tube type LHS. Their results show the optimal shape of the
fins resembling tree branches, as these provide a high surface area to volume ratio.
Mustafa et al. [9] also studied similar branching structures, with which they achieved
a 44 % increase in heat transfer when compared to regular fins.

Another way of increasing the contact area of the PCM is by incapsulating it
into stable capsules [4]. In this approach, a working fluid proving the storage heat
flows through the gaps of the PCM-capsules. The capsules can be divided according
to size to micro- and macrocapsules, with each of them being approriate for different
PCM’s and applications.

1.4 The Present Work
In this present work, a conceptual thermal battery is studied, which can be charged
and discharged in a reasonably short amount of time. This would allow these batteries
to be used as component parts of larger systems, where waste heat and other types
of heat are being produced and more or less lost. How is this achieved?

The thermal battery itself is combined with a heat exchanger. Aluminum, having
high thermal conductivity, is placed among the PCM, such that heat is able to be
transported faster into the middle of storage vessel along this aluminum, which is
formed into a grid-like structure for the purposes of achieving this goal. A similar idea
was investigated in [6], where the grid-structure was termed a ’metal matrix’. This
showed an order-of-magnitude increase over a case with no such metal matrix. This
can be thought to represent enchacement of the heat transfer area, as the currently
investigated metal grid is not necessarily dense enough to warrant being called a
porous medium.

Different aspects of this proposed Aluminum-PCM system are studied, to achieve
an understanding of the interplay of different heat transfer phenomena present in
both the melting and solidification of the PCM’s and the conduction of heat along
the Aluminum.



12

2 The Physical Model and Numerical Tools
The problem can be thus stated in the following way: the objective is to understand
the heat transfer into the proposed thermal storage system and to quantify its
sufficiency for performing the function of a thermal battery. As the system is quite
complex, hand-calculations will not suffice in providing an accurate understanding of
the achievable power for either charging or discharging the battery. This necessitates
the use of simulations, namely using the tools of Computational Fluid Dynamics
(CFD), together with Conjugate Heat Transfer (CHT). CFD is used to simulate the
flow of the melted, and thus liquid, PCM. CHT is used to simulate the heat transfer
in both the Aluminum grid and the PCM, and crucially along the interface between
PCM and Aluminum. These computational models are based on fundamental physics;
the relevant equations are presented in the following section.

2.1 Relevant physics
Naviers-Stokes equations (NSE) model the flow of fluids [10]. They are merely a
restated form of Newton’s second law for a continuous medium, ie. they describe the
conservation of linear momentum in fluids. They also include the equation for the
conservation of mass. As the motivation is to understand heat transfer, the previous
equations must be supplemented with the equation for the conservation of energy,
which is sometimes referred to as the heat equation (or the energy equation). Some
additional source terms must be added, to account for the melting and solidification
of PCM’s. These source terms (and the associated model) are discussed further in
[12].

The conservation of mass for an incompressible fluid may be stated as

∇ · u = 0, (1)

where u = (u1, u2, u3) refers to the velocity field. The conservation of linear momen-
tum may be stated as

ρ
(︂∂u

∂t
+ u · ∇u

)︂
= −∇p + ρν∇2u + ρf(T ) + ρA(T )u. (2)

Here ν stands for viscosity, p for pressure, and T for temperature. The various source
terms may be expanded as

f(T ) = β(T − Tref )g, (3)

where β is the thermal expansion coefficient and g is the gravitational constant. The
reference temperature for the natural convection is set at Tref = Tmelt, where Tmelt

is the melting point of the PCM. This is done due to the fact that there can be no
convection in a solid, at least not from a fluid dynamics perspective relevant to our
computations.

Before the source term A(T ) is defined and interpreted, first the energy equation
must be defined to describe the evolution of temperature. The energy equation may
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be written as
ρ

∂h

∂t
+ ρu · ∇T = ∇ · (κ∇T ), (4)

where κ stands for thermal condutivity where the specific enthalpy h is defined by

h = cpT + γ(T )L (5)

where L is the latent heat of melting/solidification and γ is the indicator function
for the phase change, defined as

γ(x, t) = γ(T ) =

⎧⎪⎪⎨⎪⎪⎩
0, in the solid region
h(T )−csTmelt

L
, in the melting region

1, in the liquid region
(6)

Theoretically γ is the Heaviside step function, but this is often relaxed for example
by setting

γ(x, t) = γ(T ) =

⎧⎪⎪⎨⎪⎪⎩
0, T < Tmelt

T −Tmelt

δT
, Tmelt < T < Tmelt + δT

1, Tmelt < T

, (7)

thus a small linearization is performed from Tmelt to Tmelt+δT to reduce computational
complexity.

Returning to the issue of the source term A(T )u, this may be written as

A(T )u = C
(1 − γ)2

γ3 + q
u. (8)

We may see that this is only non-zero, when γ ̸= 1 ie. when the PCM is either
solid or close to it. Thus when the PCM is solid, this has the effect of retarding
all the velocities present in this solid matter towards zero very rapidly. Based on
experimentation, the constants are set to C = 106 and q = 10−3.

The heat equation (4) may be used to also account for heat transfer in solid
matter , by simply neglecting the velocity term (as this is zero) and the latent heat
term in the specific enthalpy. All that is required is that the derivatives existing in
the equation are well defined; this leads to the following conditions for continuity:

TP CM = TAlum, x ∈ ∂ΩP CM ∩ ∂ΩAlum (9)

and
−κP CM∇TP CM = κAlum∇TAlum, x ∈ ∂ΩP CM ∩ ∂ΩAlum. (10)

All that is meant with the set notation is that the conditions hold at the boundary
between the two materials. These conditions define Conjugate Heat Transfer (CHT),
and allow for simulating heat transfer between two or more materials.

The right hand side of the heat equation (Eqn. 4) may also be written as

∇ · (−q), (11)
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where the heat flux density q may be stated as

q = −κ∇T. (12)

Equation 12 is often called Fourier’s law. In brief, it may be summarized by stating
that for a larger temperature gradient (or a higher thermal conductivity), more heat
is transferred.

2.2 Simulations
As mentioned earlier, the problem requires the use of numerical simulations to fully
understand the relevant process and their interplay. OpenFOAM, an open-source
computational fluid dynamics (CFD) -software was used for running the simulations.
OpenFOAM uses the Finite Volume Method (FVM) to discretize and solve the NSE.
OpenFOAM and FVM is described in more detail in [11].

As the proposed heat storage consists of both PCM and Aluminium, a CHT-solver
is needed. For this purpose, the solver chtMultiRegionFoam was used. To be able
to describe the solidification and melting of the PCM, an optional model called
solidificationMeltingSource was used. This adds to the NSE the source terms,
which were discussed in the previous section.

These solvers need to be validated against existing data, before the results
produced by them may be relied upon for further work.

2.3 Validation of OpenFOAM’s solidificationMeltingSource-
model

First, a validation of the numerical model is performed by considering two validation
cases, similar to that performed by Rakontondrandisa et al. [13].

