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Abstract

Heat transfer in metallic dust adhered to metal substrates subjected to intense plasma heat loads
has been simulated in COMSOL Multiphysics. An in-house model employing a 2D-axisymmetric
geometry for the simulation domain has been refined in order to include thermal constriction at the
dust contacts and the size-dependence of the dust emissivity at the thermal radiation cooling flux.
The model has also been extended to three-dimensional geometries in order to simulate asymmetric
dust clusters and oblique plasma heat fluxes.

A significant portion of the work is dedicated to the survey of two prevalent models of thermal
conductance across the interface of rough surfaces in contact - the CMY and the Mikic correlations
of thermal contact conductance - with the ultimate goal of identifying an appropriate model for the
imperfect thermal contact of the dust grains. The chosen constriction model is a variation of the
CMY correlation, adapted to fit the theoretical framework of adhered grains.

The model has been employed to study heat transfer in W dust adhered to a W substrate,
for a wide variety of cluster geometries, incident plasma heat fluxes, and initial conditions. The
simulations emulate recent experiments of dust exposure to high transient plasma heat loads, and
were aimed towards quantifying the importance of various physical effects and experimental uncer-
tainties. The simulations were able to qualitatively reproduce experimental observations, such as
cluster melting, and the survivability of isolated grains. Moreover, a large number of sensitivity
studies yielded important conclusions regarding dust heat transfer and melting, relevant not only
for the specific experimental environments but also for other environments of interest, such as the
ITER divertor. With this work, the effectiveness of the FEM model has been cemented and it is
expected to be utilized in future applications, as well as to be subjected to further refinement and
additional benchmarking.
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Introduction

There are currently several large-scale national and international fusion energy projects either on
operation or under construction, all working towards the goal of harnessing fusion power and es-
tablishing thermonuclear fusion as a source of clean energy. So far, most of the effort has been
directed towards reactors employing the method of magnetic confinement, where a strong magnetic
field suppresses diffusion towards the vessel boundary, allowing for incredibly large temperature
gradients to be sustained in the plasma. The high temperatures in the core are necessary for the
nuclei of the plasma fuel to overcome the Coulomb repulsive barrier in order to fuse and release
energy at a high enough reaction rate. The most common magnetic confinement reactor design
is the tokamak, but alternatives such as stellarators or reversed field pinches are also extensively
investigated. The ITER tokamak (International Thermonuclear Experimental Reactor), currently
under construction in Cadarache - France, is the culmination of the international scientific effort
towards the realization of fusion. It will be the world’s largest magnetic confinement fusion exper-
iment with a major plasma radius of 6.2m and a plasma volume of 840m3 [1]. ITER’s divertor
(made of tungsten) will control the plasma exhaust and will need to withstand very high steady
state and transient heat fluxes.

Regardless of the degree of plasma confinement, there will always be strong interaction between
the edge plasma and the plasma-facing walls of the reactor. Therefore, the material composition and
geometrical design choices for the plasma-facing components (PFCs) have to be carefully considered
and the behavior of materials under extreme conditions needs to be investigated. Intense plasma-
surface interactions can generate dust grains, i.e. condensed matter (solid, liquid) objects ranging
in size from few nanometers to few hundred micrometers. Dust through various interactions with
the plasma will migrate inside the vessel. Dust may also penetrate inside the plasma and locally
inject impurities by vaporization, which degrades plasma performance due to radiation losses. Dust
may pose a health hazard as well - the material chosen for the ITER first wall is beryllium, which
is toxic. In addition to this, the grains are able to retain fuel elements - which can be radioactive
in the case of tritium. Finally, adhered dust may accumulate on the reactor walls and in this way
compromise the benefits of the castellated armour design.

Especially in the last decade, a significant body of research within the fusion community has
been dedicated to the understanding of dust behavior in tokamaks [2, 3, 4], since it is connected
to various operational and safety hazards [5, 6]. Theoretical investigations mainly focused on the
modelling of dust transport, migration and generation. Only recently, it was also realized that
dust remobilization and the interaction of adhered dust with the plasma are also of paramount
importance [7, 8]. Experiments have focused on documenting and quantifying the remobilization
activity of adhered metallic dust during interaction with steady state plasmas [7]. This has been
followed up by studies of the response of adhered metallic dust to transient ELM-like heat and
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particle fluxes characteristic of tokamak divertor regions [8]. ELMs, or Edge-Localized Modes, refer
to highly frequent (quasi-periodic) surges in perpendicular plasma transport, owing to magneto-
hydrodynamic instabilities at the sharp profile gradient present at the edge of the core plasma
during high confinement [9]. The transported particles are led by the open field lines onto the
surface of the divertor plates, resulting to high transient heat loads [10].

Experiments exposing adhered metallic dust to strong transient heat fluxes [8], revealed that,
due to the small dust-substrate contact area, dust grains can melt under weaker heat loads than
bulk materials - especially in the case of dust clusters, where heat conduction to the substrate is
mediated by multiple contacts. A novel dust growth mechanism was also observed, referred to as
wetting-induced coagulation. Because of the metallic bond, liquid metals exhibit good wettability
on solid metals, especially if they are of the same composition. A liquid droplet could thus effectively
envelop a solid dust grain before re-solidifying, resulting in a single larger grain that may even be
spherical. This process is interesting for several reasons [8]: (i) Once detached, large grains are
capable of penetrating deeper into the plasma than small grains. Hence, not only they can generate
more impurities but they can also release them closer to the core plasma. (ii) Dust formed by
wetting-induced coagulation is observed to adhere strongly to the substrate, which may reduce the
effectiveness of conventional dust removal techniques. (iii) This process of dust growth reduces the
available reactive surface area and thus also the risk of dust explosion in the case of loss-of-coolant
accidents.

In the aforementioned work, simulations were carried out using the finite element solver COM-
SOL Multiphysics, in order to obtain a better understanding of heat transfer through adhered dust.
The simulations were able to reproduce the experimentally observed melting bias towards dust
clusters over isolated grains. However, the simulations were confined to 2D-axisymmetric geome-
tries and assumed perfect thermal contact for the adhered grains [8]. The goal of this work is to
improve these simulations. The main objectives of the thesis are: 1. to extend the model geometry
to three dimensions, in order to treat asymmetric dust cluster geometries and oblique plasma heat
flux configurations 2. to investigate models of heat flow constriction due to surface roughness with
the goal of implementing imperfect thermal contact in the simulations.

The report is organized in the following manner: Part I provides a concise description of impact-
induced adhesion physics, heat conduction in solids and cooling mechanisms relevant for tungsten.
It proceeds with the presentation of the concept of thermal contact conductance and the analysis
of two prevalent thermal contact conductance models. Part II begins with an in-depth analysis of
the physical assumptions of the heat transfer model, the implementation of the FEM simulations
and the selection of the most appropriate thermal constriction model. It proceeds with providing
the simulation results and theoretical interpretation for a large number of sensitivity studies of
relevance to experiments.



Part I

Theoretical input
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Chapter 1

Adhesion and material
deformation

The ability of metallic dust to form clusters and stick to substrates is microscopically connected
to the short range metallic bond and the longer range Van der Waals forces between surfaces [11].
The theoretical description of material deformation and adhesion is an integral part of heat transfer
modelling for adhered grains, as it allows to predict the size of the contact area and by extension
the amount of cooling that takes place through heat flow to the substrate. The theory presented
here is entirely based on results from the treatment of dust-wall collisions as described by Ref.[12],
to which the reader is addressed for detailed derivations.

Hertz theory: Let us consider a perfectly spherical grain of radius Rd in contact with a smooth
planar surface at a single point and place a cartesian coordinate system with its origin at the point
of contact. The base vectors are ẑ - directly opposite to the direction of the surface normal of the
flat plane and r̂ - along the surface of the plane. The geometry is rotationally symmetric about ẑ.
The relative approach δ (or indentation depth) is defined as the displacement of the grain center
from its position at initial contact. For δ > 0, the plane surface and the grain are both deformed,
resulting to a circular contact area, the radius of which is denoted by a. By requiring that the
deformed surfaces perfectly conform within the contact area, assuming linear elastic strains and
neglecting the effect of surface forces, the general solution for the normal pressure profile is [13]

p = p0

(
1− ( r

a
)2
)1/2

− p1

(
1− ( r

a
)2
)−1/2

, (1.1)

for purely elastic deformation along ẑ. In order to prevent the discontinuity at the contact edges, it
is assumed that p1 = 0. However, this term shall be revisited later when accounting for the effect
of surface forces. The central pressure p(r = 0) = p0 is given by

p0 = 2aE∗

πRd
= 3P

2πa2 (1.2)

where E∗ is the reduced Young’s modulus defined via

1
E∗

= 1− ν2
1

E1
+ 1− ν2

2
E2

. (1.3)
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with Ei and νi denoting the Young’s modulus and Poisson’s ratio of the contacting materials. The
total contact force P can easily be found, by integrating the normal pressure profile within the
contact area, to be given by

P = 4E∗a3

3Rd
. (1.4)

Finally, we have the geometrical relation

δRd = a2 (1.5)

The above equations can be generalized for contact between arbitrary solids of revolution, by
replacing Rd with the reduced curvature radius R = R1R2/(R1 + R2), where Ri denotes the local
radius of curvature at the contact. We point out that the assumptions of elastic theory require that
a� Rd.

