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summary

In this thesis, the extent to which experimentally measured melting front positions can be quantita-
tively compared with predictions from a one-dimensional enthalpic lattice Boltzmann model is investi-
gated. In addition, the experimental results are compared with the analytical solution of the classical
one-dimensional Stefan problem for melting. The study focuses on a vertically oriented melting con-
figuration, in which paraffin is heated from above inside a cylindrical tube, such that heat transfer is
predominantly axial and the melting front position s(t) can be measured directly.

The numerical model considered in this work is a temperature-dependent enthalpic lattice Boltzmann
method (TD-HLBM) developed by Van Winden. [18] This model describes melting as a purely conduction-
driven, one-dimensional process and assumes an adiabatic radial boundary at the paraffin wall. To
examine how well these model assumptions are realised in practice, an experimental setup was specif-
ically designed to approximate the imposed boundary conditions as closely as possible. The setup
suppresses natural convection, reduces radial heat losses through multilayer insulation and allows
accurate optical determination of the melting front position.

Two types of experiments were performed. First, heat loss measurements were carried out by filling the
test tube with hot water and recording the temporal evolution of the water temperature hTyater (t)i. From
these measurements, the radial heat loss rate and the corresponding heat flux at the radial boundary
q°r°;exp (t) were derived and used to assess the degree to which the radial boundary condition approaches
adiabatic behaviour. Second, three melting experiments were conducted in which the temporal evo-
lution of the melting front position s(t) in paraffin was measured under a constant imposed tempera-
ture at th top boundary. The measured melting fronts were fitted using a square-root dependence
s(t) =a t+b, and the total experimental uncertainty was quantified using uncertainty propagation.

The melting front position was found to be highly reproducible and could be determined with a mean
total uncertainty of approximately 0:5mm over the full duration of the experiments. Despite this ex-
perimental consistency, a significant quantitative discrepancy was observed between the measured
melting fronts and the TD-HLBM predictions. Reduced chi-squared values 2, 1 indicate that the
observed deviations exceed the experimental uncertainty.

To relate this discrepancy to the model assumptions, the experimentally derived radial heat losses were
compared with the axial heat flux required to sustain melting through the heat-loss ratio R = % 100%:

The results show that the heat-loss ratio remains relatively large over most of the investigated Zrange of
s(t), indicating that the radial adiabatic boundary condition is not satisfied. The analysis further shows
that R increases rapidly as the melting front advances from s = 0 to approximately 4 10 3m, reflecting
the growing lateral surface area of the molten region. Over the same range of s(t), the relative deviation
between experimental and simulated melting front positions increases in a similar manner, indicating a
clear correlation between increasing radial heat losses and the observed mismatch.

Overall, the results demonstrate that while the melting front position can be measured accurately and
reproducibly, it cannot be quantitatively compared with the present one-dimensional enthalpic lattice
Boltzmann simulations or with the analytical solution of the classical one-dimensional Stefan problem
under the present experimental conditions. The dominant limitation is the violation of the adiabatic radial
boundary condition assumed in the numerical model. To enable meaningful quantitative comparison,
radial heat losses must be explicitly incorporated into the numerical model or the experimental setup
must be redesigned to better approximate adiabatic conditions.
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Symbol Definition Unit

A Height-width ratio of cavity [-]

Cp Specific heat capacity at constant pressure [Dkg 1K 1]

g Gravitational acceleration [ms ?]

Nconv Convective heat transfer coefficient of the gas layer [Wm 2K 1]

H Height of enclosure [m]

Qr Total radial heat flow from the paraffin sample to the [W]
surroundings

Q: Total axial heat flow supplied to the paraffin sample [W]
at the heated boundary

q%(r = ro) Radial heat flux density at the paraffin boundary (r = [Wm 2]
ro)

O exp Experimentally derived radial heat flux density atthe [Wm ?]
paraffin boundary

%@z =0) Axial heat flux density imposed at the heated bound- [Wm 2]
ary (z=0)

R Heat-loss ratio defined as R = Q,=Q, 100% [9%6]

ro Radial position of the outer surface of the paraffin- [m]
containing glass tube

r Radial position of the inner surface of the surround- [m]
ing glass measuring cylinder

r Radial position of the outer surface of the PIR foam [m]

s(t) Axial position of the melting front along the z- [m]
direction as a function of time

Sexp(t) Experimentally measured melting front [m]

T Temperature difference K]

T Melting temperature of paraffin K]

TH Imposed wall temperature at the heated boundary of  [K]
the paraffin

Tm Mean temperature [K]

Tw Temperature on the wall of the glass tube enclosing [K]

e paraffin sample
h TTref ¢, (T?) dT?, sensible enthalpy of phase [Dkg 4
stot Total uncertainty in the experimentally determined [m]

melting-front position
Thermal diffusivity ( = =( ¢p)) [m?s 1]
Thermal expansion coefficient ( = 1=T) K 1

Thickness of gas layer between two vertical glass [m]
plates (cavity width)

Phase identification for a system, with | denoting lig- [-]
uid and s a solid

Dynamic viscosity of the gas [kgm s 1
Kinematic viscosity ( = =) [m?s 1]
Thermal conductivity Wm K 1]
Density [kgm 3]




Introduction

In recent years, climate change driven by CO, emissions has emerged as a major global challenge.
In response, the Paris Agreement was adopted on 12 December 2015 by 195 countries, aiming to
limit global warming to well below 2 AC and preferably to 1.5 AC. Achieving the 1.5 AC target requires
a 43% reduction in greenhouse gas emissions by 2030 [16]. Therefore, a transition from fossil fuels
to low-carbon energy sources is essential. The Intergovernmental Panel on Climate Change (IPCC)
identifies nuclear energy, alongside renewable energy sources, as an important option for mitigating
climate change due to its low carbon emissions and high energy output. Therefore, investment in the
development of advanced nuclear technologies can be of great importance. [20].

Despite its potential, nuclear energy remains a controversial topic due to safety concerns following
major accidents such as Chernobyl in 1986 and Fukushima in 2011. These events have strongly in-
fluenced public perception, although the total number of deaths from these accidents is relatively low
compared to the millions of deaths caused by fossil fuel use each year [12] . To advance safer and
more sustainable nuclear technologies, the Generation IV International Forum (GIF) was established in
2001 as a coalition of 13 countries and the European Union, focusing on the research and development
of next-generation nuclear reactor systems. After evaluating about one hundred reactor concepts, six
designs were selected as promising candidates for the future of nuclear energy, including the Molten
Salt Fast Reactor (MSFR) [19].

Delft University of Technology (TU Delft) plays an active role in advancing MSFR research through
collaboration in projects such as SAMOFAR (Safety Assessment of an MSFR, 20151 2019). At TU Delft
current research focuses on theoretical development, experimental studies and numerical simulations
[17]. As no physical prototype of the MSFR exists yet, its design choices are based on computer
simulations and laboratory experiments using surrogate fluids. Therefore, developing highly reliable
computational models is essential to ensure that the reactor behaves safely under both normal and
accident conditions.