The first validation case consists of a two dimensional square cavity of height
H = 15 mm, which is filled with octadecane paraffin at its melting temperature in
solid form. The left wall is heated at temperature T = Tmelt +5, the right wall is kept
at the melting temperature Tmelt and the top and bottom walls are insulated. The
initial temperature of the solid PCM is T0 = Tmelt. The non-dimensional parameters of
the case are Ra = 3.27 ·105, Ste = 0.045 and Pr = 56.2. The validation is performed
by comparing the position of the melting front at a specific time to the experimental
result of Okada [14], and the numerical results of Okada and Rakontondrandisa et
al. For ease of comparison, the time is defined as non-dimensional by

τ = Ste · Fo = Ste
αt

H2 (13)

The results of the simulation may be seen in Figure 1a. From this it may be noted
that the currently used solver and model produce results, which seem to fit into the
range of existing results. Further, a one-to-one correspondence does not exist even
with the existing results, so the current model may be thought to be as accurate as
the others.
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Additionally, Figure 1a shows the results of a grid sensitivity -study, which was
performed to find out an acceptable grid size for use in the simulations. As is seen
in the Figure, both cell sizes 0.5 mm and 0.05 mm, corresponding to 30 and 300
cells respectively, provide nearly identical results, with divergence seen as the cell
size is increased to 1.5 mm. Based on this, the cell size 0.5 mm was chosen for the
simulations presented in the rest of the study, as choosing a finer cell size would have
resulted in an increased computational load.

To be further assured of the validity of the model, a second validation is also
performed. A cavity of size 152mm × 30mm was again heated from the left wall at
temperature T = Tmelt + 7.2, with the top and bottom walls being insulated and the
right wall being held at T = Tmelt. Initially all of the PCM is solid at temperature
T0 = Tmelt. In non-dimensional terms, the case is specified by Ra = 2.48 · 108,
Ste = 0.072, and Pr = 50: The position of the melting front is again compared
with existing data, taken from Rakontondrandisa et al. [13] and Gong et al. [15].
The results of the validation are shown in Figure 1b. The figure illustrates how the
currently used model again fits into the range of existing results. Based on this, the
model may be used with good confidence in 3D computations in this study.

(a) Validation case 1 at τ = 0.032, with both
axis normalized by the height H = 15 mm.

(b) Validation case 2 at τ = 0.00125 15.2cm ×
3cm

Figure 1: Cavities heated from the left wall with insulation at the top and bottom.

2.4 Validation case 1 as an example of Solidification-Melting
phenomena

Validation Case 1 (VC1) serves as an illustrative example of the different heat transfer
phenomena related to the melting of PCM’s. The progression of the melting front
may be seen in Figures 2a-2c, and the relevant physical fields are shown in Figures
3a-3c at time t = 2790 s. Firstly, Figures 2a-2c show how the melting front does not
progress as a vertically straight line, rather it twists as time progresses. The twisting,
or distortion, becomes more severe as time continues. This illustrates clearly one of
distinct phenomena at play when dealing with melting PCM’s: natural convection.

As a fluid heats up, it becomes less dense. This means that in the presence of
gravity this lighter, warmer fluid will begin to rise in the opposite direction of the
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gravitational field. An every day example of this may be found in solar heating of air
and the creation of every day wind: the sun heats up air, this air rises and creates a
low-pressure zone, which allows colder air to move in from an area of higher pressure;
and thus a "wind" is created.

In this case as the now fluid PCM rises, it carries with it the heat that made it
less dense. Figure 3b shows that a larger concentration of heat at the top part of
the melted region may indeed be seen. As this rising fluid impacts the top wall, it
can (in this case) only go the right, as it is impeded from the left by the presence of
the wall. As it begins to move to the right, this heated fluid comes in contact with
the interface of the fluid and solid PCM: the melting front. As the solid PCM will
consume higher temperature heat in order to melt, the already fluid PCM cools, and
becomes more dense. This means that it will begin to move down, in the direction of
the gravitational field. It will keep losing the heat that made it less dense to the solid
PCM, becoming even more dense. This will again progress the melting front, but in
reduced manner, as there is less heat for the liquid PCM to transmit to the solid.

What has been formed is a vortex: this may be seen in Figure 3c. The distorted
shape of the melting front is thus caused by the convected, already melted, liquid
PCM giving of its heat to the solid PCM, and this interaction happening mainly
at the top part of the front. As heat is being taken away from the liquid, it can
no longer heat up the bottom part sufficiently to melt the solid PCM there. As
time progresses, this distortion becomes more and more severe, as seen in Figure
2c. This is partly to blame for the longing charging times in simple PCM -storages
consisting only of a volume filled with PCM. The phenomenom of natural convection
and non-uniform melting boundaries is also discussed by Tao and He [7].

(a) t = 279 s (b) t = 2790 s (c) t = 6975 s

Figure 2: Cavity (1.5cm × 1.5cm) heated from the left wall with insulation at the
top and bottom (∆T = 5 K).
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(a) Phase fraction α (b) Temperature (c) Vertical velocity

Figure 3: Cavity (1.5cm × 1.5cm) heated from the left wall with insulation at the
top and bottom at t = 2790 s (∆T = 5 K).
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3 The proposed heat exchanger/thermal battery
As was shown in the earlier section, a cavity filled with PCM takes a long time to
melt, partly because PCM’s have a low thermal conductivity. The distorted melting
front, which caused by natural convection of the melted PCM also does not help, as
heat is consumed disproportionately at the top part of the front. To use PCM’s for
thermal storage requires overcoming these barriers leading to long charging times.

As discussed in the Introduction, the idea investigated in this work is the following:
some high-conductivity material (HCM), in this case aluminum, is added to the
midst of the PCM. This is done with the intent that heat is carried more rapidly
along this HCM to different regions inside the thermal battery. This should have the
effect of reducing the time it takes for the PCM to melt, ie. the time it takes for
the battery to be charged; as melting may begin from several places, instead of the
melting front eminating from the heat source.

For the purposes of studying this proposed PCM-aluminum -thermal battery
somewhat systematically, the aluminum is formed into a symmetrical grid, which
is parameterized by the thickness of the aluminum fins and the distance between
them. The grid, along with the dimensions may be seen in Figures 4a and 4b. The
dimensions Lx, Ly, Lz are kept constant during the study.

This thermal battery is thought to connect to a heat exchanger on the side which
faces away from the viewed perspective in Figure 4a. This side is kept at a constant
temperature, either hot or cold depending on the mode of operation. All other sides
are considered to have perfect insulation; or in other terms a zero gradient -boundary
condition applied to them. The heat exchanger is the source of heat which charges
the battery, and the source of ’cold’ which discharges it, again depending on the
mode of operation. Both charging and discharging are to be investigated in order to
gain a total picture of the feasibility of this battery concept.
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(a) 3D image of the thermal battery.

(b) A schematic figure showing the di-
mensions of the grid. D refers to the
distance between the aluminum fins,
d is the thickness of these fins, and
Lx, Ly, Lz are the relevant lengths
that define the size of the battery.

Figure 4: A 3D view and schematic figure of the proposed thermal battery.
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3.1 3D CFD Simulations
As was discussed earlier, the melting and solidification of the PCM inside the
proposed thermal storage is a complex process, which necessitates the use of 3D
CFD-simulations. Through these simulations, insight is hopefully gained into how
natural convection influences the heat transfer from the walls to the melting front,
and how the aluminum fins act as carriers of heat from the heat source to the PCM.

All simulations are specified by a set of physical parameters. These are the
minimum temperature found in the battery Tmin; the maximal temperature Tmax;
the dimensions of the aluminum grid d and D; the melting (or crystallization)
temperature of the PCM Tmelt; and the quantities defining the material properties of
the PCM and aluminum (density, thermal conductivity etc.)

