
Influence of natural convection on melting of
phase change materials

Von der Fakultät Energie-, Verfahrens- und Biotechnik der Universität Stuttgart
zur Erlangung der Würde eines Doktor-Ingenieurs (Dr.-Ing.) genehmigte

Abhandlung

Vorgelegt von

Julian Vogel

aus Karlsruhe

Hauptberichter: Prof. Dr. André Thess
Mitberichter: Prof. Dr. Oleg Zikanov

Tag der mündlichen Prüfung: 11. Dezember 2018

Institut für Gebäudeenergetik, Thermotechnik und Energiespeicherung der
Universität Stuttgart

2019





Eidesstattliche Erklärung

Ich versichere, dass ich die vorliegende Arbeit selbständig verfasst und keine
anderen als die angegebenen Quellen und Hilfsmittel benutzt habe; aus fremden
Quellen entnommene Passagen und Gedanken sind als solche kenntlich gemacht.

Declaration of Authorship

I hereby certify that this dissertation is entirely my own work except where oth-
erwise indicated. Passages and ideas from other sources have been clearly indi-
cated.





Kurzfassung

Latentwärmespeicher können in Zukunft zum Ausgleich der Diskrepanz zwi-
schen der Versorgung und dem Bedarf an erneuerbaren Energien beitragen. Man-
gels geeigneter Validierungsexperimente sind die für die Speicherauslegung be-
nötigten numerischen Modelle für das Aufschmelzen unter Berücksichtigung na-
türlicher Konvektion jedoch noch nicht ausreichend validiert.

In einem neu entwickelten Validierungsexperiment wird das Modell-
Phasenwechselmaterial n-Octadekan durch Beheizung von zwei gegenüber-
liegenden vertikalen Seiten aufgeschmolzen. Der Phasenzustand und die
Geschwindigkeiten in der flüssigen Phase werden anhand von Schattenbil-
dern und der Strömungsmessmethode Particle Image Velocimetry ermittelt.
Temperaturen im Material und an dessen Rändern werden mit Thermoelemen-
ten gemessen. Die durchgeführten Experimente liefern räumlich und zeitlich
aufgelöste Daten der relevanten Größen einschließlich Fehleranalyse.

Zwei numerische Modelle zur Simulation des Aufschmelzens werden mit dem
kommerziellen Strömungslöser ANSYS Fluent umgesetzt: Ein erstes detaillier-
tes Modell mit variablen Materialwerten ermöglicht die Volumenausdehnung
des Phasenwechselmaterials in eine Luftphase mit Hilfe der Volume-of-Fluid-
Methode. Ein zweites vereinfachtes Modell nimmt konstante Materialwerte an
und modelliert den Auftrieb mit der Boussinesq-Approximation. Aufgrund ähn-
licher Ergebnisse wird das vereinfachte Modell ausgewählt, um das Experiment
in einer 3D-Simulation einschließlich mechanischer und thermischer Randein-
flüsse nachzubilden. Die in der Simulation auftretenden Geschwindigkeiten sind
zwar höher als im Experiment, aber die für die Auslegung relevanteren Größen
Phasenzustand und Temperaturen stimmen gut überein.

In einer numerischen Parameterstudie wird das vereinfachte Modell dazu ver-
wendet das Aufschmelzen in rechteckigen Behältern mit verschiedenen Abmes-
sungen zu untersuchen. Der Einfluss natürlicher Konvektion wird durch das
Verhältnis aus dem tatsächlichen Wärmestrom zu einem fiktiven Wärmestrom
durch Wärmeleitung bemessen. Messdaten aus dem Experiment mit verschiede-
nen treibenden Temperaturdifferenzen ergänzen die Studie. Daraus abgeleitete
Korrelationen in dimensionsloser Form schätzen ähnliche Aufschmelzvorgänge
in einem weiten Parameterbereich ab. Dies ermöglicht die Berücksichtigung des
Einflusses natürlicher Konvektion in der Auslegung von Latentwärmespeichern
ohne zeit- und kostenaufwändige Simulationen.
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Abstract

Latent heat storage could play an important role in bridging the gap between
supply and demand of sustainable energy sources. However, the numerical mod-
els for natural convection dominated melting that are needed for storage system
design are not sufficiently validated, due to a lack of suitable experiments.

A novel validation experiment for the melting of a model phase change mate-
rial (n-octadecane) by heating from two vertical opposite sides was developed.
The phase state and the velocities in the liquid phase were measured using shad-
owgraphy and Particle Image Velocimetry. Interior and boundary temperatures
were measured with thermocouples. The performed experiments delivered space
and time-resolved data of the relevant quantities including an error analysis.

Two numerical models for natural convection dominated melting were devel-
oped with the commercial fluid flow solver ANSYS Fluent: a first detailed model
with variable material properties allows volume expansion of the phase change
material into an air phase with the volume of fluid method. A second simpli-
fied model assumes constant material properties and models buoyancy with the
Boussinesq approximation. Due to similar results, the simplified model was se-
lected to reproduce the experiment in a 3D simulation including mechanical and
thermal boundary effects. The simulated velocities were found to be higher as in
the experiment, but the liquid phase fraction and temperatures, which are more
relevant to the design process, agreed well.

In a numerical parameter study, the simplified model was used to investigate
melting in rectangular enclosures with various dimensions. The influence of nat-
ural convection on heat transfer was assessed with the introduced convective
enhancement factor, which was defined as the ratio of the actual heat flux to a
hypothetical heat flux by conduction. The study was extended with experimen-
tal data for three different values of driving temperature difference. Correlations
for the liquid phase fraction in dimensionless form were derived to predict simi-
lar melting processes for a large parameter range. This enables the consideration
of natural convection in the design of latent heat storage systems without expen-
sive and time-consuming numerical analyses.
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Chapter 1

Introduction

This introduction into the topic firstly gives a motivation for the presented re-
search on melting governed by natural convection in latent heat storage. Sec-
ondly, the processes of melting and solidification during charging and discharg-
ing of a latent heat storage are explained. Finally, the objectives and outline of this
thesis are stated. References to the state of research are brief during this introduc-
tion, because each of the following three main chapters 2-4 contain an additional
state of research section that focuses on the particular topic of the chapter.

1.1 Motivation

Experts have been warning of the consequences of anthropogenic climate change
for several decades. The Intergovernmental Panel on Climate Change states:
"Warming of the climate system is unequivocal, and since the 1950s, many of
the observed changes are unprecedented over decades to millennia. The atmo-
sphere and ocean have warmed, the amounts of snow and ice have diminished,
and sea level has risen" [1]. One of the most promising contributions to coun-
teract climate change is the increased use of sustainable energy sources free of
greenhouse gas emissions, such as wind and solar energy. However, these sus-
tainable energy sources are not constantly available and energy storage is needed
to increase their use. Thermal energy storage can thereby play an important role
in different application scenarios [2].

Latent heat storage (LHS) with a solid-liquid phase change material (PCM)
can have advantages over sensible heat storage due to its high energy density
in a small temperature range. An overview of materials and applications was
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Chapter 1 Introduction

composed by Mehling and Cabeza [3] and Bauer et al. [4]. Latent heat storage is
most efficient in combination with a heat transfer fluid (HTF) that changes phase
as well, e.g. boiling or condensation of water. Then, low overall temperature
differences can be achieved, which leads to high exergetic efficiency [5]. Recent
industrial applications with a demand for high temperature LHS include solar
thermal power plants with direct steam generation [6], facilities with process heat
or steam [7, 8] or electricity storage using pumped thermal energy storage [9, 10].

Although LHS has advantages over other storage technologies, it has been
barely used in industrial applications. The main reason is the extensive design
of heat exchangers needed to overcome the low thermal conductivity of com-
mon storage materials. Different heat exchangers have already been successfully
tested [11, 12]. The remaining problem is that the geometry always has to be ad-
justed to the specific application. Numerical modeling thereby becomes increas-
ingly important, because simulations allow to optimize storage systems without
extensive experimental testing. However, solid-liquid phase change requires de-
tailed transient modeling. And this is especially challenging when natural con-
vection in the liquid phase is the dominant heat transfer mode. Then, a coupled
equation system for heat transfer, phase change and fluid flow has to be solved.

A large amount of numerical models suitable for solid-liquid phase change
governed by natural convection were developed and collected in several re-
views [13–17]. However, their validation is still an issue and the modeling
accuracy for specific applications is often unknown. Detailed experiments of
solid-liquid phase change are rare and mostly not fully suitable for validation
of numerical models. As stated by Kadri et al. [18], there is a general need for
more validation experiments. Moreover, there are hardly any specific validation
experiments for the geometry and boundary conditions found in latent heat
storage. Finally, the velocity field due to natural convection in the liquid phase
has not yet been measured throughout the transient melting process.

A validated numerical model can finally be used to analyze storage designs.
But still, due to complex geometries, detailed simulations of latent heat storage
systems need large amounts of time and computational effort. Therefore, to in-
crease the speed and efficiency of the design process, analytical correlation equa-
tions in dimensionless form are needed. Many researchers reported correlations
from their experiments and also a theoretical analysis was derived [19]. But, as in
the case of validation experiments, correlations were not necessarily developed
for the geometry and boundary conditions found in latent heat storage.
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1.2 Melting and solidification in latent heat storage

In conclusion, numerical modeling is crucial in the design process of latent heat
storage, but more experiments with detailed measurements are required. And, to
facilitate the design process of latent heat storage systems, correlated analytical
equations for the phase change process have to be derived.

1.2 Melting and solidification in latent heat storage

An example of a latent heat storage system with flat plate design developed by
Johnson et al. [20] is depicted in Figure 1.1. In this case, the HTF flows inside of
vertical hollow plates while the PCM is filled into the spaces between the plates.

Figure 1.1: Flat plate latent heat storage: the HTF flows through vertical hollow
plates and the PCM is enclosed in the spaces between the plates [21].
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Chapter 1 Introduction

Phase change processes governed by natural convection have been described
by many researchers in the past. One of the earliest investigations was a solid-
ification experiment by Szekely and Chhabra [22] and a melting experiment by
Hale and Viskanta [23]. To give a better understanding of the operation of a LHS
system, the charging and discharging processes are illustrated in Figure 1.2.

(a) Charging (b) Discharging

Figure 1.2: Operation modes of a latent heat storage system.

While charging the storage, heat is transferred from the HTF into the PCM,
which heats up and melts. Initially, heat is transferred by heat conduction with
a maximum rate at the beginning. But the heat transfer rate decreases with the
growing size of the liquid layer between the wall and the phase front. However,
with increasing liquid layer width, natural convection is likely to occur, which
improves the heat transfer rate over heat conduction. The driving temperature
difference between the hot wall and the phase front leads to a density gradient in
the liquid that drives an upward flow at the heated walls and a downward flow
at the colder phase front. The occurrence and strength of this natural convection
thereby depends on material properties, dimensions and boundary conditions.
While discharging, heat is transferred from the PCM to the HTF; the PCM cools
down and solidifies. However, the driving temperature difference between the
cold wall and the phase front now occurs over a solid layer that prevents fluid
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1.3 Objectives and outline

flow. Only weak natural convection is observed in the liquid layer behind the
phase front and only as long as the liquid is still superheated. Consequently, the
heat transfer rate during solidification is hardly affected by natural convection.

1.3 Objectives and outline

This thesis contributes to three research objectives, which are addressed in sep-
arate chapters: Chapter 2 presents a novel validation experiment of the melting
of n-octadecane by symmetric heating from two vertical sides in a rectangular
enclosure using optical measurement techniques to obtain phase state and veloc-
ities with high spatial and temporal resolution. Solidification experiments are not
included due to the minor impact of natural convection. Chapter 3 is about the
development, comparison and validation of numerical models for solid-liquid
phase change governed by natural convection using the commercial software
package ANSYS Fluent. Chapter 4 shows results from a parameter study on en-
closure dimensions and driving temperature differences. A scaling analysis is
performed to derive simplified analytical correlation equations in dimensionless
form that facilitate the design process of latent heat storage systems.
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Chapter 2

Experiments for validation

A novel experiment for the validation of numerical models is presented. The ex-
periment was specifically designed for latent heat storage geometries and bound-
ary conditions. The phase state, velocities in the liquid phase and temperatures
were measured with high detail and accuracy and an error analysis was per-
formed for all the measured quantities. But before this validation experiment
is explained in detail, the state of research on similar validation experiments is
examined more closely.

2.1 State of research

The melting in rectangular enclosures was typically investigated with an
isothermally heated side wall and an opposing side that was either isothermally
cooled [18, 23–30] or insulated [31, 32]. The bottom was an insulated wall and
the top was either a wall [23, 25, 27–31] or a free surface [18, 24, 26, 33]. The
PCM was initially in the solid state with a temperature below and near the
melting point and was then melted by raising the temperature of the heated
wall to a constant value above the melting point. Organic materials with low
melting temperatures, such as paraffins [18, 30], n-octadecane [23, 24, 26, 31],
n-heptadecane [33], lauric acid [32] or metals such as gallium [25, 28, 29] or
tin [27] were used. To reduce heat losses to the environment, the housing was
insulated in all of the experiments and some of them additionally used a system
of active trace heating to raise the temperature in a surrounding casing to the
melting temperature of the PCM [23, 25]. Researchers reported the formation
of gas filled cavities during solidification that lead to bubbles rising throughout
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Chapter 2 Experiments for validation

the melting process. The reason is that the investigated materials have a higher
density in the solid phase than in the liquid phase and ambient air or other gases
solved in the liquid phase fill the resulting cavities. To reduce this problem, it
was suggested to vibrate the cell [23] or solidify only small layers of material at
once [26, 32]. To allow photographic observation of the phase state of materials
that are transparent in the liquid form, front and back walls made of transparent
acrylic glass were used [18, 23, 24, 26, 30–33]. For opaque materials, the pour-out
and probing method [25, 27] and the x-Ray radioscopy [28] were used to measure
the phase front. Both the phase front and the velocities in the liquid phase in one
direction at distinct positions were measured by ultrasonic Doppler velocimetry
(UDV) [29]. Velocities in the liquid phase of the PCM were measured with
high spatial but low temporal resolution using Particle Image Velocimetry [30].
Temperature measurements in the PCM using thermocouples were done by
many researchers [18, 23–26, 28, 29, 31, 32]. With Interferometry, additional
information about temperature isotherms and heat transfer at the heated wall
and the solid-liquid interface was gained [33].

Despite the presented research, there has been a general interest in more experi-
ments [18]. And more specifically, regarding the topic of this thesis, the following
experimental features or results are still missing in the state of research: the phase
state during symmetric melting of a PCM between two isothermally heated ver-
tical sides, while all other sides are adiabatic, has not been measured, although
this is a commonly used arrangement in latent heat storage [20, 34]. Boundary
effects have not been assessed, because temperatures or heat flow rates at the
boundaries have not been recorded. An analysis of measurement errors has not
been performed in any of the mentioned validation experiments. Finally, there
have not been transient measurements of flow velocities in the liquid phase with
high spatial and temporal resolution.

2.2 A novel validation experiment

A novel validation experiment was developed specifically for a LHS system
with symmetric heating from two opposite vertical side walls. An application-
oriented storage system would have a complex geometry with heat transfer
structures for increased power. However, a complicated geometry would restrict
the measurement techniques; especially optical access to the PCM would not
be possible. Therefore a simplified geometry was chosen while the principal
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2.2 A novel validation experiment

topology of the LHS system was kept. The simplest suitable geometries are
the rectangular, cylindrical and spherical enclosure. The decision fell in favor
of the rectangular enclosure, because it allows undistorted optical visibility of
the phase front during melting and because it is common in latent heat storage
systems. The result is a generic benchmark test case with optimal measurement
conditions that inherits the boundary conditions of a LHS system. A model
material (n-octadecane) with a low-temperature melting point and well-known
material properties was used to reduce heat exchange with the environment and
to gain accurate results.

