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Abstract—A solution to use domestic heat energy more ef-
ficiently is the addition of a heat battery to a boiler. The
heat battery contains a phase change material (PCM), with low
conductivity and high specific heat, and can store the residual
heat energy efficiently. Paraffin wax is a suited material for this
application because of its high latent heat storage. However,
the low conductivity of paraffin wax is a problem in terms
of storage time. In this research, a finned tube was used to
tackle this problem and there has been investigated if the heat
battery could be suited for a domestic application. To measure
the effectiveness of the finned tube a numerical model and an
experiment were designed. In this experiment, a water source,
adjustable in temperature and flow rate, was connected to a tube
with no fins and the finned tube. The temperature and heat flux
were measured to look at the effect of the fin structure. This
was also done in the numerical model to compare the results.
The results showed that with the finned tube it took about 60
minutes to extract the heat from the PCM whereas with the tube
without fins it took almost five hours. From these results can be
concluded that this method is promising but not yet good enough
to be used in a domestic application.

1. INTRODUCTION

One of the biggest problems the world is currently facing
is climate change. The world population grows exponentially
and so does the demand for energy and heat storage [1]. One
solution is to make energy sources more sustainable such as
the use of solar boilers and geothermal heat. On the other hand,
heat generated can also be used more efficiently especially
in terms of storage [11]. The usage and storage of energy
in a more efficient way has therefore become of increasing
international importance [5].

A solution to deal with heat more efficiently is to raise
the efficiency of a boiler by addition of a heat battery. In a
boiler, the water is constantly held at a high temperature to
contain a lot of thermal energy. To illustrate this, a kitchen
boiler of about 10 liters contains approximately 1600kJ of
energy. This thermal energy is unused most of the time and
will slowly dissipate to the environment. A heat battery on the
other hand contains a Phase Change Material (PCM) in which
this energy can temporarily be stored and later released from
again by changing phase. The special properties of a PCM
make it possible to reduce the total difference in temperature
needed. For example, when 1 kg of a PCM like paraffin wax
undergoes a phase change about 180 kJ of thermal energy is
released. With this amount of thermal energy 1 kg of water
can be raised more than 40°C. [16]. Van der Stoel’s research
has shown that paraffin wax is one of the PCM’s that fits the

application of a heat battery best [16]. The main problem with
paraffin wax is the low thermal conductivity, which makes the
heat transfer very time-consuming. Paraffin wax is only suited
for this domestic application if it is possible to extract the
heat from it within 15 minutes. To this day is not possible to
release energy in such a short amount of time. As the storage
may take a little longer it is especially important to look at
the solidification process. The heat transfer through a material
can be raised in several ways. First, it is possible to raise
the thermal conductivity by the addition of nanoparticles of a
material with higher conductivity. When, for example, small
aluminum particles are added to the PCM, the overall thermal
conductivity will increase [3]. Additionally, a fin structure can
be added. The addition of a fin structure made from a material
with high thermal conductivity enlarges the surface area and
ensures the heat conduction to be increased [4]. The use of fins
and nanoparticles has been investigated both separately and
combined. From this research, it was found that for melting as
well as for solidification PCM the use of only fins resulted in
the most significant improvement [8] [9]. Another additional
problem with the nanoparticles is the sedimentation of the
particles [7]. Two other techniques used in previous research
to increase the heat transfer were the use of a heat pipe network
[15] or metal foams [6].

Fig. 1. Spirotube

The objective of this research was to raise the heat flux
to, and from the paraffin wax, and shorten the process of
heat transfer so it can be used in a domestic application. A
finned copper tube, a Spirotube, seen in figure 1 was used
to accomplish this. The addition of fins will increase the
contact surface with the PCM and therefore the heat flux. This
objective has led to the following research question: *What is
the effect of a fin structure on the thermal energy storage in
a heat battery of paraffin wax-based phase change material
for domestic applications?” This study hypothesized that by



the addition of a fin structure, and thus the surface area, the
overall heat flux of the heat battery would increase. Therefore
the PCM would be able to release the heat to the water fast
enough to be used in a domestic application.