The problem is thus to understand how these physical parameters influence
the performance of the battery. The metrics that will be used to evaluate this
performance are the different thermal power quantities that influence how rapidly
the thermal battery may be charged or discharged. One metric is the instantaneous
power absorbed (or released) by the PCM upon phase change PP CM , defined by

PP CM = ρP CMVP CML
∂LF

∂t
, (14)

where VP CM is the volume of the PCM in the battery, and LF (t) is the liquid fraction,
defined by

LF (t) = 1
VP CM

∫︂
ΩP CM

γ(x, t)dV. (15)

Another is the instantaneous power transferred between the thermal battery and the
external heat exchanger Ptot, defined by

Ptot = κAlum

∫︂
Awall

∇T · ndA, (16)

which is attained by integrating the heat flux, as defined by Fouriers Law (Eqn. 12)
along the boundary between the storage and the ficticious heat exchanger.

As these quantities may vary during charging or discharging, one must also
consider the time averages P P CM and P tot, where time averaging is performed from
t = 0 to t = tm or t = ts; tm and ts refer to the time it takes for all the PCM in the
system to either melt or solidify. This means that LF (ts) = 0 and LF (tm) = 1.

To reiterate, the study is conducted to understand how these thermal power
quantities depend on the physical parameters which define our simulations. This
problem will be tackled by varying one physical parameter and holding all others
constant. These variations will be restated in terms of the relevant non-dimensional
numbers. These include the Grashof number Gr, defined by

Gr = gβ(Tmax − Tmelt)D3

ν2 . (17)

In the definition the temperature difference ∆T = Tmax − Tmelt is chosen due to the
fact that convection may only happen when the PCM is liquid, thus Tmin is irrelevant
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in this respect. The length scale may be chosen in a number of different ways; here
the distance between the aluminum fins D was chosen, as this is the smallest distance
limiting convection, and a distance which is found often in the symmetrical grid.
Another choice might be Lx, Ly or Lz, depending on the orientation of the battery
with respect to the gravitational field.

A non-dimensional temperature θ may also be defined, which relates the different
temperature levels found in the battery in the following way:

θ = Tmax − Tmelt

Tmelt − Tmin

. (18)

Other non-dimensional quantities of interest are the Prandtl number Pr = ν
α

and
the Stefan number Ste = cp∆T

L
, where ∆T is an appropriate temperature difference.

Concretely, 6 parameter variations are to be performed, with 18 simulations
in total; these are shown in Table 1. As mentioned in the previous section, the
dimensions of the battery are fixed to the ones shown in Table 2. This also shows
other parameters, which were kept constant during the variations. The physical
parameters defining the PCM are meant to mimic those of paraffin.

Table 1: The parameter variations to be performed.

Mode of Operation Varied parameter No. of cases
Parameter Variation 1 Charging(Melting) Geometry (d, D) 3
Parameter Variation 2 Discharging (Solidification) Geometry (d, D) 3
Parameter Variation 3 Charging (Melting) Temperature Tmax 3
Parameter Variation 4 Discharging (Solidification) Temperature Tmax 3
Parameter Variation 5 Charging (Melting) Temperature Tmin 3
Parameter Variation 6 Discharging (Solidification) Temperature Tmin 3

Table 2: The physical parameters which are kept constant.

Lx 106.5 mm
Ly 50 mm
Lz 216.5 mm
β 3.6910−4 1

K

ρP CM 762 kg
m3

ρAlum 2700 kg
m3

cp,P CM 2210 kJ
kgK

cp,Alum 900 kJ
kgK

µ 0.00246 kg
ms

κAlum 209 W
mK

L 207000 J
kg

Tmelt 326.15 K
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3.2 Parameter Variations 1 and 2: Variation of grid param-
eters

To understand how the thickness of the aluminum fins and the distance between
them influences the behavior of the system, three different grids are investigated,
where the refinement level of the grids is varied, while keeping other variables fixed.
This amounts to keeping the ratio d

D
constant, while varying D. The three geometries

produced by this variation are shown in Figures 5a-5c, along with the related non-
dimensional quantities. The actual dimensions used for the grids are found in Table
3 The Prandtl number was kept fixed at Pr = 56.2.

Table 3: The dimensions of the parameter variation.

d (mm) D (mm)
Gr = 131.82 1.5 3.5

Gr = 1054.55 3.0 7.0
Gr = 3559.09 4.5 10.5

(a) Gr = 131.82, θ =
0.24, VP CM = 0.00088 m3,
VAlum = 0.00027 m3

(b) Gr = 1054.55, θ =
0.24, VP CM = 0.00088 m3,
VAlum = 0.00027 m3

(c) Gr = 3559.09, θ =
0.24, VP CM = 0.00085 m3,
VAlum = 0.00030 m3

Figure 5: The geometries produced by the variation of inter-fin distance D.
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3.3 Parameter Variations 3 and 4: Variation of the maxi-
mum temperature Tmax

To understand how the hottest temperature Tmax found in the thermal battery
affects both the charging and the discharging, Parameter Variations 3 and 4 are
performed. In non-dimensional terms, this is equivalent to varying both Gr and θ,
as ∆T = Tmax − Tmelt is varied. The geometry is kept constant, with the geometry
used being that found in Figure 5a Ultimately, as in the earlier variations, the
goal is to understand how the charging and discharging power is related to these
non-dimensional quantities.

3.4 Parameter Variations 5 and 6: Variation of the mini-
mum temperature Tmin

To understand how the coldest temperature Tmin found in the thermal battery affects
both the charging and the discharging, Parameter Variations 5 and 6 are performed.
In non-dimensional terms, this is equivalent to varying θ.Again, the geometry is kept
constant, with the geometry used being that found in Figure 5a Ultimately, as in the
earlier variations, the goal is to understand how the charging and discharging power
is related to this variation. The correct interpretation of Tmin is expanded upon in
the sections dealing with each case.
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4 Simulation Results

4.1 Reference case
In order to find out to what degree the proposed thermal battery improves heat
transfer, a reference case was simulated. The reference case consists of a 3D cavity of
size (Lx,Ly,Lz)=(106.5 mm, 50 mm, 216.5 mm) filled with only PCM. The thermal
initial and boundary conditions are similar than those for the other cases, ie. one
wall is heated at Tmax, other walls are perfectly insulated and the initial temperature
is T0 = Tmin. In non-dimensional terms the reference case is defined by θ = 0.24,
Pr = 56.2 and Gr = 3.1 · 107, where Lz was used to define Gr.

Figures 6a-6i shows the time-series of the melting process from the side view
with gravity being directed downwards. Figures 6a-6c show the liquid fraction of
the PCM, which indicates the progression of the melting front. As may be seen, the
melting front is distorted in a similar fashion to the distortion found in the validation
cases. The reason for this distortion is the same as before: natural convection carries
heat away from the bottom part of the melting front, thus retarding its progression.
The formed vortex structure may be seen in Figures 6d-6f; in the last figure some
3D-flow effects may be seen, but the larger vortex caused by natural convection is
still present.

Looking at Table 4, the power metrics may be seen. This shows how a typical
TES filled only with a PCM may not be used in any application which requires short
charging - or discharging times. These quantities will used later to compare the
performance of the proposed battery.

Table 4: The results of the Reference Case. PP CM refers to the mean power absorbed
by the PCM while melting. Ptotal refers to the mean total power, this adds on to the
earlier the energy absorbed as sensible heat .Ptotal is defined by Equation 16 .

