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Abstract 
A computer simulation was done in COMSOL Mulitphysics 5.1, on heat transfer in rods 
filled with phase change material (PCM). The main objective was to compare the rods 
rate of heat transfer at two different orientations, horizontal and vertical. Information 
about the viscosity gradient, velocity magnitude and temperature gradient were used 
to analyze the result.  The vertical orientation showed a faster rate of heat transfer with 
a large initial difference. The horizontal placement shows tendencies to provide a more 
even rate of heat transfer. To analyze the simulation a literature study was conducted 
on the theory behind modeling phase change heat transfer coupled with fluid flow. The 
societal implications of better PCM technology were also discussed. 

 
Sammanfattning 
Denna rapport tittar på värmeöverföringen i en cylinder fylld med phase change 
material (PCM) och hur denna påverkas vid olika placeringar. De placeringar som 
simuleras är vertikal och horisontell. Båda placeringarna modelleras som 3D-
modeller. Det förväntas bli en skillnad i värmeöverföring på grund av ett internt flöde 
i cylindern som skapas av förändringen i densitet och hur denna påverkas av 
gravitationen. Studien visar att den vertikala modellen påvisar något högre hastighet i 
värmeöverföring än den vertikala. Simuleringarna utfördes med mjukvaran COMSOL 
multiphysics 5.1. För att vidare förstå och tolka datan utförs en litteraturstudie på den 
bakomliggande teorin till värmeöverföring med fasförändring och denna redogör för 
de ekvationer som används av COMSOL för att beräkna modellerna. Vidare kopplas 
även PCM teknik till sociala aspekter i en redogörelse för hur denna typ av värme-
lagrings teknik kan påverka samhället
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NOMENCLATURE 
 
λ [J/kg]  Latent heat of fusion 

m  [kg]  Mass 

Cp                  [J/kgK]                   Specific heat    

k [W/mK]  Thermal conductivity 

h  [W7m2K] Heat transfer coefficient 

T [K]  Temperature 

t [s]  Time 

𝜗𝜗  [Pa*s]  Dynamic viscosity 

am -  Fraction of melt 

Q [J]  Thermal energy 

d [m]  Diameter (characteristic length) 

ρ [kg/m3]  Density 

u [m/s]  Fluid velocity 

𝛽𝛽 -  Volumetric expansion coefficient 

g [m/s2]  Gravitational constant 
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1. INTRODUCTION 
This introductive part will describe how energy storage with 
phase change material technology may play a role in 
tackling some of the storage problems within the energy 
sector. It will also present the scope and objectives of this 
report. The chapter will end with a description of what 
delimitations that have been done in order to define and 
narrow the study. 

1.1 Problem background 
There is more thermal energy available mid-day, this is 
mainly due to the sun and thus the higher temperature. 
Because of this, daytime is not the time when people need 
to consume the highest amounts of produced energy. This 
energy is usually needed in the later afternoons and at 
night, but at this time, it is not effective to produce energy. 
Thermal energy storage is a rather effective method to 
reduce the mismatch that occurs between energy supply 
and demand (Angrisani, G, et al. 2014). 
 
One of the problems with today’s energy production is the 
fact that the schedule of energy use is seldom synchronous 
with its acquisition. This is why we need buffer systems or 
energy storage systems. It is not a simple task to store 
energy. A lot of efforts have been made to increase storage 
capacity while decreasing the storage volume. This pursuit 
is not only relevant in the energy sector. Optimization of all 
types of storage has long been a subject of interest. An 
example is computer hard drives that year after year shrinks 
in size, yet the possible amount of data storage grows. (A, 
Mishra, et al. 2015) 
 
Some energy is only available at summer e.g. biofuels (such 
as sugar canes and oilseeds). Others are dependent on the 
daily weather such as wind or solar power. What the society 
is striving for is something called “Load management” 
which means that the current energy produced and stored 
will meet the energy requirements at all times. This is 
difficult in the sense of economics since it is expensive to 
overload the storage systems. (R. Huggins, 2010)  

1.2 Heat storage 
Energy can be stored in any material by heating it to a 
higher temperature. In all materials there are two general 
types of heat storage, sensible heat storage and latent heat 
storage. Understanding these and taking advantage of its 
properties could help us get closer to an optimal load 
management. (R. Huggins, 2010)  
 
1.2.1 Sensible heat storage 
The energy that is required to change the temperature is 
called “sensible heat”. The sensible heat is proportional to 
the temperature difference as shown in equation 1 below. 
Where Q is the energy, m the mass, Cp the specific heat at 
constant pressure and ΔT the temperature difference. 
 

𝑄𝑄 = 𝑚𝑚𝐶𝐶𝑝𝑝𝛥𝛥𝛥𝛥    (1) 

Different materials have different properties, which makes 
them suitable for different storage situations. Water for 
instance has a rather high specific heat compared to other 
materials but its temperature range for sensible heat 
storage is somewhere between 5 to 95 0C. Other materials 
might have a different temperature range and can thus be 
more suitable in different energy systems. (R. Huggins, 
2010) 
 

 

Figure 1 shows an example of how sensible heat storage 
compares to combined latent and sensible heat storage. 