This thesis contributes to the further development and refinement of these computational models by
focusing on a specific MSFR-relevant phenomenon: the melting of fuel salt. This is achieved through
the execution of high-precision experiments and their comparison with an advanced computational
method, the Lattice Boltzmann Method.

The Molten Salt Fast Reactor (MSFR) is a Generation |V reactor concept in which the nuclear fuel is
dissolved in a molten fluoride salt that simultaneously acts as coolant. In contrast to conventional solid
fuel reactors, the MSFR operates with liquid fuel and can in principle be refuelled, while certain fission
products are removed during operation [19].

000t 0iioo 0000 0000 o000t

The Molten Salt Fast Reactor (MSFR) is a Generation |V reactor concept in which the nuclear fuel is
dissolved in a molten fluoride salt that simultaneously acts as coolant. In contrast to conventional solid
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fuel reactors, the MSFR operates with liquid fuel and can in principle be refuelled, while certain fission
products are removed during operation [19].

A central safety feature discussed for molten salt reactors is the use of a freeze plug: a deliberately
cooled section of salt in a drain line that remains solid during normal operation. In off-normal scenarios,
such as loss of power or overheating, the plug melts and the fuel salt drains by gravity into subcritical,
cooled storage tanks [19] (see Figure 1.1). While such passive features can improve safety, they also
make reactor behaviour strongly dependent on coupled thermal and phase-change phenomena. This
includes melting and solidification of salt and heat transfer to surrounding structures, which must be
described accurately in safety analyses.

Fuel salt
flow

Helium bubkbles
separators

Pumps

Heat

Freeze- exchangers

plugs

Core cavity

Figure 1.1: Schematic view of the MSFR fuel circuit and draining system. [15]

Since no full-scale MSFR prototype exists, many design choices and safety evaluations rely on nu-
merical simulations supported by laboratory experiments using surrogate materials [17]. This makes it
essential to develop and validate computational models that describe phase change and heat transfer
under well controlled boundary conditions.

(000 Doooioo bbb ood oodod

The Lattice Boltzmann Method (LBM) is a numerical simulation technique that is well suited for mod-
elling heat transfer problems involving phase change. Rather than solving macroscopic heat conduction
equations directly, LBM represents thermal transport through the evolution of distribution functions on
a discrete lattice.

A practical advantage of LBM is its local and explicit update scheme. Boundary conditions can therefore
be implemented in a clear and physically intuitive way, which is particularly useful in problems where
heat transfer is strongly influenced by boundaries, geometric constraints or phase transitions.

For phase-change problems, LBM can be extended using an enthalpy based formulation, in which
latent heat effects are included through an enthalpy temperature relation. An important benefit of this
approach is that the melting front is obtained implicitly from the local liquid fraction, without the need to
explicitly track or deform a computational mesh.

In this thesis, LBM is applied in a one-dimensional, diffusion-dominated configuration to simulate the
temporal evolution of a melting front under prescribed thermal boundary conditions. The specific formu-
lation used is the temperature-dependent enthalpic lattice Boltzmann method (TD-HLBM) developed
by Van Winden [18].
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Within TU Delft, MSFR-related research is carried out through a combination of numerical modelling
and experimental studies, including work performed within projects such as SAMOFAR and related
research on molten salt reactor safety [17]. Since reactor scale experiments are not available, surrogate
experiments and validated numerical models are required to support design choices.

An important starting point for the present work is the study by Van Winden [18], who implemented and
analysed a one-dimensional enthalpic lattice Boltzmann model with temperature dependent specific
heat to simulate melting in paraffin. His work provides a clearly defined numerical model which can be
used to compare with experimental data.

The present thesis builds upon this work by re-implementing the TD-HLBM model and by developing an
experimental setup that is explicitly designed to approximate the assumptions of the numerical model.
In addition, additional measurements are performed to assess how well these assumptions are satisfied
in practice. This allows deviations between experimentally measured melting front positions and TD-
HLBM predictions to be interpreted in terms of how closely the experimental boundary conditions match
those assumed in the model, and over which range the one-dimensional description remains applicable.

0000 00000t Loiooooguo 0o 0oooao

This thesis investigates the extent to which experimentally measured melting front positions can be
guantitatively compared to one-dimensional enthalpic Lattice Boltzmann simulation. This is achieved
by evaluating the assumptions underlying the implemented numerical model and by developing an
experimental setup designed to approximate these model conditions as closely as possible.

In this research, paraffin is melted from above along the axial z-direction while confined within a cylin-
drical tube, providing axial symmetry. A key assumption of the implemented one-dimensional model is
the presence of an adiabatic boundary condition at the radial boundary of the paraffin. To approximate
this condition, a radial heat transfer model is developed to estimate heat losses through the surround-
ing insulation. This model is used during the design phase of the experimental setup, as the geometry
and material properties of the insulation strongly influence the magnitude of radial heat losses.

Following the design process, the experimental setup is constructed and used to measure the temporal
evolution of the melting front position in paraffin. In addition, a separate measurement is conducted
to quantify the heat loss of the setup, providing insight into the extent to which the adiabatic bound-
ary assumption is satisfied. The experimentally measured melting front positions are subsequently
compared with numerical predictions obtained using the temperature-dependent enthalpic lattice Boltz-
mann method (TD-HLBM). This method incorporates a temperature dependent specific heat capacity
and was developed by Van Winden [18].

In order to assess to what extent experimentally measured melting front positions can be quantita-
tively compared with the one-dimensional enthalpic lattice Boltzmann simulation, three aspects are of
particular importance. First, the degree to which the experimental setup satisfies the assumptions of
the numerical model, with specific emphasis on the adiabatic radial boundary condition. Second, the
accuracy with which the melting front position can be determined experimentally. And last, the quanti-
tative comparison between experimental measurements and numerical results through analysis of the
observed deviations. Following this, the main research question is formulated as follows

Research question:

To what extent can melting front measurements be compared quantitatively with one-dimensional en-
thalpic Lattice Boltzmann simulation?

The following sub-questions guide this assessment:

Subquestions:

a) To what extent does the experimental setup approximate an adiabatic radial boundary condition
at the paraffin side wall?
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b) With what accuracy can the melting front position s(t) be determined using the developed exper-
imental setup?

¢) How do the experimentally measured melting front positions deviate from the results of the one-
dimensional enthalpic Lattice Boltzmann simulation?

0i0o0l 0Ooo0i0 0ooood

To address these questions, the thesis is organized as follows. Chapter 2 reviews the theoretical
background, including phase change thermodynamics and analytical solutions for melting. Chapter 3
describes the numerical TD-HLBM model and its implementation. In order to estimate the heat loss
from the paraffin sample to the surrounding experimental setup, a heat transfer model of the experi-
mental setup is developed and presented in Chapter 4. Chapter 5 presents the experimental setup
and measurement procedure for measuring the paraffin melting front. In Chapter 6, the results of the
experimental measurements and the implemented models are presented and discussed, comparing
the simulated and measured melting front positions. Finally, Chapter 7 summarizes the conclusions
and outlines recommendations for future work.