Case PP CM (W) Ptotal (W) Melting Time (s)
Gr = 3.1 · 107, θ = 0.24 3.3 4.9 54000
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(a) α(t = 10800) (b) α(t = 21600) (c) α(t = 43200)

(d) Uz(t = 10800) (e) Uz(t = 21600) (f) Uz(t = 43200)

(g) T (t = 10800) (h) T (t = 21600) (i) T (t = 43200)

Figure 6: Gr = 131.82, θ = 0.24 ie. the reference case from the side perspective.
What is shown are the melting fraction, vertical velocity and temperature fields.
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4.2 Parameter Variation 1: Geometric variation, Charging
(Melting)

To understand how the internal geometry of the aluminum grid effects the charging
process of the battery, three simulations were carried out. Initially, the system was
at T0 = Tmin with the PCM in solid form. At the boundary facing away in Figures
5a-5c, a constant temperature condition T = Tmax was applied. This is thought to
derive from an external heat exchanger, where a hot working fluid gives off its heat to
the battery, as mentioned earlier. At the other external boundaries, a zero gradient
-condition was applied, making them insulated. At the internal boundaries between
the PCM and Aluminum, a CHT-boundary condition was applied, as discussed
earlier.

4.2.1 Physical Fields

Figures 7a-7o, 8a-8o and 9a-9o show time-series of the relevant fields from the top,
side and 3D perspectives. Figures 7d-7f immediately show a difference between
the phenomena observed with Validation Case 1 in the absence of a grid, and the
temperature distribution present here. As Figure 7f illustrates, the temperature
distribution is slightly distorted towards the top part of the grid, but is nowhere
close to the distortion seen earlier in the absence of a grid. The grid is thus able
even out the distribution of heat, which was one of the problems discussed earlier in
relation to the melting of PCM’s.

A reason for this may be seen in Figures 8g-8i; as these figures show, the melting
begins to emanate from several places at once, as the heat needed for the melting
front to progress is carried out by the aluminum grid. Thus natural convection is
no longer the only effective mechanism for heat transfer from the heat source to
the melting front: the high-conductivity aluminum is able to carry out this transfer
through thermal diffusion. This effect may also be seen in Figures 7a,8a and 9a,
among others.

Comparing Figures 7h, 8h and 9h, the effect of changing the internal geometry
may be seen: the more dense the grid, the more easily heat is carried out to the still
solid PCM, leading to faster melting. This behaviour is quantified in the following
section, where the various metrics related to the thermal powers are discussed.
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(a) α(t = 400) (b) α(t = 800) (c) α(t = 1200)

(d) T (t = 400) (e) T (t = 800) (f) T (t = 1200)

(g) α(t = 400) (h) α(t = 800) (i) α(t = 1200)

(j) T (t = 400) (k) T (t = 800) (l) T (t = 1200)

(m) T (t = 400) (n) T (t = 800) (o) T (t = 1200)

Figure 7: Gr = 131.82, θ = 0.24, with views from the side, top and 3D perspectives.
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(a) α(t = 400) (b) α(t = 800) (c) α(t = 1200)

(d) T (t = 400) (e) T (t = 800) (f) T (t = 1200)

(g) α(t = 400) (h) α(t = 800) (i) α(t = 1200)

(j) T (t = 400) (k) T (t = 800) (l) T (t = 1200)

(m) T (t = 400) (n) T (t = 800) (o) T (t = 1200)

Figure 8: Gr = 1054.55, θ = 0.24 , with views from the side, top and 3D perspectives.
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(a) α(t = 400) (b) α(t = 800) (c) α(t = 1200)

(d) T (t = 400) (e) T (t = 800) (f) T (t = 1200)

(g) α(t = 400) (h) α(t = 800) (i) α(t = 1200)

(j) T (t = 400) (k) T (t = 800) (l) T (t = 1200)

(m) T (t = 400) (n) T (t = 800) (o) T (t = 1200)

Figure 9: Gr = 3559.09, θ = 0.24 , with views from the side, top and 3D perspectives.
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4.2.2 Power and melting curves, the total picture

Figures 10a, 10b, 11a-11c show the thermal power that is being absorbed by the
PCM in each of the cases. Figure 10a shows the total cooling power captured by the
system, calculated along the heated wall by

As may be seen, this peaks distinctly at the beginning, as the cold PCM+Aluminum
system at T0 = Tmin has yet to be heated by the hot wall at Tmax. As discussed
in the earlier sections, it may be considered that the heat provided to the thermal
battery comes from a ’fictional’ external heat exchanger, which operates as

Q = hA(T∞ − Ts), (19)

where h is the heat transfer coefficient of the fluid inside the heat exchanger providing
the heat to the thermal battery, A is the area over which this heat exchange takes
place and T∞ is the temperature at which this fluid enters this heat exchanger. Ts

is the mean temperature of the heat transfer surface, which in this case may be
considered Ts = Tmax; in the case of discharging the battery, it would be Ts = Tmin.
The thermal power of the external heat exchanger is equivalent to the total power,
ie. Q = Ptot.

A clearer picture is given by Figure 10b, which shows the power absorbed by the
PCM through the phase change process, calculated as in Eqn. 14 . It also shows
the mean values of these power curves, where the averaging was done from time
t = 0 until t = tm, when all the PCM had melted. Looking at the curves shown
individually in Figures 11a-11c, a similar shape may be seen: the power is highest at
the beginning, when the PCM melts most rapidly, with a dropping off in power as
time continues. Comparing the Figures, it may seen the relation between the initial
peak and the secondary one varies as Gr is varied.

From this it may seen that the case Gr = 131.82, θ = 0.24 has both the highest
peak power, highest mean power and the shortest melting time. The values of these
may be found in Table 5. The case with the highest power corresponds to the shortest
distance between the fins in the grid, ie. in this case the grid is most dense. This
would seem to indicate the sensibility of the working idea: Aluminum, having high
conductivity, improves the melting characteristics of the battery. The more this
aluminum there is in one area, the better. The longer the distances between the
aluminum fins, the smaller the power achieved for charging the battery. Based on
this the grid in this, and in any thermal battery using PCM’s should be as dense as
possible. This however adds on to the manufacturing complexity: smaller distinct
shapes are more difficult to manufacture.
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(a) Total power supplied to the system. (b) Power being absorbed by the PCM

Figure 10: Power curves for the cases, where the curves indicate instantaneous power
being absorbed by the PCM, the mean power absorbed by the PCM and the mean
total power being supplied to the system.

(a) Gr = 131.82, θ = 0.24 (b) Gr = 1054.55, θ = 0.24 (c) Gr = 3559.09, θ = 0.24

Figure 11: Power curves for the cases, where the curves indicate instantaneous power
being absorbed by the PCM, the mean power absorbed by the PCM and the mean
total power being supplied to the system.

Table 5: The results of Variation 2 while discharging the battery. PP CM refers to
the mean power absorbed by the PCM while melting. Ptotal refers to the mean total
power, this adds on to the earlier the power absorbed by the Aluminum grid.Ptotal is
defined by Equation 16 .