 
1.2.2 Latent heat storage 
Latent heat storage (LHS) is the energy storage based on the 
heat absorption or release when the storage material 
experiences a phase change. The storage capacity is of LHS 
is given by equation 2. Where Q is the amount of energy, m 
is the mass, Cp is the specific heat, am is the fraction melted, 
Δhm is heat fusion per unit mass, Ti the initial temperature, 
Tm the melting temperature, Tf the final temperature. 
Given these equations it can be realized that LHS has a 
bigger storage potential because of the extra positive terms 
for Q.  
 
𝑄𝑄 =  ∫ 𝑚𝑚𝐶𝐶𝑝𝑝 𝑑𝑑𝑑𝑑 + 𝑚𝑚𝑎𝑎𝑚𝑚

𝑇𝑇𝑚𝑚
𝑇𝑇𝑖𝑖

𝛥𝛥ℎ𝑚𝑚 + ∫ 𝑚𝑚𝐶𝐶𝑝𝑝𝑑𝑑𝑑𝑑
𝑇𝑇𝑓𝑓
𝑇𝑇𝑚𝑚

  (2) 

Atul Sharma presents Figure 1 in his report from 2009. It 
shows the energy storage available in a theoretical phase 
change material (PCM) storage compared to the, entirely 
sensible heat storage in water and in rocks.  
Because more energy can be stored in a smaller 
temperature span (compared to sensible heat storage), the 
storage could theoretically be smaller than otherwise. 
Instead of storing in huge tanks, PCM systems would have 
the potential to be made a lot smaller and still be able to 
store the same or more amount of energy.  

1.3 PCM characteristics 
There are a few disadvantages to take into account when 
using PCM. Such as super cooling, corrosion as well as 
chemical instability. Different materials have been tested in 
order to find out what is the most suitable composition to 
be used as a PCM, and many studies show that paraffin 
waxes might be one of the more diverse and suitable 
materials. This is because of their chemical inertness, high 
latent heat fusion, negligible super-cooling and non-
corrosiveness. (M. Aadmi et. al, 2015)  
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One downside with paraffin waxes is that they generally 
have low thermal conduction (which slows down the rate of 
which heat is transferred through the material) and also has 
shown to be complicated to contain in plastic containers. (P. 
Johansson, 2011) 
 
During the last four decades, because of the growing 
interest in LHS, many PCMs have been studied. Materials 
that have a large latent heat of fusion and at a desired phase 
changing temperature are preferred. Also parameters like 
price, availability and conductivity has to be taken into 
account. The conductivity is especially interesting in this 
report since it determines how fast you can charge and 
discharge the system of heat storage. (M. Aadmi et. al, 2015) 

1.4 PCM implementations 
To further increase the efficiency of energy storage systems 
PCM can be implemented. An example for this is the so 
called water solar heater, where during sun hours the heater 
stores energy and transfers it to the PCM, which melts. 
During colder hours the energy is instead taken from the 
PCM and its freezes to solid again. Other implementations 
of PCM are for example the usage of PCM within walls and 
ceilings in buildings. This has been proved as an effective 
temperature regulator since it is resisting temperatures 
above and below its melting temperature. 
 
Using PCM for Off-peak electricity storage is also an 
interesting implementation. If this was to be perfected it 
could reduce the electricity generation costs and also 
increase the efficiency of the generation since it is produced 
in the off hours. This could also be used to relief the grid as 
well. PCM technology could thus lead to a higher efficiency 
and less costs for the energy producers since the demand 
would be closer to constant with irregular energy demands 
regulated by the energy storage. (A, Sharma. 2009) 

1.5 Aim and objective 
The main objective for this study was to model how the rate 
of heat transfer in a PCM filled rod varies if placed vertical 
or horizontal. To answer this, a study that looks into the 
theory behind solving phase change problems have been 
conducted. The study also analyzes the societal effects that 
more efficient heat storage might have. 
 
The hypothesis was that the vertical cylinder would have a 
faster heat transfer. This because of the volume force would 
have a larger effect on the flow within the cylinder. With a 
faster internal flow, the rate of heat transfer could be 
quicker. 

1.6 Delimitations 
 

• Only two different rod orientations were taken 
into account when modeling the system, 
horizontal and vertical. Inclined positions were 
beyond the objectives of this study. 

 
• The rod has been modeled so that only heat energy 

is transmitted between the rod and its 
environment, and this is done so only by 
convection. 

 
• The degradation of the PCM and its lifetime is not 

included in this report. 
 

• To limit computational errors, the top and bottom 
caps of the rod will be assumed to be isolated. 