Theory

In this research, the temporal evolution of the melting front position in paraffin is investigated experi-
mentally and compared with numerical simulations. To understand the measured melting front behavior
and assess the applicability of the numerical model, thermodynamic principles relevant to heat transfer
with phase change are discussed in this chapter. Enthalpy based formulations are discussed, which
form the foundation of the enthalpy-based lattice Boltzmann model employed in this work.

Ol LU0idongoodooo
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For heat transfer problems without phase change, the thermal state of a material can often be described
sufficiently by its temperature field alone, since energy storage is directly related to temperature vari-
ations through the specific heat capacity. When a phase change is involved this description becomes
inadequate. During melting or solidification, thermal energy is absorbed or released in the form of latent
heat while the temperature remains approximately constant.

To account for this behavior, heat transfer with phase change is commonly described using an enthalpy-
based formulation. In this approach, the total specific enthalpy H represents the thermal state of the
system.The total specific enthalpy can be expressed as
Z1
H(T)=h +f L= cp(TH AT+ f, L; (2.1)
Tref

where ¢, (T) is the temperature dependent specific heat capacity, L is the latent heat of fusion, and f,
denotes the local liquid fraction. The reference temperature T is chosen such that H(T,ef) = 0. The
present phase of the system is denoted by and h denotes the sensible enthalpy of phase

In practice, phase change does not occur instantaneously throughout the entire material domain. In-
stead, solid and liquid phases may coexist locally over a finite temperature interval. To describe this
behavior, the liquid fraction f, is introduced, which varies between zero (fully solid) and one (fully liquid).
The liquid fraction is defined as

8
50; H < Hg(solid)
f, = H Hs H H  Hj(mushy) (2.2)
re BHI Hs, ° ! y .
"1 H > H,(liquid)

where Hg denotes the highest enthalpy for a system that is fully solid and H; denotes the lowest enthalpy
for a system in a fully liquid phase.

The temperature interval Hs  H  H; is commonly referred to as the mushy zone. Within this region,
solid and liquid phases coexist and latent heat is gradually absorbed or released as the phase transition
progresses.
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The enthalpy based description presented above forms the thermodynamic basis of the temperature
dependent enthalpic lattice Boltzmann method employed in this study. [18].

000 DOUI00I000 00000i0d boo 000 tJoooiod booon

Under arestricted set of assumptions, the melting process of a phase change material can be described
analytically. These analytical solutions provide physical insight into the melting dynamics and serve as
a reference for both experimental measurements and numerical simulations.

The classical Stefan problem considers one-dimensional purely conductive heat transfer in a semi-
infinite domain. Convection is neglected and thermophysical properties are assumed constant within
each phase. Initially, the material is at a uniform temperature To < T¢. At time t = 0, a constant
temperature Ty > T¢ is imposed at the boundary z = 0, initiating melting.

0
A sharp phase boundary forms between the liquid and solid regions. The axial position of the melting
front s(t) evolves according to

p__
s(t) =2k It (2.3)
where !isthe thermal diffusivity of the liquid phase and k is a dimensionless parameter. The parameter

k follows from the Stefan condition, which enforces energy conservation at the moving phase boundary.
For a melting front, k is obtained by solving [7]

e ¥ s LT T, e (=0 P
erff(K) ' 5 Tm Th erfc k- =5 h(Tu Te)

(2.4)

Here, 'and S denote the thermal conductivity of the liquid and solid phases, respectively, 'and S
the corresponding thermal diffusivities, c{, the specific heat capacity of the liquid phase, and L the latent
heat of fusion.

Ol0I0I 0000000000 Dititodootoo
The analytical temperature field is given separately for the liquid and solid regions, as shown in equation

5. [7]

8
erf 4%
Tw (Th T¢) W; 0<z<s(); t>0 (liquid);
Tz = z (2.5)

erfc 249:5
To+ (Tt To)ﬂa—t 2 s(t); t>0 (solid):
- erfc k

01000l Oooo 0oo 0o oo Dobooo bdoooood

The axial heat flux driving the melting process follows from Fourieris law. In this research, the heat
flux at z = 0 is of particular relevance, as it represents the heat flux at the heated boundary. Since the
region near the heated boundary remains liquid throughout the experiment, this heat flux is evaluated
using expressions valid for the liquid phase. Differentiating Equation (2.5) with respect to z yields

@T Te z2
2 2.6
0z erf(k)I AT (2.6)

The corresponding conductive heat flux at the heated boundary is then given by
Te Th

— N- — | .
q(z =0;t) = Mp:'t' 2.7)

Here, ! denotes the thermal conductivity of the liquid phase present at the heated boundary.
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In addition to analytical descriptions, numerical methods are required to investigate heat transfer with
phase change under experimentally realistic conditions. In this work, a lattice Boltzmann method (LBM)
is employed to simulate the melting process and to enable direct comparison with experimental mea-
surements.

The lattice Boltzmann method is rooted in kinetic theory, in which macroscopic transport phenomena
emerge from a mesoscopic kinetic description. The state of the system is described by a particle
distribution function f(x; ;t), which represents the distribution of particles at position X, time t, and
velocity . [9]

In the lattice Boltzmann method, transport phenomena are described by evolving particle distribution
functions on a discrete lattice. Macroscopic quantities are not solved directly, but are recovered from the
distribution functions through suitable moment relations. For example, the macroscopic mass density
and momentum density are obtained by integrating over the particle distribution function as [9]

z
Gt = fox ;nd®; (2.8)
Z
(x;u(x;t) = f(x; ;t)d®: (2.9)

The evolution of the distribution function is governed by the Boltzmann equation [9],

df(x; ;) _ 0f(x; ;b of(x; ;) F @f(x b

— + 4+ = T): 2.10
This equation describes the temporal evolution of the particle distribution function due to free streaming,
spatial transport, and acceleration under the influence of a body force F. The collision operator ()
represents the collective effect of microscopic particle interactions and drives the distribution towards
a local equilibrium state.

A commonly used approximation for the collision term is the Bhatnagari Grossi Krook (BGK) model, in
which the distribution function relaxes towards a local equilibrium distribution £ on a characteristic
time scale , [9]

)= 1(f £¢9): (2.12)

For heat transfer problems involving phase change, an enthalpy based formulation is employed. In
this approach, the distribution functions are defined such that their sum represents the local enthalpy,
which is therefore the quantity transported in time. The temperature field is subsequently recovered
from the enthalpy through the enthalpy temperature relationship, allowing phase change effects to be
captured.

The specific enthalpic Lattice Boltzmann method (HLBM) adopted in this work is described in the next
chapter.