Case PP CM (W) Ptotal (W) Melting Time (s)
Gr = 131.82, θ = 0.24 136 179 1436

Gr = 1054.55, θ = 0.24 48 75 2300
Gr = 3559.09, θ = 0.24 35 57 3200
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4.3 Parameter Variation 2: Geometric variation, discharg-
ing

Now the previous variation will be repeated in reverse. Thus, what will be considered
is a thermal battery filled with already liquid PCM at temperature Tmax, and apply
a colder temperature Tmin on the non-insulated surface in order to discharge the
battery. The same three cases will be considered: grids with the fin thicknesses being
d = 1.5mm, d = 3.0mm, and d = 4.5mm or in non-dimensional terms, Gr = 131.82,
Gr = 1054.55 and Gr = 3559.09, respectively. The non-dimensional temperature
and Prandtl number are held constant at θ = 0.24 and Pr = 56.2

The purpose is thus to find out how varying the internal geometry of the thermal
battery influences the power that can be achieved during the discharging process.
What must also be found out is the time it takes to discharge the battery.

4.3.1 Physical fields

Figures 12a-12o, 13a-13o and 14a-14o show the time series of the temperature T and
melting fraction α from the side, top and 3D views. From these some similarities
may be seen in comparison to the previous variation. The denser grid is now able
to transport ’cold’ more quickly into the midst of the PCM, thus allowing the
solidification to take place quite rapidly; this may be seen when comparing Figures
12g, 13g and 14g.

As discussed earlier, PCM’s may almost be consider insulators due to their low
thermal conductivity, ie. αP CM << αAlum. A typical estimation of the time it takes
from diffusion to take place over a given distance is

t ∝ D2

αP CM

. (20)

Thus the time it takes for diffusion to take place in the PCM is increased as the
distance increases, while already being high due to αP CM being small. This effect is
illustrated in Figures 12k, 13k and 14k.

The effect of natural convection may again be seen, although this is even slighter
than in the previous variation. Figure 12d shows a slightly distorted temperature
distribution, where the distortion, and convection are now inverted: as the liquid
PCM becomes colder, it sinks and meets the solidification front. Thus the ’bulging’
of the front is now present in the bottom part, as the figure shows.
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(a) α(t = 400) (b) α(t = 800) (c) α(t = 1200)

(d) T (t = 400) (e) T (t = 800) (f) T (t = 1200)

(g) α(t = 400) (h) α(t = 800) (i) α(t = 1200)

(j) T (t = 400) (k) T (t = 800) (l) T (t = 1200)

(m) T (t = 400) (n) T (t = 800) (o) T (t = 1200)

Figure 12: Gr = 131.82, θ = 0.24, with views from the side, top and 3D perspectives.
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(a) α(t = 400) (b) α(t = 800) (c) α(t = 1200)

(d) T (t = 400) (e) T (t = 800) (f) T (t = 1200)

(g) α(t = 400) (h) α(t = 800) (i) α(t = 1200)

(j) T (t = 400) (k) T (t = 800) (l) T (t = 1200)

(m) T (t = 400) (n) T (t = 800) (o) T (t = 1200)

Figure 13: Gr = 1054.55, θ = 0.24 , with views from the side, top and 3D perspec-
tives.
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(a) α(t = 400) (b) α(t = 800) (c) α(t = 1200)

(d) T (t = 400) (e) T (t = 800) (f) T (t = 1200)

(g) α(t = 400) (h) α(t = 800) (i) α(t = 1200)

(j) T (t = 400) (k) T (t = 800) (l) T (t = 1200)

(m) T (t = 400) (n) T (t = 800) (o) T (t = 1200)

Figure 14: Gr = 3559.09, θ = 0.24 , with views from the side, top and 3D perspec-
tives.
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4.3.2 Power curves, the total picture

Figure 15a illustrates a similar behavior among all the three cases: the peak power
is achieved in the beginning, with a sharp exponential decrease as time progresses.
Figure 15b shows a similar pattern; the rate at which heat is being released by the
solidifying PCM peaks initially, and decreases thereafter. The effect of the geometric
variation may also be seen: as the inter-fin distance D (and thus Gr) increases, the
peak power decreases and the solidification time grows.

What may also be noted are the negative values of instantaneous power. As a
point of clarification, the power shown in Figure 15b is calculated by multiplying
Equation 14 with −1, as the liquid fraction LF (t) now decreases from LF (0) = 1 to
LF (ts) = 0 during the discharging process. The curve is in fact the instantaneous
power at which the PCM releases the latent heat stored in it. Thus a negative heating
power means at some point ∂LF (t)

∂t
> 0, ie. that some of the PCM re-melts. This

may be though of in the following way: at the beginning T0 = Tmax, so the heat
stored in the system is H0 = (mP CMcp,P CM + mAlumcp,Alum)Tmax + LF (0)mP CML.
As LF (t) and thus the amount of latent heat stored begins to decrease, there is still
enough heat stored in the system as sensible heat to re-melt some of the PCM. This
re-melting is greater than solidification only in the beginning, as the sensible heat
also decreases in the presence of the external cold-source. Even though the amount
of latent heat stored (LF (t)) does not decrease monotonically, Figure 15a shows that
the total power at which the external working fluid of the ’imaginary’ heat exchanger
is heated never falls below zero. Again this is the power at which the working fluid
of the ’imaginary’ external heat exchanger is heated.

Figures 16a, 16b and 16c show the individual power curves of the three cases.
What may be immediately seen in all cases is that the total mean power P total is
significantly higher than P P CM . This is due to the sensible heat stored in the battery,
this amounts to HS = (mP CMcp,P CM + mAlumcp,Alum)(Tmax − Tmin), where as the
latent heat stored is HL = mP CML. As the total heat stored is H = Hs + HL, the
total power is thus higher than the power derived from the crystallization of the
PCM.

Comparing these Figures further, the effect of changing the inter-fin distance D
may be seen: as D (and thus Gr) increases, the peak instantaneous power is reduced.
This also reduces the peak negative power. All in all, the amplitude in relation to
zero is reduced. Returning to Figure 15b, the overall shape of the curve remains
unchanged, the variation of D effectively only scales both the length and height of
the curve.

The exact numerical values of the mean power metrics are shown in Table 6.
This shows the effects discussed earlier: the case Gr = 131.82 is clearly the best of
the three in terms of all the considered metrics. Interestingly the total power for
the cases Gr = 1054.55 and Gr = 3559.09 are almost equal, even though there are
clear differences between the solidification times and the mean power released by the
latent heat of the PCM.
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(a) Total power supplied to the system. (b) Power being absorbed by the PCM

Figure 15: Power curves for the cases, where the curves indicate instantaneous power
being absorbed by the PCM, the mean power absorbed by the PCM and the mean
total power being supplied to the system.

(a) Gr = 131.82, θ = 0.24 (b) Gr = 1054.55, θ = 0.24

2

(c) Gr = 3559.09, θ = 0.24

Figure 16: Power curves for the cases, where the curves indicate instantaneous power
being absorbed by the PCM, the mean power absorbed by the PCM and the mean
total power being supplied to the system.

Table 6: The results of Variation 2 while discharging the battery. PP CM refers to
the mean power absorbed by the PCM while melting. Ptotal refers to the mean total
power, this adds on to the earlier the power absorbed by the Aluminum grid.Ptotal is
defined by Equation 16 .

Case PP CM (W) Ptotal (W) Solidification Time (s)
Gr = 131.82, θ = 0.24 549 1545 510

Gr = 1054.55, θ = 0.24 382 1050 846
Gr = 3559.09, θ = 0.24 306 1042 1333
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4.4 Parameter Variation 3: Tmax variation, charging
The illustrations of the physical fields will now be omitted, as these are mostly
repetitive in nature. As mentioned earlier, this and all following variations will be
performed on the geometry A in Figure 5a. The purpose of this variation is to
see how the input power to the thermal battery varies as the external temperature
at which this power is provided is varied. If this external power is thought to
derive from a district heating network, this is concerned with the temperature of
the incoming heated water/water vapour, as shown in Equation 19. The variation
of the temperature Tmax leads to varying both the Grashof number Gr and the
non-dimensional temperature θ, as per their earlier definitions.