 
• To overcome problems with numerical 

calculations the process that will be studied is 
solidification only.  

 

1.7 Literature review 
How to solve phase change problems has since long been 
studied. A Slovenian physicist came up with an idea how to 
solve them in 1889. He studied the boundary where the 
liquid medium meets the solid one. He realized that the 
boundary was time-dependent and came up with what is 
called today “The Stefan boundary condition”. Because of 
the problem with predicting the behavior of phase change 
materials, this equation is hard to solve.  
 

λρ �𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑡𝑡

� = 𝑘𝑘𝑑𝑑 �
𝛿𝛿𝑇𝑇𝑠𝑠
𝛿𝛿𝑡𝑡
� − 𝑘𝑘𝑙𝑙 �

𝛿𝛿𝑇𝑇𝑙𝑙
𝛿𝛿𝑡𝑡
� (3) 

Where λ is the latent heat fusion, ρ the density, t the time, k 
the conductivity, s the energy and T the temperature. 
(Johansson. P, 2011) 
 
When the materials melt or freeze they get different 
properties. One way of simplifying the Stefan problem is 
through the enthalpy formulation. It is designed so that the 
only unknown variable is the temperature of the phase 
change material. Another simplification is made about how 
the phase change really happens. In the enthalpy method 
the phase change occurs at a uniform temperature always. 
This might not always be the case in reality but gives us an 
accurate enough way of studying the phenomenon. (A. 
Sharma, 2009) 
 
For a phase change problem involving melting or freezing 
the energy conservation can be expressed as: 
 

𝛿𝛿𝛿𝛿
𝛿𝛿𝑡𝑡

=  ∇(𝑘𝑘𝑘𝑘(∇𝑑𝑑))   (4) 

Where kk is the conductivity, T the temperature and H is 
the sum of sensible and latent heat of the PCM expressed 
as: 
 

𝐻𝐻(𝑑𝑑) = ℎ(𝑑𝑑) +  ρ𝑙𝑙𝑓𝑓(𝑑𝑑)λ  (5) 

Where h is a function of temperature and is applied over a 
fixed domain as given by Voller. The function f is during an 
isothermal phase change giving us the liquid fraction of 
melt. (V. R. Voller, 1987) 
 

𝑓𝑓 =  �
0,                 if T < 𝑑𝑑𝑚𝑚 (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑)   

0 − 1,         if T = 𝑑𝑑𝑚𝑚  (Mushy)
1,               if  T > 𝑑𝑑𝑚𝑚(𝐿𝐿𝑆𝑆𝐿𝐿𝐿𝐿𝑆𝑆𝑑𝑑) 

  (6) 

 

In this study paraffin wax has been used. It does not have 
an isothermal phase change. The liquid fraction of melt can 
instead be described as: 
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𝑓𝑓𝑇𝑇 = �
0, if T < 𝑑𝑑𝑠𝑠

𝑑𝑑−𝑑𝑑𝑠𝑠
𝑑𝑑𝑆𝑆−𝑑𝑑𝑠𝑠

, if  𝑑𝑑𝑠𝑠 < 𝑑𝑑 < 𝑑𝑑𝑆𝑆 
1 if  T >  𝑑𝑑𝑙𝑙

  (7) 

Where Tl is the liquidus temperature when the solid 
formation commences Ts is the temperature where the 
solidification is fully achieved. If the temperature T is 
somewhere between these two it is in the mushy region. 
 
Equation 4 is one of the more important equations for 
solving phase change problems. It is one way of describing 
the energy equation. It can also be expressed as:  
 

ρ𝑐𝑐𝑝𝑝
𝑑𝑑𝑇𝑇
𝑑𝑑𝑡𝑡

+  ρ𝑐𝑐𝑝𝑝𝐿𝐿�𝛻𝛻𝑑𝑑 =  𝛻𝛻(𝑘𝑘𝛻𝛻𝑑𝑑) (8) 

In order to solve this, equations of continuity, motion and 
energy had to be taken into account. All of these equations 
needs to be solved simultaneously. This is a procedure 
which in order to be solved needs some simplifications. In 
this study there will be no convection term and thus 
equation 9 can be derived.  
 

ρ𝑐𝑐𝑝𝑝
𝑑𝑑𝑇𝑇
𝑑𝑑𝑡𝑡

=  𝛻𝛻(𝑘𝑘𝑒𝑒𝑒𝑒𝛻𝛻𝑑𝑑)  (9) 

Where keq is a variable dependent on the liquid-solid 
fraction fT. If the PCM is solid then keq = kc which is the 
conductivity of the material. If the PCM is liquid keq=kc*εc 
where εc is a function of the Grashof and Prandtl numbers. 
Assuming that only the conductivity is dependent on these 
relations the equation can be rewritten as: 
 

ρ𝑐𝑐𝑝𝑝
𝑑𝑑𝑇𝑇
𝑑𝑑𝑡𝑡

=  𝑘𝑘𝑒𝑒𝑒𝑒∇𝑑𝑑    (10) 