2.2.1 Generic benchmark test case

The generic benchmark test case is illustrated in Figure 2.1: a PCM is isothermally
heated from two opposing vertical sides in a symmetric rectangular enclosure of
height H and half width W. The bottom side is an adiabatic wall and the top side
is an adiabatic free surface. The PCM is initially solid at a temperature T0 slightly
below the melting point Tm of the PCM. At time t0 the temperature at the heated
walls is raised to a temperature Tw = Tm + ∆T and melting starts as soon as the
melting point is reached.

The relevant dimensionless numbers of the melting process are the Rayleigh
number RaH , the Stefan number Ste, the time dependent Fourier number FoH(t),
the Prandtl number Pr and the aspect ratio A:

RaH =
gβl∆TH3

νlal
, Ste =

cp,l∆T
L

,

FoH(t) =
alt
H2 , Pr =

νl
al

, A =
H
W

.
(2.1)

Thereby, g is the gravity constant and βl is the thermal expansion coefficient in
the liquid state. The kinematic viscosity is denoted by νl, the thermal diffusivity
by al and the specific isobaric heat capacity by cp,l. Finally, L is the latent heat.

Melting is initially dominated by heat conduction, but natural convection sets
in as soon as the liquid layer reaches a critical size, so that the buoyancy forces
due to temperature gradients can overcome the viscous forces due to boundary
layers at the walls and at the liquid-solid interface. A criterion for the transition
from the pure conduction regime to a convection affected regime was derived by
Batchelor [35]. The correlation is given here with the height used as characteristic
length instead of the originally used width. The flow is dominated by natural
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Chapter 2 Experiments for validation

Figure 2.1: Definition of the generic benchmark test case.

convection, if
RaH
A4 ≥ 500. (2.2)

The onset of turbulence was studied by Elder [36]. The correlation is also given
with the height as characteristic length instead of the originally used width. The
flow is characterized to be laminar for

RaH < 1010. (2.3)

2.2.2 Test bench design and operation

The experimental setup is shown in Figure 2.2: a transparent enclosure made of
acrylic glass PLEXIGLAS R© contained heaters made of Steel 1.4301 and the PCM
n-octadecane. Ambient air filled the remaining space to allow for volume change
of the PCM.

The half width of the test section was W = 25 mm. The height of the heaters
and the initial fill height of the PCM in the liquid state were Hl = 105 mm. The fill
height was specifically chosen to achieve an average height H = 100 mm during

10



2.2 A novel validation experiment

Figure 2.2: Experimental setup: front view (upper image) and top view (lower
image). Thermocouple positions are shown with filled circles.
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the melting process. During solidification, the height decreased by the length δ

due to a higher density in the solid state. After solidification, the decline was
δ ≈ 10 mm and the solid fill height was Hs ≈ 95 mm. The depth of the test
volume D = 50 mm was large enough to neglect boundary effects at the mid-
plane induced by the front and back walls and it was small enough to ensure a
good quality of optical measurements.

To heat up the PCM, two custom built electric heaters made of stainless steel
1.4301 were used. They were designed for temperatures up to 300 ◦C for later
high temperature test runs. Each one was made of two plates that were welded
together. A meandering path was milled into one of the plates to leave space for
a heating coil with 330 W power that heats the plates uniformly. To measure and
control the wall temperatures of the two heaters at mid-height Tw,middle two T-
type thermocouples with 0.7 mm diameter were used. The thermocouples were
positioned 1 mm inside the heating plates at the center of the heater wall. To test
the temperature uniformity of the steel plates, the temperatures at the top Tw,top

and bottom Tw,bottom of one of the heating plates were additionally measured
over a complete melting process. The heaters were fixed onto a lid construction
for the transparent enclosure that also featured two fused silica top windows for
insulation and optical access. The transparent enclosure with the heaters and lid
construction was placed into an outer chamber equipped with temperature con-
trolled trace heaters to heat up the air and thus reduce heat losses to a minimum.
A CAD drawing and a photograph of the test chamber are shown in Figure 2.3.

The casing of the outer chamber was also made of stainless steel 1.4301, in
which fused silica windows were inserted at the sides. The outside faces were
covered with an insulation material of 20 mm thickness and a thermal conductiv-
ity of k = 0.05 W/(m K). Cutouts can be removed at the front and back sides and
at the top to allow optical access, see Figure 2.3 (b).

The outer chamber was used to heat up the air at the outside of the transparent
enclosure to the same temperature as the PCM inside the enclosure to achieve
near-adiabatic boundary conditions. The Temperatures in the PCM at the en-
closure boundaries were measured with T-type thermocouples of 0.35 mm and
0.5 mm diameter, and in the air at the enclosure boundaries with thermocouples
of 0.7 mm diameter. The thermocouples were placed at six different positions,
which are shown in Figure 2.2.

The PCM temperatures at the upper side of the enclosure TPCM,upper side and
at the lower side TPCM,lower side were used as set points for three independent
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Chapter 2 Experiments for validation

trace heater control loops. A first loop controlled the air temperature at the bot-
tom boundary below the enclosure Tair,below with a temperature controlled coil
heater in a steel plate that was inserted below the PCM enclosure with an air
gap in between. The second and the third loop controlled the temperatures of
the air at the side boundaries of the enclosure Tair,upper side and Tair,lower side with
four temperature controlled finned strip heaters. Two of the finned strip heaters
were mounted at the bottom (visible in Figure 2.3) and two at the top of the outer
chamber. This way, thermal stratification in the air could be controlled to be simi-
lar as in the PCM, which leaded to low heat exchange. The temperature at the top
boundary Tair,above was not actively controlled, because heat conduction through
the air layer at this boundary is significantly smaller than at the other boundaries
and it was not possible to optimally control all the boundary temperatures.

The power of all heaters was controlled with five separate PID loops imple-
mented in LabVIEW R© and ran on a compact RIO platform with a thermocouple
module and a digital output module. The controller outputs were transformed
into pulse width modulated (PWM) signals that ran the heaters with solid states
relays. For each of the three air heaters, two cascaded PID loops were used, be-
cause of the large reaction time of air heating. The set point of an outer controller
was the PCM temperature at an enclosure boundary, e.g. TPCM,lower side, and
the plant value was the air temperature at the same boundary, e.g. Tair,below.
The output of the outer controller and the setpoint for the inner controller was
the required heater temperature. The plant value of the inner controller was the
measured heater temperature and the output was the heater power as PWM sig-
nal. This way, a fast reacting inner loop controlled the heater temperature and a
slow reacting outer loop controlled the desired air temperatures at the enclosure
boundaries.

The liquid PCM was filled into the enclosure in multiple layers that solidified
subsequently to reduce the formation of air filled cavities. The whole system was
then preheated to the designated initial Temperature T0 of the PCM. When the
PCM and boundary temperatures deviated by less than 0.1 K from T0, a steady
state was declared and the melting process was started.

2.2.3 Material properties

For low temperature experiments, n-octadecane, which melts at a temperature of
Tm = 28 ◦C, was used. It is transparent in the liquid state, which allows the use of
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2.2 A novel validation experiment

optical measurement techniques, and its material properties are well-known. A
thorough data set was provided by Galione et al. [37], from which the properties
given in Table 2.1 were adapted. The surface tension was measured by Jasper [38].

Table 2.1: Thermophysical material properties of n-octadecane in the solid (s) and
liquid (l) state [37, 38].

Property Unit T ≤ Tm T > Tm

ρs

kg/m3
863 -

ρl 778.466
1010.07− 0.80587 · (T + 273.15)+
0.00012463 · (T + 273.15)2

cp,s J/(kg K)
1942 -

cp,l 2214.08 2137.1456 + 2.7186 · T

ks W/(m K)
0.3362 -

kl 0.151215 0.156427− 0.0001841779 · T

µl Pa s -
0.02966723−
8.533286 · 10−5 · (T + 273.15)

βl 1/K - 8.9 · 10−4

σl N/m - 0.02998− 8.428 · 10−5 · T

Tm
◦C 28 -

L kJ/kg 242.454 -

Properties depending on temperature T and liquid phase fraction fl are the
density ρ, the heat capacity cp and the thermal conductivity k. Constant values
are given for the solid state T < Tm, which was sufficiently accurate due to the
low subcooling of 1 K in this experiment. The value in the liquid state at melting
temperature T = Tm is also given. Temperature-dependent values are given
for the liquid phase with T > Tm. The dynamic viscosity µl is only specified
in the liquid phase and the expression by Galione et al. [37] was linearized for
the temperature region of this investigation. The surface tension σl is also only
specified in the liquid state. Furthermore, the melting temperature Tm and the
latent heat L are given. The thermal expansion coefficient βl was derived from a
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mean density ρ̄ between the solid and liquid state and the density ρl in the liquid
region:

β = − 1
ρ̄

∂ρl
∂T

∣∣∣∣
Tm

. (2.4)

The thermophysical properties of the steel heaters used to heat up the PCM,
the PLEXIGLAS R©enclosure, in which the PCM is filled, and the properties of
ambient air are given in Table 2.2.

Table 2.2: Thermophysical properties of enclosure materials and ambient air.

Property Unit Steel 1.4301 PLEXIGLAS R© Air

ρ kg/m3 7900 1180 1.225
cp J/(kg K) 500 1470 1006
k W/(m K) 15 0.19 0.0242
µ Pa s - - 1.791 · 10−5

2.2.4 Test runs

The initial temperature was T0 = 27 ◦C, which was 1 K below the melting point
Tm = 28 ◦C of the PCM. Three different experiments with driving temperature
differences of 5 K, 10 K and 20 K were conducted. The corresponding values of
the dimensionless numbers are given in Table 2.3. The material properties were
taken at the average liquid temperature Tm +∆T/2. The Fourier number is given
at the instant of completed melting FoH(tm).

With the criterion given by Equation 2.2, the flow was expected to be dom-
inated by natural convection, at least after a certain liquid phase fraction was
reached. And, the flow was laminar due to the criterion Equation 2.3.
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2.3 Measurement techniques

Table 2.3: Dimensionless numbers for the three different experiments: i.e.
Rayleigh number, Stefan number, Fourier number at time of completed
melting, Prandtl number and aspect ratio.

Number ∆T = 5 K ∆T = 10 K ∆T = 20 K

RaH 1 · 108 2 · 108 4 · 108

Ste 0.046 0.092 0.19
Fom 0.23 0.11 0.048
Pr 55.1 52.2 46.5
A 4 4 4

2.3 Measurement techniques

To measure the relevant quantities of the described validation experiment, sev-
eral measurement techniques were used: the phase state of the PCM was mea-
sured with shadowgraph imaging and the velocities in the liquid phase were
examined with Particle Image Velocimetry (PIV). The data were acquired with
high temporal and spatial resolution. Temperatures were measured with ther-
mocouples. In addition to internal temperatures, boundary temperatures were
measured to investigate thermal boundary effects.

2.3.1 Shadowgraph imaging

To get high-resolution data of the liquid phase fraction, shadowgraph images
were digitally recorded and evaluated. As the phase state changes slowly over
time, it was sufficient to take a shadowgraph measurement every minute dur-
ing the experiment, which takes about three hours. The optical setup that was
used for both the shadowgraph and the light sheet images (for PIV evaluation) is
illustrated in Figure 2.4.

The test chamber was illuminated from one side with white light emitted from
a high power LED CBT-140 by Luminus Devices. The LED was driven by an
LED pulsing system (LPS) from Intelligent Laser Applications (ILA) GmbH. The
diverging light emitted from the LED was condensed to nearly parallel light with
a plano-convex spherical lens with 150 mm diameter and 300 mm focal length.
To get a more uniform lighting, a white square diffusor plate with 200 mm edge
length was placed in the optical path near to the test section.
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On the other side of the test section, an industrial monochrome camera (Black-
fly USB3 by Point Grey) recorded the shadowgraph. It featured a 1/1.2" CMOS
sensor Sony IMX249 with a resolution of 1200 x 1920 pixels at a maximum rate
of 41 frames per second. A KOWA lens LM50HC with 50 mm focal length was
used to project the image on the sensor. With this lens and the sensor positioned
at a working distance of about 500 mm, a field of view of 52 mm x 107 mm, which
was slightly larger than the test section dimensions, was obtained.

The image was read and cropped to the test section region by an acquisition
program written in LabVIEW R©. The conversion factor from image data to the
physical space was determined to be 17.4 pixel/mm with the help of a calibration
target. The liquid phase fraction at a certain time was calculated by summing
up all of the pixel values in the backlight image, see Figure 2.5 (a), and divid-
ing the result by its maximum possible value, which occurred at the end of the
experiment when all PCM was melted.

2.3.2 Particle image velocimetry

Flow velocities were measured with high resolution in a two-dimensional plane
using Particle Image Velocimetry (PIV). In PIV, tracer particles are used to visual-
ize fluid flow and velocities are obtained by evaluating the displacement of par-
ticles in successive recordings. The theory behind this technique was described
by Raffel et al. [39] and Adrian and Westerweel [40].

Uncoated hollow glass spheres were successfully tested in n-octadecane. The
particles, which were provided by TSI inc, had a mean diameter of dp = 10 µm
and a density of ρp = 1100 kg/m3. Although the particle density did not fully
match the density of the PCM, the diameter was small enough to ensure good
tracing behavior. The sinking (rising) velocity Ug of a particle in a quiescent fluid
with density ρl and viscosity µl due to gravity can be approximately calculated
from the Stokes equation, as stated by Raffel et al. [39]:

Ug =
d2

pg(ρp − ρl)

18µl
. (2.5)

This equation is valid for a small particle Reynolds number

Rep =
ρlUfdp

µl
� 1, (2.6)

which was about Rep ≈ 1 · 10−2 in this case. The uncoated hollow glass spheres
sank in n-octadecane with a velocity of Ug = 5 · 10−3 mm/s. This value was
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sufficiently small in comparison to measured fluid velocities of up to 3 mm/s
and indicates steady tracing ability. To also obtain dynamic tracing behavior, the
Stokes number should be small,

St =
τp

τf
� 1. (2.7)

The particle response time was calculated according to Raffel et al. [39], τp =

2 · 10−6 s, and the characteristic time of the flow problem was estimated to be
about τf ≈ 1 s. This results in a very low Stokes number of St ≈ 2 · 10−6, which
underlines the good tracing ability of the particles.

The tracer particles were illuminated with a light sheet parallel to the x-y-plane,
see Figure 2.2. Green light with 525 nm wavelength was emitted by a high power
LED (PT-121 by Luminus devices) that was mounted in a second LED driver of
the LPS system. To form a light sheet, the light was coupled into an optical fiber
cable connected to a line light source. A cylindrical lens with 40 mm height and
50 mm focal length focused the diverging light from the line light source onto a
slit diaphragm with 50 mm length and 1 mm width. This way, most of the dif-
fused light due to incoherence, light source size and optical aberrations was cut
off. A sharp light sheet was formed that illuminated a plane with 2 mm to 3 mm
thickness over the whole height of the test section. The light sheet could be offset
along the z-axis, see Figure 2.2, with a linear translation stage to measure in vari-
ous planes parallel to the x-y-plane. The light was reflected by the tracer particles
onto the same CMOS camera used for shadowgraphy. However, the two different
light sources could not be used at the same time, since the shadowgraph illumi-
nation would outshine the scattered light from the particles with lower intensity.
The other way around, the light sheet would illuminate the solid phase inhibiting
proper shadowgraph images. The LabVIEW R© program automatically controlled
alternating shadowgraph and lightsheet illumination, camera configuration, im-
age acquisition and data storage.