Johnson-Kendall-Roberts (JKR) theory: According to Hertzian theory, in absence of
externally applied loads (P = 0), the contact radius is zero. The omnipresent surface forces yield
a negative contribution to the energy of the system which is proportional to the contact area.
The work of adhesion Γ expresses the energy per unit area required to separate two surfaces from
intimate contact to infinity, which can be thermodynamically interpreted as the cost of effectively
"creating" two new surface areas. An expression for the contact radius at equilibrium can be derived
by finding the minimum total energy of the system, taking into account the work of the external
load, the stored elastic energy for the solids in contact and the work of adhesion [14] - a treatment
commonly referred to as JKR theory. For the elastic pressure profile of (1.1) we now have p1 6= 0
[14]

p1 =
√

2ΓE∗
πa

, (1.6)

which yields

δ = a2

Rd
−
√

2πaΓ
E∗

, (1.7)

for the indentation depth and

P = 4E∗a3

3Rd
−
√

8πE∗a3Γ. (1.8)

for the contact force. Clearly, for P = 0, the contact radius is no longer zero but given by the
expression

aeq = 3

√
9R2

dΓπ
2E∗ (1.9)

The JKR treatment of adhesion forces predicts an immediate non-zero value of the contact radius
at initiation of the contact. For δ = 0, the expression (1.9) yields

a0 =
(2πΓR2

d
E∗

)1/3
, (1.10)
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for the initial contact radius.
Perfectly plastic deformation: For relatively high dust impact speeds onto the substrate,

the generated stress can exceed the material’s yield limit, which implies that the material plasti-
cally deforms during the loading stage. Therefore, it is necessary to consider plasticity along with
adhesion and elastic deformation. This is carried out in the Thornton and Ning model of adhesive
elastic-perfectly plastic spheres [15]. The plasticity treatment of this model is based on truncating
the Hertzian profile, (1.1), at a limiting value py - beyond which the pressure remains constant and
equal to py. Given the radial dependence of the pressure profile, in this way, the normal contact
pressure consists of a central circular pressure plateau surrounded by a ring-shaped region where
the pressure is distributed in a Hertzian manner. The contact force beyond plastic deformation is
given by [12]

P = Py
2

(3δ
δy
− 1
)
, (1.11)

where relative approach and contact force at the onset of plastic deformation are defined by

Py =
π3R2

dp
3
y

6E∗2 (1.12)

δy =
π2Rdp

2
y

4E∗2 . (1.13)

Adhesive elastic-perfectly plastic loading: The contact force during plastic loading in the
presence of adhesive forces is given by [12]

P = 2
3πΓRd

[(
6u2

y −
3
uy

)
u4 − 6u2

yu− 2u6
y + 3u3

y

]
, (1.14)

where u =
√
a/a0 and ay can be found from expression (1.8) at the onset of plastic yield. The

integral of (1.8) from δ = 0 to δy yields the elastic adhesive work, and the integral of (1.14) from
uy to u yields the subsequent perfectly plastic adhesive work. The total work is

W = πa2
0Γ

15

[
15
(

2u2
y −

1
uy

)
u8 − 6

(
10u2

y −
1
uy

)
u5 − 10(2u6

y − 3u3
y)u4 + 30u2

yu
2

+10(2u6
y − 3u3

y)u+ 6u10
y − 15u7

y + 9u4
y + 9

]
. (1.15)

The maximum deformation, um, is found by setting W equal to the kinetic energy of the impacting
grain and employing a numerical solver.

Plastic deformation and unloading: Once maximum deformation is reached, the unloading
stage begins and the contact radius starts to decrease. Two outcomes are possible beyond this
point: (i) If the dissipative work during the loading stage (due to plastic deformation and adhesive
forces) is less than the initial kinetic energy of the incoming grain, the contact area will diminish
until it vanishes entirely; the grain will rebounce from the surface. (ii) If the stored elastic energy
at um is not enough to escape the potential well of surface adhesion; the grain will eventually reach
contact equilibrium and stick to the surface. Since we are only concerned with adhered grains, only
the second outcome is of interest.

The result of plastic deformation is a flattening of the contact area, which appears in the
equations as an irreversible increase of the local radius of curvature. The deformed curvature
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radius Rp is found by assuming that unloading is entirely elastic-adhesive, i.e. the plastic adhesive
contact force (1.14) for curvature radius Rd and contact radius am equals the elastic adhesive
contact force (1.8) for curvature radius Rp and contact radius am. The ratio of the curvature radii
is [12]

Rp

Rd
= 4u6

m

3(2u2
y − 1

uy
)u4
m + 6u3

m − 6u2
yum − 2u6

y + 3u3
y

, (1.16)

which is employed to obtain the JKR equilibrium contact radius (1.9) for the new curvature radius

aeq = a0

(3Rp

2Rd

)2/3
, (1.17)

and the pressure profile at equilibrium,

p = 2aeqE∗

πRp

(
1− ( r

aeq
)2
)1/2

−

√
2ΓE∗
πaeq

(
1− ( r

aeq
)2
)−1/2

. (1.18)



Chapter 2

Heat transfer

2.1 Heat conduction
Heat conduction refers to the transfer of heat from one part of a body to another part of the same
body (or another body at physical contact) at a lower temperature in absence of relative motion.
The fundamental equation of heat conduction is known as Fourier’s law [16, 17] and states that the
rate of heat flow per unit area q is proportional to the negative temperature gradient ∇T

q = −k∇T (2.1)

where k is the thermal conductivity of the body. Combining Fourier’s law with the first thermody-
namic law (assuming that the medium is incompressible and that there is no volumetric heat flux)
we acquire the heat equation

ρcp(∂T/∂t) = ∇ · k∇T , (2.2)

where ρ is the mass density and cp is the isobaric specific heat capacity. Neglecting the temperature
dependence of the thermal conductivity, we end up with the heat diffusion equation

∂T

∂t
− α∇2T = 0 , (2.3)

where α = k/ρcp is the thermal diffusivity.
Dimensionless treatment: By the Buckingham Pi-theorem, the variables that the heat equa-

tion and its solutions are dependent on can be reduced to a number of dimensionless parameters. If
n variables in m dimensions are needed to solve the heat equation, the dependence can be reduced
to n −m dimensionless parameters. For heat conduction in bounded systems, it is convenient to
employ the so-called Fourier number

Fo = αt

L2 , (2.4)

as the dimensionless time, where L is the length scale of the system. Solutions for one-dimensional,
cylindrical, and spherical geometries are of the form

θ =
∞∑
n=1

Anexp (−λ2Fo)fn , (2.5)

13



14 CHAPTER 2. HEAT TRANSFER

where fn are spatial functions for the specific geometry, λ are eigenvalues that fulfill the boundary
conditions and An are coefficients that satisfy the initial conditions [17]. Therefore, diffusion is
bounded systems is significant on timescales of the order of the characteristic diffusion time defined
by

τ = L2

α
. (2.6)

2.2 Thermionic emission
The emission of thermionic electrons constitutes an important cooling mechanism for heated metals
with a high melting point and a relatively low work-function such as tungsten. Therefore, thermionic
emission can provide an important cooling flux for the adhered tungsten dust grains.

Let us begin with a definition of the work function Wf of a conducting solid, it represents the
minimum thermodynamic work required to extract an electron from the solid and place it to infinity.
At elevated temperatures, valence electrons can become energetic enough to overcome the surface
potential barrier and be injected to the ambient. The thermionic current density is described by
the Richardson-Dushman formula [18]

Jte = λR
4πmeek

2
B

h3 T 2 exp(− Wf

kBT
) ≡ λRAo T 2 exp(− Wf

kBT
) , (2.7)

where me is the electron mass, e the elementary charge, h is Planck’s constant, kB is Boltzmann’s
constant, T is the absolute temperature of the metal and A0 is the nominal Richardson constant.
The Richardson constant is generally given by A = λRA0, where λR is a material dependent
correction factor. For free electron metals, negligible internal electron reflection, negligible patch
effects and temperature-independent work-function we have λR = 1 [19].