(C.W. Foong, 2010) 
 
The Grashof and Prandtl numbers describes the natural 
convection for different geometric figures. The figure used 
in this test is long cylinders. Further you express εc as: 
 

104 < 𝑃𝑃𝑃𝑃 ∗ 𝐺𝐺𝑃𝑃 <  107, 𝜀𝜀𝑐𝑐 = 0.062[𝑃𝑃𝑃𝑃 ∗ 𝐺𝐺𝑃𝑃]1/3 (11) 

107 < 𝑃𝑃𝑃𝑃 ∗ 𝐺𝐺𝑃𝑃 < 1010, 𝜀𝜀𝑐𝑐 = 0.22[𝑃𝑃𝑃𝑃 ∗ 𝐺𝐺𝑃𝑃]1/4 (12) 

Where Pr and Gr are dimensionless numbers expressed as; 
 

𝑃𝑃𝑃𝑃 =  𝜗𝜗𝑐𝑐𝑝𝑝𝜌𝜌
𝑘𝑘

   (13) 

𝐺𝐺𝑃𝑃 =  𝑔𝑔𝑔𝑔(𝑑𝑑𝑇𝑇)𝑑𝑑𝑐𝑐3

𝜗𝜗2
   (14) 

Where 𝜗𝜗 is the viscosity and dc is the hydraulic diameter. 
(A. Cengel, 2011) 
 
The energy equation can be solved as described above. 
There are more equations that has to be solved for PCM 
problems. Navier Stokes equation governs the motion of the 
fluid and is expressed as: 
 
𝜌𝜌 �𝛿𝛿𝒖𝒖

𝛿𝛿𝑡𝑡
+ 𝒖𝒖 ∗ 𝛻𝛻𝒖𝒖� =  −𝛻𝛻𝛻𝛻 +  𝛻𝛻 ∗ �𝜇𝜇(𝛻𝛻𝒖𝒖 + (𝛻𝛻𝒖𝒖)𝑇𝑇) − 2

3
𝜇𝜇(𝛻𝛻 ∗

𝒖𝒖)𝑰𝑰� +  𝜌𝜌𝜌𝜌  (15) 

Where u is the fluid velocity, p the fluid pressure µ the fluids 
dynamic viscosity, g the acceleration due to gravity and I the 
identity matrix. 
 
Navier stokes equation is solved with use of the continuity 
equations shown as equation 16.   

1
𝜌𝜌
𝐷𝐷𝜌𝜌
𝐷𝐷𝑡𝑡

+ 𝛻𝛻 ∗ 𝒖𝒖 = 0   (16) 

The boussinesq approximation to the Navier stokes 
equation is made to simplify it even further which leads to 
equation 17. This approximation is a way to solve problems 
with natural convection without having to solve for full 
compressible formulation. 
 
𝜌𝜌0 �

𝛿𝛿𝒖𝒖
𝛿𝛿𝑡𝑡

+ 𝒖𝒖 ∗ 𝛻𝛻𝒖𝒖� =  −𝛻𝛻𝛻𝛻 +  𝜇𝜇𝛻𝛻2𝒖𝒖 + 𝜌𝜌0𝜌𝜌 −  𝜌𝜌0(𝑑𝑑 −  𝑑𝑑0)/𝑑𝑑0𝜌𝜌 
   (17) 

The Navier Stokes equation (equation 15) and the 
simplification (as seen in equation 17) are relevant in the 
sense that the difference in fluid temperature induces an 
internal flow which affects the heat transfer. (COMSOL, 
2016) 

2 METHOD 
This chapter describes how the setup was made in Comsol 
multiphysics and also presents how the different material 
properties were defined and modeled. Finally it will present 
how the comparison between the two orientations were 
made. 

2.1 Initial model setup 
The model of the PCM rod was built using COMSOL 
multiphysics 5.1. To simulate the coupling between fluid 
flow and heat transfer the built in non-isothermal fluid flow 
module was used. For both the horizontal and vertical 
orientation a three dimensional model was used.  The rod 
was set to an initial temperature of 50 0C and the 
environment was set to a temperature of 20 0C. The 
constant properties used for paraffin wax RT35HC was 
taken from the materials technical data provided by 
Rubitherm and can be viewed in table 1. The models were 
set up with a z-axis pointing in the opposite direction of a 
theoretical gravity vector. The size and dimensions of the 
heat transfer rod were acquired from the company Swerod 
and can be found in table 1. Both cases will be calculated as 
a time dependent study with the recorded time step of 1 
minute between times 0 minutes and 210 minutes.   
 
Table 1 constant properties of RT35HC and dimentions of 
the PCM rod modeled. (Swerod, 2012), (Rubitherm, 2015). 
 