Numerical Method: HLBM

The purpose of this chapter is to describe the lattice Boltzmann numerical model used to simulate the
temporal evolution of the melting front position in paraffin. The lattice Boltzmann formulation employed
in this work is adopted from the work of Van Winden [18]. From the models presented in that study,
the enthalpic lattice Boltzmann method, which incorporates a temperature dependent specific heat,
(TD-HLBM) was identified as most suitable for modelling melting processes in paraffin. This specific
formulation is therefore re-implemented and applied in the present work. The model assumes heat
transfer by pure conduction and is formulated for a one-dimensional geometry.

00l O0O0iiool bibtoolioboog

To perform numerical simulations, the physical domain is discretized in space and time. The spatial
coordinate x is discretized using a uniform lattice spacing x and time using discrete time steps t. In
lattice Boltzmann simulations, it is common to work in lattice units, for which x=1‘sand t=1"t,
where ‘s and ‘t denote lattice units of length and time respectively. Conversion between physical units
and lattice units are handled explicitly in the Julia code used for the implemented simulation.

To numerically solve the Boltzmann equation given in Equation 2.10, the continuous particle velocity
space is discretized. As a result, the particle distribution function f(x; ;t) is replaced by a set of
discrete distribution functions fj(x;t), each associated with a discrete lattice velocity c;.

Macroscopic quantities are obtained from the discrete distribution functions through summation over
all velocity directions, [9]

>< >
xt= fixt); xux; )= cifi(x; D) (3.1)

The discrete velocity set is commonly denoted by DdQq, where d is the spatial dimension and g the
number of discrete velocities.[9] As in this research the implemented model is one-dimensional, a D1Q3
lattice is used. The discrete velocities are given by Equation 3.2 corresponding to particles at rest,
moving in the positive x-direction, and moving in the negative x-direction respectively

8
20; i=0;

Ci:x = >+1; i=1; 3.2)
-1 i=2

Each discrete velocity is associated with a weighting factor wj, defined in this model as

; 1=0;

Wi = (3.3)

o O N®
O FWI N

=12
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The evolution of the discrete distribution functions is governed by the lattice Boltzmann equation,

fix+c tt+ )=o)+ (xt); (34)

where the collision operator j is modelled using the BGK approximation,

_ . — t ~ . eq . .

ix)= — () fFx): (3.5)
Here, denotes the relaxation time and fieq the equilibrium distribution function. [9]

0i0idl 0ooodoood 0odoooo LonmoOood ouoooga

To model heat transfer with phase change, the standard lattice Boltzmann formulation is extended by
introducing a separate set of distribution functions g;(x;t) associated with enthalpy transport. These
distributions evolve according to an enthalpic lattice Boltzmann equation, analogous to the standard
lattice Boltzmann equation discussed previously.

The evolution equation for the enthalpy distribution functions is given by [9]
gix+ci tt+ =g+ () +Qi(x1); (3.6)

where j denotes the collision operator and Q; a heat source term. In the present work, no internal
heat generation is considered and therefore Q; = 0.
The collision operator is modelled using a BGK approximation [9],
t
g(x; 1)

where 4 is the relaxation time associated with thermal transport and g;i denotes the equilibrium en-
thalpy distribution function.

i(xt) = @Y g 0aD); 3.7

The macroscopic enthalpy field is obtained by summation over all enthalpy distribution functions [9],
>
HGt) = git): (3.8)
i

The equilibrium distribution functions are defined such that the macroscopic enthalpy diffusion equation
is recovered. For the D1Q3 lattice used in this work, the equilibrium distributions are given by [5]

8 U2
3Sf L+ wih 1 — i=0;
|
g = 2(25 )2 2 (3.9)
i .
= Ci u Ci U u L .
- Wih 1 + Cg + 2(;‘51 270% y 1 & O,

where h denotes the sensible enthalpy, f, the liquid fraction, L the latent heat of fusion, u the macro-
scopic velocity, and cg the lattice speed of sound. Since the present model considers diffusion only
heat transfer, no hydrodynamic field is solved and the macroscopic velocity is taken as u = 0.

The lattice speed of sound is determined by the chosen lattice and is given by ¢s = 1@%:

The relaxation time g is coupled to the thermal diffusivity through

(x1).

¢z t’

g(X;t) = % + (3.10)

ensuring correct recovery of the macroscopic heat conduction behaviour. [5]
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The lattice Boltzmann method is conducted by performing a collision step followed by a streaming step
during each time step t. Substitution of the BGK collision operator into the enthalpic lattice Boltzmann
equation yields the lattice BGK equation: [9]

GOCHG B 9 =000 — s @60 g0aD): (3.1)

In the collision step, the enthalpy distribution functions relax locally towards equilibrium,

CE\ — AL (- t - e . .
gi (X! t) - gl(xl t) W (g.(X, t) giq(xl t)) ’ (312)

where gi(x; t) and g; (x; t) denote the distributions before and after collision respectively. [9]

In the following step, each g; distribution propagate to neighbouring lattice node through streaming
according to their discrete velocity c;,

gi(x+ci tt+ t)=g;(xt): (3.13)

These two steps are repeated until the final simulation time is reached. The initial condition is imposed
by setting the initial distributions equal to their equilibrium values, gi(x; 0) = g;%(x; 0).[9]

Qioiol 0o oopododoo dotoo4ooonog oo Cp (T)

In the implemented model, the specific heat capacity of paraffin is temperature dependent. Conse-
quently, the temperature is determined numerically from the enthalpy temperature relation given in
Equation 2.1. At each lattice node and time step, the macroscopic enthalpy H(x;t) is first computed
from the enthalpy distribution functions. Based on the local enthalpy level, the thermodynamic state of
the material is identified. For fully solid or fully liquid regions, the temperature is computed by numeri-
cally inverting the sensible enthalpy relation in Equation 2.1. Within the mushy zone, the temperature
is assumed equal to the melting temperature. [18]

The thermophysical properties of paraffin employed in this model are adopted from the literature study
by Van Winden, in which an averaged temperature-dependent specific heat capacity was constructed
based on multiple literature sources [18]. These properties, together with the processing of the under-
lying literature data, are discussed in Section D.1.

000000 OOo0DO0000000 Lo 000 Comodh 0oooo 0boooog
The melting front is defined as the location separating solid and liquid material, which is identified
through the local liquid fraction.

At each time step, the liquid fraction field f;(x; t) is computed from the enthalpy field using the phase
change relation. The total number of liquid lattice nodes is then determined by summing the liquid
fraction over the computational domain. The axial position of the melting front is obtained as

>
s(t) = lelnd fi(x; 1) (3.14)

X x

where Ny denotes the number of lattice nodes and Xeng the physical length of the domain. [18]

000 000DIIioUo IOt obood oo

Appropriate boundary conditions are essential for the correct application of the enthalpic lattice Boltz-
mann model. In the present work, the boundary treatments follow the implementation adopted by Van
Winden [18] and are consistent with a one-dimensional, diffusion dominated heat transfer process.