A PIV measurement was taken every minute directly after the shadowgraph
measurement. At every measurement, a series of 40 images was recorded over
10 s to obtain transient and average data. Approximately 200 of these measure-
ment sets were taken in every experiment to obtain a temporal resolution of the
whole melting process. A camera frame rate of 4 frames/s (250 ms exposure dis-
tance) was chosen to measure velocities, which were below 3 mm/s. The frame
rate was adjusted to allow a maximum particle travel of 25 % within a PIV evalu-
ation window between two successive frames, because this has been often stated
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as optimum value [39]. An exposure time of 30 ms was long enough for sufficient
light intensity and short enough to avoid motion blur of the particles. However,
the camera sensor had to be driven with nearly maximum gain.

The evaluation of velocities was done with the commercial software PIVview
conceived by C. Willert, PIVtec GmbH. The underlying algorithms have been
described by Raffel et al. [39]. The software also provided algorithms for prepro-
cessing, such as image filters, background removal and masking, and for post-
processing, such as calibration and data validation.

Regions that were not to be evaluated, such as the solid phase of the PCM, had
to be masked to get proper results from the PIV evaluation. However, in the case
of PCM melting, a manual masking for every measurement, which was neces-
sary due to movement of the phase front, would have been inefficient. Instead,
the shadowgraph images, which were taken before every series of light sheet
images, were used to automatically create masks. In Figure 2.5 (a) an original
shadowgraph image is shown. Several algorithms from the LABVIEW R© Vision
Development module, e.g. black and white conversion or closing of holes were
used to gain suitable mask images, see Figure 2.5 (b). The software PIVview was
operated from a windows command prompt, which made it directly accessible
from LabVIEW R© so that mask images could be assigned to PIV image pairs au-
tomatically.

To enhance the contrast and remove unwanted features in the images, a back-
ground removal was performed. As background image, the mean image of the
40 successive light sheet images recorded over 10 s was used, as shown in Fig-
ure 2.5 (c). Finally, the light sheet images were filtered with a high pass filter with
Gaussian weighing and a kernel size of 1.5 pixels. A final preprocessed light sheet
image is shown in Figure 2.5 (d).

For PIV evaluation, evaluation windows of 12 pixels in x-direction and 48 pix-
els in y-direction with a step size of 8 pixels in x-direction and 48 pixels in y-
direction were used. This leaded to a vector grid with 112 vectors in x-direction
and 39 vectors in y-direction. The larger window and step size in y-direction
accounted for higher velocities in this direction and improved visibility of the re-
sulting larger vectors. In contrast, the smaller window and step size in x-direction
accounted for smaller velocities in this direction and better resolved the bound-
ary layers at the heated vertical walls and the phase front of the PCM.

A fast Fourier transform (FFT) correlation with two repeated correlations
and multiplication of correlation planes was used. A multiple-pass interro-
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2.4 Results and discussion

gation method with three passes and sub-pixel image shifting with B-spline
interpolation of third order and least squares Gauss sub-pixel peak fit was done.

Finally, for validation of the resulting velocity vectors, a normalized median
test and a signal-to-noise ratio test were performed to detect outliers. The
detected outliers were either replaced with vectors calculated from the second
largest correlation peak or interpolated from neighboring valid vectors.

A last measure to increase reliability and accuracy of the velocity data was to
evaluate all the 39 image pairs out of the 40 recorded single images over 10 s
and then calculate the average velocity. This filters remaining outliers or false
measurements and does not significantly change the solution of the quasi-steady
flow field.

2.3.3 Thermocouple measurements in the PCM

Temperatures during the melting process were measured with K-type thermo-
couples of 0.35 mm diameter at three distinct points TPCM,1, TPCM,2 and TPCM,3

in the test volume, as illustrated in Figure 2.2. The thermocouples passed through
the heating plates from the back side and lied horizontally in the PCM. The po-
sitions of the tips of the thermocouples, where the temperatures were measured,
are given in Table 2.4 with respect to the coordinate system shown in Figure 2.2.

Table 2.4: Measurement positions of thermocouples in the PCM used to measure
temperatures during the melting process.

Thermocouple→ PCM,1 PCM,2 PCM,3

x-coordinate / mm 5 15 25
y-coordinate / mm 90 50 10
z-coordinate / mm 25 25 25

2.4 Results and discussion

Several test runs were successfully conducted and evaluated with the pre-
viously presented validation experiment using the described measurement
techniques. Experiments with three different driving temperature differences
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of ∆T = 5 K, 10 K and 20 K were performed. The corresponding dimension-
less numbers were already given in section 2.2.4. The melting process in the
experiment with ∆T = 10 K is visualized showing the phase state and velocity
vectors in section 2.4.1. This experiment was also repeated four times as similar
as possible to check reproducibility and to calculate statistical errors. After per-
forming an error assessment in section 2.4.2 and analyzing the actually measured
boundary temperatures in section 2.4.3, the quantitative results of liquid phase
fractions, velocity extrema and temperatures are presented in section 2.4.4.

The experimental data were stored on two different hard drives that are
associated to this thesis. The measurement raw data are found in the folder
\DATA_B\Versuchsstand\Daten\MK2\. The evaluated data are stored in
the folder \DATA_A\Evaluation\experiment\. There are different measure-
ment sets named after the date they were recorded. The measurement data sets
evaluated in this thesis are given in Table 2.5.

Table 2.5: Measurement data sets used for evaluation.

∆T Data set

10 K

20170816
20170822
20170825
20170831

5 K 20170905

20 K 20170922

2.4.1 Visualization of the transient melting process

The transient melting process is visualized in Figure 2.6 at time t = 1800 s and in
Figure 2.7 at time t = 3600 s showing the average of 40 light sheet images taken
over 10 s in the background. The solid phase of the PCM appears in white and
light grey shades and the liquid phase in black. On top of that, the evaluated
velocities are shown with vectors colored by velocity magnitude. The continuing
melting process is further visualized in Figure 2.8 at t = 5400 s and in Figure 2.9
at t = 7200 s. But in these figures shadowgraph images are shown in the back-
ground, where the solid phase appears in black and the liquid phase in white.
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2.4 Results and discussion

Figure 2.6: Visualization of the phase state with averaged light sheet images and
the velocities in the liquid phase with colored vectors at t = 1800 s.
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Figure 2.7: Visualization of the phase state with averaged light sheet images and
the velocities in the liquid phase with colored vectors at t = 3600 s.
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Figure 2.8: Visualization of the phase state with back light images and the veloci-
ties in the liquid phase with colored vectors at t = 5400 s.
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Figure 2.9: Visualization of the phase state with back light images and the veloci-
ties in the liquid phase with colored vectors at t = 7200 s.
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Melting was dominated by natural convection in evidence of the curved phase
front shape. Melting by heat conduction would occur with a phase front parallel
to the heated walls. But thermal stratification due to natural convection leaded to
increased melting at the top. The boundary layer of the upward flow at the heated
walls and the boundary layer of the inclined downward flow at the colder solid
phase were clearly observed. The maximum velocity magnitudes were larger in
the downward flow at the cold solid phase as in the upward flow at the heated
plates.

Furthermore, the maximum velocity magnitudes were larger at the left wall
than at the right wall. At first sight, this is unexpected regarding the symmetry
of the problem. But in an experiment a perfect symmetry cannot be ensured, ei-
ther. The temperature of the heated wall on the left side was probably higher than
on the right side. Although both plates were controlled to the same temperature,
measurement uncertainties could have allowed slightly different temperatures.
Conclusively, already a small temperature difference may lead to a visible asym-
metry in the flow field. Nevertheless, the phase front remained symmetric and
therefore the flow field asymmetry seemed to have only a minor impact on the
melting process.

During melting, gas bubbles originated from the solid material and rose to the
top surface. The filling of the PCM in many layers with subsequent solidifica-
tion reduced the amount of cavities in the solid, but it could not prevent them
completely. Fortunately, the rising bubbles did not significantly decrease the PIV
measurement accuracy, because their velocities were out of the range captured
by PIV evaluation. However, the rising gas bubbles probably entrained fluid
along and could thus have adversely affected the ideally stated melting problem.
To completely prevent cavities in the solid, the PCM would have to be solidi-
fied in a vacuum environment, so that no air can diffuse into the cavities formed
by shrinking of the solid during solidification. Nevertheless, the formation of
shrinkage cavities is a natural phenomenon that also occurs in real latent heat
storage systems.

In conclusion, due to highly resolved velocities from PIV measurements, the
whole flow field was visualized, which gave detailed insight into the process of
natural convection during melting of a PCM.
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2.4.2 Measurement and evaluation errors

The estimation of systematic and statistical measurement errors is crucial to judge
measurement accuracy. Errors were analyzed for the measurement of the phase
state by shadowgraphy, the measurement of velocity by PIV and the measure-
ment of temperatures by thermocouples. The aim was to include the most im-
portant systematic error sources. To gain statistical errors, the same experiment
was repeated four times.

Liquid phase fraction measurement

The liquid phase fraction, which is a dimensionless value 0 ≤ fl ≤ 1, was ob-
tained from the shadowgraph images, as explained in section 2.3.1. The system-
atic errors were mainly caused by optical distortions, perspective and obstacles
in the optical path, e.g. thermocouples. These errors were assumed to be well
below two percent, which leaded to an absolute error range of ±0.02.

The statistical analysis of four repeated measurements of the liquid phase frac-
tion over 11 700 s at 19 time steps of 600 s revealed 95 % confidence intervals with
a size of ±0.0066 and ±0.034. Conclusively, the total systematic and statistical
errors were between ±0.027 and ±0.054.

Velocity measurement and PIV evaluation

The velocity was measured by optical imaging of particle movement illuminated
by a light sheet and optical imaging to a camera sensor. The data was evaluated
by a PIV software. The following possible systematic measurement and evalua-
tion errors were identified: 1) distortions in the optical imaging and calibration
procedure from image to physical space, 2) long exposure motion blur of particle
images, 3) particle inertia or sinking of particles due to density mismatch with
the fluid and 4) the PIV evaluation algorithms.

As stated by Adrian and Westerweel [40], distortion errors are often negligi-
bly small. Since there were no curved surfaces in the optical path and the fo-
cal length of the camera lens was not exceptionally wide, distortion errors were
neglected. The calibration from the image to physical space was done by mea-
suring the known physical distance of 100 mm on a calibration target in pixel
values. Assuming this distance was measured with a precision of 10 pixels, the
total error in the conversion factor was 0.1 pixel /mm. This induced an error of
±1.7 · 10−2 mm/s on the maximum velocity with magnitude |u| = 3 mm/s.
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The exposure time of the light source was selected in that manner that a par-
ticle only traveled a maximum distance of one pixel during exposure to avoid
excessive motion blur. Nevertheless, the resulting error was estimated to be
±0.1 mm/s.

As described in section 2.3.2, the Stokes number for the tracer particles in the
fluid was St = 2 · 10−6, which indicated negligible dynamic tracing error. But
the small static sinking velocity of Ug = −5 · 10−3 mm/s was still included in the
systematic error.

As stated by Adrian and Westerweel [40], the PIV evaluation error is mostly
between 0.1 and 0.2 pixels. In this study, a value of 0.2 pixels is assumed. How-
ever, due to averaging of velocities from 39 evaluations of 40 subsequent images,
this value could be reduced to 0.03 pixels. Converted to physical space, this cor-
responded to a velocity error of ±7 · 10−3 mm/s.

The sum of the systematic errors was ±0.15 mm/s. The statistical analysis of
four repeated measurements of the maximum and minimum velocities in x- and
y-direction over 11 400 s at 19 time steps with a step size of 600 s revealed confi-
dence intervals between±0.02 mm/s and±0.2 mm/s in x-direction and between
±0.05 mm/s and±0.7 mm/s in y-direction. The resulting sums of systematic and
statistical errors lay between ±0.2 mm/s and ±0.4 mm/s in x-direction and be-
tween ±0.2 mm/s and ±0.5 mm/s in y-direction.

Temperature measurement

The thermocouples of type K used for measuring temperatures had a specified
absolute accuracy of ±1.5 K. However, the phase change temperature of three
different materials was measured with multiple thermocouples with a deviation
below 0.5 K. Furthermore, temperature measurements from all the installed ther-
mocouples lay within 0.1 K in thermal equilibrium. In conclusion, the systematic
measurement error was at most ±0.5 K.

The statistical analysis of three repeated measurements of temperatures at 40
time steps over 12 000 s with a step of 300 s revealed confidence intervals between
±0.005 K and ±6.6 K. The larger confidence intervals only occurred over a short
period of time during melting in the vicinity of the thermocouple, which resulted
in a large temperature gradient and therefore a large variation between measure-
ments. Most of the time, the confidence interval was much smaller. The resulting
sums of systematic and statistical errors lay between ±0.5 K and ±7.1 K.
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2.4.3 Measured boundary conditions

In the test case definition in section 2.2.1, ideal boundary conditions were speci-
fied. The initial temperature was T0 = 27 ◦C and the wall temperature was raised
to Tw = 38 ◦C at time t0 = 0 s. All non-heated walls would have to be adiabatic in
the ideal case. However, these ideal conditions could not be perfectly realized in
an experiment. To analyze the experimental boundary conditions, temperatures
were measured at all the different boundaries during the melting experiment and
the heat loss and gain were roughly estimated.

Boundary temperatures

The wall temperatures at three different heights of one of the heating plates mea-
sured during a melting experiment are shown in Figure 2.10. The measurement
positions can be found in Figure 2.2. Every plotted value is a mean value from
four repeated measurements. The temperature in the middle was used for PID-
control and therefore settled at the designated temperature of Tw = 38 ◦C after
a short overshoot. The time average of this middle temperature was also about
T̄w,middle ≈ 38 ◦C.

Figure 2.10: Temperatures measured during a melting experiment at the top,
middle and bottom of one of the heated side walls. The temperature
at the middle location was used for PID-control of the wall tempera-
ture.

32



2.4 Results and discussion

The thermal stratification in the PCM due to natural convection and the finite
thermal conductivity of the stainless steel heating plates, which was still about
100 times higher than that of the liquid PCM, lead to a temperature variation over
the height of the heated wall. The variation over time mainly depended on the
heat transfer rate from the heater into the PCM. During the melting process with
strong natural convection, the heating plates could not compensate the thermal
stratification in the PCM. Only in the pure conduction regime at the very begin-
ning and after completed melting at the end, the heating plates had a uniform
temperature over the height. The time averaged value of the top temperature
was T̄w,top = 39.5 ◦C and that of the bottom temperature was T̄w,bottom = 35.9 ◦C.

This temperature variation over the height was clearly a deviation of the ex-
periment from the originally stated ideal case. But the impact on the results has
yet to be analyzed, e.g. in a numerical comparison study of ideal and real wall
boundary conditions. Nevertheless, the mean values of the time-averaged tem-
peratures at the three height levels was T̄w = 37.8 ◦C, which is close to the des-
ignated Tw = 38 ◦C and therefore ensured the ideal wall temperature in a mean
sense.