Peak of melting  308.15 [K] 
Specific heat capacity  2 [kJ/(kg*K)] 
Heat conductivity  0.2 [W/(m*K)] 
Rod Length 780 [mm] 
Rod radius 34.5 [mm] 

 
The paraffin wax RT35HC does not melt at a uniform 
temperature and as can be seen in this materials technical 
data this range of temperature (ΔΤ) is measured to be about 
3K (Rubitherm, 2015).  

2.2 Specific heat capacity 
To simulate a phase change using the enthalpy method it 
was necessary to account for the latent heat of fusion. This 
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was simulated by modification of the material’s specific 
heat capacity (cp) during the phase change interval. The 
modified specific heat capacity curve shown in figure 2 was 
adapted from the technical data for material RT35HC, 
which was provided by Rubitherm. (Rubitherm, 2015) 
 

 
 
Figure 2 shows the value of cp (kJ/kg) plotted against the 

temperature K within a span of 15 K, the red margin 
shows how data will be extrapolated if necessary. 

 

Figure 3 illustrates the logarithmic plot of the change in 
dynamic viscosity that was defined to approximate 

solidification. 

2.3 Viscosity 
Modifications of the material viscosity at different times 
was used to simulate solidification of the fluid paraffin wax. 
Assuming that there is close to zero material flowing during 
a solid phase, the solid material’s viscosity is big. Solid glass 
for example has an approximated viscosity of 1040. (C. 
Thirugnanam, 2013) 
 
The liquid viscosity of RT35HC was approximated to 6,3 * 
10-3 Pa*s which was in line with other similar paraffin 
waxes. (C. Thirugnanam, 2013) The viscosity for the solid 
phase was set to 103 Pa*s. This had to be done due to 
limitations in available computational resources where a 
larger viscosity was unable to be calculated within what was 
deemed to be a reasonable timespan. The solver within 
Comsol does not work well with non-continuous input data. 
Figure 3 describes how the solidification of the material was 
approximated by using a smoothed (second derivative) step 
function. The viscosity function was defined according to 

equation 18. Where μ is the dynamic viscosity, step(T) is the 
unit step function with transition at peak melting, and T is 
the temperature in kelvin as a function of time and space.  
 

𝜇𝜇 = 6.3𝑒𝑒(−3) + 𝑠𝑠𝑠𝑠𝑒𝑒𝛻𝛻(𝑑𝑑)𝐸𝐸3    (18) 

 
Figure 4 describes how the density (kg/m3) varies with 

the temperature (K) and visualizes the interpolation 
made. The red margin shows how data will be 

extrapolated if necessary. 

2.4 Density 
RT35HC has the density of 880 kg/m3 when solid and 770 
kg/m3 when liquid. (Rubitherm, 2015) In order to induce a 
volume force in the liquid state and to further decrease 
movement in the solid state the density was set to constant 
880 kg/m3 at the solid end of ΔΤ, and 770 kg/m3 at the 
initial temperature of 50 0C, for the complete density span 
a linear interpolation has been made. This will approximate 
the density at any given temperature. Figure 4 shows the 
density as a function of temperature. It can be observed that 
after the solidification the density no longer varies with the 
temperature. This is actually not true since the density still  
varies with the temperature. This simplification has been 
made in order to lessen the flow within the solid material. 
 

2.5 Heat transfer coefficient 
With the different orientations of the rod the heat transfer 
varies. This is because the water flow will not be the same 
for both cases. When the rod was placed vertically the 
Reynolds number will be calculated as:  
 

𝑅𝑅𝑒𝑒 =  𝜌𝜌𝜌𝜌𝑑𝑑
𝜇𝜇

  (19) 
 
For the horizontal rod when placed in line with the flow, 
Reynolds number will be calculated as: 
 

𝑅𝑅𝑒𝑒𝑖𝑖𝑖𝑖𝑙𝑙𝑖𝑖𝑖𝑖𝑒𝑒 =  𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇

   (20) 
 

The flow properties are determined by the Reynolds 
number expressed in equation 19 and 20. Because of the 
fact that the rods are much longer than they are wide, the 
second Reynolds number becomes bigger. This means that 
the flow is more turbulent in the boundary layer. For 
Equation 19 the flow is not turbulent, it is laminar. The 
calculations are presented in Appendix A and shows that 
the flow is laminar when the flow is perpendicular to the rod 
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and more turbulent when the rod was placed in line with 
the flow. 
 
Depending of the different properties of the flow, equations 
21 and 22 can be set up. 
 

ℎ =  0.332𝑅𝑅𝑒𝑒1/2𝑃𝑃𝑃𝑃1/3𝑘𝑘
𝑑𝑑

  (21) 

ℎ𝑖𝑖𝑖𝑖𝑙𝑙𝑖𝑖𝑖𝑖𝑒𝑒 =  0.0.27𝑅𝑅𝑒𝑒0.805𝑃𝑃𝑃𝑃1/3𝑘𝑘
𝜌𝜌

   (22) 

(Y. A. Cengel, 2014) 

The paraffin wax, as mentioned, has a low conductivity and 
therefore transfers heat slowly through the material. This 
affects the rod in a way that the outer layer starts to freeze 
quickly. Since the heat transfer coefficients were high 
compared to the conductivity. The heat flux at the boundary 
was approximated as of the constant and equal temperature 
of the environment and thus only conductive heat flux was 
taken into account.  