Due to the over-the-barrier character of thermionic emission, it is accompanied by a significant
cooling flux. The energy loss per thermionically emitted electron is given by Wf + 2kBT [19].
Therefore, the cooling flux will be given by

qte = (Jte/e)(Wf + 2kBT ) (2.8)
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2.3 Thermal radiation
The emission of thermal radiation constitutes an important cooling mechanism for metals at elevated
temperatures. Therefore, it can provide an important cooling flux for the adhered metallic dust
grains.

Basic quantities: The spectral radiance is the power radiated per unit area of the emitter
in the normal direction per unit solid angle per unit frequency [20]. For an ideal black body, its
dependence on the radiation frequency ν and the absolute temperature T is described by Planck’s
law

q(ν, T ) = 2hν3

c2
1

ehν/kBT − 1
, (2.9)

where c is the speed of light in vacuum, h is Planck’s constant and kB is the Boltzmann con-
stant. Since the energy is radiated isotropically, we acquire the hemispherical spectral radiance by
integrating over the hemisphere, i.e. qh(ν, T ) =

∫
q(ν, T )dΩcos θ = πq(ν, T ) or equivalently

qh(ν, T ) = 2πhν3

c2
1

ehν/kBT − 1
. (2.10)

Integration over the frequency yields the cooling flux which is described by the Stefan-Boltzmann
law

q(T ) =
∫ ∞

0
q(ν, T )dν = σT 4 , (2.11)

where σ = (2π5/15)(k4
B/c

2h3) is the Stefan-Boltzmann constant. For gray bodies, the cooling flux
is described by

qGB(T ) =
∫ ∞

0
ε(ν, T )q(ν, T )dν = ε(T )σT 4 , (2.12)

where ε(ν, T ) is the spectral emissivity and ε(T ) is the total emissivity defined by

ε(T ) =
∫∞

0 ε(ν, T )q(ν, T )dν∫∞
0 q(ν, T )dν

. (2.13)

Therefore, for the calculation of the cooling flux due to thermal radiation, an expression for the
spectral emissivity is required. This will be the subject of the following paragraphs.

Bulk Spectral Emissivity: By Kirchhoff’s law of thermal radiation, for an arbitrary body in
thermodynamic equilibrium, the emissivity is equal to the absorptivity. The latter can be found
by employing the Fresnel equations of electromagnetic theory [21], valid for radiation incident on
the planar interface between two bulk media, which provide the ratios of electric field amplitudes
of the refracted and reflected radiation over the electric field amplitude of the incident radiation
for different polarizations. We shall denote the polarization for which the electric field vector is
perpendicular to the plane of incidence with "s" and the polarization for which the electric field
vector is parallel to the plane of incidence with "p". For the reflected radiation we have [21]

rp = n2 cos θ1 − n1 cos θ2

n1 cos θ2 + n2 cos θ1

rs = n1 cos θ1 − n2 cos θ2

n1 cos θ1 + n2 cos θ2
,
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where n1, n2 are the complex refractive indices of the materials corresponding to the incident and
refracted radiation, θ1 is the incident angle (which is equal to the reflection angle) and θ2 is the
refraction angle that is determined by Snell’s law, n2 sin θ2 = n1 sin θ1. The quantity of interest
is the reflectivity, which is the ratio of reflected power over the incident power and thus the ratio
of the relevant electric field squares. Assuming that the incident radiation is unpolarized (i.e.
random polarization that contains an equal mix of s- and p-radiation on average) and expressing
the refraction angle solely through the incident angle (which we now denote as θ), we have

R(θ) = 1
2(|rp|2 + |rs|2) ,

Averaging the incident angle over the hemisphere, we end up with

R = 2
∫ π/2

0
R(θ) cos θ sin θ dθ .

Assuming that no radiation is transmitted, energy considerations imply that for the absorptivity
we have A = 1 − R. Combining with Kirchhoff’s law, we end up with ε(λ, T ) = 1 − R(λ, T ). The
emissivity dependence on the radiation wavelength and the medium temperature stems from the
respective complex refractive index dependences. For our cases, the index (1) corresponds to the
plasma medium and it can be assumed that n1 = 1 (since the radiation frequencies of interest
are orders of magnitude larger than the electron/ion species cyclotron and plasma frequencies),
whereas the index (2) corresponds to the solid metallic material with n2 = n. When assuming
that the relative magnetic permeability is unity, the refractive index is connected to the relative
dielectric permittivity via the simple expression n2 = εr. Hence, an εr(λ, T ) expression for metals
is now the only missing element.

Size-dependent spectral emissivity: The Fresnel equations are only valid for objects that
are much larger than the wavelength of the incident light. When one of the dimensions of the dust
grains becomes comparable to the radiation wavelength, the emissivity becomes size-dependent.
For spherical dust, Mie theory needs to be employed, which provides the exact analytic solution of
Maxwell’s equations for the scattering and absorption of electromagnetic radiation by a homoge-
neous spherical object [22, 23, 24]. In this work, for the modelling of the size-dependent emissivity,
a finite series approximation of the Mie solution has been employed. The theory and the numerical
algorithm are detailed in Ref.[25]. We point out that similar to the computation of the bulk emis-
sivity, also the computation of the size-dependent emissivity only requires the permittivity of metals
as input. In Figure 2.1, the tungsten dust emissivity is plotted as a function of the grain radius for
various temperatures. The increased emissivity of smaller grains as well as the convergence to the
bulk values for larger grains are illustrated.

Metal Permittivity: The simplest way to calculate the permittivity of metals is provided by
the classical Drude theory [26]. It is assumed that only the valence electrons respond to external
electric fields (the interband conductivity is neglected) and that the valence electrons form a non-
interacting non-degenerate gas. From the single-electron equation of motion, the AC conductivity
can be found to be

σ(ω) = iγσo/(ω + iγ) (2.14)

where σ0 = nee
2/meγ or equivalently σ0 = ε0 ω

2
p/γ is the optical conductivity of the metal with γ the

electron damping frequency (the reciprocal of the mean free time between collisions with the lattice),
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ne the valence electron density, ωp the plasma frequency corresponding to the valence electron
species, me the electron mass and ε0 the vacuum permittivity. Substituting in the constitutive
relation εr = 1 + (i/ε0)(σ/ω), we end up with the Drude expression

εr(ω) = 1− ω2
p/[ω(ω + iγ)] (2.15)

Separating in real and imaginary parts we have

εr(λ, T ) = 1−
ω2
p

ω2 + γ2 + i
ω2
pγ

ω(ω2 + γ2) , (2.16)

The plasma frequency can be assumed to be temperature independent [27]. The damping frequency,
stemming mostly from electron-lattice collisions, depends on the amplitude of the caging oscillations
of the metal lattice which depends on the temperature. Hence, the temperature dependence of the
permittivity is exclusively via γ(T ). Concerning the implementation of the formula [28]: The value
of ωp can in principle be found from experiments, but it could be beneficial to treat it as a fitting
parameter to experimental data, whereas the value of γ is typically adopted by its relation to the
optical conductivity σ0 or its reciprocal optical resistivity η0. In particular, γ(T ) = ε0 ω

2
p η0(T ) is

typically employed where η0(T ) = fηdc(T ) with f a temperature independent fitting parameter
and ηdc(T ) the experimentally measured dc electrical resistivity.
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Figure 2.1: The spherical tungsten dust emissivity as a function of the dust radius for various
temperatures. The bulk tungsten emissivity is also plotted. As expected, for large dust sizes a
convergence towards bulk values is observed. It occurs for Rd ' 1mm. The employed expression
for the relative permittivity will be discussed in Chapter 7, it is given by (7.4).



Chapter 3

Thermal contact conductance

This chapter presents two different theoretical models that describe heat flow constriction at the
interface between two rough surfaces. It is assumed that heat transfer only takes place via conduc-
tion through the individual solid contacts, which implies that convective gap transfer and radiative
transfer are considered to be negligible. The models considered here are the Mikic elastic model
[29] and the Cooper-Mikic-Yovanovich (CMY) model [30]. These models share many common as-
sumptions and, in fact, only differ in their treatment of the surface roughness deformation under
external load; the CMY model assumes perfectly plastic deformation whereas the Mikic model
assumes purely elastic deformation.