The temperatures measured at six locations of the remaining quasi-adiabatic
walls are shown in Figure 2.11; for the locations refer to Figure 2.2. At one of
the side walls, temperatures were measured at an upper and a lower location
both in the PCM at the inside of the enclosure and in the air at the outside of the
enclosure. Also, air temperatures were measured above the enclosure at the lid
window and directly below the enclosure.

Figure 2.11: Temperatures measured at six locations of the quasi-adiabatic walls.

33



Chapter 2 Experiments for validation

At the upper position of the enclosure side wall, the temperature in the air is
lower than that in the PCM. At the lower position of the enclosure side wall, the
temperature in the air is higher than that in the PCM. This is due to the control
algorithm which controls both air temperatures to both PCM temperatures in a
mean sense. Since the air has different material properties than the PCM, the
thermal stratification is different in both materials and a better agreement is not
achievable. The air temperature above the enclosure was not actively controlled
and is a result of this control strategy. It is lower than the air temperature at the
side, because the enclosure side walls are also heated by the main heaters and,
as a result, the air heaters lower their power to not introduce too much heat.
Together with heat losses at the top, this results in a lower air temperature above
the PCM enclosure. The air temperature below the enclosure matches the PCM
temperature at the lower position. The air volume below the enclosure can be
well controlled, because it is separated and insulated from the rest of the air in
the outer enclosure.

Conclusively, we can see that the quasi-adiabatic control strategy leads to low
differences between air and PCM temperatures at the enclosure boundaries.

Boundary heat loss and gain

To estimate the influence of the remaining heat flow over the quasi-adiabatic
boundaries on the melting process, the heat flow rates through the boundaries
were estimated and compared to the power of the heating plates that heat up the
PCM.

The heat flow rates at the three different boundaries (below, sides and above)
were approximately calculated from the difference of the measured temperatures
between the PCM and the surrounding air shown in Figure 2.11. For the sides
and bottom boundaries, heat conduction through the enclosure walls is calcu-
lated. An enhanced thermal conductivity model with a Nusselt correlation [41]
was used to calculate natural convection in the air layer above the PCM. Heat ra-
diation through this air layer is also approximately calculated. All the boundary
heat flow rates were summed up to obtain a total boundary heat flow rate. For
comparison, the heat flow rate that is transferred by the heating plates into the
PCM was approximately calculated by the power rating of the heaters and the
duty cycle of the PWM signal.

The result is that in total, relative to the heating power, 3.4 % of heat was lost
and 1.9 % was gained through the boundaries. This confirms a minor influence of
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the boundaries on the melting process and with it the effectiveness of the quasi-
adiabatic control of boundary temperatures.

2.4.4 Quantitative results for validation

Finally, the quantitative results for the purpose of numerical model validation
are presented. The relevant quantities are the liquid phase fraction, the velocities
in the liquid phase of the PCM and the temperatures at distinct positions in the
PCM.

Liquid phase fractions over time

The liquid phase fractions were calculated from shadowgraph images taken ev-
ery 60 s during the experiment, see section 2.3.1. The temporal evolutions of liq-
uid phase fractions for three different experiments with driving temperature dif-
ferences ∆T = 5 K, 10 K and 20 K are plotted in Figure 2.12. For the experiment
with ∆T = 10 K, error bars are given. They show the sum of the systematic er-
ror and the statistical confidence interval from four repeated measurements at
selected times, as calculated in section 2.4.2.

Figure 2.12: Liquid phase fractions over time of three different experiments with
driving temperature differences ∆T = 5 K, 10 K and 20 K.
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The curves show a usual shape with a rate of melting that increases with the
driving temperature difference more than proportional. The melting times were
tm(∆T = 20 K) = 5460 s, tm(∆T = 10 K) = 11 880 s and tm(∆T = 5 K) = 25 560 s.

Velocity extrema over time

The full velocity field, as illustrated in figures 2.6-2.9, contains many data points
and is hard to quantify. Therefore, the maximum and minimum velocities in
both the x- and y- direction are evaluated. The results are plotted over time in
Figure 2.13. Error bars show again the sum of the systematic error and the sta-
tistical confidence interval from four repeated measurements at selected times
calculated in section 2.4.2.

Figure 2.13: Maximum and minimum velocities in x- and y- direction over time
of the experiment with ∆T = 10 K.

36



2.4 Results and discussion

It is clearly seen that vertical velocities v in y-direction are significantly larger
than horizontal velocities u in x-direction. This is expected, because the buoy-
ancy force acts in y-direction at the walls and in negative y-direction at the phase
boundary. Furthermore, the maximum velocity max(u) and the minimum veloc-
ity min(u) in x-direction are similar in magnitude. However, in the y-direction,
the maximum velocity max(v) is about 20 % lower in magnitude than the mini-
mum velocity min(v).

PCM Temperatures

The temperatures inside the PCM TPCM,1, TPCM,2 and TPCM,3 at the three distinct
measurement positions, see Figure 2.2, are plotted in Figure 2.14.

Figure 2.14: Temperatures in the PCM over time of the experiment with ∆T =

10 K at three distinct measurement positions.

Error bars show the sum of the systematic error and the statistical confidence
interval from four repeated measurements at selected times, as calculated in sec-
tion 2.4.2. The error is larger at high temperature gradients due to larger de-
viations of repeated measurements. The time when the melting front passed the
thermocouple, which leaded to a rapid increase in temperature, could not exactly
be reproduced. The predominant remaining time, however, errors were small.
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The temperature TPCM,1 slightly exceeded the wall temperature Tw = 38 ◦C,
which was due to the non-uniformity of the heating plates seen in Figure 2.10.
Apart from that, the temperatures show the typical progression expected from a
phase change process.

2.5 Conclusions

A novel validation test case for a LHS system with symmetric heating from two
opposite vertical side walls was defined. An experimental test bench was built
and measurement techniques for phase state, velocities and temperatures were
implemented.

Three main challenges of such an experiment were identified. The first was
that the heating plates may not conduct heat well enough and, due to the ther-
mal stratification in the PCM, establish a temperature variation over the height.
The significance of this problem still has to be investigated in further studies.
Since the temperatures were provided at three positions over the height and with
time, this boundary condition may be easily implemented in a simulation. The
second challenge was a symmetric heating from both sides. A larger flow veloc-
ity magnitude in one of the two wall boundary layers was found. Although both
plates were PID-controlled to the same temperature, measurement uncertainties
could allow slightly different temperatures. The conclusion is that already a small
temperature difference may lead to a visible asymmetry in the flow field. Nev-
ertheless, the phase front remained symmetric and therefore another conclusion
is that the flow field asymmetry had only a minor impact on the melting pro-
cess. The third challenge was the heat flow over the remaining ideally adiabatic
boundaries, which could affect the melting process. The heat flow rates over the
boundaries were minimized with an active quasi-adiabatic control approach of
trace heaters in a surrounding air chamber. The remaining total heat loss was
estimated to be 3.4 % and the heat gain 1.9 % relative to the heat transferred by
the heating plates. In conclusion, there was only a minor effect of heat transfer
through the boundaries in this experiment.

The main results are measurements of the phase state and velocities in the liq-
uid phase of the PCM with high spatial and temporal resolution. The optical
measurement techniques of shadowgraphy and PIV produced highly resolved
data on the phase state and velocity in a two-dimensional vertical plane. With an
automated measurement technique, approximately 200 measurement sets were
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taken in every experiment to obtain a temporal resolution of the whole melting
process. Each measurement set included a shadowgraph image and a series of
40 lightsheet images over 10 s to obtain transient and averaged velocity data. An
error analysis was performed including estimated systematic errors and statisti-
cal measurement errors calculated from four repeated experiments. The resulting
error bars of liquid phase fraction, velocities and temperatures were sufficiently
low and confirmed accurate results. These comprehensive data are suitable for
validation of numerical models for phase change processes.
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Chapter 3

Numerical modeling and validation

This chapter is about numerical modeling and model validation based on the ex-
periment introduced in chapter 2. Two different modeling approaches, a detailed
and a simplified one, implemented within the same solver framework ANSYS
Fluent, are presented. As a first step, a comparison of the models with each other
is shown. In a second step, a comparison of simulation results to the validation
experiment is presented. But first of all, the state of the art on the numerical
models is discussed.

3.1 State of research and objectives

Numerical models for solid liquid phase change with natural convection have
been researched for more than thirty years with one of the first works being
by Voller et al. [42]. Most of the existing models were collected in the reviews
by Salcudean and Abdullah [43], Samarskii et al. [13], Voller [15], Hu and
Argyropoulos [14], Dutil et al. [16] and Dhaidan et al. [17]. The models were
roughly divided in deforming grid and fixed grid methods and a comparison
of these approaches was done by Lacroix and Voller [44], and Viswanath and
Jaluria [45]. The variables were either formulated in primitive variables, such as
pressure and velocity, or in a stream function and vorticity approach [13]. In the
fixed grid methods with primitive variables, the enthalpy-porosity technique by
Voller and Prakash [46], Brent et al. [47] or Voller and Swaminathan [48] has often
been used for phase change and the incompressible Navier-Stokes equations
have been solved with a projection method to decouple the computation of
pressure and velocity. Semi-implicit projection methods such as the SIMPLE
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algorithm by Patankar and Spalding [49] have been used by most researchers,
but also explicit projection methods [50] were applied by Galione et al. [51] and
Kozak and Ziskind [52]. Mostly, the Boussinesq approximation has been applied,
which sets a constant density in all terms of the governing equations but the
buoyancy term in the momentum equations, where the dependency of density
with temperature is linearized. A variable PCM density was implemented in
conjunction with an air phase and the volume of fluid (VOF) method [53] to
model volume expansion [54–56]. However, the impact of variable material
properties and volume expansion on melting governed by natural convection in
latent heat storage is not known, since the results of a detailed VOF approach
and a simplified Boussinesq approximation have not yet been compared.

The weak natural convection during solidification was also approximately
modeled with a heat conduction model with enhanced thermal conductivity
(ETC) approach by Farid and Husian [57]. Several solutions from different
heat conduction phase change models with enhanced thermal conductivity
were compared to each other and to experimental data by Pointner et al. [58],
where good agreement was found. However, during melting and when natural
convection is strong, the phase change process becomes highly two-dimensional
and the standard enhanced thermal conductivity methods are not valid. In this
case, only the aforementioned natural convection models including fluid flow
are accurate enough.

Despite the impressive amount and level of sophistication of available numer-
ical models, their verification and validation are still remaining issues. Different
methods have been producing deviating results [59] and the agreement of numer-
ical results with experiments has often not been satisfactory in the past, as stated
by Kadri et al. [18]. To give an example on the issue of verification: Bertrand et
al. [60] and Gobin and Le Quéré [61] performed a thorough comparison of multi-
ple well-designed models on a numerical benchmark test case. Although results
indicated the same trends, the phase boundary differed up to ± 20 % in one of
the test cases. To give another example on the issue of validation: Campbell and
Koster [28] repeated the most popular validation test case, which was performed
by Gau and Viskanta [25], with an improved experimental setup. Although the
phase front shapes of the simulation and experiment were similar in the final
steady state, deviations were found during the temporal evolution.

Conclusively, verification and validation have been a challenging task. The
problem is that there is a general lack of experiments suitable for validation of
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melting governed by natural convection [18]. The novel validation experiment
presented in the last chapter contributes to increasing the amount of available
experiments and the resolution of measurements. The remaining task is the com-
parison and validation of numerical models with these experimental data.

3.2 Numerical modeling

Two different numerical models with varying degree of detail and different sim-
plifications were developed. The models were based on the commercial software
package ANSYS Fluent, where the Navier-Stokes equations including the energy
equation and a source term enthalpy method were solved on a fixed finite vol-
ume grid in two dimensions [62, 63]. A first detailed model (V-2D) used variable
material properties and the volume of fluid (VOF) method to model volume ex-
pansion of the PCM into an additional air phase. A second simplified model
(B-2D) used the Boussinesq approximation and constant material properties and
thereby neglected volume expansion.

3.2.1 Model simplifications

The following simplifications were used by both models: 1) the flow in the liquid
phase of the PCM was incompressible and Newtonian, 2) the sharp interface be-
tween the solid and liquid phase of the pure PCM or eutectic mixture of multiple
PCMs could be represented by a narrow so called mushy region, where the ma-
terial was neither solid nor liquid but a mixture of both phases, 3) the solid phase
did not move – no sinking of the solid phase or close contact melting occurred, 4)
natural convection in the PCM was laminar and 5) radiation and viscous dissipa-
tion were negligible.

There are further simplifications that were different for the two models. The
detailed model (V-2D) introduced an interface between the PCM and an air phase
to allow for volume expansion. However, it was assumed that 6) the effect of sur-
face tension on the interface between liquid PCM and air was negligible. The
simplified model (B-2D) used a constant density and the Boussinesq approxima-
tion in the buoyancy term and therefore assumed that 7) this approximation was
valid and density change (or volume expansion) of the PCM during melting was
negligible. Furthermore, this model assumed that 8) constant thermophysical
properties of the PCM were sufficiently accurate.

43



Chapter 3 Numerical modeling and validation

3.2.2 Modeling of material properties

The density, specific heat capacity, thermal conductivity and dynamic viscosity
of the PCM n-octadecane are already given in Table 2.2. The different modeling
of these material properties in the detailed model (V-2D) and in the simplified
model (B-2D) is compared in Table 3.1. These material properties are also visual-
ized over temperature in Figure 3.1. The variable properties used by the detailed
model (V-2D) are shown with solid lines and the constant properties used by the
simplified model (B-2D) are represented with dashed lines.

Table 3.1: Modeling of material properties in the detailed model (V-2D) and in the
simplified model (B-2D).

Property V-2D B-2D

Density ρ ρ( fl, T) ρ̄

Spec. heat cap. cp cp(T) c̄p

Therm. cond. k k( fl, T) kl

Dyn. viscosity µ µ(T) µ(Tm + ∆T
2 )

In the detailed model (V-2D) the density was constant in the solid state and
during phase change it linearly varied with the liquid phase fraction between the
solid and liquid state:

ρ( fl, T) = flρl + (1− fl)ρs. (3.1)

The specific heat capacity, however, could not be specified depending on the liq-
uid phase fraction in ANSYS Fluent; it had to depend on temperature. Even
with the appropriate user defined function (UDF) macro this was not possible.
So, a small temperature range was introduced in the phase change region be-
tween the solidus temperature Ts = Tm − 0.1 K and the liquidus temperature
Tl = Tm + 0.1 K, in which the specific heat capacity changed linearly:

cp(T) = cp,s +
cp,l − cp,s

Tl − Ts
(T − Ts). (3.2)

The thermal conductivity was constant in the solid state and during phase change
it depended on the liquid phase fraction

k( fl, T) = flkl + (1− fl)ks. (3.3)
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Figure 3.1: The density ρ, specific heat capacity cp, thermal conductivity k and
dynamic viscosity µ of n-octadecane over temperature with solid lines
for variable properties used in the detailed model (V-2D) and dashed
lines for constant properties used in the simplified model (B-2D).
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In the liquid state, all properties ρ, cp, k depended on temperature. The dynamic
viscosity µ is only defined in the liquid state and also depended on temperature.