4.4.1 Power curves, the total picture

Let us now look at the power curves produced by the variation. Figures 17a and 17b
show the total power and the PCM power for all three cases, where total power and
PCM power are defined in Equations 16 ja 14. Figure 17a shows how the total power
that is able be used for charging the battery declines severely as time progresses.
This decline has a similar pattern for all cases. A clearer picture of the differences
may be seen in Figure 17b: Here it may clearly be seen how increasing Tmax, and
thus increasing both θ and Gr, increases the mean power and shortens the melting
time of the PCM.

Figures 18a-18c show a distinct initial peak in power, where a large portion of
the PCM melts almost instantaneously. After this the power declines from this
initial high, and rises more slowly to a second peak, and declines to zero thereafter.
Looking at all the curves, it may be seen that increasing Tmax leads to increasing the
height and shortening the length of the curve, while keeping the shape approximately
similar.

Table 7 shows the different power quantities associated with each case. This shows
that the achieved power increases, and the melting time decreases, with temperature
Tmax being increased. This is a sensible result, as higher temperature difference
∆T = Tnax − Tmelt is equivalent to raising the power that may be achieved, by
definition (see Equation 12). Thus, the maximal power, both mean and instantaneous,
is achieved in the case Gr = 578.66, θ = 1.07. As was the case in the earlier variations,
the Prandtl number was held constant at Pr = 56.2.

Table 7: The results of Variation 3 while charging the battery. PP CM refers to the
mean power absorbed by the PCM while melting. Ptotal refers to the mean total
power, this adds on to the earlier the power absorbed by the Aluminum grid.Ptotal is
defined by Equation 16 .

Case PP CM (W) Ptotal (W) Melting Time (s)
Gr = 280.77, θ = 0.52 181 289 759
Gr = 429.71, θ = 0.80 267 448 536
Gr = 578.66, θ = 1.07 346 616 423
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(a) Total power supplied to the system. (b) Power being absorbed by the PCM

Figure 17: Power curves for the cases, where the curves indicate instantaneous power
being absorbed by the PCM, the mean power absorbed by the PCM and the mean
total power being supplied to the system.

(a) Gr = 280.77, θ = 0.52 (b) Gr = 429.71, θ = 0.80 (c) Gr = 578.66, θ = 1.07

Figure 18: Power curves for the cases, where the curves indicate instantaneous power
being absorbed by the PCM, the mean power absorbed by the PCM and the mean
total power being supplied to the system.
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4.5 Parameter Variation 4: Tmax variation, discharging
As with the previous variation, here the maximum temperature of the system is
varied as well, with a key distinction: the battery is now discharged, instead of the
previous charging. The external temperature is Tmin and Tmax refers to the maximum
temperature found in the system at any point in time. In the absence of other heat
sources, this temperature is found at t = 0, ie. T0 = Tmax. This may be interpreted
in the following way: Tmax is the temperature to which the system was heated to
during the previous charging in the case of perfect insulation. As in the real world
insulation is never perfect, a reasonable assumption is that the system was in fact
heated to a temperature higher than Tmax, and this temperature level has decreased
during time with heat losses.

As in the previous variation, the variation of the temperature Tmax leads to
varying both the Grashof number Gr and the non-dimensional temperature θ. In the
case of this variation, the main concern is finding out how the initial temperature of
the thermal battery affects the discharging process.

4.5.1 Power curves, the total picture

Figures 19a and 19b show the power curves produced by the variation. Figure 19a
looks similar to the previous cases, with a steady decline from the initial power level,
as the temperature differences begin to even out as time progresses. In Figure 19b
something different may be seen: the initial peak seems to make the rest of the curve
almost irrelevant.

Taking a closer look, as is done in Figures 21a-21b and 22a-22c, one may begin to
see what is happening. As may be seen in Figure 22a, the power at the beginning is
both positive and negative. This means that instead of the PCM just solidifying and
staying solid, some of the initially solidified PCM becomes liquid again ie. it melts.
This melted PCM solidifies yet again, leading to the swings in the power between the
positive and the negative. This phenomenon is absent in Figure 22c, as the initial
temperature T0 = Tmax in this case is higher. Due to the higher initial temperature,
less PCM may solidify instantaneously in the beginning, as it takes longer for it to
cool down. This leads to a more stable power curve, where no re-melting of the
already solidified PCM takes place.

Table 8 shows the mean power quantities and solidification times for all the cases.
The case Gr = 12.66, θ = 0.05 offers the highest discharging power for the battery.
The reason for this is clear: as the initial temperature difference ∆T = Tmax −Tmelt, it
takes a shorter time for the liquid PCM to cool down to the phase-change temperature
Tmelt. This allows for the solidification to occur more rapidly, and thus leads to a
higher heating power at which the external heat-exchanger working fluid is heated
up.

The explanation for the similar total solidification times is found in Figure 21b.
After the initial transient swing for solidification to melting and back to solidification
present in cases θ = 0.05 and θ = 0.24, all the power curves more or less coalesce.
The variation of the initial maximal temperature T0 = Tmax only seems to influence
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this initial transient part, with a small temperature difference ∆T leading to a large
initial swing where power is both positive and negative.

(a) Total power supplied to the system. (b) Power being absorbed by the PCM

Figure 19: Power curves for the cases, where the curves indicate instantaneous power
being absorbed by the PCM, the mean power absorbed by the PCM and the mean
total power being supplied to the system.

(a) Gr = 12.66, θ = 0.05 (b) Gr = 57.34, θ = 0.24 (c) Gr = 206.29, θ = 0.86

Figure 20: Power curves for the cases, where the curves indicate instantaneous power
being absorbed by the PCM, the mean power absorbed by the PCM and the mean
total power being supplied to the system.

Table 8: The results of Variation 4 while discharging the battery. PP CM refers to
the mean power absorbed by the PCM while melting. Ptotal refers to the mean total
power, this adds on to the earlier the power absorbed by the Aluminum grid.Ptotal is
defined by Equation 16 .

Case PP CM (W) Ptotal (W) Solidification Time (s)
Gr = 12.66, θ = 0.05 916 709 1155
Gr = 57.34, θ = 0.24 351 717 1157
Gr = 206.29, θ = 0.86 279 793 1158
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(a) Total power supplied to the system. (b) Power being absorbed by the PCM

Figure 21: A closer look at the earlier power curves for the cases, where the curves
indicate instantaneous power being absorbed by the PCM, the mean power absorbed
by the PCM and the mean total power being supplied to the system.

(a) Gr = 12.66, θ = 0.05 (b) Gr = 57.34, θ = 0.24 (c) Gr = 206.29, θ = 0.86

Figure 22: A closer look at the earlier power curves for the cases, where the curves
indicate instantaneous power being absorbed by the PCM, the mean power absorbed
by the PCM and the mean total power being supplied to the system.
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4.6 Parameter Variation 5: Tmin variation, charging
The variation of the minimal temperature Tmin whilst charging will now be investi-
gated. As Tmin refers to the lowest temperature found at any point in time in the
system, in the absence of external sources of coldness the initial temperature is the
coldest, ie. T0 = Tmin. This initial cold temperature may be considered to be the
temperature to which the thermal battery was cooled to during the previous dis-
charging. This of course assumes perfect insulation, or a lower ambient temperature
than even Tmin. Even so, this gives some insight into what sort of performance to
expect from the battery for a given initial temperature.