Oi0il Oooiditoooioion Oool oidoolol oo ooog
In numerical modeling, a three-dimensional physical problem may be reduced to a lower-dimensional
formulation when the governing fields are invariant along one or more spatial directions [9]. In the
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present lattice Boltzmann model, heat transfer is assumed to occur exclusively in the axial direction.
This requires that the temperature field is invariant in the radial directions.

If paraffin is melted inside a cylindrical tube aligned with the axial direction, this condition can be ap-
proximated by ensuring that radial heat fluxes are negligible. At the tube wall r = rg, this corresponds
to an adiabatic boundary condition,

eT

@n r=ro

where n denotes the outward normal direction at the wall. Under this assumption, thermal transport
is governed solely by axial heat conduction, allowing the melting process to be represented using a
one-dimensional lattice Boltzmann model.

=0; (3.15)

0 R A A

To induce melting of the paraffin, thermal energy must be supplied by an external heating element
on one end of the one-dimensional computational domain. The applied lattice Boltzmann simulation
assumes a constant imposed temperature at the boundary located at x = 0. Therefore, a Dirichlet
boundary condition is applied at the wall of the heating element; [18]

T(x=0;t) = Twan: (3.16)
Here, Twan denotes the constant imposed temperature at the heated boundary of the paraffin Ty.
Throughout this chapter, the coordinate x corresponds to the axial z-direction in the experimental setup.

In the lattice Boltzmann framework, this condition is implemented using an anti bounce-back scheme,
which enforces the prescribed wall temperature exactly at the boundary. [18] The enthalpy distribution
functions are reflected with a correction based on the equilibrium distribution at the wall temperature,[9]

gilkwit+ D= g (xw;) +2¢7 (xw; t+ 1) (3.17)

where x,, denotes the wall location.

The anti bounce-back schemes are applied during the streaming step of the lattice Boltzmann algorithm.
Their implementation at link-wise boundaries is illustrated schematically in Figure 3.1 [9].

t t+ At/2 r+ At
| | |
XN : XN +1 XN : XN +1 XN : XN +1
—C-p-——O— —O%—O— +—O0—
| | |
| | |
Streaming

fxn, t+A1) = f*(xn, 1)

Figure 3.1: Schematic representation of the link-wise bounce-back streaming scheme used at the boundaries, adapted from
Kreger et al. [9].

00000 0000000 Uoobioloo
At the start of the simulation, the temperature field is assumed uniform throughout the domain, [18]

T(x;t=0)=To: (3.18)

The initial enthalpy distribution functions are initialized in equilibrium with this temperature field, such
that
gi(x; 0) = g;(x; 0): (3.19)
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The enthalpic lattice Boltzmann model employed in this work assumes that heat transfer occurs solely
by thermal conduction. To satisfy this assumption, convective heat transport in the liquid paraffin must
be suppressed. [18]

The occurrence of natural convection is governed by buoyancy effects and depends on both the mag-
nitude of the temperature gradient and its orientation relative to gravity, expressed by the inclination
angle .When the paraffin is heated from above (= 180 ), the liquid layer is stably stratified. In this
configuration, buoyancy-driven flow is inhibited and heat transfer proceeds purely by conduction. [2].

000 Di00oidiou oooboog

The enthalpic lattice Boltzmann method is implemented following an iterative time-stepping procedure.
A schematic overview of the algorithm is shown in Figure 3.2. This figure is adopted from the work of
Van Winden [18] and summarizes the main components of the implemented model.
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121 t model conversion factors and | Define equilibrium Deﬁr!e'lnlnal
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 parameters  macroscopic properties | distributions
b 4 - o A L ) 4
PR R e L -
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1 i 5= unctions an

Streaming step (anti-)bounce-back Collision step elaxation

A

e

NO

el .
el e e

(@ (@ D Ty ; )
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functions om max
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I ™,

Plot temperature
profile and ice front
propagation over
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Figure 3.2: Schematic overview of the enthalpic lattice Boltzmann algorithm used in this work, adapted from Van Winden [18].

During each time step, the enthalpy distribution functions undergo collision and streaming, including
the application of (anti-)bounce-back boundary conditions. The macroscopic enthalpy is subsequently
evaluated, from which the temperature, liquid fraction, and relaxation time are updated based on the
temperature-dependent material properties.

This procedure is repeated until the final simulation time is reached. Output quantities such as temper-
ature profiles and the temporal evolution of the melting front position are stored during the simulation
for subsequent analysis.



Radial Heat Transfer Model

This chapter presents a radial heat transfer model of the experimental setup, developed to estimate the
heat loss from the paraffin sample to its surroundings. Since the geometry and material properties of
the surrounding insulation control the magnitude of this heat loss, the model is used during the design
process and serves to guide their selection.

First, a conceptual overview of the experimental setup and the multilayer insulation system is provided.
Next, model assumptions and the governing heat equation are introduced, followed by the numerical
discretization and implementation of the boundary conditions. These elements are used to compute
the transient temperature field in the insulation and to estimate the radial heat flux leaving the paraffin
sample. As the insulation consists of a gas layer, the effective heat transfer coefficient of this layer
is formulated separately. Bringing these elements together, an algorithmic overview of the numerical
model is presented. Finally, sanity checks are discussed to verify the numerical implementation and
physical consistency of the model and the applicability of the model is addressed.

00l 0hObonguooor 0oiod oo tUibinoiou oouoodo

In the experimental setup, the paraffin sample is enclosed in a vertical cylindrical tube with its axial
direction aligned with the z-axis. To initiate the melting process, a heat transfer element is placed on
the top surface of the paraffin sample at z = 0, imposing an axial heat flux directed downward into the
material. Throughout this thesis, z = 0 denotes the interface between the paraffin sample and the heat
transfer element.

The experimental setup is designed to approximate an adiabatic radial boundary condition at the paraf-
fin side wall, such that the melting process is mainly controlled by the imposed axial heat input. There-
fore, radial heat transfer from the paraffin sample to the surroundings must be minimized. To reduce
radial heat losses, a multilayer insulation system is employed, consisting of an inner argon gas layer
directly surrounding the paraffin and an outer layer of solid PIR insulation material. For the first insu-
lation layer, a gas is used because of its different heat transfer characteristics compared to those of a
solid material. In the absence of significant natural convection, thermal energy in a gas is transported
mainly through molecular collisions, resulting in a much lower conductive heat transfer rate than in a
solid material. The gas layer is enclosed by two thin glass walls: at one end by the glass test tube
containing the paraffin sample and at the other by a surrounding measuring cylinder that separates the
gas layer from the solid insulation (see Figure 4.1). The material and geometrical dimensions of the
insulation components are selected using the heat transfer model, as adressed in section 4.8.

13
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Figure 4.1: Schematic overview of the measuring cylinder assembly and the dominant heat fluxes considered in this study.
Here, g¥(z = 0; t) denotes the axial heat flux input supplied by the heater into the paraffin at z = 0, and g (r = ro; t) denotes
the radial heat flux loss at the paraffin boundary.