3.1 Thermal resistance
We shall first define the concept of thermal resistance and its reciprocal thermal conductance at
the interface [17]. An intuitive picture can be obtained by considering the analogy of Fourier’s law
q = −k∇T with Ohm’s law J = σE complemented by E = −∇U for electrostatic fields, where σ
is the electrical conductivity and U the electrostatic potential. For the electrical resistance Re we
have: (i) ∆U = IRe where I is the electric current and ∆U the potential drop, (ii) in the case of
a one-dimensional conductor we have Re = (1/σ)(L/A) with L the length and A the cross-section,
(iii) in the homogeneous one-dimensional case we have J = I/A. Combining the above, we end
up with J = σ(∆U/L). In a similar fashion, the solution of the stationary heat equation in one
dimension yields

q = k(∆T/L) , (3.1)

where k is the thermal conductivity of the material, q is the rate of heat flow per unit area, T is
the temperature, and L is the distance over which the temperature drop takes place. Clearly, the
thermal conductivity is completely analogous to the electrical conductivity.

As a consequence of the above, we can define the thermal resistance either by

Rc = (1/k)(L/A) (3.2)

or more general by

Rc = ∆T/Qc (3.3)

18
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where Qc is the rate of heat flow Qc =
∫
q.dS that is analogous to the electrical current (rate of

charge flow) I =
∫
J.dS. The thermal conductance will be defined by Gc = 1/Rc and an interfacial

conductance can be defined by hc = Gc/A. Equivalenly, the interfacial conductance will be given
by

hc = q/∆T . (3.4)

3.2 Singular contact
Let us consider a semi-infinite medium which transitions into a cylinder of radius a. We assume
that all the outward facing surfaces are thermally insulated, i.e. that no heat flux flows out of these
material boundaries. Such an elementary configuration can represent any single contact provided
that the length scales of the thermal system are very large compared to the dimensions of the
contact. We place the origin of the cylindrical coordinate system at the center of this cylinder so
that ẑ coincides with the length of the cylinder, directed towards the half-space. We also neglect
the temperature dependence of the thermal conductivity and focus on the steady state problem.

The temperature distribution can be found by solving the stationary heat equation, ∇2T = 0
with the insulating boundary conditions outside the contact area and an additional boundary
condition within the contact area (that will be specified later). Employing cylindrical coordinates
and utilizing azimuthal symmetry, we have

∂2T

∂r2 + 1
r

∂T

∂r
+ ∂2T

∂z2 = 0,

By separation of variables, the temperature T (z, r) is found to be given by

T (z, r) =
∫ ∞

0
exp(−λz)J0(λr)f(λ)dλ , (3.5)

where J0(.) is the Bessel function of the first kind and zeroth order, f(λ) a function chosen to
satisfy the boundary condition at z = 0. By Fourier’s law q = −k∇T , the constitutive relation
Qc =

∫
q.dS, the azimuthal symmetry and the mathematical relation dS.ẑ = rdrdφ, the rate of

heat flow across the constriction is found by

Qc = −2π
∫ a

0

∂

∂z
T (z, r)rdr

∣∣∣
z=0

(3.6)

Naturally, Qc will depend on the unspecified boundary condition. Assuming a constant tem-
perature Tc across the contact [30], the total heat flow rate across the contact will be given by

Qc = 4akTc , (3.7)

This simple boundary condition is assumed by both the Mikic and CMY models [29, 30]. As
aforementioned, the length scales of the thermal system need to be very large when compared to
the radius of the contact, thus the temperature (3.5) can be thought of as of being superposed on
the approximately homogeneous temperature field that would be present without the constriction.
The gradient of a constant field is zero, so this addition satisfies the stationary heat conduction
equation by default.
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Consider a point inside the half-space at a large enough distance from the contact that the
constriction imposed temperature field can be considered zero, and denote the temperature at this
point with T0. The temperature in the cylinder is then Tc + T0, and the temperature drop across
the length of influence of the contact becomes ∆T = Tc + T0 − T0 = Tc. Without the constriction
there would be no temperature drop over this distance, and so the total thermal resistance from a
single constriction becomes, by the definition (3.3):

Rcyl = Tc
4akTc

= 1
4ak ,

with Qc from (3.7). The direction of the heat flow in the above scenario is ẑ, and a similar argument
for the reversed heat flow direction yields the same thermal resistance. For two half-spaces separated
by a circular constriction, the resistances work in series, and so

Rcirc = Tc
4ak1Tc

+ Tc
4ak2Tc

= 1
2kea

,

where k1, k2 are the thermal conductivities of the respective half-spaces, and ke is the effective
thermal conductivity, ke = 2k1k2/(k1 + k2).

3.3 Multiple contacts
In the presence of several micro-contacts distributed over an apparent contact area Aa, the expres-
sion for a single constriction is not valid. This is due to the improper boundary condition that the
heat flux in the half-space is completely unbound. This cannot be the case for adjacent contacts,
and so it is necessary to take into account the heat flux packing in half-space. It is possible to
treat the situation analytically by assuming that the heat flux through each contact is contained
in an "adiabatic cylinder". This is defined as the cylinder along the z-axis that is concentric with
the contact and contains the whole contact region. Such cylinders do not overlap and their sides
are insulated. Hence, it can be stated that the adiabatic cylinders are independent and operate in
parallel.

Neglecting the dependence of the thermal conductivity on the temperature and assuming steady
state conditions, the mathematical problem is reduced to solving the boundary value problem
for the stationary heat conduction equation ∇2T = 0. The problem is clearly two-dimensional
(r, z) owing to the cylindrical symmetry. The boundary conditions are mixed, they involve both
Dirichlet and Neumann conditions: (a) uniform temperature along the planar contact area, i.e.
T (z = 0, r < a) = T0. (b) no axial heat flow outside the plane of the contact area, i.e. qz(z =
0, r > a) = 0. (c) asymptotically homogeneous axial heat flow at the whole adiabatic cylinder, i.e.
qz(z →∞, r) = Qc/πb

2, where Qc is the amount of heat passing through the cylinder per unit time
and b is the radius of the adiabatic cylinder. (d) no radial heat flow at the surface boundary of the
adiabatic cylinder (insulated sides), i.e. qr(z, r = b) = 0. (e) no radial heat flow along the symmetry
axis, i.e. qr(z, r = 0) = 0. To allow for a direct analytical solution of the problem, we can substitute
the only Dirichlet condition with a nearly equivalent Neumann condition. Therefore, we have the
new boundary condition: (a) the axial heat flux within the planar contact area is described by the
heat flux distribution for the circular disc in half space, i.e. qz(z = 0, r < a) = Qc/(2πa

√
a2 − r2).

With the application of Fourier’s law, these boundary conditions can be mathematically expressed
as
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−k∂T
∂z

= Qc

2πa
√
a2 − r2

; z = 0, 0 < r ≤ a

−k∂T
∂z

= 0; z = 0, r > a

−k∂T
∂z

= Qc
πb2 ; z →∞ (3.8)

−k∂T
∂r

= 0; r = b

−k∂T
∂r

= 0; r = 0,

The solution of the boundary value problem is the following:

T = Qc

πb2k
z + ( Qc

πka
)
∞∑
n=1

exp (−λz) sin (λna) J0(λnr)
(λnb)2 J2

o (λnb)
+ T0 (3.9)

where T0 is the average interface temperature over the whole z = 0 area of the adiabatic cylinder and
λn can be found from the roots of the Bessel function of the first kind and first order J1(λnb) = 0.
The average interface temperature over the contact area can be derived in a straightforward manner

Tm = Qc

4ka ( 8
π

)( b
a

)
∞∑
n=1

sin (λna) J1(λna)
(λnb)3J2

0 (λnb)
+ T0 . (3.10)

Clearly, the thermal resistance of an individual contact will be given by Ri = (Tm − T0)/Qc which
leads to the expression

Ri = 1
4ka ( 8

π
)( b
a

)
∞∑
n=1

sin
[
λnb(ab )

]
J1

[
λnb(ab )

]
(λnb)3J2

0 (λnb)
. (3.11)

Similar to the previous section, for two half-spaces we have

Ri = 1
2ka

( 8
π

)( b
a

) ∞∑
n=1

sin(λna) J1(λna)
(λnb)3J2

0(λnb)
. (3.12)

By defining the alleviation factor of the constriction by

ψ(a
b

) =
( 8
π

)( b
a

) ∞∑
n=1

sin(λna) J1(λna)
(λnb)3J2

0(λnb)
, (3.13)

the thermal resistance of each contact can be compactly rewritten as

Ri = Rcirc ψ(a
b

) . (3.14)

Finally, let us return to the determination of total thermal conductance of the multiple contacts. By
the definition of the adiabatic cylinder, it is clear that the contacts operate in parallel, which implies
that the total interfacial conductance can found simply by adding the individual conductances

Gi = 1
Ri
, hc = 1

Aa

∑
i

Gi . (3.15)
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3.4 Rough surfaces in contact
In the summation of the conductances across the interface of two rough surfaces, it is not possible
to fully account for the variations of the ratio ai/bi between individual contacts. Moreover, it
cannot be rigorously derived or convincingly argued that for any given rough surface, all contacts
are indeed located at the center of their adiabatic cylinders, which would have an effect on the
functional form of the constriction alleviation factor. In what follows, we provide a description of
the interfacial conductance assuming that the average value of the ai/bi ratio can be employed for
the calculation of the alleviation factor and that the latter is given by (3.13).