With the Boussinesq approximation in the simplified model (B-2D), the den-
sity was assumed constant in all terms but the linearized Buoyancy term in the
momentum equation. As constant mean density ρ̄, the mean value of the liquid
and the solid state near the melting point was chosen. From a fluid dynamics
viewpoint, the density in the liquid state would have been the optimal choice,
because the melting process is dominated by natural convection in the liquid
phase. However, the amount of sensible and latent energy stored in the initial
solid state would have been much lower than in reality. With a mean density ρ̄

and a mean PCM volume, the amount of stored energy was correct in a mean
sense. For the same reason, a mean specific heat capacity cp was selected. For the
thermal conductivity k, the value in the liquid state was chosen, because tempera-
ture gradients and heat conduction mostly occurred in the liquid phase while the
solid phase was nearly isothermal throughout the melting process. The dynamic
viscosity was set to a constant value evaluated at the mean liquid temperature
Tm + ∆T

2 .

3.2.3 Governing equations

For the two different models, different sets of governing equations were needed.
The detailed model (V-2D) maintained a variable density and used the VOF
method and an additional air phase for volume expansion while the simplified
model (B-2D) assumed a constant density and included buoyancy with the
Boussinesq approximation.

Detailed VOF model with air phase (V-2D)

The conservation equations of mass, momentum and energy are solved with one
set of equations for the two phases of PCM and air with the volume of fluid
method: The continuity equation is thereby solved only for the secondary phase,
which is the PCM:

1
ρ

[
∂

∂t
(αPCM ρ) +∇(αPCM ρu) = ṁair→PCM − ṁPCM→air

]
, (3.4)

where αPCM is the volume fraction of the PCM, ρ is the density and u = (u, v, w)>

is the flow velocity in x, y and z-direction, respectively. The volume fraction of
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the primary phase, which is air, is determined with the following constraint:

αPCM + αair = 1. (3.5)

The momentum equation with buoyancy term Fb and a momentum source
term Su is

∂

∂t
(ρu) +∇ · (ρuu>) = ∇ · τ −∇p + Fb + Su, (3.6)

where p is the pressure. The stress tensor τ is given as

τ = µ

[
(∇u +∇u>)− 2

3
∇ · uI

]
, (3.7)

where I is a unit tensor. The buoyancy term is

Fb = ρgêy, (3.8)

where g is the gravity constant and êy is a unit vector in y-direction.
The energy equation for the specific enthalpy h with an enthalpy source term

Sh is
∂

∂t
(ρh) +∇ · (ρuh)−∇ · (k∇T) = Sh. (3.9)

Simplified Boussinesq model (B-2D)

The conservation equations of mass, momentum and energy are solved without
volume expansion with the Boussinesq approximation: With constant density,
the continuity equation reduces to

∇ · u = 0. (3.10)

The momentum equation with buoyancy term Fb and momentum source term
Su is

ρ̄
∂u
∂t

+ ρ̄(u · ∇)u = µ∇2u−∇p + Fb + Su, (3.11)

where ρ̄ is the constant mean density defined in section 3.2.2. With the Boussinesq
approximation, the Buoyancy term is

Fb = gρ̄β(T − Tm)êy. (3.12)

The buoyancy depends on the thermal expansion coefficient β and a temperature
difference to a reference temperature, at which the constant density was specified.
In this case this is the melting temperature Tm.

The energy equation for the specific enthalpy h with an enthalpy source term
Sh is

ρ̄
∂h
∂t

+ ρ̄∇ · (uh)−∇ · (k∇T) = Sh. (3.13)
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Enthalpy-Porosity method (V-2D, B-2D)

The energy equation, either Equation 3.9 or Equation 3.13, is transformed with
the enthalpy-porosity method [46–48]. In the following, the more general Equa-
tion 3.9 is used. The central idea of the method is to write the enthalpy h as the
sum of the sensible enthalpy hsens and the latent enthalpy hlat:

h = hsens + hlat. (3.14)

The sensible enthalpy is

hsens(T) =
∫ T

Tref

cpdT′ (3.15)

and the latent enthalpy is the product of the latent heat of fusion L and the liquid
phase fraction fl:

hlat = L fl. (3.16)

The liquid phase fraction is in general defined by the temperature T in relation
to the solidus temperature Ts and the liquidus temperature Tl:

fl =


0, T ≤ Ts

0 . . . 1, Ts < T < Tl

1, T ≥ Tl

. (3.17)

In the so called mushy region, 0 < fl < 1, the material is neither solid or liquid,
but in a state of melting or solidification. In this region, a relationship between
liquid phase fraction and temperature has to be defined.

ANSYS Fluent offers two variations of the enthalpy-porosity technique: the
melting point model [46] and the melting range model [48]. The melting point
model is activated in the software, when the solidus and liquidus temperature are
specified as the same value, which is the melting temperature Tm, and the melt-
ing range model is applied when a higher liquidus than solidus temperature is
specified [63]. The melting range model could be also applied for a material with
a melting point, when a small melting range is selected. Both models were tested
and the melting point model was preferred, because it showed more plausible
results and better agreement with experiments. In the melting point model [46],
a linear relationship over a small temperature range of 2ξ between Ts = Tm − ξ

and Tl = Tm + ξ is introduced and the liquid phase fraction is then defined as:

fl =


0, T ≤ Tm − ξ

T−(Tm−ξ)
2ξ , Tm − ξ < T < Tm + ξ

1, T ≥ Tm + ξ

. (3.18)
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After introducing Equation 3.14 in Equation 3.9, dropping the subscript sens,
and defining the energy equation source term as

Sh = L(
∂

∂t
(ρ fl) +∇ · (ρu fl)), (3.19)

the original form of the energy Equation 3.9 is obtained with the latent enthalpy
being expressed in the source term:

∂

∂t
(ρh) +∇ · (ρuh)−∇ · (k∇T) = L(

∂

∂t
(ρ fl) +∇ · (ρu fl)). (3.20)

To modify the velocities in the mushy region and in the solid [46] a source term
is introduced into the momentum Equations 3.6 or 3.11,

Su = −B( fl)u, (3.21)

where a parameter B( fl), which depends on the liquid phase fraction, is multi-
plied with the velocity vector. This parameter has to be zero in the liquid phase
to allow for free motion. When it takes large values in the solid phase, the veloci-
ties are forced to near zero values in the linear system of equations of an implicit
method [47]. While different functions fulfill this requirement, most often the
Carman-Kozeny equation, which was derived from the D’Arcy law for fluid flow
in porous media [64], is used in a modified form [63]:

B( fl) = C
(1− fl)

2

( f 3
l + q)

. (3.22)

The original Carman-Kozeny equation would yield infinity if the liquid phase
fraction approached zero. To limit B( fl) to numerically applicable finite values,
a constant value q is additionally added in the denominator. In ANSYS Fluent,
the value is fixed to q = 1 · 10−3. The parameter C is called the mushy region
or mushy zone constant and is a model constant, which replaces the physical
properties in the Carman-Kozeny equation. It has to be adjusted to the problem,
because it influences the morphology of the mushy region [46]. Investigations on
the influence of the value C were described by Shmueli et al. [55]. In this study, a
standard value of C = 1 · 106 was used. It was found that, using a melting point
material, the solution is rather insensitive to this parameter compared to a melt-
ing range material. With a melting point material, the mushy zone is expected to
be narrow, approximately as wide as a computational cell, and to exist only due
to the discretization error.
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3.2.4 2D domains, initial and boundary conditions (V-2D, B-2D)

The domain contained either a zone for the mixture of PCM and air in the case
of the detailed model (V-2D) or a zone of pure PCM in the case of the simplified
model (B-2D). Additionally, a small part of heater material with 1 mm thickness
and the bottom part of the acrylic glass enclosure with 2 mm wall thickness were
included in the domain. The domain only extended to half of the enclosure and
the symmetry to the mid-plane was used. After comparing a simulation with full
enclosure width to another simulation with half width and symmetry condition,
the flow and melting was found to be indistinguishable. Although the V-2D and
B-2D models were created as similar as possible, there were differences in the
domain and the initial and boundary conditions. Both 2D models are shown in
Figure 3.2.

The domain of the detailed model (V-2D) was slightly larger to accommodate
an additional air phase on top of the PCM that allowed volume expansion of the
PCM during melting. The air was assumed incompressible with constant prop-
erties. A pressure outlet allowed for the air to flow out of the domain. This
boundary condition additionally needed the specification of a backflow temper-
ature Tbf = Tw, and a backflow volume fraction for the PCM phase αPCM,bf = 0.
With setting the backflow temperature higher than the PCM temperature, heat
was not transferred out of the domain by convection; only a negligible conduc-
tion heat flow might have occurred into the domain. Setting the backflow volume
fraction correctly was important, so that only air and not PCM could flow into the
system. The initial conditions had to be patched in ANSYS Fluent, i.e. firstly the
domain was initialized with setting u0, v0, p0, T0 and αair,0 = 0. Then only the air
region was patched with setting αair,0 = 1.

The simplified model (B-2D) did not include an air phase for volume expan-
sion. The height of the domain was set to the average between the liquid and the
solid state and therefore was smaller than in the V-2D model. Instead, the top
boundary was modeled with a symmetry boundary condition, i.e. all gradients
and the velocity component in y-direction were zero. The domain was initialized
with setting u0, v0, p0 and T0.

For both these 2D models, all outer sides except the steel heater wall and the
pressure outlet were adiabatic and thus heat exchange with the environment was
neglected.
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(a) V-2D (b) B-2D

Figure 3.2: Domain and initial and boundary conditions of the detailed (V-2D)
and the simplified model (B-2D).
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3.2.5 3D Boussinesq model with boundary effects (B-3D)

The simplified model (B-2D) was extended to a 3D model with boundary effects
(B-3D). The 3D domain had the same dimensions in the x-y-plane as the 2D do-
main. A second symmetry plane was used in z-direction and thus the depth was
the half depth of the symmetric PCM region with D/2 = 25 mm. An additional
acrylic glass window with a thickness of 2 mm enclosed the PCM at the back side.
The domain of the B-3D model is illustrated in Figure 3.3.

Figure 3.3: Domain of 3D Boussinesq model including viscous boundary layer
effects and thermal boundary conditions.

In this 3D model, other than in the 2D models, viscous boundary layer effects
of the front and back walls were included. Additionally, thermal boundary con-
ditions were imposed with measured data from the validation experiment de-
scribed in chapter 2. While a simulation cannot model all physical effects, an
experiment is not able to perfectly reproduce the ideally stated physical problem
with isothermal walls and adiabatic boundaries defined in section 2.2.1. With im-
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posing the inevitable boundary effects of the experiment, see section 2.4.3, onto
the simulation, a comparison of the simulation with the experiment free of the
influence of boundary effects was possible. The thermal boundary conditions are
summarized in Table 3.2.

Table 3.2: Thermal boundary conditions in the 3D model (B-3D).

Boundary Thermal boundary condition

Steel heater wall Tw(t, y) = Tw,exp(t, y)
Top PCM Q̇top(t) = Q̇conv+rad(Ttop,exp(t))
Bottom glass window Tbottom(t) = Tbottom,exp(t)
Side glass window Tside(t, y) = Tside,exp(t, y)

Firstly, two temperatures, which were experimentally measured at the heater
wall Tw,top and Tw,bottom, were interpolated over time t and height y to the sim-
ulation time and boundary mesh and then used as temperature boundary condi-
tion at the steel heater wall. Secondly, a heat flow through the top of the PCM was
modeled with a mixed boundary condition in ANSYS Fluent. With this boundary
condition, a heat flow by heat radiation and by natural convection in the adjacent
air gap over the PCM was modeled. In the experiment, this air gap was enclosed
on top with another acrylic glass plate on which the temperature Tair,above was
measured. This temperature was interpolated to the simulation time from the ex-
perimental data and set as free stream boundary temperature and external radia-
tion temperature. The external emissivity for the radiation part was set to a value
of 0.9. The heat transfer coefficient for the convective part was calculated with an
approximate enhanced thermal conductivity model for natural convection in an
air enclosure [41]. Thirdly, heat flow through the side and bottom glass windows
was modeled with heat conduction by temperature boundary conditions. In the
experiment, the temperature at the outer side of the bottom window Tair,below

was measured, which was interpolated in time and set as boundary temperature
in the simulation. At the side glass window, the two temperatures Tair,lower side

and Tair,upper side were measured at the bottom and top of the outer side of the
window. These temperatures were first interpolated in time and then over the
height y onto the boundary mesh of the simulation. These transient boundary
conditions were calculated in MATLAB, which was coupled to ANSYS Fluent, as
already described by Vogel et al. [21]. The described 3D model was a detailed
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reproduction of the experiment and was mainly used to validate the model with
the experiment.

3.2.6 Discretization

The governing equations were discretized with a pressure-based finite volume
method [65] and implicit time integration in ANSYS Fluent 16 [62]. The segre-
gated solver was used with the PISO method for pressure-velocity-coupling [65].
The second order derivatives in the diffusive terms were approximated by sec-
ond order central differences, the first order derivatives in the convective terms
with a second order upwind scheme [62]. The interpolation of pressure values at
the cell faces was done with the PRESTO! scheme [65]. For the VOF method in the
detailed model (V-2D), the explicit scheme was used with a Courant number of
0.25. The implicit body force formulation and the sharp interface modeling were
selected. The volume fraction was calculated with the geometric reconstruction
scheme [62]. The resulting linear systems were solved with an iterative method
with algebraic multigrid acceleration [65].

The rectangular geometries were discretized with ANSYS meshing [62] on a
structured quad mesh in 2D or a structured hex mesh in 3D. A cell size of 0.25 mm
was found to be optimal in a mesh dependency study. Therefore, this size was
used throughout the 2D meshes, which resulted in meshes with about 40 000 con-
trol volumes. However, for the 3D case, the cell sizes were increased to decrease
the computational effort. In the x-direction, the cell size remained 0.25 mm to re-
solve the boundary layers. In the y- and z-direction the cell size was increased to
a range of 0.25 . . . 1 mm and a cell size distribution with a finer mesh towards the
boundaries was introduced. The 3D mesh was then built of about 140 000 control
volumes.

For the simplified model without volume expansion (B-2D), a time step of ∆t =
0.1 s was a good tradeoff between fast convergence and low computation time.
The maximum Courant Number was slightly above one. The implicit scheme
theoretically allowed larger Courant numbers, but the convergence was found to
become inefficiently slow. A smaller time step was needed for convergence of the
detailed model with VOF method (V-2D). The best results were found with the
variable time stepping method [62] and a time step corresponding to a Courant
Number of 0.25, which was the same as specified for the explicit scheme in the
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VOF model. With this method the time step was of the order of 1 · 10−4 s at the
beginning and increased up to 1 · 10−2 s at later times.

Iterations continued until a convergence criterion was met. Solution conver-
gence was found to be restricted by the mass continuity, for which the scaled
absolute residual threshold was set to a value of 1 · 10−3. Between 30 and 150
iterations were needed to reach this criterion. The residuals of the momentum
equations and the energy equation fell below 1 · 10−8 and 1 · 10−15, respectively.

3.3 Results and discussion

Firstly the two 2D models were compared with each other to find out if the sim-
plified model is accurate enough and the Boussinesq approximation is a valid
simplification. Secondly, the 3D model with adjusted boundary conditions (B-
3D) was compared to the experiment for model validation.

The simulation data are stored on one of two hard drives associated to this the-
sis. The raw data are stored in the folder \DATA_A\ANSYS\Versuch\FLUENT\
and the evaluated data are stored in \DATA_A\Evaluation\simulation\.