Figure 4.1 presents a three-dimensional schematic overview of the dominant heat fluxes considered in
this study. Heat supplied by the heat transfer element results in an imposed axial heat flux g¥(z = 0;t)
that drives the melting process. The heat flux through the cylindrical side wall of the paraffin sample
is denoted by ¢¥(r = ro; t). These two fluxes are directly relevant to the adiabatic boundary condition
at the paraffin side wall. The radial heat flux is therefore discussed extensively in this chapter, as the
heat transfer model is developed to estimate its magnitude.

In Figure 4.2 a radial cross section of the experimental setup at z = 0 is shown, illustrating the insulation
concept employed in this study. These figures define the geometrical dimensions used throughout
this chapter, including the outer radius of the paraffin-enclosing glass tube rg, the inner radius of the
measuring cylinder ry, and the outer radius of the PIR insulation r,. The thickness of the gas layer is
givenby =r; ro. These geometrical definitions form the basis of the radial heat transfer model
introduced in the following sections.

® N

)
i Drin ! ¢
Drout J
\
DM.in
DM,out‘
°
D PIR Insulation T radial position outer Dt Diameter test tube r9  radial position outer
I:' Gass L, surface test tube Diameter measuring cylinder srface PIR
ass Layer . I I
Y 71 radial position inner surface i T; radial position in the PIR
I:' Paraffin Sample measuring cylinder Thickness gass layer domain ry <r; <71

dprg Thickness PIR

Figure 4.2: Top view and radial cross-section at z = 0 of the experimental setup, illustrating the multilayer insulation system
and relevant geometric dimensions, including ro, r1, rz. Part A zooms in on the measuring cylinder, whereas Part B shows the
radial domain of the PIR insulation.



4.2. Model Assumptions 15

Oiol Oooot botbOooooo

The heat transfer model is intended to provide an order-of-magnitude estimate of radial heat losses
for design and assessment purposes. Since the model is used to guide the insulation design of the
experimental setup rather than to obtain an exact solution, several simplifying assumptions are adopted.
As the analysis focuses on the insulation surrounding the paraffin, heat losses are assumed to occur
exclusively in the radial direction neglecting axial heat losses.

In the model, the radial heat flux q¥(r = ro; t) is evaluated, corresponding to the outer surface of the
glass tube enclosing the paraffin sample. Heat transfer across the argon gas layer (ro < r < rj) is
represented by a time-dependent effective heat transfer coefficient h(t), while heat conduction within
the surrounding PIR insulation (r; < r < ry) is solved numerically using the transient heat equation.
Together, this formulation allows the temperature field and heat transfer to be estimated over the radial
domain rg < r < ry, where r, denotes the outer radius of the PIR insulation. It is assumed that at
the start of the simulation the temperature field T (r;t = 0) is equal to the ambient temperature T
throughout the entire radial domain, representing an initial state of thermal equilibrium. The glass wall
separating the argon gas layer and the PIR insulation is neglected in the model, as its small thickness
results in a negligible contribution to the overall thermal resistance.

As the objective of the model is to minimize radial heat loss in the experimental setup, the model aims
to account for most relevant heat transfer mechanisms in the radial direction, including both convec-
tive and radiative heat transfer in the argon gas layer. By incorporating multiple radial heat transfer
mechanisms, the model is formulated conservatively to avoid underestimating radial heat losses.

As the temperature of the glass tube enclosing the paraffin varies in time and along the axial direction
during the melting process, a constant wall temperature T,, is assumed in the model for T (rg; t). This
temperature is set equal to the melting temperature of paraffin, representing an approximated average
value between the local minimum and maximum temperatures occurring during the melting experiment
under consistent heating.

000 UOiooobion bouo boootoa

Heat transfer in the experimental setup is governed by transient heat equation in a cylindrical geometry.
The three-dimensional heat equation for the surrounding insulation material with constant thermophys-
ical properties and without internal heat generation can be expressed by the following equation:

T

cpﬁ =r (rT); (4.2)

Assuming that the thermal conductivity is constant per insulating material, this equation is reduced to

eT _
T

In cylindrical coordinates (r; ;z), the Laplacian operator is given by

reT; (4.2)

e 1@ T 10%T | @°T.
r-T=-— r— —W+@?.

r@r  @r +r2 (4.3)

Due to the cylindrical geometry of the experimental setup and the uniform boundary conditions along
the circumference, azimuthal symmetry is assumed. As a result, the temperature field is independent
of the angular coordinate , such that

As the model assumes that the heat loss solely occurs in the radial direction, axial heat conduction is
neglected, implying
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T

0z
Under these assumptions, the governing equation reduces to the one-dimensional radial heat conduc-
tion equation

0:

oT _ 10 0T _ @1 10T

et ror "er T e Trar @

This equation forms the basis of the numerical model used to quantify radial heat losses.
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The radial domain is discretized using a uniform grid with spacing r over r; < r < r, the homoge-
neous domain of PIR foam and time is discretised using a time step t. The temperature at radial node
i and time level n is denoted by T" = T (r;;t"), whereri =r; +i randt" =n t(see Figure 4.2B).

The second-order spatial derivatives are approximated using central finite differences:

0°T T, 2T +T0
er? r, r2 ’ (4.5)
eT T T
T S I 4.6
or r; 2 r (4.6)
The time derivative is discretised using a forward Euler scheme:
eT Th+l Tn
Substitution into Eq. (4.4) yields the explicit update equation
TrloTra g Th, 2Th+Th, . 1T, T @5

r2 ri 2r

This numerical scheme represented in equation 4.8 is applied exclusively to the PIR insulation domain
ri <r <r;wherer; isequaltoi=0andr;is equal to i = N, with N, = 212,

0 A

As ri=o represents the interface between the argon gas and the PIR foam, a boundary condition needs
to be implemented. This boundary condition represents the thermal coupling between the argon gas
layer and the surrounding PIR insulation.

Heat flux across the argon gas layer is modeled using an effective, time-dependent heat transfer coef-
ficient hg(t), as described by the following expression:

o) =hg(t) Tw T(rst) 4.9)

where hy(t) is the effective heat transfer coefficient of the argon gas and T, denotes T (ro;t), the
temperature at the wall of the glass tube enclosing the paraffin sample, which is assumed to be constant.

Due to the continuity of heat flux, the heat flux through the argon layer must be equal to the conductive
heat flux entering the surrounding insulation material (PIR). This conductive flux is given by Fourieris

law:
eT(r; 1)
@r r=ri ’

WO = pRr (4.10)
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where pjr is the thermal conductivity of the PIR insulation.

The radial temperature gradient at r = r; is approximated using a one-sided second-order accurate
finite-difference scheme,
oT 3Tilo +4TiL;, Til,.
or ., 2 r ’

where T{L, and T,L, denote the temperatures at the first and second grid points inside the PIR insula-
tion.