In non-dimensional terms, this leads to varying only the non-dimensional tem-
perature θ, as per its definition, whilst keeping other quantities constant. Thus
increasing Tmin leads to increasing θ, and the reverse in the other case.

4.6.1 Power curves, the total picture

Looking at Figure 23a, the now already familiar decreasing curve may be seen, as
initially high temperature differences even out as time progresses. Figure 23b shows
the effect of the conducted variation quite clearly: as Tmin, and thus θ, increases, this
raises both the initial transient peak and the general profile of the power curves, while
shortening their length (this refers to the point of the curves coinciding with zero).
This effect may also be seen in Figures 24a-24c, which show very similar profiles for
all the cases. What changes is the relation of the initial peak to the secondary peak:
in Figure 24a the initial peak is lower than the secondary one; where as in Figure
24c, the initial peak is higher than the secondary one. This may be explained in
the following way: as Tmin increases, more PCM may melt almost instantaneously,
as less heat is needed to heat up the PCM to the melting temperature from the
initial cold one. This leaves less PCM to melt during the rest of the process, thus
decreasing the secondary peak.

The numerical details of each of the cases is provided in Table 9. Here the
mean PCM power, defined as in Equation 14, increases with increasing Tmin (and θ).
However, the mean total power, defined as in Equation 16, decreases as θ increases.
This may be seen to be due to aluminum having a different specific heat capacity and
density than the PCM: as Tmin is increased, less ’cold’ is stored in the aluminum;
thus the ’cold’ contributes proportionally less than the ’cold’ stored in the PCM
as simple heat and in the latent heat. This proportion decreases with increasing
Tmin, thus the observed effect. If aluminum were to be replaced with another high
conductivity material having the same density and specific heat capacity as the PCM,
this effect would not be relevant.
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(a) Total power supplied to the system. (b) Power being absorbed by the PCM

Figure 23: Power curves for the cases, where the curves indicate instantaneous power
being absorbed by the PCM, the mean power absorbed by the PCM and the mean
total power being supplied to the system.

(a) Gr = 131.82, θ = 0.34 (b) Gr = 131.82, θ = 0.55 (c) Gr = 131.82, θ = 1.44

Figure 24: Power curves for the cases, where the curves indicate instantaneous power
being absorbed by the PCM, the mean power absorbed by the PCM and the mean
total power being supplied to the system.

Table 9: The results of Variation 5 while charging the battery. PP CM refers to the
mean power absorbed by the PCM while melting. Ptotal refers to the mean total
power, this adds on to the earlier the power absorbed by the Aluminum grid.Ptotal is
defined by Equation 16 .

Case PP CM (W) Ptotal (W) Solidification Time (s)
Gr = 131.82, θ = 0.34 90 134 1408
Gr = 131.82, θ = 0.55 93 127 1373
Gr = 131.82, θ = 1.44 99 122 1321
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4.7 Parameter Variation 6: Tmin variation, discharging
As in the earlier variation, let us vary Tmin in the case of discharging the battery.
The geometry will again the same, ie. the one shown in Figure 5a. The goal is to
understand how an externally applied colder temperature influences the discharging
process. The rationale is similar to that used in Section 4.4, but in reverse: Tmin

may now be thought of as the mean temperature on the heat transfer surface of the
external heat exchanger, where the even colder temperature T∞ is the temperature
at which this cold working fluid enters the heat exchanger.

As was the case in the earlier variations, Tmax refers to the hottest temperature
found in the thermal battery: in the absence of external heat sources, this is the
initial temperature of the system, ie. T0 = Tmax. This may be considered as the
temperature to which the thermal battery was heated up to during the previous
charging process. As always, insulation is not perfect (even though this is assumed
in our simulations); thus it may be considered that the battery was heated to an
even higher temperature, where the heat has leaked out somewhat due to imperfect
insulation.

4.7.1 Power curves, the total picture

Looking at Figure 25a, a more visible difference is now seen in the total instantaneous
power achieved between each case. The case θ = 1.44 especially decreases very
rapidly towards almost zero, before following the other curves and stabilizing. Upon
looking at Figure 25b, clear differences between the cases may again be seen. As
Tmin, and thus θ, increases, the instantaneous power decreases. The power curves
still have similar shapes, with the amplitude clearly depending on θ. What may also
be seem is an instance of negative heating power, ie. the PCM begins to re-melt
for a short period before continuing on the solidifying trend, thus heating up the
external working fluid running in the ’imaginary’ heat exchanger.

Figures 26a-26c show that the peak negative power reached is virtually the same
in all three cases. What changes is peak positive power that may be achieved.
This has a very clear explanation: As Tmin is increased, the temperature difference
Tmax − Tmin decreases. As discussed earlier in relation to Fourier’s law (Equation
12), heat transfers between temperature differences and the larger this temperature
difference is, the more heat is transferred. Thus, as the maximum temperature
difference found in the system at any time is decreased, what may be rationally
expected is to have a decrease in the power that is achieved from discharging the
system. As before, the numerical details are found in Table 10.
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(a) Total power supplied to the system. (b) Power being absorbed by the PCM

Figure 25: Power curves for the cases, where the curves indicate instantaneous power
being absorbed by the PCM, the mean power absorbed by the PCM and the mean
total power being supplied to the system.

(a) Gr = 131.82, θ = 0.34 (b) Gr = 131.82, θ = 0.55 (c) Gr = 131.82, θ = 1.44

Figure 26: Power curves for the cases, where the curves indicate instantaneous power
being absorbed by the PCM, the mean power absorbed by the PCM and the mean
total power being supplied to the system.

Table 10: The results of Variation 6 while discharging the battery. PP CM refers to
the mean power absorbed by the PCM while melting. Ptotal refers to the mean total
power, this adds on to the earlier the power absorbed by the Aluminum grid.Ptotal is
defined by Equation 16 .

Case PP CMr (W) Ptotal (W) Melting Time (s)
Gr = 131.82, θ = 0.34 426 1147 766
Gr = 131.82, θ = 0.55 287 752 1160
Gr = 131.82, θ = 1.44 121 344 3280
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4.8 Summary and discussion of the results
The results of the variations are gathered in Tables 11, 12, 13 and 14. Focusing on
Table 11, one may see how the mean total power achieved while charging increases
while increasing Tmax; this was discussed earlier in Section 4.4. One may find a linear
correlation with θ and P total, while keeping Tmin constant.

Changing the minimum temperature while charging results in a different corre-
lation. As Tmin is decreased (and thus θ), P total decreases exponentially from the
value found at Gr = 131.82, θ = 0.24. As was discussed earlier in Section 4.6, this is
due to the sensible heat, or rather in this case "cold", stored in both the aluminum
grid and the PCM decreasing as Tmin is increased. Thus less heat may be absorbed
by the thermal battery as sensible heat, which leads to a decrease in total power.

Comparing the results achieved with this conceptual battery to the reference case
of Section 4.1, a clear performance increase may be seen on all metrics. Comparing
the charging results for θ = 0.24, in the worst case a ten-fold increase in P P CM (and
P P CM) is achieved; in the best case this amounts to a fourty-fold increase on these
metrics. Additionally, charging times are decreased as a result. It can be summarized
that the proposed concept of embedding an Aluminum grid in the PCM has clear
performance benefits. This also further confirms the order-of-magnitude performance
benefits noted by [6].