The heat flow rate per area across an interface of several contacts for a temperature drop ∆T
is, from (3.15) and (3.4)

q = ∆T
Aa

∑
i

2kai
ψ(ai

bi
) . (3.16)

Approximating the alleviation factor as [30]

ψ(ai
bi

) =
(

1− ai
bi

)1.5
,

and assuming that the average value of ai/bi is given by [29]

〈ai
bi
〉 =

√
Ar
Aa
≡
√
A ,

where Ar is the real contact area, yields the following expression for the interfacial conductance

hc = 2k
(1−

√
A)1.5

∑
i

ai
Aa

. (3.17)

The fractional area of contact and the sum of individual contact radii can be found through statis-
tical descriptions of the surface roughness assuming different modes of deformation.

3.5 Elastic and plastic asperity deformation
The mathematical description of surface roughness in both the CMY and Mikic models assumes
Gaussian-distributed surface heights with a standard deviation σi around the mean and randomly
distributed surface slopes with a mean absolute value tan θi. Since the contact is established between
two rough surfaces, it is beneficial to employ the concept of a surface of equivalent roughness in
contact with a smooth surface. The effective asperity height standard deviation is given by [30]

σ =
√
σ2

1 + σ2
2 ,

and the effective mean absolute surface slope is given by

tan θ =
√

tan2 θ1 + tan2 θ2 .

Plastic deformation: The CMY model is based on the assumption that one of the surfaces is
softer, and that only the softer material is deformed. Volume effects are neglected as well, so there



3.5. ELASTIC AND PLASTIC ASPERITY DEFORMATION 23

is no flow of material when asperities are compressed. This is equivalent to dissecting the surface
above the distance of relative approach of the individual contacting surfaces. The fractional area
of contact is [30]

A = 1
2erfc(

Y

σ
√

2
) ≡ Q(Y

σ
) , (3.18)

where erfc(.) is the complementary error function and the auxiliary function Q(.) is defined by
Q(x) = (1/2) erfc (x/

√
2). The sum of individual contact radii is

σ

tan θ

∑
ai

Aa
= 1

4
√

2π
exp
(
− Y 2

2σ2

)
≡
Z(Yσ )

4 , (3.19)

where Y is the distance between the mean planes of the contacting surfaces, and the auxiliary
function Z(.) is defined by Z(x) = 1/

√
2π exp (−x2/2). Since only the softer surface is deformed ,

the final fractional area of contact is determined by the indentation hardness of this material, so
that

ArH = AaP , (3.20)
where H is the hardness, and P is the externally applied pressure between the surfaces. It is then
possible to find the summation of contact radii as

σ

tan θ

∑
ai

Aa
= 1

4Z[Q−1(P
H

)] (3.21)

with known load and hardness. This gives the following expression for the thermal conductance
(3.17)

hc = tan θ
σ

k

(1−
√

P
H )1.5

1
2Z[Q−1(P

H
)] . (3.22)

This expression can be approximated by [29]

hc = 1.13k tan θ
σ

(P
H

)0.94 .

This was later refined [31], as the expression

hc = 1.25k tan θ
σ

(P
H

)0.95

was deemed to be a more accurate correlation.
As aforementioned, this derivation neglects interaction between individual asperitites, i.e. there

is no plastic flow of material. This can only be true for pressures that are low compared to the
hardness. Plastic flow can be roughly treated as a uniform rise of all asperities, which results to
additional work carried out during the compression phase [32].

A = P

P +H
. (3.23)

Note that in this case, the average pressure over the real contact is larger than the hardness. The
treatment of uniform rise can therefore be interpreted as a type of work hardening. This is relevant
for pressures that are large when compared to the hardness. Employing (3.23), we end up with

hc = 1.25k tan θ
σ

( P

P +H
)0.95 , (3.24)
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for the thermal contact conductance.
Elastic deformation: In Hertzian elastic theory, the contact area is given by Eq.(1.5):

πa2 = πδR . (3.25)

On the other hand, the contact area under plastic deformation and with neglected volume effects
is given by

πa2 = 2πδR , (3.26)

if δ � R. Since the elastic contact area is half the plastic contact area at the same displacement,
equations (3.18) and (3.19) can be used to find the sum of the contact radii the same way as in the
plastic case, taking into account the factor of 2. The following relation between the real contact
area and the external load can be employed [29]

Ar
Aa

=
√

2P
E∗ tan θ (3.27)

The thermal conductance is then given by

hc = k

(1−
√

Ar

Aa
)1.5

1√
8
Z[Q−1(2Ar

Aa
)] , (3.28)

and can be approximated by

hc = 1.55k (tan θ)0.06

σ

(P√2
E∗

)0.94
. (3.29)

Notice the weak dependence on the slope.
Mode of deformation: In order to decide which mode of deformation most probably takes

place, the so-called deformation parameter can be defined [29]

γ = H

E∗ tan θ . (3.30)

For γ = 1/
√

2, the contact pressure from (3.27) equals the hardness,

P

H

Aa
Ar

= E∗ tan θ
H
√

2
= 1 , (3.31)

which implies that for γ < 1/
√

2, elastic deformation cannot take place entirely. Ref.[29] concludes
that for γ < 0.33, plastic deformation will take place, while the deformation will be predominantly
elastic when γ > 3. It is evident that only the material properties and the average slope of the
surface roughness determines the mode of deformation - it is independent of external load.



Part II

Simulations and interpretation
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Chapter 4

Experimental elements

Pilot-PSI is a linear plasma generator capable of producing a steady state low temperature plasma
with densities that are expected at the strike zones of the ITER divertors. ELM conditions are
simulated through the superimposition of a strong transient heat flux to the steady state plasma.
The device makes it possible to study the combined effects of steady state and transient plasma
heat loads on plasma-facing materials under a controlled environment.

Dust remobilization experiments under steady state conditions have recently been carried out
on a number of devices [7], and the response of adhered dust to transient plasma heat loads has
been investigated in experiments on the DIII-D tokamak and Pilot-PSI device [8]. In the latter
experiments, samples of tungsten dust adhered to a tungsten substrate were exposed to transient
heat fluxes as high as 550MW/m2 in 1ms pulses. The simulations of this work have been an
attempt to reproduce some observations in these experiments - physical assumptions, processes,
and simulation results will be discussed accordingly.

4.1 Controlled dust adhesion by gas dynamics methods
The specification of some of the boundary conditions of the simulations requires knowledge of the
pre-adhesion method. In particular, the calculation of the dust-dust contact radius, the dust-
substrate contact radius and the contact stress. Hence, for the reader’s convenience, below we
provide an elementary description of the dust pre-adhesion method.

The sticking impact regime: The dust deposition method mimics sticking through impact
as it occurs in the tokamak environment [7]. When dust grains impinge on an object with normal
velocities less than a threshold velocity (known as sticking velocity), all the incident kinetic energy
is dissipated into adhesive work and plastic deformation [15, 33, 34, 35]. As a consequence, dust
becomes immobilized on the surface of the object. The sticking velocity depends explicitly on the
material composition and the size [15, 33], but also depends implicitly on the material temperature
and the impact velocity [7, 36]. For tokamak relevant dust-PFC impacts, the sticking velocity
generally varies between 0.1 and 10ms−1 [36].

The deposition method: Controlled adhesion is achieved by an injection system that utilizes
hydrodynamic forces to launch the dust grain with a well-characterized speed below the sticking
velocity threshold towards the surface of the substrate [7, 8]. The existing apparatus can achieve
impact speeds in the range from 0.5 to 5 ms−1 (this range can be increased in a straightforward
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manner if necessary). Dust grains are deposited at the upper face of a sabot, under low pressure
conditions. The opening of an intake, induces an air flow that accelerates the sabot towards a
barrel. Upon impact the dust grains are released and follow a vertical path until they impact the
substrate. Since their impact speed is lower than the sticking velocity, they adhere to it. For more
details and schematics of the apparatus, the reader is addressed to Ref.[7]. Despite precautions,
the formation of agglomerates on the sabot is unavoidable. Consequently, many dust grains stick
to the substrate as constituents of small clusters rather than isolated bodies.

The experimental technique: Samples are prepared by pre-adhesion via gas dynamic meth-
ods of dust grains to planar substrates. The deposition profile is controlled with the use of masks,
restricting dust sticking into a number of spots close to the middle of the substrate (see Figure
4.1). The deposition profile is mapped with a scanning electron microscope (SEM). The sample is
exposed to the plasma and then the deposition profile is again mapped. Comparison between the
SEM images allows the identification of remobilization instances and morphological changes [7, 8].