2.6 Volume force and pressure gradient 
An initial relative pressure gradient was used with a 
constant pressure point at the top surface of the rod. In 
other words, the highest point along the z-axis. This point 
was set to 1 atm and used to limit the pressure growth inside 
the rod as a result of volume expansion. The relative 
pressure gradient was calculated using the density of the 
material at the initial temperature of 50 0C. As can be seen 
in equation 23 for the vertical case and equation 24 for the 
horizontal case. Where P is the pressure ρ0 is the initial 
density L and R is the rod dimensions and Z is the z-axis 
vector.  
 

𝑃𝑃 = 𝜌𝜌 ∗ 𝜌𝜌0 ∗ (𝐿𝐿 − 𝑍𝑍) + 1𝑎𝑎𝑠𝑠𝑚𝑚   (23) 

𝑃𝑃 = 𝜌𝜌 ∗ 𝜌𝜌0 ∗ (𝑅𝑅 ∗ 2 − 𝑍𝑍) + 1𝑎𝑎𝑠𝑠𝑚𝑚   (24) 

To account for volume force, a buoyancy force along the z-
axis was described as a function of temperature, illustrated 
in equation 25, where ρ is the density as a function of 
temperature and g the gravitational constant. This term was 
used to calculate the last term in the Navier stokes equation 
(15).  
 

𝐵𝐵(𝑑𝑑) = (−𝜌𝜌 ∗  𝜌𝜌(𝑑𝑑) )   (25) 

2.7 Comparing results 
To evaluate how much energy that has been transferred to 
the surroundings the study will focus on the change of 
energy within the system. The available thermal energy of 
the rod in relation to the surrounding temperature was 
calculated as shown in equation 26 where cp is the modified 
specific heat capacity as a function of temperature, ρ the 
density as a function of temperature, T the temperature as 
a function of time and space. This was then integrated over 
the cylinder volume to calculate the total available thermal 
energy as a function of time (t) (equation 27). 
 

𝐿𝐿𝑃𝑃𝑟𝑟𝑑𝑑(𝑑𝑑) = ∫ 𝐶𝐶𝛻𝛻(𝑑𝑑) 𝑑𝑑𝑑𝑑𝑇𝑇
𝑇𝑇0

∗ 𝜌𝜌(𝑑𝑑)  (26) 
 

𝑄𝑄𝑃𝑃𝑟𝑟𝑑𝑑(𝑠𝑠) =  ∫ ∫ ∫ 𝐿𝐿𝑃𝑃𝑟𝑟𝑑𝑑   𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑧𝑧
0

𝑦𝑦
0

𝑥𝑥
0    (27) 

 

The integral of Cp was approximated using a trapezoidal 
numerical integration of the modified Cp plot seen in figure 
2. This integration was done for each temperature between 
initial temperature and ambient temperature. The results 
where linearly interpolated as illustrated in figure 5. with 
constant extrapolation for temperatures below 293.15K as 
illustrated by the dotted red line.  

 
Figure 5 the interpolation of the available thermal energy 

in relation to the ambient temperature and per kg of 
mass. 

 
To analyze how the different orientations affects the heat 
transfer rate, cut plane plots of the vertical and horizontal 
case (zx axis), will show the internal change in temperature 
and viscosity over time.  This was used to provide a 
visualization of how the solidification is progressing.  
 
To analyze the error in the numerical solution, a coarser 
mesh size was compared to the mesh size used, this was 
done for both cases. The finer mesh was defined as 35830 
domain elements, 3648 boundary elements and 324 edge 
elements. The coarser mesh was defined as 10412 domain 
elements, 1686 boundary elements and 220 edge elements. 
To illustrate how the uncertainty of the model differentiates 
with time the fine mesh was plotted together with the coarse 
mesh, as well as a plot of the coarse mesh mirrored on the 
fine mesh plot (as shown in figure 6). This provides a visual 
illustration of an area of uncertainty for both orientations. 
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3. RESULTS 
The results for this study are presented in this chapter. 
Figures are presented to visualize what happened inside 
the rod at different orientations for a better 
understanding.  

 

Figure 6 presents how much available thermal energy 
there is within the two orientations during the study. 

 

Figure 7 shows a plot of both positions where the average 
velocity presented during the study.  