3.3.1 Comparison of the 2D models V-2D and B-2D

The melting process was qualitatively analyzed by evaluating the 2D fields of
phase state and velocity. Then, a quantitative evaluation was done: the liquid
phase fraction and heat flow rate, the velocity extrema occurring in the liquid
phase and temperatures at three positions were evaluated over time.

2D fields of phase state and velocity

The fields of phase state and velocity by natural convection in the liquid phase
are illustrated in Figure 3.4 at time t = 3600 s and in Figure 3.5 at time t = 7200 s.
The solid phase of the PCM is drawn in black such as the solid side and bottom
walls. In the liquid phase, filled contours show the velocity magnitude and vec-
tors show the velocity direction as well as the magnitude. The interface between
the PCM and the air phase in the detailed model (V-2D) is represented by a white
line, while, in the simplified model (B-2D), the top side is a fixed slip wall.

The velocity magnitudes and the boundary layers are qualitatively similar in
both models. However, the resulting solid phase shape appears to be smaller
and wider in the V-2D model compared to the taller and narrower solid phase in
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Figure 3.4: Comparison of 2D fields of phase state and velocity for the detailed
(V-2D) and the simplified model (B-2D) at time t = 3600 s.
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Figure 3.5: Comparison of 2D fields of phase state and velocity for the detailed
(V-2D) and the simplified model (B-2D) at time t = 7200 s.
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the B-2D model. This indicates a faster melting at the top and slower melting at
the bottom in the V-2D model relative to the B-2D model. This difference may
be either due to the different choice in material properties or due to the different
boundary condition at the top, namely the VOF-interface or the fixed slip wall.
A pre-study already showed that the influence of variable heat capacity, thermal
conductivity and viscosity is rather small. The volume expansion and the moving
interface in the VOF model may be the main reason for the observed differences.
An obvious reason is that the solid phase had an initial height of only Hs =

95 mm in the V-2D model instead of H = 100 mm in the B-2D model, which made
a difference from the beginning. The volume expansion up to a final height of
Hl = 105 mm in the V-2D model could have also increased convection at the top
and inhibited convection at the bottom, due to an additional upwards flow which
increased the upward flow at the heated walls and decreased the downward flow
at the solid phase. The result is probably a stronger convection at the top than at
the bottom, which leads to the difference in the phase front shapes.

Liquid phase fraction and heat flow rate

A quantitative analysis of the liquid phase fraction and the heat flow rate helps
to analyze the overall melting process. Figure 3.6 shows both quantities plotted
over time for the VOF model (V-2D) and the Boussinesq model (B-2D).

Figure 3.6: Comparison of the liquid phase fraction of the PCM and the heat flow
rate into the PCM plotted over time for the V-2D and the B-2D models.
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The resulting curves of both models are qualitatively similar and there are only
small deviations. The quantitative difference in liquid phase fraction has a mean
value of 1.4 % and a maximum value of 2.2 %. The heat flow rates deviate by
3.1 % in the mean with a maximum difference of 10.1 % that occurs only over a
small period of time. Although the shape of the solid phase was observed to be
slightly different in the last section, the integral liquid phase fraction is nearly
identical in both models. Conclusively, despite the differences in the models and
observed qualitative differences, the overall melting process is similar.

Velocity extrema

The velocities are also analyzed over time. However, it is not straight forward to
find a scalar velocity value that is representative for the melting process. Taking
the velocity at a certain fixed point or even multiple points, the choice of posi-
tion of this point would be critical for the results. Either the same velocity would
be obtained for a long period of time or the velocity could be zero the majority
of the time. The mean value of the velocity magnitude is also not meaningful,
because the velocities outside of the narrow boundary layers are close to zero,
which would lead to a small mean value. The solution was to calculate the ve-
locity extrema separately for the x- and y-direction and for many evaluation time
steps. The result is shown in Figure 3.7.

The velocities v in y-direction are very similar to each other, while the veloci-
ties u in x-direction show a qualitative difference at least at the beginning of the
melting process. The mean deviation of velocities u in x-direction are 20 % and
the mean deviation of velocities v in y-direction are 8.2 %. At the beginning of
melting in the VOF model, the velocities max(u) in positive x-direction decrease
earlier and the velocities min(u) in negative x-direction remain higher. The dif-
ferences in u are probably due to the different boundary condition at the top.
Overall, the differences in the velocity extrema are not substantial and probably
negligible.
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Figure 3.7: Comparison of velocity extrema in x- and y-direction plotted over
time for the V-2D and B-2D models.
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Temperatures

The temperatures were evaluated at the three distinct positions TPCM,1, TPCM,2

and TPCM,3 shown in Figure 2.2 and given in Table 2.4. The simulated results
for the detailed V-2D and the simplified B-2D model are plotted over time in
Figure 3.8.

Figure 3.8: Comparison of temperatures at three positions over time for the V-2D
and the B-2D models.

The curves for temperature TPCM,1 have a qualitative difference at the time
right after the melting front passed the temperature probe position after t = 0.5 h.
However, the curves for temperatures TPCM,2 and TPCM,3 are similar and only
shifted in time. The mean difference over the melting process is 1.1 % for TPCM,1

1.2 % for TPCM,2 and 1.0 % for TPCM,3. The differences in temperature are also
mostly negligible.

3.3.2 Comparison of the 3D Boussinesq model (B-3D) with the
experiment

The comparison of the two different models in 2D showed only minor differ-
ences. In conclusion, the Boussinesq approximation, the neglected volume ex-
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pansion and the assumption of constant material properties are valid for this test
case. Hence, the simpler Boussinesq model was preferred to simulate the 3D case.
The 3D case additionally included viscous boundary layer effects at the front and
back enclosure walls. Also, the thermal boundaries were adjusted at all sides
to data from the experiment to include the small but remaining heat flows over
the boundaries. This way, the simulation model could be precisely compared to
the experiment. As in the section before, the primary quantities of interest are
the phase state, the velocity and the temperature. In a first step, the 2D fields of
phase state and velocities in the liquid phase in the mid-plane (z = 25 mm) of
the enclosure are evaluated in the simulation and compared to results from the
experiment given in section 2.4.1. In a second step, the quantitative values over
time of liquid phase fraction, velocity extrema and temperatures in the PCM are
evaluated from simulated data and compared with results from the experiment
provided in section 2.4.4.

2D fields of phase state and velocity in the mid-plane

As in the last section, the fields of phase state and velocities by natural convection
in the liquid phase were evaluated, but this time data from the B-3D model were
compared to the validation experiment. The results are illustrated in Figure 3.9
for the time t = 3600 s. The solid phase of the PCM is drawn in black as are
the solid walls. In the liquid phase, filled contours show the velocity magnitude
and vectors show the velocity direction as well as the magnitude. In the simu-
lation model B-3D shown on the left side, the velocity is evaluated in a plane in
the middle of the enclosure (z = 25 mm). The data looks slightly disturbed at
the phase front, which is mostly due to a coarser grid in the 3D case compared
to the 2D case and the interpolation from control volume centered values onto
the faces of the mid-plane. The experimental data was obtained with the shad-
owgraph technique to obtain the phase state, see section 2.3.1, and the Particle
Image Velocimetry technique to measure velocities in a plane in the middle of
the enclosure (z = 25 mm), see section 2.3.2.

The solid phase has a smaller and narrower appearance in the simulation com-
pared to the experiment. While the velocity magnitudes are similar at the phase
boundary of the PCM, the simulated velocities exceed the measured velocities at
the heated wall. Since the flow is laminar, see subsection 2.2.4, turbulence should
not be the reason for deviations. A detailed 3D model with VOF method includ-
ing volume expansion and variable material properties would probably lead to
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(a) Simulation model B-3D (midplane) (b) Validation experiment (midplane)

Figure 3.9: Comparison of simulation results with the B-3D model with results
from the validation experiment at time t = 3600 s.
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a better qualitative agreement than the simplified Boussinesq model (B-3D) used
here, but the computational effort would be significantly higher. And there are
certain other features in the experiment, which would still not be modeled in the
simulation, e.g. gas bubbles rising from the solid phase. Conclusively, regard-
ing the simplifications in this model, which was used due to its favorable com-
putational effort, the simulation qualitatively agrees with the experiment. The
quantitative evaluation follows in the next sections.

Liquid phase fraction

The liquid phase fraction was evaluated in the simulation with the B-3D model
and compared to the experimentally measured data from section 2.4.4. The re-
sults are shown in Figure 3.10. The error bars include systematic and statistic
measurement uncertainties calculated in section 2.4.2.

Figure 3.10: Comparison of the liquid phase fraction over time for the simulation
B-3D and for the measured data from the validation experiment.

A maximum deviation of the simulation from the experiment of 10 % is found
at the beginning of the melting process. The mean deviation is 4 %. Conclusively,
the melting process is found to be similar in the simulation and the experiment.

Velocity extrema

The velocities from the simulations with the B-3D model were also compared to
experimental data from section 2.4.4. The velocity extrema were again calculated
in both axis directions in the mid-plane of the enclosure. The results are shown
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in Figure 3.11. The error bars include systematic and statistic measurement un-
certainties from section 2.4.2.

Figure 3.11: Comparison of u- and v- velocity extrema over time from the simu-
lation model B-3D and from PIV-measurements in the experiment.

The maximum velocity magnitudes are mostly higher in the simulation com-
pared to the experiment. The simulated velocities u are slightly higher in both
negative (left) and positive (right) x-direction. The simulated velocities v are sig-
nificantly higher in the positive (upward) y−direction but similar in the negative
(downward) y-direction. The mean deviation is about 60 % for u and 20 % for v.

Temperatures

Finally, temperatures evaluated in the 3D simulation were compared to temper-
atures measured with thermocouples in the experiment, which is described in
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section 2.4.4. The results are shown in Figure 3.12. The temperature probe po-
sitions are shown in Figure 2.2 and their coordinates are given in Table 2.4. The
error bars include systematic and statistic measurement uncertainties calculated
in section 2.4.2.

Figure 3.12: Comparison of temperatures at three positions over time from the
evaluation probes in the simulation model B-3D and from the ther-
mocouple measurements in the experiment.

The error bars are quite large at steep gradients, because these cannot be exactly
reproduced in repeated measurements and the statistic errors were calculated
separately for every time step. The simulated temperature curves are similar to
the experimentally measured data. However, the temperatures in the experiment
are slightly lower initially and then slightly higher at the end of melting in the
vicinity of the probe. The instants of melting are captured well. The mean devia-
tions over the melting process are 1.8 % for TPCM,1 and 2.8 % for both TPCM,2 and
TPCM,3.
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3.4 Conclusions

The comparison of the detailed modeling approach with variable material prop-
erties and the VOF-method (V-2D) to the simplified approach with constant ma-
terial properties and the Boussinesq approximation (B-2D) revealed differences
only upon closer inspection. Deviations are seen mostly in the velocities and
temperatures. However, the liquid phase fraction and heat flow rate, which in-
dicate the overall charging state and power of a storage system, are very similar.
And these are the more important properties in the design of a storage system. In
conclusion, while the simplified B-2D is not able to reproduce the melting process
in every detail, it is sufficiently accurate to be used in the design process of latent
heat storage systems. This may be however different for higher driving temper-
ature differences or increased subcooling, where the variable material properties
have a greater impact.

The comparison of the simplified model in three dimensions with boundary ef-
fects (B-3D) to the validation experiment showed that the simulated phase state
and velocities are qualitatively similar to the validation experiment. Only the
simulated mean velocity extrema are 60 % higher for the velocity u in x-direction
and 20 % higher for the velocity v in y-direction compared to the experiment and
it is not yet understood what exactly is the reason for this. However, the liq-
uid phase fraction only deviates by a mean value of 4 % and temperatures by
a mean value of 2.8 % in the worst case. These results indicate that the simpli-
fied model (B-3D) is accurate enough to reproduce the experimentally measured
melting process and that it is qualified for further studies to analyze the impact
of natural convection in LHS systems.
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Chapter 4

Heat transfer enhancement due to
natural convection

In chapter 3, numerical models for melting governed by natural convection were
compared and validated with the experiment described in chapter 2. An im-
portant result was that the simplified model with constant material properties
and Boussinesq approximation is accurate enough to study the overall state of
charge and charging power of a LHS system. In this chapter, the simplified nu-
merical model is used for an investigation on the heat transfer enhancement due
to natural convection in enclosures with different dimensions of a LHS system.
Additionally, the influence of the driving temperature difference is analyzed us-
ing data from the validation experiment. The main result is a correlation for the
liquid phase fraction evolution over scaled time in dimensionless form.

4.1 State of research and objectives

In the following, the state of research specifically on dimensional analyses on
melting in rectangular enclosures is given. Bareiss and Beer [31] experimentally
studied a rectangular enclosure with different heights heated on one side and
cooled on the other side. Nusselt correlations as well as analytic solutions for
the melting process were found. Okada [66] studied the heat transfer during
melting and gave a correlation for the Nusselt number over dimensionless time.
Gadgil and Gobin [67] numerically studied melting in enclosures with different
aspect ratios. Bénard, Gobin and Martinez [24] experimentally and numerically
studied the melting process and also provided an analytic solution of the liquid
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phase fraction evolution over time. Gau and Viskanta [25] not only performed
one of the most popular melting experiments, but also presented correlations of
the liquid phase fraction and the Nusselt number in dimensionless form. Wolff
and Viskanta [27] studied melting in a rectangular enclosure and gave a corre-
lation for the liquid phase fraction over time in dimensionless form. Jany and
Bejan [19] enhanced the scaling theory of natural convection melting in a rectan-
gular enclosure and gave correlations for the Nusselt number and melting front.
Another thorough investigation concerning an electric storage heater with a PCM
contained in rectangular enclosures between flat plates was done by Farid and
Husian [57]. With an experimental storage unit, they derived a correlation for an
enhanced thermal conductivity to be used in one-dimensional numerical mod-
els. An experimental investigation of melting was performed by Wang, Amiri
and Vafai [68], who presented correlations for the liquid phase fraction and the
Nusselt number. Shatikian, Ziskind and Letan [54, 69] conducted investigations
of a PCM-based heat sink with internal fins and different enclosure dimensions,
in which they scaled the results with the relevant dimensionless groups. The
Nusselt number was calculated locally over the height of the enclosure by eval-
uating horizontal slices by Shokouhmand and Kamkari [32]. A parameter study
on melting in a rectangular enclosure with a free-moving ceiling was performed
by Ho et al. [70], where also Nusselt numbers were calculated.

The main findings are summarized as follows: Melting is mostly by heat con-
duction at the beginning, but natural convection predominates at later times with
higher melting rates at the top than at the bottom, which leads to a curved phase
front shape [23]. The transition point between conduction and convection [31]
and the variation of heat transfer over the height [23] can be determined in di-
mensionless form. Dimensional analysis of the melting process [24] reveals the
four dimensionless groups Rayleigh number Ra, Prandtl number Pr, Stefan num-
ber Ste and aspect ratio A. The melting rate depends on the Rayleigh number, the
aspect ratio and the dimensionless time, which is the product of Fourier number
Fo and Stefan number Ste. It is found that the melting rate decreases with the
aspect ratio [25]. Natural convection is quasi-steady and not strongly influenced
by the movement of the interface, because the flow velocities are much larger
than the velocity of the interface movement [26]. The Nusselt number has a local
maximum around the top of the solid PCM [32].