The research question got tackled in two parts. First of all,
a numerical model based on a literature study was made in
MATLAB to provide theoretical insight on the subject. The
numerical model was used to validate the experiments that
have been done in the lab. In these experiments, warm and
cold water was led through a Spirotube, and a regular tube,
with a paraffin wax shell. In these experiments, the heat flow,
run time, melting border, and temperature were measured. This
was done with the information given of the water source and
the use of thermocouples.

The structure of the paper is as follows: in section II
the theory behind the heat battery will be explained and
the numerical model will be discussed. In section III, the
methodology of the experimental research and the test setup
will be discussed. The results of the experiments can be found
in section IV, the results. These results will be followed by the
discussion in section V, in which both the experimental work
as well as the numerical model are critically reviewed and the
results put in perspective. The paper ends with sections VI
and VII, the conclusion, and recommendations for potential
follow-up research.

This research has been conducted as part of the Bachelor
End Project for Mechanical Engineering students at the TU
Delft in the third Bachelor year.

II. THEORY
TABLE I
PROPERTIES
Symbol Property Unit
Q Thermal Energy J
cp Heat coefficient J/kg K
m Mass kg
m Flow rate kg/s
T Temperature °C
T Temperature difference °C
h specific enthalpy kJ/kg
hiatent Latent heat kl/kg
To Start temperature °C
T¢ Final temperature °C
Tm Melt temperature °C
Tm Melting range °C
Density m3=kg
t Time S
Fo Fourier number -
k Thermal conductivity W/m K
q Heat flux W/m?
A Area m?

A. Background theory

The goal of a heat battery is to store and release thermal
energy with the use of a phase change material (PCM). There-
fore a distinction will be made between two different types
of thermal energy storage, sensible heat storage (SHS) and
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latent heat storage (LHS). Sensible heat storage occurs when
a material is heated. This causes an increase in temperature
which follows the equation:

Qshs =cpm T

D

In a PCM the sensible heat storage takes place until the phase
change occurs. During a phase change, the PCM will remain
at an almost constant temperature while heat energy is still
transferred into the PCM. This is called latent heat storage.
The theoretical latent heat stored in this phase change follows
the equation:
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When the phase change has finished sensible heat storage
continues. This results in the theoretical total heat storage
equation [16]:

Q =mcp(Tm Tm) @)

With this equation, the total heat energy stored in or released
from the PCM can be calculated. In practice, most PCM’s
have no real melting point but a melting range. This means
the latent heat storage process occurs over a temperature range.
Nevertheless, the total amount of latent heat stored is the same.
This theoretical process of heat storage is depicted in figure
2. The slope of the graph in the sensible range is equal to the
specific heat capacity, which is assumed equal in solid and
liquid phase [16].

QuHs =M hjatent

To) +m hIatent + me(Tf

Temperature

Sensible
A

Temperature of )
Phase Change

7
&
‘774
/A

Y

Range of temperature
control

/ Latent

7 sensible

P Stored Heat
Fig. 2. Sensible and latent heat over temperature and stored heat [14]

Another important aspect of the heat battery is the heat
transfer rate from and to the PCM. The model used only
takes conduction into account since radiation and convection
are almost negligible within the PCM. As paraffin wax has
a very poor thermal conductivity, the heat transfer may be a
slow process. The theoretical rate at which heat transfer occurs
in a material through respectively one-dimensional and two-
dimensional conduction are based on the equations [10]:

eT _ e°T
o ar =Ko 4)
eT _ e T . e%T
Cpﬁ = k(oxz + 7@),2) (5)

With the use of the Finite-Difference Method, these dif-
ferential equations are converted to numerical equations, this
will be discussed in the next section. Apart from the heat
transferred over the surface of the tube, it is possible to further



increase the heat transfer. The best one applicable and most
efficient one being: increase the surface area with the use of
fins[8] [9]. Thereby realizing a tube with fins on its outer
surface, the Spirotube figure 1. The surface area scales linearly
with the heat transfer in the equation:

Q=0A (6)

The shape and the thermal energy transfer of a Spirotube
are very complicated to simulate. The complex structure can
be seen in Figure 1. However, it makes mainly use of a fin
structure which can be simplified and simulated to understand
how the fin structure conducts the thermal energy to the PCM.
This will be used in the numerical two-dimensional model.