3.1 Difference in energy discharge  
Figure 6 illustrates the available thermal energy inside the 
rod in relation to the ambient temperature. The different 
plots represent the different orientations. The solid lines 
represent the model calculated with the fine mesh setting 
and the dotted line represents the model calculated with the 
coarse mesh as well as the mirrored coarse mesh over the 
solid line. The dotted lines therefore act as a validation to 
the results. It shows how much the values could vary. 
Because of this it is certain to say that the vertical position 
discharged faster than the horizontal in the beginning. The 
lines do however converge to each other in the very end. 
This because of the rods slowly reaching ambient 
temperature. 

3.2 Velocity magnitude 

As can be seen in figure 7 the vertical cylinder has initially a 
higher velocity than the horizontal cylinder. A lot of energy 
is leaving the rod which limits the velocity. Since the 
material gets colder the viscosity is increasing to solid 
levels, thus limiting the flow inside the cylinder.  

 

 

Figure 8 presents the temperature distribution (K) inside 
the rod at the vertical position. The 6 different times 
measured was at 0, 1, 20, 60, 120 and 180 minutes. 

 

Figure 9 presents the temperature distribution (K) inside 
the rod at the horizontal position. The 6 different times 

measured was at 0, 1, 20, 60, 120 and 180 minutes. 

3.2 Temperature distribution 
Figure 8 and 9 shows how the temperature was distributed 
inside the differently oriented rods for different times. In 
the very beginning the temperature was almost uniform at 
323.15 K with the walls at ambient temperature as defined 
in section 2.5. After 1 minute it is observed that the 
temperature has decreased more in the vertical cylinder 
compared to the horizontal. When observing the modified 
cp values in Figure 2, it shows that the green part of the 
figures are where the cp value peaks and where the phase 
change is happening (between 307K to 310K). For the 
horizontal cylinder it can also be observed that a thinner 
layer of cold material is located on the upper area than in 
the lower area. We can also see unsymmetrical behavior in 
the horizontal cylinder with a cold blob in the upper right 
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corner at 1 minute. This is assumed to be an artifact of 
numerical errors given that the cylinder was modeled 
symmetrically. It can be observed that this error is in some 
magnitude is affecting later time steps as well.      
 

 

Figure 10 visualizes the viscosity (Pa*s) for the vertical 
position at the same times that the temperature was 

observed. 

 

Figure 11 visualizes the viscosity (Pa*s) for the horizontal 
position at the same times that the temperature was 

observed 

3.2 Viscosity distribution 
Figures 10 and 11 shows how the viscosity varied with time 
for both positions. These are fairly similar to the 
temperature plots but help visualize how the progress of 
solidification is moving through the cylinders. The initial 
state has a viscosity of 6.3 * 10-3 Pa*s. The parts in between 
initial viscosity and the dark blue end of the spectrum 
(1000Pa*s) can be seen as the mushy region where the 
phase change is happening. The numerical error as seen in 
figure 9 is present also in figure 11.  

4 DISCUSSION & CONCLUSION 
When comparing the result from figure 6 to the 
temperature and viscosity figures and the plot for velocity, 
it supports the conclusion that the vertical position 
discharged faster. How to interpret and analyze these 
figures and plots is explained in this chapter. 

 

4.1 Models compared 
When comparing the orientations, the results showed with 
a relatively high accuracy that the vertical position 
discharged faster in the beginning. The dotted lines in 
figure 6 did cross each other after a few minutes. This made 
the result hard to analyze since the uncertainty (seen as the 
dotted lines) was large enough for the result to be the other 
way around. When observing figure 6 it can be observed 
that the energy available in the rod for both positions goes 
towards 0. This is because the available energy is 
proportional to the temperature difference between the rod 
and the ambient temperature. This means that both the 
rods will eventually reach the ambient temperature and 
have zero energy left to exchange. This is the reason why the 
lines are closing in to each other at the end.  
 
4.1.1 Temperature 
The temperatures in figure 8 and 9 supports the conclusion 
that the vertical position is discharging thermal energy 
faster than the horizontal. More energy has left the rod 
since the temperature is lower. The most energy left the rod 
at the beginning of the study as presented in the 
temperature figures. Figure 9 shows that the temperature is 
higher in the horizontal position. Less energy had therefore 
left the rod. It can also be observed that the temperature 
near the walls and on the bottom was the lowest. This was 
where the material had frozen and had sunk to the bottom. 
When observing the rods at the last time shown in the 
figures8 and 9 they look similar to each other. The main 
difference is that some more frozen material had sunk to the 
bottom on the horizontal rod.  
 
4.1.2 Velocity 
Figure 7 shows that there was more internal flow within 
the vertical rod. This is a result of a higher natural 
convection and therefore supports the conclusion that the 
vertical position discharges faster. Since more energy left 
the vertical rod in the beginning this explains why the 
horizontal plot had a higher velocity for some time in the 
beginning. The uncertainties were rather large which 
makes it hard to conclude if the velocity always were larger 
for the vertical cylinder. A reason for this doubt is that 
when the material solidifies the internal flow is inhibited. 
Since the vertical solidified quickly in the beginning it 
could affect the velocity inside the rod since the solid 
material will not move. 