The dust population and the substrate: For the experiments of interest, both the dust
grains and the substrate are made of tungsten. The W dust is highly pure, highly spherical with
nominal diameters in the range of 5 to 25µm. The W substrates are planar disks of 1mm thickness
and 15mm radius.

(a)

10 cm 1mm

Figure 4.1: SEM image of the center of a pre-adhered W sample containing four symmetrically
placed W dust spots. The sharp deposition profile achieved with the use of masks is apparent.
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4.2 The Pilot-PSI linear plasma device
The initial and boundary conditions of the simulations refer to experiments carried out in Pilot-PSI.
Hence, for the reader’s convenience, below we provide an elementary description of the capabilities
of the device and of the relevant diagnostics.

Steady state: The source of the hydrogen plasma is a cascaded arc source that exhausts
into a 1.2m long 40 cm diameter cylindrical vacuum vessel that is placed inside five coils [37, 38].
The plasma is confined by a strong axial magnetic field whose strength can vary from 0.4 up to
1.6T at the center of the vessel. The plasma terminates at a water-cooled target located 0.5m
downstream, usually referred to as end-plate (see Figure 4.2). The plasma column is axisymmetric
with Gaussian shaped temperature and density profiles that typically have a full width at half
maximum ∼1 cm. Depending on the operating parameters, the plasma densities at the center are
in the range (0.1− 10)× 1020m−3 and the electron temperatures in the range 0.2-2 eV.

Plas1ma

Figure 4.2: Elementary schematic of the Pilot-PSI device.

ELM replication system: ELM superposition is possible by coupling capacitor banks in
parallel with the dc power supply [39, 40]. The discharging of the capacitor bank in the plasma
source leads to a transient increase of the discharge current, of the input power and consequently of
the heat flux delivered to the end-plate. The parallel connection ensures that the source continues to
operate before and after the transient. The peak plasma densities and electron temperatures can be
nearly an order of magnitude larger than the corresponding steady state values. Consequently, the
heat flux grows enormously and its peak value can reach 1GW/m2 [41]. Finally, periodic transients
are also feasible. High repetition rates can be achieved by sequential discharging of independent
capacitor banks or periodic charging / discharging [42].

Sample exposure: Two different substrate surface inclinations with respect to the incident
plasma were explored in the experiments - oblique and perpendicular. In the latter, the angle
between the substrate surface and the axial magnetic field is 90◦, while in the oblique case it is 10◦.
Exposures to normal plasma heat flux can be realized in a straightforward manner. The samples
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with pre-adhered dust are simply mounted on the end-plate. On the other hand, exposures to
oblique plasma heat flux require the use of specially designed oblique sample manipulators. The
samples with pre-adhered dust are mounted on the holders which are fixed to the end-plate.

Surface temperature diagnostic: The surface temperature of the substrate prior to the
arrival of the ELM-replicating pulse and the incident heat flux temporal evolution and spatial profile
are necessary input for our simulations. The initial surface temperature (and its time evolution) is
determined by infrared radiation measurements in the wavelength interval 2-5µm by a calibrated
fast camera [41, 43]. For normal exposures, the incident heat fluxes are then computed with
the 2D inverse heat transfer code THEODOR [44, 45] with the temporal evolution of the surface
temperature as the only input. For oblique exposures, the incident heat fluxes should have been
computed with a 3D inverse heat transfer code, but, due to lack of availability, they were either
assumed to be the same as the normal exposures under similar operating parameters or computed
by the THEODOR code which anyway displays a satisfactory agreement [46].

Plasma parameter diagnostic: The plasma temperature and density are not an input for
the simulations but can be employed for fast accurate estimates of the incident heat flux. The
spatial and temporal profiles of the electron temperature and plasma density are measured by
a highly sensitive Thomson scattering system (incoherent scattering), located 17mm in front of
the endplate [47]. These measurements are only feasible for normal exposures, since for oblique
exposures the sample holder blocks the path for the laser.



Chapter 5

Physical assumptions

The problem of heat transfer from the boundary plasma to isolated dust grains and dust clusters
adhered to plasma-facing components is multi-faceted and complex. It incorporates elements from
various physics disciplines such as plasma physics, heat conduction, contact mechanics and electro-
chemistry. The simulations require a number of simplifying assumptions. In this chapter we list
the basic assumptions and discuss their validity.

The thermal contact conductance is calculated based on the assumption that heat
transfer through the contact area is entirely restricted to the actual contact spots be-
tween the surfaces. In general, there are three different mechanisms of heat transfer through
a rough contact: (1) Heat conduction through the intimate contact between the solids, which is
considered here. (2) Convective heat transfer through the gas/fluid trapped in the interstitial gaps,
which is neglected here. (3) Radiative heat transfer through the gap which is neglected here. These
three modes of heat transfer can be considered separately and added in parallel for the total con-
striction of the contact [48]. However, for the specific application: (i) Heat conduction is dominant
due to the large thermal conductivity of metals. (ii) The deposition and the establishment of the
contact are carried out under very low pressure conditions, vacuum ideally [7]. Therefore, the
density of the trapped gas is expected to be very low. Since the number of heat carriers is low,
convective heat transfer can be expected to be negligible without considering the details of gas flow
and of heat accommodation. (iii) Thermal radiation is proportional to the radiating and absorbing
areas. Hence, due to the relative smallness of the contact area compared to the area of the entire
grain, radiative heat transfer can be expected to be negligible without considering the details of
radiation transport and absorption. As an example, it is worth mentioning that the contact radius
between a grain and the substrate is approximately 20 times smaller than the dust radius, means
that the contact area is approximately three orders of magnitude smaller than the dust surface
area.

The state of the contact is assumed to be time-independent and established during
the deposition. This assumption allows us to assume that the contact area remains constant dur-
ing interaction with the plasma and to calculate the contact radius at room temperature. However,
the contact radius depends on the Young’s modulus, the Poisson’s ratio and the surface energy,
which are functions of the temperature. Moreover, in case plastic deformation takes place, the con-
tact radius also depends on the yield strength, which is also a function of the temperature. Due to
the enhanced plasticity and reduced stiffness of metals at elevated temperatures, it can be expected
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that the actual contact area is larger than the calculated one, which implies that the actual dust
temperatures are smaller than the calculated ones. Despite the existence of fitting expressions for
the temperature dependencies of the properties of tungsten (see Chapter 7), this assumption is
necessary for the following reasons: (i) It is not strictly correct to substitute for the temperature
dependencies, since the scenario is not physically equivalent to sticking impacts at elevated tem-
peratures. (ii) Change of the state of the contact would imply that there are microscopic material
motions in the dust-substrate or dust-dust boundary, which are anyway not considered in the heat
transfer simulations. (iii) A time-dependent contact radius would require re-evaluation of the mesh
geometry for every simulation step which would greatly increase the simulation time.

The ratio of the thermal contact conductance over the thermal conductivity is as-
sumed to be time-independent and established during the deposition. For elastic defor-
mation, this ratio depends on the externally applied pressure and the reduced Young’s modulus.
For plastic deformation, this ratio depends on the externally applied pressure and the material
hardness. Therefore, regardless of the mode of deformation, this ratio is temperature-dependent
and thus time-dependent through the temperature dependence of the material properties. For in-
stance, the micro-hardness of metals will in general decrease for higher temperatures [49, 50], and
for tungsten the value will decrease approximately by a factor 6 from room temperature to 1850K
(see Figure 7.1). The softening of the material for higher temperatures results in less thermal
constriction if plastic asperity deformation is assumed. Despite the existence of fitting expressions
for the temperature dependencies of the properties of tungsten (see Chapter 7), the simulations
of this work have been carried out using a constant value corresponding to room temperature for
the following reasons: (i) Consistency issues with the assumption that the state of the contact is
time-independent. (ii) Time-dependent softening of the material would also imply that the surface
roughness characteristics are time-dependent, which cannot be considered even in an approximate
manner.