(4.11)

Substituting the finite-difference approximation (4.11) into the heat flux expression for PIR (4.10) and

equating it to the flux of the gas (4.9) yields

3TiLo +4TiL;, Til,
2 r

hg Tw Tiio = PR (4.12)

The effective heat transfer coefficient hy(t) depends on the temperature difference across the gas
layer and is therefore time-dependent. (see Section 4.5). As its dependence on T/, is not linear, the
equation is simplified by assuming hg(t) depends on Tinzol. Thus, hg in equation 4.12 is set to hy 1
After rearranging this equation, the following expression for Tij=¢ is found:

hg 1Tw + SR (4T, TL,)

nl_, 3 pRr
hg +2r

n_ —
i=0 ™

(4.13)

At the outer boundary of the PIR insulation, the insulation thickness is chosen such that the temperature
gradient remains approximately zero over the duration of the experiment. Under this condition, the
temperature at the outermost node is prescribed as

in:Nr =Tq,;
representing the ambient temperature.

After implementing the scheme in equation 4.8 in the domain of the PIRfoam1 1 N, 1lfora
certain time level n, T{L, is calculated using the equation 4.13 and T{L,, issetto Tq.

Combining Egs. (4.10) and (4.11) results in a direct expression for the radial heat flux at the inner
boundary of the PIR domain r = ry:

3TiL, +4TL, =2
2 r

qoro(r =ry) PIR (4.14)

Under the assumption of quasi-steady radial heat transfer across the gas layer, the total radial heat
flow is conserved over ro  r  r;. Consequently, the radial heat flux at the paraffin boundary can be
obtained by correcting for the difference in surface area.

G = roit) =g = ra) £ (4.15)

This expression is evaluated at each time step using the current temperature field in order to calculate
the radial heat flux q¥(r = ro).
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In the heat transfer model, the argon gas layer surrounding the paraffin sample is not discretised explic-
itly. Instead, its thermal behaviour is represented through an effective, time-dependent heat transfer
coefficient h(t). This approach allows the influence of the gas layer on radial heat losses to be incor-
porated as a boundary condition for the numerical solution of heat conduction in the surrounding PIR
insulation.



45. Effective Heat Transfer Coefficient of the Gas Layer 18

The argon gas layer is enclosed between two concentric glass surfaces: the glass tube containing the
paraffin sample and a surrounding glass measuring cylinder, which is itself insulated by PIR foam. Heat
transfer across this narrow vertical gas layer is governed by natural convection and thermal radiation.
To estimate this heat transfer, correlations developed for natural convection in gas-filled cavities, such
as those used in double-glazed window systems, are employed [10].

The radial heat flux across the gas layer is expressed as
q¥(ro;t) = h(t) T, () Te (D) ; (4.16)

where T, denotes the temperature at the outer surface of the glass tube enclosing the paraffin sample
and T, the temperature at the inner surface of the surrounding measuring cylinder.

The effective heat transfer coefficient of the argon layer is taken as the sum of a convective and a
radiative contribution acting in parallel,

h(t) = heonv (1) + hraqa(t): (4.17)
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The convective contribution heony is obtained from a Nusselt number correlation for natural convection
in vertical gas layers. It is expressed by the following equation as [14]

Ar

Neonv = NU —; (4.18)

where a, is the thermal conductivity of argon and denotes the radial thickness of the gas layer.

The Nusselt number depends on the Rayleigh number of the gas,

3
Ra=9 T (4.19)

with , ,and denoting the thermal expansion coefficient, kinematic viscosity, and thermal diffusivity
of argon. These properties are evaluated at the mean gas temperature T, = %(Tro + Tr,) and the
temperature difference across the gas layer is definedas T =T, Ty,.

The used values of thermophysical properties of argon are listed in Table A.3 in the Appendix. As argon
is treated as an ideal gas, the thermophysical properties , ,and can be estimated at different mean
temperatures Ty, using the temperature-dependence relations given in Appendix A.3.

The Nusselt number for the gas depends on the height-to-width ratio of the cavity, defined as A = 2.
Finally, the nusselt number can be determined using the following expression:

Nu = max (Nuz; Nu,) ;

8
31+1:76 10 10Ra%%0: Ra 104
Nu; = B0:0282 Ra%413: 10*<Ra 5 10% (4.20)
- 0:0674 Ra'™3; 5 10* < Ra < 108:
Ra 0:272
Nu, = 0:242 A ;
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In addition to convective heat transfer, thermal radiation can occur across the gas filled annular gap
between the inner glass wall and the outer surface.

Thermal radiation is exchanged between the inner glass surface at r = ry (surface 1) and the outer
glass surface at r = ry (surface 2). The radiative heat transfer is therefore described in terms of heat
exchange between these two surfaces. The radial heat flux can be expressed using the following set
of equations:
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Q112 = hrad(ro) Ary (T, Try);
Q2r1 = hrad(rl) Ar1 (Tro Trl) ; (4.21)
Q112=0Q211

Where Ay, and A, denote the cylindrical surfaces at r = ro and r = r; respectively. Heat flow direction
from surface 1 to surface 2 and vice versa is denoted using 1 ¥ 2.

For two long, concentric cylinders with radii ro and ry (r; > rg), emissivities "; and "',, and uniform
surface temperatures T, and T, , the following expression holds [1]:

4 T2
hraa(ry) = ————5—" (4.22)
0
0 = 1
"]_ r% ||2

Here is the Stefan-Boltzmann constant and "; and ", denote the emissivity of the surface at ro and
at r; respectively. The used values for the emissivities are shown in table A.1 in the Appendix.

By rearranging and substituting the given equation 4.21, the corresponding radiative heat transfer co-
efficient referenced to the outer surface is obtained:

r 4 T3 r
hrad(r1) = hraa(fo) > = —T = (4.23)
no 1, 1 . n
Ill r% ||2

Since the boundary condition enforces equality between the heat flux through the argon gas layer and
the conductive heat flux entering the PIR insulation at r = ry, the radiative heat transfer coefficient hyoq
is evaluated at this interface and applied as hyaq(r1).
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The numerical analysis is implemented in Python using a Jupyter notebook environment. The complete
notebook and source code are provided in Appendix E. In the previous sections, the governing equa-
tions, boundary conditions, model assumptions, and heat transfer correlations have been discussed in
detail. In order to provide a clear and structured overview of the numerical solution procedure and a
calculations sequence, a schematic overview of the algorithm is presented in Figure 4.3.

The schematic summarizes the main steps of the numerical model, while the more involved calculations
are explained in the accompanying text below. Performance of the numerical algorithm is improved by
using the 00000 library, implementing 00000 to accelerate computationally intensive loops.
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Figure 4.3: Schematic overview of the numerical solution procedure for the radial heat transfer model

In Step 1, all required physical constants, thermophysical properties, and material parameters are im-
ported. These include the properties of PIR insulation, argon gas, and relevant temperature levels. An
overview of the adopted model parameters is provided in Appendix A.1, while thermophysical proper-
ties are listed in Appendices A.2 and A.3.