4.1.3 Viscosity  
Figures 10 and 11 display the viscosity and shows 
similarities to figures 8 and 9. When the material is cooled 
down it eventually freezes. In the beginning it was clear that 
the vertical position froze faster. However, when more 
material had solidified it acted as an isolation by inhibiting 
internal natural convection which dampened the effects of 
heat transfer.  
 
4.1.4 Uncertainties  
Because of the computational power available some 
simplifications have been made to the material properties 
in order to improve convergence. The viscosity of the 
material is affecting how much the volume force is 
contributing to the heat transfer rate. Thus a viscosity of 
higher magnitude would result in a model of higher 
accuracy. The viscosity for the solid material was set to 103 
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Pa*s due to computational restrictions. One could argue 
that the viscosity for the solid material actually is higher in 
reality. If there was a possibility to increase the viscosity 
further this could result in a more accurate study. This is 
because it would then reduce the effect on the velocity even 
further. Also the step between solid and liquid viscosity had 
to be smoothened to the second derivative to ensure 
continuity inside the function, this results in a mushy area 
that might not be entirely accurate to actual conditions and 
might inhibit the flow inside the liquid state and thus 
reduce the volume force effect.   
 
Another uncertainty might be the limitations in mesh size. 
With better computational power the mesh could be even 
finer and therefore further removing numerical errors 
occurring and magnifying over the time steps. 
 
As can be seen in figures 9 and 11, there is an unsymmetrical 
artifact in the right hand corner, this is present in all the 
time steps except for the initial time 0. This behavior is 
highly unexpected and sure to cause fluctuation in the 
results between the model and a hypothetical true system. 
How large this error may be is hard to tell, but given the size 
of the blob it should not differ by more than a few percent.        
 
Due to the fast discharge of energy the first minute a finer 
time step during that time could have been an option. The 
results could be easier to interpret if a time step of 1 second 
was used instead of one minute for the first couple of 
minutes. 
 
4.1.5 Conclusion 
 The vertical cylinder discharges energy faster when a large 
portion of the rod is in liquid state. However, the 
temperature in the horizontal cylinder seems to be 
increasingly catching up as the simulation progresses. This 
could be because of the liquid part of the horizontal cylinder 

for these stages is closer to the cylinder wall than compared 
to the vertical cylinder and thus meaning that the liquid 
part of the vertical cylinder could be more isolated, taking 
longer time to cool.  

4.2 Implementations 
Technology taking advantage of phase change in materials 
is more popular today than ever before. This can be seen in 
the many studies that show the growing interest in latent 
heat storage instead of only sensible heat storage. Because 
of the many implementations such as off-peak electricity 
storage and temperature regulators it is likely that PCM 
implementations in society will continue to grow.  
 
If faster discharge and charging times could be achieved in 
latent heat storage systems that uses PCM rods, only by 
changing orientation of rod placement. This could result in 
a more optimized system to what could arguably be a fairly 
low cost. This could also imply that energy storage systems 
could be used faster and more effective and thus the 
benefits of energy storage would be somewhat magnified. 
 
The material used was the paraffin wax RT35HC. It has a 
rather low conductivity and high latent heat. This means 
that it could store a lot of energy in the phase change but 
the charging and discharging times were not optimal. For 
future use of PCMs it is important to take advantage of their 
properties in a way so that the usage becomes optimized. 
When this happens the usage of PCM might expand quickly. 
 
To further analyze the heat transfer rates and to understand 
how this could be implemented in today’s society an 
economic study could be made. No matter how effective and 
optimized new technology can be, there could be argued 
that there is almost always money involved.
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Appendix  A 
 

  

In the figure the given values are: 

Ts = 50 degC 

T∞ = 20 degC 

L = 0,75 m 

d = 0,069 m  

V = 0,1 m/s 

Because of the flow there will be an interface where 
the heat transfer approximately will happen. The 
temperature of this interface is simply the mean 
temperature of T∞ and Ts.  

Tmean = 35degC 

From here there are a lot of known properties for 
water in this temperature which are given in the 
book “Heat and mass transfer” by Yunus A. Cengel. 

The properties given were: 

ρ = 998 kg/m3 

k = 0,623 W/m*K 

µ = 0,72*10-3 kg/m*s 

Pr = 4,83 

We can now express the Nusselt number in two 
different ways for both orientations. First we have 
to know the size of Reynolds number to set up the 
right correlations. 

Reinline= ρVL/µ = 103958 

Re = ρVd/µ = 9564  laminar flow 

With these Reynold numbers the Nusselt 
equations will look like this. 

Nuinline= hinlineLc/k  

Nuinline = 0,027Re0,805Pr1/3  

 

Nu = h*d/k 

Nu = 0,332Re1/2Pr1/3 

Left is to solve for h. 

h = 495 W/m2K 

hinline = 414 W/m2 
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