B. Numerical model

1) Equations: A numerical model was made in MATLAB
ver. R2020a to apply the background theory and to compare
it to the test results. The model aims to provide a simulation
of how, and at what rate, the heat transfer would take place
in the setup based on the equations from section A. This was
done in a two-dimensional model where instead of thermal
energy the specific enthalpy "h’ in kJ/kg was used to measure
the thermal energy stored in, and released from the PCM.
The Finite-Difference Method for two-dimensional unsteady
conduction was used to model the heat transfer. As described
in Mills (Section 3.5.2) it is a method in which the spatial
and time coordinates are discretized to form a mesh of nodes.
This with the use of dx and dy to discretize distance, and dt
to discretize time. After that, finite-difference approximations
are made of the derivatives that appear in the heat conduction
equation to convert the differential equation to an algebraic
difference equation [10]. The general equation used is from
Mills table 3.9 Item 1 [10]:

Trln+% :FOX(Trin 1;n + Trin+1;n) + I:Oy(Trin;n 1 + Trin;n+1)
+(1 2Fox 2Fo0y)Th.,
(7
With:
t .t k
Fo= et FOmyet =, ©

The Fourier numbers are limited by the critical time step which
is the relation between x/ y and and gives the largest
time step that can be used. At the borders of the PCM, a few
boundary conditions were used according to items 3 and 4
from table 3.9 in Mills[10].

The sensible heat storage and latent heat storage in kJ/kg
are modeled respectively with the equations:

hsps =¢, T &)
T,.;Finish (T—To)?
hLhs = [cp + %ﬁ;:te 25 AT (10)
T,.;Start 2

As shown in equation 10 the latent heat is modeled with the
use of a Gaussian function to model the change of cp over the
desired temperature range. This results in a peak in melting
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or solidification. This causes the specific enthalpy to rise or
decay significantly while the temperature changes very little,
until all the latent heat, has been transferred. The area under
the curve of the Gaussian function is equal to the total latent
heat in kJ/kg.

The fins are incorporated into the rest of the model by
assigning certain nodes in a horizontal row a constant tempera-
ture while the rest of the nodes follow the normal conduction
equations. This creates the fins in the mesh of nodes. The
constant temperature of the fins is equal to the temperature of
the center tube and helps to conduct the heat energy into the
PCM.

2) Assumptions: In the numerical model, several assump-
tions were made which will be discussed in this section.

TABLE 11
PROPERTIES PARAFFIN WAX

Property Value Unit
cp 2100  J/kgK
k 0.2 W/m K
hlatent 180 kJ/kg
par 780  m3=kg
Tm 52-56 °C

The largest assumption made in the model is that the whole
Spirotube, fins included, is considered to be at a constant
temperature. This applies to the Spirotube with the assumption
that the water flows at a sufficiently high rate to realize
a constant temperature over the whole Spirotube. The high
conductivity of the Spirotube enables the thermal energy to
be equally conducted to every part of the Spirotube both
in storage and release. Additionally, is the assumption used
that the whole system is adiabatic, thus no losses to the
surroundings.

Another assumption is that the material properties of the
paraffin wax were taken as a constant instead of a variable over
temperature or other parameters. The thermal conductivity
and the density of the paraffin wax were assumed to be
constant instead of temperature-dependent, and the specific
heat capacity of the paraffin wax was assumed to be not phase-
dependent. Only in the latent range, the specific heat capacity
changed temporarily as explained earlier. Furthermore, the
latent heat energy that can be stored in the paraffin wax was
assumed to be a fixed value while in reality, it is in the range
of 170-190 kJ/kg.

A few other physical phenomena which were not incorpo-
rated into the model are: The flow behavior of the PCM in the
liquid phase in terms of convective heat transfer, the volume
change of the paraffin wax after phase change and the effects
of gravity. Furthermore, only heat transfer through conduction
has been taken into account and the complex structure of
the Spirotube is simplified into a tube with simple fins in
the model. Finally, the model is two-dimensional while the
reality is three-dimensional, so any three-dimensional effects
have not been taken into account. The heat transfer in a three-