The bottom and the side surfaces of the substrate are assumed to be thermally
insulated. This assumption is oversimplifying but necessary. These boundary conditions generally
vary between experiments. For instance, the bottom side can be actively cooled by being clamped
onto a water-cooled support or passively cooled by being attached to an excellent heat conductor
like bulk copper. Furthermore, thin sheets of other materials can be present at the interfaces in
order to improve the thermal contact. This assumption neglects all such complicated details and
can be physically justified in the following manner. The heat diffusion length for the duration of the
ELM-replicating pulse (1ms) is much smaller than the thickness and the diameter of the substrate.
This implies that the boundary conditions at the bottom and the side surfaces of the substrate are
not important for the temperature evolution at the middle top region of the substrate. To be more
precise, transient heat conduction in a semi-infinite solid with constant normal surface heat flux q
and zero surface temperature is described by [51]

T (z, t) = 2 q
k

√
αt

π
exp(−z

2

4αt ) + q

k
z
[
erf( z

2
√
αt

)− 1
]
. (5.1)

By the asymptotic expansion of the error-function, it is straightforward to prove that for z �
Ldiff = 2

√
αt, we have T (z, t) = 0. This implies that for such distances, the temperature remains

constant and is not influenced by the boundary condition. Or equivalently, that the heat pertur-
bation has not traveled so deep into the solid. Substituting for the thermal diffusivity of tungsten
at room temperature and the ELM duration, we acquire Ldiff = 0.5mm which is smaller than the
1mm thickness and much smaller than the 30mm diameter of the substrate.
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The energy flux carried by the incident plasma is assumed to be dissipated at the
surface of both the substrate and the dust grains. Therefore, there is no volumetric heat
flux and the incident plasma energy flux simply provides the heat flux boundary condition at the
plasma-facing surfaces. Let us first define the depth range as the total material thickness traversed
by a particle incident on a semi-infinite solid up to its thermalization. Our assumption is equivalent
to assuming that the depth range of the incident electrons is much smaller than the dust and
substrate dimensions. In fact, even for an incident electron energy of 1 keV, the depth range in
tungsten is nearly 4 nm (whereas in the less dense beryllium it is nearly 40 nm) [52]. It is worth
pointing out that our assumption is valid for all types of transient heat fluxes with the exception of
runaway electrons, where the incident electron energies can exceed 10MeV leading to depth ranges
in excess of millimeters even for tungsten [53].

The whole plasma-facing "top" surface of the substrate is assumed to be exposed
to the incident plasma heat flux. The geometric shadowing (see figure 5.1) of the heat flux
received by the substrate owing to presence of the dust grain is negligible. This is a consequence
of the fact that the shadowed area is negligible compared to the substrate area A. In fact, the
shadowed area is given by the projected area of a sphere of radius Rd (which is equal to the area
of the great circle) minus the contact area, i.e. by πR2

d − πa2 � A.

𝒒𝒒 

Figure 5.1: Two-dimensional
sketch of a single grain residing on
the substrate, illustrating the geo-
metric shadowing of the substrate.
The cross section is rotationally
symmetric around the center of
the grain, in the direction of q̂.

For simplicity, it is thus assumed that including the heat-
ing of the substrate directly beneath the grain will result in
a minimal temperature difference, and therefore a negligible
change in heat conduction across the dust-substrate contact.
For completeness, we have tested this assumption in a num-
ber of simulations. A single grain configuration has been run
in the 2D axisymmetric geometry. The grain and substrate
are both composed of tungsten. Three different normal heat
fluxes have been simulated, 550, 200, and 100MW/m2, corre-
sponding to the sensitivity studies performed in the following
chapters. The simulation has been carried out for the dust
radii of 2.5, 5, 7.5, and 10µm, and each case has been run
with and without substrate shadowing. Perfect thermal con-
tact between dust and substrate has been employed - which
will provide an upper limit to the impact of the extra heating.
The contact radius is given according to Figure 8.1, and the
simulation time is 1ms. The maximum temperature reached
by the grain has been recorded, and the relative difference be-
tween the corresponding results have been calculated. Figure
5.2 presents the results of these simulations. The relative de-
viation remains below 1.2% in all cases, for all times. This
difference can be considered negligible for the purposes of the sensitivity studies on the follow-
ing chapters; no conclusions would be altered by including the heat flux shadow on the substrate
surface.

The initial temperature is assumed to be homogeneous and is adopted from infrared
camera measurements. The initial (prior to the arrival of the ELM-replicating pulse) temper-
ature distribution on the substrate is determined by the interaction with the steady state plasma
which delivers a significantly lower heat flux. Infrared camera measurements only provide informa-
tion on the surface temperature. Since plasma impacts a single side of the substrate, the opposite
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side of the substrate is actively cooled and the plasma parameters have a Gaussian decaying profile,
it can be expected that the temperature distribution is not homogeneous. However, owing to the
fact that the interaction time with the steady state plasma is approximately 2 s, at least the axial
temperature gradients are not expected to be strong. Consequently, the assumption of homogeneous
initial temperature should not lead to large errors.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Time, ms

T
em

p
er
a
tu
re

d
ev
ia
ti
o
n
,
%

q=550 MW/m2, Tin=1370 K 

q=200 MW/m2, Tin=920 K 

q=100 MW/m2, Tin=700 K

2.5 µm

0 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.2

0.4

0.6

0.8

1

1.2

1.4

Time, ms

T
em

p
er
a
tu
re

d
ev
ia
ti
o
n
,
%

0 

q=550 MW/m2, Tin=1370 K 

q=200 MW/m2, Tin=920 K 

q=100 MW/m2, Tin=700 K

5 µm

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.2

0.4

0.6

0.8

1

1.2

1.4

Time, ms

T
em

p
er
a
tu
re

d
ev
ia
ti
o
n
,
%

0 

q=550 MW/m2, Tin=1370 K 

q=200 MW/m2, Tin=920 K 

q=100 MW/m2, Tin=700 K

7.5 µm

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.2

0.4

0.6

0.8

1

1.2

1.4

Time, ms

T
em

p
er
a
tu
re

d
ev
ia
ti
o
n
,
%

0

10 µm

q=550 MW/m2, Tin=1370 K 

q=200 MW/m2, Tin=920 K 

q=100 MW/m2, Tin=700 K

Figure 5.2: The relative difference of the instantaneous maximum grain temperature between sim-
ulations with geometrical shadowing included and omitted as a function of the simulation time.
Results for different singlet radii and incident heat fluxes. Perfect thermal contact is employed.
(a,b,c,d) Dust radius 2.5, 5, 7.5, and 10µm, respectively.

In contrast to the substrate, the dust grains are subject to thermal radiation cooling
and unimpeded thermionic emission cooling. These cooling mechanisms can be very strong
for large surface temperatures close to the tungsten melting point, that is why they are only
important for the dust grains. "Unimpeded" thermionic emission implies that the suppression of
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thermo-electrons caused by their return owing to electrostatic fields or prompt gyration is not
considered [54, 55, 56]. The reduction of the thermionic current and thus of the thermionic cooling
can be potentially strong, but its rigorous calculation requires cumbersome PIC simulations of the
sheath. Moreover, thermionic electrons emitted by the dust grains can be absorbed by the substrate,
providing a localized additional heat flux, a phenomenon which is also not considered. Figure 5.3
shows the magnitude of the unimpeded thermionic emission and thermal radiation cooling terms
as a function of the temperature. For temperatures below melting, the total cooling flux does not
exceed 20MW/m2. The plasma heating of interest is in general substantially more powerful than
the cooling - in the simulation scenarios of this work the heat flux is between 100 and 550MW/m2.
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Figure 5.3: The thermal radiation cooling flux
for bulk tungsten and the unimpeded thermionic
emission cooling flux, as a function of the surface
temperature.

As the cooling terms are orders of magnitude
lower than the plasma heating for temperatures
below 2500K, it is judged that no additional ac-
curacy is gained by including them for the sub-
strate. On the other hand, the dust tempera-
ture can even exceed the melting point, where
cooling is larger. Moreover, the plasma heat
flux is assumed to be deposited on the 2D pro-
jection of the grain, while the cooling is pro-
portional to the entire grain area, which is four
times larger. Finally, it is worth pointing out
that other possible cooling mechanisms such as
secondary electron emission cooling and vapor-
ization are ineffective for tungsten in the plasma
environments of interest [36].