Similar trends may be found in the data for discharging the battery. As may
be seen in Table 14, P P CM decreases linearly while the minimum temperature
Tmin is increased; where as increasing the maximum temperature Tmax leads to an
exponential decrease in the achieved discharging power. This decrease is more clearly
visible in Table 8 in Section 4.5.

As was seen in Sections 4.2 and 4.3, the smaller the distance between the fins D,
the better. Thus, it is beneficial to use as dense a grid as possible, while keeping in
mind that the high conductivity material (in this case Aluminum) takes space away
from the PCM.

As the purpose of the proposed battery is to act as a latent heat storage, the
relevant measure of performance is P P CM . Here based on the results of Section 4.6,
which are also shown in Table 13, one may see how the initial temperature Tmin

affects the charging of the battery: As Tmin increases and approaches Tmelting, P P CM

increases. As was already discussed earlier, this is due to the fact that the PCM
requires less heating to reach its melting point, thus more of the provided heat may
be absorbed as latent heat almost immediately.

A similar effect is seen while discharging the battery, as discussed in Section
4.5: as the initial temperature, which in the case of discharging is Tmax, approaches
Tmelting, P P CM increases quite significantly. This is due to the same effect as in the
case of charging: the closer Tmax is to Tmelting, the less sensible heat is stored in
the aluminum and the PCM, thus there is less of a need to cool the battery to the
melting temperature. This allows for the solidification of the PCM to begin earlier,
which leads to an increase in power.

The initial temperatures, Tmax in the case of discharging, and Tmin in the case
of charging, are connected to the operation of the battery during the previous
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charging/discharging cycle. This is to say that the temperature to which the battery
is cooled down to during discharging is the initial temperature Tmin at which the
next charging cycle begins, and vice versa. This of course assumes perfect insulation,
which is unrealistic, but even a well insulated battery might conceivable maintain a
temperature close to the one at which the previous cycle was completed. Thus if one
might control this charging and discharging in such a way that the temperature of
the PCM does not deviate significantly from Tmelting, one might be able to achieve
an increase in power purely from operating it in an optimal fashion.

One possible way to achieve this optimal charging and discharging is now discussed.
For charging, the goal is to have the PCM absorb the energy

HL = mP CML, (21)

which is the total amount of latent heat absorbable by the PCM. As the addition
of any heat after this would be absorbed as sensible heat by both the PCM and
aluminum, it is crucial that charging is stopped, once∫︂ tstop

0
Ptotal(t)dt = mP CML. (22)

This is to say that after the amount of heat corresponding to HL has been transferred
from the external heat exchanger to the thermal battery, one must stop the charging
process. At tstop, not all of the heat has yet been absorbed by the PCM as latent
heat; due to aluminum having a higher thermal conductivity, it will be at a higher
temperature at tstop. In addition to this, some of the melted PCM closer to the heat
source will have reach a temperature exceeding Tmelting. However, after the external
heat source which provided the energy to charge the battery is removed, the higher
temperature aluminum and PCM, which is at T > Tmelting, will act as an internal
heat source, and will provide the heat necessesary to melt the remaining solid PCM,
which exists at T < Tmelting. Thus the end-result will be a thermal battery filled with
liquid PCM at a temperature close to the melting temperature, which will enable
fast discharging.

A similar procedure can be performed while discharging the battery. After the
amount of heat corresponding to the latent heat HL has been transferred from
the battery to the external heat exchanger working fluid, one must again stop
the discharging process. At this point, some liquid PCM will still remain at a
temperature T > Tmelting, while some of the solid PCM and aluminum have reached
some temperature T < Tmelting. After the external source of ’cold’ is removed, the
internal temperature differences will stabilize. Thus, the end-result will be a thermal
battery filled with solid PCM at a temperature close to Tmelting. This fill enable the
battery to be charged faster during the next charging cycle.

Operating the battery in such a way should guarentee higher performance over
several cycles. This is however outside the scope of this study, and will not be
discussed further.
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Table 11: All the results for P total in one table for charging.

(Gr \ θ ) θ = 0.24 θ = 0.34 θ = 0.52 θ = 0.55 θ = 0.80 θ = 1.07 θ = 1.44
Gr = 131.82 179 134 - 127 - - 122
Gr = 280.77 - - 289 - - - -
Gr = 429.71 - - - - 448 - -
Gr = 578.66 - - - - - 616 -
Gr = 1054.55 75 - - - - - -
Gr = 3559.09 57 - - - - - -

Table 12: All the results for P total in one table for discharging.

(Gr \ θ ) θ = 0.05 θ = 0.24 θ = 0.34 θ = 0.55 θ = 0.86 θ = 1.44
Gr = 12.66 709 - - - - -
Gr = 57.34 - 717 - - - -
Gr = 131.82 - 1545 1147 752 - 344
Gr = 206.29 - - - - 793 -
Gr = 1054.55 - 1050 - - - -
Gr = 3559.09 - 1042 - - - -

Table 13: All the results for P P CM in one table for charging.

(Gr \ θ ) θ = 0.24 θ = 0.34 θ = 0.52 θ = 0.55 θ = 0.80 θ = 1.07 θ = 1.44
Gr = 131.82 136 90 - 93 - - 99
Gr = 280.77 - - 181 - - - -
Gr = 429.71 - - - - 267 - -
Gr = 578.66 - - - - - 346 -
Gr = 1054.55 48 - - - - - -
Gr = 3559.09 35 - - - - - -

Table 14: All the results for P P CM in one table for discharging.

(Gr \ θ ) θ = 0.05 θ = 0.24 θ = 0.34 θ = 0.55 θ = 0.86 θ = 1.44
Gr = 12.66 916 - - - - -
Gr = 57.34 - 351 - - - -
Gr = 131.82 - 549 426 287 - 121
Gr = 206.29 - - - - 279 -
Gr = 1054.55 - 382 - - - -
Gr = 3559.09 - 306 - - - -



50

5 Conclusions
In this thesis, the concept of embedding an Aluminum grid into a PCM storage
was studied. This study was embarked upon in the hopes of achieving performance
benefits, which would enable such a thermal storage to be able to act as a dynamic
part of a larger thermal energy system. This concept was studied by performing
simulations with the simulation software OpenFOAM, in order to gather quantitative
data of the relevant metrics for power storage, and also to gain an understanding into
the melting and solidification processes and their interplay with the other various
heat transfer phenomena present in the system.

The numerical tools used in this study were validated against reference data from
literature. With this, the results of the simulations could be trusted and further
analyzed.

The study consisted of several parameter variations, which were performed in order
to achieve a systematic understanding into how the different parameters influence
the operation of the battery, in both charging and discharging. The results of the
parameter variations indicate, that it is beneficial for the metal grid to be as dense as
possible. In addition, the higher external charging temperatures and lower discharging
temperatures will lead to higher achievable charging and discharing power’s, and
correspondingly, shorter charging and discharing times. Furthermore, based on the
results of the parameter variations, an optimized way of operating the battery over
several charging/discharging cycles was proposed.

The analysis of the results shows that the proposed system is indeed capable of
achieving the hoped performance benefits. Performance was increased on all metrics,
from increased charging power to reduced charging times. Thus it may be concluded
that the proposed battery may be used as a component part of a larger system, being
able to store heat and release it quickly.
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