The mentioned research provides many insights into the melting process with
natural convection. However, the results are not directly applicable to flat plate
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LHS systems, due to several reasons: 1) the systems have a heated wall on one
side and a cooled or insulated wall on the other side, but melting in LHS systems
usually occurs symmetrically between two heated walls, 2) the aspect ratio range
does not cover the typically tall enclosures of flat plate LHS systems and, 3) the
parameter variation is not sufficient to derive general correlations. In summary,
there is no comprehensive data for flat plate LHS systems. It is therefore difficult
to predict how natural convection will influence the heat transfer rate in a LHS
system.

To contribute to the stated research demand, two different analyses are pre-
sented in the following sections. Firstly, the numerical model from chapter 3 is
used for a parameter study of a wide range of dimensions of rectangular enclo-
sures to derive a scaling procedure for the problem. And secondly, data from
the validation experiment, see chapter 2, is evaluated to show that the scaling
procedure is valid and to extend the study on different driving temperature dif-
ferences. From these two analyses, a correlation for the liquid phase fraction over
time is derived in dimensionless form.

4.2 Numerical parameter study on enclosure dimensions

For this numerical parameter study, the numerical model with constant material
properties and Boussinesq approximation described in section 3.2 was used. A
parameter study was conducted to find the influence of enclosure dimensions on
heat transfer during melting governed by natural convection that occurred while
charging the storage. Discharging was not investigated, because of the minor
impact of natural convection in solidification.

The simulation data are stored on one of two different hard drives
that are associated to this thesis. The raw data are stored in the folder
\DATA_A\ANSYS\Parameterstudie\FLUENT\. The evaluated data are
stored in the folder \DATA_A\Evaluation\study\.

In the next sections, material properties, the geometry and the parameter vari-
ation are given and the phase front shapes of different cases are compared. Then
a scaling of the melting process by dimensional analysis is presented, which, fi-
nally, enables an investigation of the impact of natural convection on heat trans-
fer.
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4.2.1 Material properties

The basis of this study was the high temperature flat plate latent heat storage sys-
tem described by Vogel et al. [21], where the eutectic mixture of sodium nitrate
and potassium nitrate (KNO3-NaNO3) was used. This material has been char-
acterized by Bauer et al. [71]. The eutectic mixture was obtained with 54 wt.%
KNO3 and 46 wt.% NaNO3. The melting temperature measured for the used
technical grade quality was Tm = 219.5 ◦C and the latent heat was L = 108 kJ/kg.
The containment material was carbon steel 1.0425. The material properties used
in the simulations are given in Table 4.1. Constant properties were used at a tem-
perature about the melting point in the liquid state.

Table 4.1: Thermophysical material properties of the nitrate salt KNO3-NaNO3

used as PCM and the steel 1.0425 used for the containment.

Property Unit KNO3-NaNO3 Steel 1.0425

ρl kg/m3 1959 7800
cp,l J/(kg K) 1492 540
kl W/(m K) 0.46 51
µl Pa s 5.8 · 10−3 -
βl 1/K 3.5 · 10−4 -
Tm

◦C 219.5 -
L kJ/kg 108 -

4.2.2 Geometry and parameter variation

To investigate the impact of enclosure dimensions on the melting process, a pa-
rameter study with different widths and heights was conducted. For this pur-
pose, a simple storage model was defined, as shown in Figure 4.1.

The domain and boundary conditions were the same as for the model of the
experimental storage unit, described in section 3.2.4. However, the influence of
a heat conducting bottom plate was neglected and, instead, an adiabatic, no-slip
wall boundary condition was set. The boundary temperature was set to a con-
stant value Tw = 232 ◦C, which was ∆T = 12.5 K above the melting temperature
of the PCM. The initial temperature of the whole domain was T0 = 217 ◦C. The
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Figure 4.1: Simulation domain for the parameter study investigating different
widths and heights.

geometry was defined parametrically to easily vary the height and width of the
enclosure.

The dimensions of the rectangular enclosures and the resulting aspect ratios
and Rayleigh numbers are given in Table 4.2. The Stefan and Prandtl numbers
are constant for all cases with values of Ste = 0.17 and Pr = 18.6. For a definition
of the dimensionless groups, see section 2.2.1.

It is noteworthy that these numbers were calculated with the enclosure height
H and width W, but natural convection depends only on the liquid part of the
PCM inside the enclosure, which continually increases during melting. Hence,
a transient Rayleigh number and a transient aspect ratio for only the liquid part
could be defined. However, it was found to be sufficient to use the enclosure
dimensions, which describe the maximum effect of natural convection.

To find out if the flow is laminar or turbulent, Equation 2.3 for the onset of
turbulence depending on the Rayleigh number RaH can be used. Most cases are
in the laminar range. However, the test cases W25H500 and W25H1000 have a
Rayleigh number slightly above the transition criterion for turbulence, so in these
test cases turbulent flow might have been occurred.
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Table 4.2: Names, dimensions and dimensionless numbers of all investigated test
cases of the parameter study.

Case name W/mm H/mm A = H/W RaH RaH/A4

W25H12.5 25 12.5 0.5 1.9 · 105 3.0 · 106

W25H25 25 25 1 1.5 · 106 1.5 · 106

W25H50 25 50 2 1.2 · 107 7.5 · 105

W25H100 25 100 4 9.6 · 107 3.8 · 105

W25H200 25 200 8 7.7 · 108 1.9 · 105

W25H500 25 500 20 1.2 · 1010 7.5 · 104

W25H1000 25 1000 40 9.6 · 1010 3.8 · 104

W10H200 10 200 20 7.7 · 108 4.8 · 103

W05H200 5 200 40 7.7 · 108 300

The onset of natural convection depends on the fraction RaH/A4, see Equa-
tion 2.2. From the values given in Table 4.2, only W05H200 is probably heat
conduction dominated and all other test cases are expected to be dominated by
natural convection.

4.2.3 Comparison of the phase front shape

The phase front is visualized for several different test cases for comparison in
Figure 4.2. For every test case, nine contours show the developing phase front
at a time step that corresponds to liquid phase fractions fl = 0.1 to 0.9 in steps
of 0.1. The relationship of the liquid phase fraction and the instant of time is
different for each case, so the figures do not give an impression on the temporal
evolution, but rather on the different shapes of the phase front at similar liquid
phase fractions.

To investigate the influence of the enclosure width, three different widths of
W = 5 mm, 10 mm and 25 mm with a fixed height of H = 200 mm are compared
to each other in Figure 4.2 (a), (b) and (c). In the case W05H200 with the small-
est width W = 5 mm, melting occurs mostly in a horizontal direction; the phase
front is nearly vertical for the most part. Melting is dominated by heat conduc-
tion. However, for the test cases with greater widths and smaller aspect ratios,
W10H200 and W25H200, the phase front is increasingly inclined at higher liquid
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(a) W05H200 (b) W10H200 (c) W25H200

(d) W25H25

(e) W25H50

(f) W25H100

Figure 4.2: Nine phase front contours correspond to liquid phase fractions of fl =

0.1, 0.2, . . . 0.9 for six different test cases.
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phase fractions due to natural convection. The heat transfer with natural convec-
tion leads to an advective transport of heated fluid to the top, which leads to a
temperature gradient from bottom to top. Hence, melting is enhanced at the top
and diminished at the bottom. Natural convection strength not only increases
with higher Rayleigh number RaH but also increases with lower aspect ratio A of
the test case.

To assess the influence of the enclosure height, four different heights H =

200 mm, 100 mm, 50 mm and 25 mm with a fixed width of W = 25 mm are com-
pared with each other in Figure 4.2 (c), (d), (e) and (f). A strong influence of
natural convection is obvious in all cases, with the phase front becoming strongly
inclined with increasing liquid phase fractions. It is observed that in the case with
a small height W25H25 and an aspect ratio of A = 1, melting occurs at a simi-
lar rate in the horizontal as well as the vertical direction. However, for the cases
with larger height, W25H50, W25H100, and W25H200, melting increasingly oc-
curs vertically from top to bottom. As soon as the phase front reaches the middle
plane, which is the right side of the figures, melting occurs mostly from top to
bottom up to high liquid phase fractions of more than fl = 0.9. In these cases the
Rayleigh number RaH increases with the height, but the aspect ratio A increases
as well. As natural convection depends on the factor RaH/A4, natural convec-
tion strength is the highest with smallest aspect ratio, which corresponds to the
smallest height in this comparison.

4.2.4 Liquid phase fractions over time

The evaluation of liquid phase fractions over time for all parameter variations
is shown in Figure 4.3. The melting process is slower with greater widths and
with greater heights. Increasing the width increases the resistance to heat trans-
fer by diffusion. Natural convection becomes relevant after a critical width of
the liquid phase and becomes stronger with greater widths due to smaller aspect
ratios, see Equation 2.2. But the heat transfer enhancement by natural convec-
tion does not compensate the higher heat resistance of a larger distance between
the heated wall and the phase front, which leads to slower melting with greater
widths. Varying the height and thereby increasing the aspect ratio leads to sim-
ilar findings. While flow velocities due to natural convection increase with the
height, the heat transfer decreases due to a longer heat transfer path. This theory
is supported by Schinkel et al. [72] who found that most of the heat is transferred
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at the lower part of the heated wall during heat transfer by natural convection in
an air cavity. Moreover, it is obvious from the melting shapes that heat is trans-
ferred mostly at the upper part of the phase front. Hence, for larger heights (or
aspect ratios), the distance from the heat source (lower heated wall) to the heat
sink (upper phase front) increases.

Figure 4.3: Liquid phase fraction plotted over time for all test cases.

4.2.5 Scaling of the melting process

The liquid phase fractions over time were scaled with the relevant dimensionless
groups FoH(t), RaH , and A in a similar approach as by Shatikian, Ziskind and
Lethan [54, 69]. However, the Stefan number Ste was disregarded, because it is
constant in this investigation due to a constant driving temperature difference
∆T. Instead, the aspect ratio A was included. A good scaling was obtained by
trial and error with exponents of 1 for Fo, 1/6 for RaH and 5/4 for A. The result
is shown in Figure 4.4.

After scaling, the curves mostly coincide. An outlier is the case W05H200,
which is the only one dominated by heat conduction. Therefore, the scaling over-
estimates the impact of natural convection in this case.
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Figure 4.4: Scaled liquid phase fraction plotted over the relevant dimensionless
groups for all test cases.

4.2.6 The impact of natural convection on heat transfer

To analyze the impact of natural convection, a convective enhancement factor
was defined as the ratio of the actual heat flux to a hypothetical heat flux by heat
conduction only:

ε( fl) =
Q̇( fl)

Q̇cond( fl)
. (4.1)

To calculate this parameter, the heat transfer rates of two different simulations,
one with natural convection (Q̇) and one with only heat conduction (Q̇cond),
were evaluated. In the simulation of heat conduction only Equation 3.13 for en-
ergy conservation was solved without the flow Equations 3.9 and 3.10. Since the
time scale and the phase front shapes are different in each simulation, they were
both evaluated at times with equal liquid phase fractions fl. The resulting convec-
tive enhancement factors are plotted over the liquid phase fraction in Figure 4.5
for all parameter variations.

For the case with the smallest width W = 5 mm and intermediate height H =

200 mm, a small value of the convective enhancement factor ε ≈ 1 is found, which
underlines the expectation in this case that heat transfer is mostly by heat conduc-
tion. With increasing width, but constant height, the heat transfer enhancement
by convection increases significantly up to a maximum value of ε = 4 for a width
of W = 25 mm. With increasing height at constant width, the heat transfer en-
hancement decreases slightly to ε = 3 for a height of H = 1000 mm. With decreas-
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Figure 4.5: Convective enhancement factor plotted over liquid phase fraction for
all test cases.

ing height, it increases up to a maximum value of ε = 11 for the smallest height of
H = 12.5 mm. However, this trend is expected to reverse at even smaller heights.
When the height is decreased to a size of the order of the boundary layer thick-
ness at the wall, fluid flow will stagnate and the convective enhancement factor
will eventually decrease back to ε = 1.

To quantify the convective enhancement factor, its mean value ε̄ is calculated
for each case and plotted over the relevant dimensionless groups RaH and A in
Figure 4.6. The mean convective enhancement factor ε̄ is an estimation of the
impact of natural convection on the whole charging process. For example, in the
case W25H200, heat transfer by natural convection is about three times higher as
it would be by only heat conduction.

Since the data points suggest a linear relationship, a linear fit function was
computed. It is bounded by the minimum value of the convective enhancement
factor, ε̄ = 1, where the heat flow rate by natural convection equals that of heat
conduction. Hence, the influence of natural convection vanishes at this point.
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Figure 4.6: Mean convective enhancement factor plotted over the relevant dimen-
sionless groups for all test cases.

The value ε̄ = 1 is reached by the linear fit at a value of Ra1/6
H A5/4 = 2.73, which

leads to the following criterion for the occurrence of natural convection:

RaH
1
6 A

5
4 ≥ 2.73 (4.2)

With this, the linear fit is completely described by the function

ε̄ =

1, RaH
1
6 A

5
4 < 2.73

0.57RaH
1
6 A

5
4 − 0.38, RaH

1
6 A

5
4 ≥ 2.73.

(4.3)

This function predicts both the occurrence and strength of natural convection
during the melting process while charging a flat plate LHS.

However, natural convection will not affect the melting process from the be-
ginning, but rather start at a distinct point. This is defined as the critical liquid
phase fraction fl,crit. An expression for the onset of natural convection was given
by Equation 2.2,

RaHl

Al
4 ≥ 500, (4.4)
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where the index l is introduced to indicate that this equation is applied to a liquid
region that gradually changes during the melting process. From this equation, a
critical liquid phase fraction for the onset of natural convection while melting
may be approximately derived: a rectangular region with the full height of the
enclosure is assumed for the liquid region, Hl = H, as it would be the case in the
melting process with only heat conduction. The width of the liquid is then the
product of the enclosure width and the liquid phase fraction Wl = flW. With this
assumption, the relation in Equation 4.4 is expressed in terms of the enclosure
dimensions and rearranged to obtain the critical liquid phase fraction:

fl,crit = A 4

√
500
RaH

. (4.5)

Because of the assumption on the shape of the liquid region and the fact that
Equation 4.5 is based on the correlation by Batchelor [35], which was actually
derived from an experiment of an air cavity between a heated and a cooled plate,
the validity for the present case may be limited. However, a similar equation can
be derived from the simulation data obtained in this study.

The critical liquid phase fraction can be obtained from the convective enhance-
ment factor ε, see Figure 4.5: The critical value is defined at that liquid phase
fraction, where the convective enhancement factor ε first exceeds an arbitrarily
defined value of 1.15. The resulting critical liquid phase fraction for all test cases
is plotted in Figure 4.7 with logarithmic axes.

By adjusting the constant in Equation 4.5, a linear fit function,

fl,crit = A 4

√
150
RaH

. (4.6)

is found to fit the data well. This function for the critical liquid phase fraction is
also plotted in Figure 4.7.

With the presented analysis, the influence of natural convection during charg-
ing can be predicted and included in the design process of a flat plate LHS: The
occurrence and heat transfer enhancement of natural convection is characterized
by the mean convective enhancement factor in Equation 4.3. For those cases,
where natural convection occurs, the critical liquid phase fraction for the onset of
natural convection during the melting process is given by Equation 4.6.
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Figure 4.7: Critical liquid phase fractions for the onset of natural convection plot-
ted over the fraction of RaH and A4 for all test cases.