In Step 2, the functions for the effective heat transfer coefficients are defined. This includes the convec-
tive heat transfer coefficient heony, as described in Section 4.5, and the radiative heat transfer coefficient
hrad, given by Eq. (4.23). These functions are formulated such that they depend on T2,

In Step 3, the numerical and geometrical parameters of the model are specified. These include the

inner radius ro, radial grid spacing r, argon gas layer thickness , PIR insulation thickness, the radial

grid array defining the domain r; < r < r», the time step t, and the total simulation time tenq. The

time step is chosen based on the spatial discretization to ensure numerical stability of the explicit finite-
difference scheme, according to ,
r

2max( pir; Ar)

(4.24)

In Step 4, the initial condition is applied. As discussed earlier, the model assumes an initial state of
thermal equilibrium throughout the entire radial domain, such that the initial temperature field is uniform
and equal to the ambient temperature T4 .

After initialization, the time-stepping loop is executed for 1 n N¢. Within each time step, the
temperature profile in the PIR insulation is updated using the explicit finite-difference scheme described
in equation 4.8. Subsequently, the effective heat transfer coefficients hgony and hypg are evaluated
based on Tinzol, from the temperature profile of the previous time step. Using these coefficients, the
boundary temperature at the argon PIR interface is computed using the equation 4.13. The radial heat
flux at the paraffin boundary, q¥(r = ry), is then calculated (see 4.15) and stored.

After completion of the time-stepping loop, the radial temperature profile after the final time step is
plotted over r; < r < r,, together with the evolution of the radial heat flux ¢X(r = ro) over time. These
outputs form the basis for the assessment of radial heat losses and the evaluation of the adiabatic
boundary approximation.
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In order to assess the numerical implementation and physical behavior of the developed radial heat
transfer model, two sanity checks are performed. This approach is adopted because no exact transient
analytical solution is available that corresponds to the conditions of the heat transfer model. These
checks assess whether the numerical solution reproduces analytical results and exhibits the physically
expected behaviour when the model is reduced to simplified or limiting cases. The two complementary
checks are outlined below.

0 O o L

First, heat transfer through the PIR insulation is evaluated by removing the argon gas layer from the
model and considering radial heat conduction through the PIR foam only. Under these conditions, the
numerical solution is compared to a known analytical solution for steady-state radial heat conduction
in a cylinder.

For a cylinder with inner radius a and outer radius b, the analytical solution for the stationary temperature
distribution in the radial domain a < r < b is given by

b r
TiIn = +TrIn —
1 2 a

T(r) = (4.25)

b
In —
a
This solution is valid for an infinitely long cylinder with constant temperatures prescribed at the inner
and outer boundaries, T(a) = T; and T(b) = T,. In addition, no internal heat generation is assumed
and heat transfer occurs solely through radial conduction under steady-state conditions with constant
thermal conductivity [4].

In the numerical model, the temperature at the inner PIR boundary is described as Ti=g = T\, and the
temperature at the outer PIR boundary as Ti=n, = Ta. Thus both are set at a constant value. For
sufficiently large simulation time tenq, the numerical solution therefore approaches a stationary state
and satisfies the assumptions of the analytical solution. To ensure this condition, a long simulation time
of teng = 2:5 h and a reduced PIR thickness of d = 0:1 m are used.

The numerical temperature profile at t = tgng iS compared to the analytical solution using the total

relative error:
Nr num A2 1=
N T |i

(4.26)

Where THU™ and T2 represent the temperature profile T (r; teng)-

A low value for the relative error confirms that the numerical model accurately reproduces the steady-
state analytical temperature distribution in the PIR insulation. In addition, the spatial grid resolution

r is assessed by evaluating the relative error for different values of r. The resulting convergence
behaviour is used to select an appropriate grid spacing for r. The corresponding error analysis and
the selected grid resolution are shown in Appendix A.6.
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Second, heat transfer through the argon gas layer is evaluated by considering the limiting case of very
large Nusselt numbers. In this limit, convective heat transfer across the gas layer becomes dominant,
such that the gas layer effectively behaves as a highly conductive region with negligible thermal resis-
tance.

Under these conditions, the temperature difference across the argon layer converges to zero and the
overall temperature profile is expected to approach that of a configuration in which only PIR insulation
is present. Since the argon layer occupies a finite radial thickness , the resulting temperature profile
must be shifted radiallyby r ¥ r  to allow for a consistent comparison with the PIR-only configuration.
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After accounting for this radial shift, the temperature profile computed with a very large Nusselt number
in h(t) is compared with the PIR-only temperature profile described in the previous section. When
these profiles overlap, the implementation of heat transfer through the argon gas layer is considered
to be consistent with physical expectations.

This comparison serves as a sanity check rather than a formal benchmark, as it verifies the correct
asymptotic behaviour of the model in a well-defined limiting case. The resulting temperature profiles
are shown in Appendix A.6.
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The numerical heat transfer model is applied to estimate radial heat losses from the paraffin sample.
The primary model output is the time-dependent radial heat flux at the paraffin boundary q¥(r = ro),
which is evaluated using Eq. (4.15).

The model is employed as a design tool to investigate the influence of insulation geometry and material
properties on radial heat transfer. Parametric studies are performed in which the thickness of the
argon gas layer , the thickness of the surrounding PIR insulation and the insulation material are varied
systematically.

R A A

The influence of the gas-layer thickness onradial heat transfer is analysed in order to identify a suitable
design value that limits heat loss by suppressing natural convection in the gas layer. The analysis
focuses on the convective heat transfer coefficient heony (t = teng) as a function of |, as the dependence
of convective heat transfer on is predominantly governed by natural convection through the applied
Nusselt-number correlation. The investigated range of is determined based on the applicability of
this correlation, which is valid up to a maximum Rayleigh number of 10% (see Eq. 4.20). For Rayleigh
numbers exceeding this limit, natural convection in the gas layer becomes increasingly significant and
the employed correlation is no longer valid. Consequently, is analysed only up to the value for which
this Rayleigh-number limit is reached.

Regarding the thickness of the PIR insulation, the model assumes that the temperature gradient at the
outer boundary of the PIR layer remains approximately zero over the duration of the experiment. To
verify this condition, the temperature profile obtained after a simulation time equal to the experimental
measurement time is analysed. The PIR thickness is selected such that the temperature profile remains
sufficiently flat at the outer boundary at the end of the simulation.

R

The model enables comparison between different insulation materials by modifying the thermophysical
properties of the gas layer. For each gas the radial heat flux is evaluated using the corresponding
optimal gas-layer thickness, defined as the value of that minimizes radial heat transfer for that specific
medium. The analysis considers four cases: argon and krypton at 1 bar, and air and argon at 0.2 bar.
Air is analyzed at reduced pressure due to its inferior insulating performance, in order to evaluate the
potential benefit of pressure reduction.

Since PIR insulation was identified as the most effective solid insulating material within the considered
cost range based on a literature study of thermal conductivities (see table A.5 in the Appendix), no
further parametric analysis of solid insulation materials is performed.

The results of the parametric analyses of insulation geometry and material selection and their influence
on radial heat transfer are presented in the Results section.
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