4.3 Experimental parameter study on driving temperature
differences

In this section, the parameter study is extended by analyzing the three experi-
ments with driving temperature differences ∆T = 5 K, 10 K and 20 K shown in
Figure 2.12. The dimensionless numbers FoH(t), Ste, RaH and A given in Ta-
ble 2.3 were used. The exponents of FoH(t), RaH and A were retained from the
previous section, but additionally the Ste number was used to scale the influence
of varying driving temperature difference. An optimization of the exponent of
Ste revealed that the best results are obtained with an exponent of 1. An addi-
tional scaling constant with a value of 0.78 set the maximum of the scaled time to
1. The resulting scaled time is:

t̃ = 0.78FoH(t)Ste RaH
1
6 A

5
4 . (4.7)

The next aim was to find a function that fits the data of liquid phase fraction
over scaled time. The error function in the form b1 · erf(b2 · t̃) has proven to
be suitable and it was adjusted to fit the scaled liquid phase fraction curves. A
regression analysis was performed and an optimum was found that minimized
the sum of all least square residuals to a value of 0.06 with parameters b1 = 1.04
and b2 = 1.57 ≈ π/2. This leaded to a curve-fit function for the liquid phase
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fraction over scaled time t̃:

fl(t̃) = 1.04 · erf(
π

2
· t̃). (4.8)

The three liquid phase fraction curves over scaled time t̃ and the curve-fit func-
tion Equation 4.8 are plotted in Figure 4.8. The liquid phase fraction curves coin-
cide due to the scaling and the curve-fit represents the data well.

Figure 4.8: Liquid phase fractions of three different experimental test runs with
varying temperature difference ∆T and the least squares curve-fit cor-
relation from Equation 4.8 plotted over scaled time t̃.

In the previous section, a scaling for various enclosure dimensions was done.
In this section, the analysis was extended to different driving temperature dif-
ferences. Combining the two studies, the presented scaling Equation 4.7 and the
curve-fit correlation Equation 4.8 span a large parameter range including enclo-
sure heights H = 25 mm to 1000 mm, enclosure half widths W = 5 mm to 25 mm,
aspect ratios A = 0.5 to 40 and driving temperature differences ∆T = 5 K to 20 K.
A restriction of this correlation is, however, the convection regime bounded by
Equation 4.4. The validity might also be limited to the laminar regime bounded
by Equation 2.3.
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4.4 Conclusions

A numerical parameter study was performed to determine the influence of en-
closure dimensions on melting with natural convection. Nine different test cases
with various widths and heights were analyzed. The study included a large range
of aspect ratios and Rayleigh numbers. With dimensional analysis, the results
were scaled by the relevant dimensionless groups.

The influence of natural convection on the heat transfer rate was assessed with
the introduced convective enhancement factor, which is defined as the ratio of
actual heat flux to a hypothetical heat flux by heat conduction. Evaluated for
the parameter study, it clearly indicates the impact of enclosure dimensions on
melting with natural convection. By curve-fitting, a correlation function for the
mean convective enhancement factor and the critical liquid phase fraction for the
onset of natural convection were found.

The parameter study and the scaling analysis were extended by analyzing ex-
perimental test runs with different driving temperature differences. A correlation
function for the liquid phase fraction in dimensionless form was found by curve-
fitting. The presented scaling and the curve-fit correlation span a large parameter
range including enclosure heights H = 25 mm to 1000 mm, enclosure half widths
W = 5 mm to 25 mm, aspect ratios A = 0.5 to 40 and driving temperature differ-
ences ∆T = 5 K to 20 K. This correlation can be used to predict similar melting
processes in the given parameter range.

The presented results enable the design of a flat plate LHTES considering the
effect of natural convection without exhaustive, expensive and time-consuming
numerical analyses. Hence, the design process of these systems is facilitated. A
specific result is that heat transfer enhancement due to natural convection in-
creases with a smaller aspect ratio of storage material enclosures. Hence, the
vertical segmentation of tall enclosures into smaller ones should be considered to
enhance heat transfer during charging.
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Chapter 5

Summary and outlook

In this last chapter, the content and results of this thesis are first summarized and
then an outlook is given on research topics that have already been started or that
may be a reasonable extension to this work in the future.

5.1 Summary

The general aims of this thesis were to validate numerical models for melting
governed by natural convection and to find the influence of natural convection
on the melting process in LHS systems using numerical and experimental data.

A novel experimental test bench was developed specifically for the valida-
tion of numerical models. A low-temperature material n-octadecane was used
for accurate measurements with low thermal boundary effects. The PCM was
contained in a rectangular enclosure heated by two opposite vertical sides with
transparent front, back and top windows to allow access to optical measurement
techniques. The phase state was measured with a shadowgraph technique and
the velocities in the liquid phase due to natural convection were measured with
a PIV technique. These optical measurement techniques allowed a high spatial
resolution of data. Temperatures were recorded at distinct positions with ther-
mocouples. Three different driving temperature differences between the heated
plates and the melting temperature at the phase front were tested to obtain data
with a range of Stefan and Rayleigh numbers for later parameter analysis. The
experiments were repeated four times and an analysis of systematic and statisti-
cal errors was performed. All the data was measured at least every minute over
the three hour lasting melting process to obtain transient data. The result is a
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highly resolved data set of the phase state and flow during the melting process
that enables thorough validation analyses.

In the next step, two different numerical models for solid-liquid phase change
with natural convection were developed with the software ANSYS Fluent: the
first one was a detailed model with variable material properties using the VOF
method to allow volume expansion in an air layer on top of the PCM. The second
one was a simplified model with constant material properties using the Boussi-
nesq approximation to include buoyancy. A comparison of the two models sim-
ulating the ideal test case of the validation experiment showed that there are dif-
ferences in the melting process at closer look, but that there were only marginal
differences in the resulting liquid phase fractions and heat transfer rates. In con-
clusion, the simplified model with constant material properties and Boussinesq
approximation is accurate enough to simulate such a melting process. This model
was then used to simulate the validation experiment with a 3D domain includ-
ing flow and thermal boundary effects. A detailed comparison to the experiment
showed that the flow is qualitatively similar, but deviations were found in the
velocity extrema. Horizontal flow velocities were 60 % larger in the simulation
compared to the experiment. Vertical flow velocities were also 20 % larger in the
simulations. The most deviations were in the upward flow boundary layer at
the heated plates while the downward flow boundary layer at the solid phase
showed a much better agreement. The liquid phase fractions agreed to 4 % and
temperatures agreed to 2.8 % in the worst case. Consequently, the simulation
model reproduces the validation experiment and qualifies for further studies to
analyze the impact of natural convection on melting in LHS systems.

Finally, the impact of natural convection on melting in rectangular enclosures
was investigated. Firstly, a numerical parameter study on different enclosure di-
mensions was performed. The results were scaled with the Fourier and Rayleigh
numbers and the aspect ratio to be presented in dimensionless form. The influ-
ence of natural convection on the heat transfer rate was assessed with the intro-
duced convective enhancement factor, which was defined as the ratio of actual
heat flux by natural convection to a hypothetical heat flux by conduction only.
By curve-fitting, a correlation function for the mean convective enhancement fac-
tor and the critical liquid phase fraction for natural convection onset were found.
The study was extended with data from the validation experiment on different
driving temperature differences and the Stefan number was included in the scal-
ing to assess this effect. A correlation function for the liquid phase fraction in
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dimensionless form was found by curve-fitting. The presented scaling and the
curve-fit correlation span a large parameter range including enclosure heights
H = 25 mm to 1000 mm, enclosure half widths W = 5 mm to 25 mm, aspect ra-
tios A = 0.5 to 40 and driving temperature differences ∆T = 5 K to 20 K. This
correlation can be used to predict similar melting processes in the given param-
eter range. The presented results facilitate the design process of flat plate LHS
systems by considering the effect of natural convection without exhaustive, ex-
pensive and time-consuming numerical analyses.

5.2 Outlook

As an outlook, four further research topics are presented that are related to this
thesis. The first is about temperature measurements with higher resolution in val-
idation experiments and the second is about high temperature experiments. The
third topic is about using more efficient simulation methods that allow highly re-
solved 3D domains. The fourth research topic is the application of the findings of
this thesis in storage system scale models, where the effect of natural convection
is only approximated by an enhanced thermal conductivity model. The last topic
is about detailed analyses on melting governed by natural convection, but in the
more complex geometries of finned shell and tube systems.

5.2.1 Temperature measurement with high spatial resolution

The validation experiment developed in this thesis produced accurate bench-
mark results. The phase state and velocities in the liquid phase were measured
with high temporal and spatial resolution. However, temperatures were only
measured at three distinct points. A desired addition to the validation experi-
ment would be the measurement of temperatures with high spatial resolution,
i.e. the measurement of a 2D field of temperature. This would be possible with
either thermochromic liquid crystals (TLCs) that have been already used to study
natural convection [73] or with LED- or laser induced fluorescence (LIF), e.g. with
thermographic phosphor particles [74]. Although these measurement techniques
are quite sophisticated, they could be implemented in the same test bench, utilize
the existing periphery for optical measurements and measured in conjunction
with PIV.
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5.2.2 High temperature experiments with nitrate salts

Although the test bench presented in this thesis was built for temperatures up to
T = 250 ◦C, only low-temperature experiments were performed with the organic
material n-octadecane. The reasons were that heat losses are better controllable
at lower temperatures, which leaded to more accurate results, and the handling
of the PCM was easier and safer. However, in high temperature LHS mostly
inorganic nitrate salts are used as storage materials. The temperature range of
these materials is about Tm = 120 ◦C to 340 ◦C. To further investigate melting
of these materials, high temperature experiments could be performed with the
presented test bench.

5.2.3 Efficient simulation of highly resolved 3D domains

The ANSYS Fluent models used in this thesis delivered accurate results. How-
ever, the semi-implicit method (SIMPLE) used to solve the incompressible
Navier-Stokes equations together with the enthalpy-porosity model for phase
change proved to be inefficient. The equation system seemed to be stiff and the
time steps were restricted to unusually small values. These findings lead to the
idea of using more efficient algorithms. For rectangular geometries, structured
meshes are much more efficient, because the resulting diagonal sparse linear
equation systems are faster to solve. When the time steps are restricted by the
stiffness of the problem, an explicit time stepping method may be another option
to increase the efficiency and drastically decrease computation time or increase
resolution.

During a research stay of this author at the University of Michigan, a highly
efficient simulation code developed for magnetohydrodynamics by Zikanov et
al. [75] and Krasnov et al. [76] could already be tested for phase change problems.
The code uses an explicit second order time integration and second order spatial
discretization on a structured mesh. Hence, an explicit version of the enthalpy
porosity method [51] was implemented in the code. For verification, simulations
of the 2D validation test case of Gau and Viskanta [25] were performed and com-
pared to results by Hannoun and Alexiades [59] and to results from an ANSYS
Fluent simulation. The method was found to be efficient and first results were
promising. However, the implementation of the enthalpy porosity method needs
further testing and validation.
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5.2.4 Modeling of natural convection with enhanced thermal
conductivity for large scale models

As the modeling of natural convection dominated melting requires significant
computational effort and is not feasible for the scale of a whole storage system,
simplified models for the effect of natural convection are advised for the design
of LHS systems. A first step are the analytical correlation functions presented in
this thesis that can be used to estimate similar processes. However, to simulate
e.g. a flat plate latent heat storage system with its 2D or 3D domain and detailed
boundary conditions, the solution of discretized partial differential equations is
inevitable. But, with a sophisticated enhanced thermal conductivity model in the
energy equation, the Navier-Stokes equations may not have to be solved.

Over the last years, the author of this thesis developed a simulation software
in MATLAB named FASTER - Fast and Adjustable Simulation of Thermal Energy
stoRage. The energy equation was implemented with a linearized source term
enthalpy method for phase change, very similar as in the ANSYS Fluent model
described in this thesis. The discretization was done in 1D, 2D or 3D on struc-
tured rectangular or cylindrical grids. The resulting diagonal sparse linear equa-
tion system is solved orders of magnitude faster than the non-diagonal equation
systems resulting from unstructured meshes in ANSYS Fluent. Flow equations
are not solved, but natural convection can be accounted for with a basic enhanced
thermal conductivity (ETC) model. The FASTER software with ETC model has
been used to simulate the flat plate latent heat storage illustrated in Figure 1.1.
The domain for a discharging simulation with the FASTER ETC model is illus-
trated in Figure 5.1. Results of an early version of this model have already been
verified with other similar models and validated with experimental data [20] in
the work by Pointner et al. [58].

A verification study of the FASTER ETC model to results from the ANSYS Flu-
ent CFD model by Vogel et al. [21] is shown in Figure 5.2, where the heat flow
rate, the liquid phase fraction and the temperatures at three positions in the stor-
age are compared. The ETC model worked well in the solidification case, where
natural convection played a minor role. While the Fluent CFD model needed 6 d
to simulate the process, the FASTER ETC model only needed 15 min on the same
computer. The melting process could probably be simulated similarly. However,
to achieve sufficient accuracy in the presence of strong natural convection, ther-
mal stratification would have to be modeled with a height variation function for
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Figure 5.1: 2D simulation domain of discharging a flat plate LHS [21] including
natural convection with the FASTER ETC model. The axis scales are
not representative of the real storage system.
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the enhanced thermal conductivity. Such a function was proposed by Benard et
al. [24]. A similar function has already been implemented in FASTER and, while
first tests have been promising, further improvements and validation tests are
still needed. Another even more promising model by Vidalain et al. [77] could
also be tried in the future. For validation of these models, the benchmark results
presented in this thesis are predestined.

Figure 5.2: Comparison of the heat flow rate, the liquid phase fraction and the
temperatures at three positions for simulations with the FASTER ETC
and the Fluent CFD model.

5.2.5 Melting in finned shell and tube systems

In this thesis, the generic test case of a rectangular enclosure was regarded. This
allowed very detailed experimental measurements and numerical simulation
studies. However, LHS systems are usually built with heat exchangers, e.g.
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aluminium fins, to increase the heat transfer between the HTF and the PCM, as
for example in the work by Johnson et al. [7]. An example is the shell and tube
system with axially extruded fins mounted on the tubes. For such a system,
the same numerical models as described in this thesis can be used, only the
simulation domain is more complicated. Due to its simplicity, better efficiency
and sufficient accuracy, the Boussinesq model with constant material properties
is recommended over the VOF model with variable properties. As shown in this
thesis, the differences are negligible, when we are only interested in the heat
transfer or melting rate.

For the design of a storage system during the TESIN project [8], various sim-
ulations on melting and solidification of PCMs in heat exchangers for shell and
tube latent heat storage systems were performed. Most of these simulations were
done with a heat conduction model to find the discharging characteristics for
the design process. However, the author of this thesis also investigated melting
governed by natural convection in 3D domains with small heights. A glimpse
is given here: the simulation of a narrow section with height H = 100 mm of a
shell and tube system with axially extruded fins is illustrated in Figure 5.3. The
fin design was developed by Hübner et al. during the DSG-Store project [12].
Symmetries allow to discretize only a sixth of the shell and tube arrangement.
The tube and fin are depicted in dark gray, the solid phase is shown in light gray,
the liquid phase is transparently colored by temperature and flow velocities are
visualized with black arrows. Strong flow currents are observed in the large gaps
between the fin branches that clearly indicate melting governed by natural con-
vection. Detailed evaluations of different fin geometries are planned in order to
find the influence of natural convection on the melting process in finned shell and
tube systems. The results will be submitted for publication, as soon as everything
is finished.
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Figure 5.3: 3D Simulation of melting governed by natural convection in a section
of a finned shell and tube geometry.
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