The effect of dust on the sheath and
thus on the incident heat flux is ne-
glected for simplicity. The incident heat flux
adopted in the simulations has been calculated
by (1) numerically solving the inverse heating
problem for dust-free planar substrates with the
infrared measurements of the surface tempera-
ture evolution as input [44, 45], (2) utilizing the
theoretical sheath heat transmission coefficient

for dust-free planar substrates [57] with the Thomson scattering measurements of the electron tem-
perature and plasma density as input [58]. However, heat transfer from the plasma to a dust-free
substrate is not equivalent to heat transfer from the plasma to a substrate with adhered dust.
There are three major reasons for this: (i) At elevated dust temperatures the density of thermionic
electrons can greatly exceed the density of incident electrons, which implies that the local potential
structure of the sheath can be completely modified, thus altering the incident electron and ion
kinetic energies and consequently the incident heat flux [59]. (ii) For the plasma parameters of
interest, the dust size is much larger than the Debye length and thus the sheath thickness (sheath
within a sheath problem) [7]. (iii) At elevated temperatures, vaporization of tungsten dust can lead
to a gas cloud locally shielding the substrate from the incident heat flux [60, 61]. Self-consistent
incorporation of these effects requires cumbersome PIC simulations of the sheath. To our knowl-
edge, such simulations are not available in the literature. Therefore, we need to assume that the
presence of dust will not affect the magnitude of the incident heat flux.
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The adhered dust grains are assumed to be spherical. The dust populations utilized
in the experiments are characterized by high sphericity. However, during their deposition to the
substrate, they are subject to adhesive forces and plastic deformation. Nevertheless, due to the
low deposition velocity that is 1m/s and the smallness of the contact radius, the deviation of
the local curvature from 1/Rd can be considered to be negligible. For simplicity, the dust grains
are assumed not only to retain their sphericity but also to retain their original radius and mass
density. This assumption implies that mass is not conserved during sticking impacts. However, it
is straightforward to show that the missing mass is minuscule. The missing mass is connected to
the absent spherical cap of radius equal to the contact radius a. The related volume is given by
Vcap = (2π/3)

{
R3

d − [R2
d + (a2/2)]

√
R2

d − a2
}
. Since a/Rd<0.1, the worst case scenario leads to

Vcap/Vdust = mcap/mdust ' 2 × 10−5, which is clearly negligible and definitely much less than the
mass uncertainty from the inspection of the SEM images.

The geometry of the boundary is assumed to be time-independent. This implies that
our treatment is strictly valid only for temperatures up to the melting point. For instance, it has
been experimentally verified [8] that in dust clusters, as soon as the top grains melt, they begin to
wet the bottom grains. The fluid mechanics of liquid metals, the physics of interface dynamics and
the mathematics of traveling boundaries come into play [62]. Moreover, liquid metals drastically
increase the contact area due to macroscopic motion and microscopic roughness filling. Fortunately,
what matters is to predict whether adhered dust will melt under reactor relevant heat loads and for
reactor relevant surface temperatures. The details of droplet spreading and wetting are of secondary
importance [63].

The latent heat of fusion is not considered. Similar to the previous assumption, this
implies that our treatment is strictly valid only for temperatures up to the melting point. Let
us briefly explain the concept of latent heat. During the solid-to-liquid phase transition, heat is
expended for the material transformation that does not result to temperature increase, since liquids
have a higher internal energy than their isothermal solid counterparts as we approach the melting
point from lower temperatures.



Chapter 6

Finite element modelling

The finite element solver used to simulate the heat transfer is COMSOL Multiphysics, specifically
the heat transfer in solids package.

6.1 2D Axisymmetric geometry
It is favourable to use a 2D-axisymmetric model whenever possible. The geometry is easier to
navigate, the mesh quality is higher, and the simulations run faster. The base vectors are r̂, ẑ, and
the geometry is rotationally symmetric about the z-axis.

Geometry: The substrate is represented by a rectangle with one of its sides located at the
r=0 line. The width of the rectangle is chosen to be large enough so that the behavior at the
edge is unaffected by that at the origin. The side and the bottom of the rectangle are thermally
insulated. The plasma-facing top of the rectangle is placed at z=0. The dust grains are represented
by semi-circles with their linear side also at r=0. The full-rotation around the z-axis then creates
a cylinder for the substrate, and spheres for the grains (dust can only be placed along r=0). In the
single grain configuration, the grain is placed with its centre at

z =
√
R2

d − a2
1 (6.1)

where Rd is the radius of the dust grain and a1 is the dust-plate contact radius. In the pair
configuration, the uppermost grain is placed with its center at

z =
√
R2

d,1 − a2
1 +

√
R2

d,1 − a2
2 +

√
R2

d,2 − a2
2 (6.2)

Generalizing for an arbitrarily large axisymmetric cluster, the N-th grain is placed with its center
at

z =
√
R2

d,1 − a2
1 + (1− δN1)

N∑
i=2

(√
R2

d,i−1 − a2
i +

√
R2

d,i − a2
i

)
(6.3)

where Rd,i is the radius of the i-th grain, a1 is the dust-plate contact radius, ai is the contact radius
between the (i-1)-th and i-th grain and δnm is Kronecker’s delta.

36
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Heating: For the problem to remain axisymmetric, the incident plasma needs to be a cylindrical
column that is coaxial with the substrate. Therefore, only scenarios with normal plasma heat flux
with respect to the substrate can be simulated. The substrate plasma-facing surface is assigned
a boundary heat source corresponding to the plasma heating q. Concerning the dust grains, only
the upper hemisphere of the topmost grain receives this heat flux, since any other surface will be
geometrically "shadowed" from the plasma. The shadow cast by the grains on the substrate can be
ignored, as it is deemed negligible. On the whole surface of any dust grain, except for the contact
region, boundary heat sources are assigned corresponding to the size-dependent thermal radiation
and thermionic emission cooling.

Thermal contact: In order to simulate the constriction of heat flow across the dust-dust
and dust-substrate contact areas, boundaries are created to separate the domains. The "Thermal
contact" boundary condition, available in the heat transfer package, is placed on these boundaries.
This boundary condition adds a user-defined thermal resistance on heat flow across the contact.

6.2 3D geometry
The simulation of scenarios with oblique plasma heat flux or non-axisymmetric grain placement
requires the use of 3D geometry. The cartesian base vectors are x̂, ŷ, and ẑ.

Geometry: The substrate is represented by a cylinder, whose axis is parallel to the base vector
ẑ. The plasma-facing side of the substrate is located at z=0 with the surface normal at the positive
z-direction. The centre of the substrate surface lies at the origin. The cylinder radius is chosen to
be large enough that the behaviour at its edge is unaffected by that at the origin. The bottom and
sides of the cylinder are thermally insulated. Grains are represented by spheres. Grains in contact
with the substrate surface are placed with their centre at z =

√
R2
d − a2. For contact between

grains, the upper grain is placed with the centre at a vertical distance

∆z = cos ϕ
[√

R2
d1 − a2 +

√
R2
d2 − a2

]
and a horizontal distance

∆r = sin ϕ
[√

R2
d1 − a2 +

√
R2
d2 − a2

]
from the centre of the lower grain, where r =

√
x2 + y2 and ϕ is the angle formed between the

vector uniting the dust sphere centers and the surface normal, referred to as the asymmetry angle.
Heat deposition and emissivity: In the heat transfer in solids COMSOL package, we employ

the "surface-to-surface radiation" utility. Within this function, there is the Hemicube method to
estimate the ambient radiation intensity upon a surface. This calculates, for every mesh surface
element, the form factor from the surrounding geometry to a user specified number of hemicube
pixels. These pixel intensities are then translated into an average intensity for the surface element.
This method also incorporates shadowing, i.e. an occluded source of ambient radiation is not added
as a heat source on the surface element. Because the ambient field is treated as electromagnetic
radiation, only part of it will be added as a boundary heat source, to emulate surface reflection.
In this case, the heat transfer package automatically follows Kirchhoff’s law of thermal radiation,
that the emissivity equals the absorptivity. With surface-to-surface radiation activated, there is the
option to add an ambient field of thermal radiation in a user defined direction, as if it stems from
a point source located at infinity.



38 CHAPTER 6. FINITE ELEMENT MODELLING

Surface-to-surface radiation is activated only for the grain surfaces, and an ambient radiation
field is added to represent the plasma heat flux. To ensure that the right amount of heat is deposited,
the emissivity of the grain surfaces is prescribed to be unity. To counteract the excess thermal
radiation cooling that would then appear, a heat source is added so that the total radiative heat
loss is equal to that of the appropriate grey body. In addition, a heat source term corresponding to
thermionic emission cooling is placed on the grain surfaces. The plasma heat flux on the substrate
surface is represented by a boundary heat source of intensity qplate = q sinχ, where χ is the angle
between the magnetic field and the substrate tangent. Again, the shadowing of the incident to the
substrate heat flux due to the presence of the dust grains is negligible.

Thermal contact: In order to simulate the constriction of heat flow across the dust-dust
and dust-substrate contact areas, boundaries are created to separate the domains. The "Thermal
contact" boundary condition, available in the heat transfer package, is placed on these boundaries.
This boundary condition adds a user-defined thermal resistance on heat flow across the contact.

6.3 Spatial and temporal resolution
There is always a trade-off between numerical accuracy and computing time that needs to be
considered when determining the mesh resolution of a simulation. Fortunately, as the geometries
are simple and only heat transfer is considered, the consideration is straightforward.

Mesh: In general, the minimum mesh size is chosen so that there is a large number of mesh
elements in the vicinity of the contact areas, where the local temperature gradient can be expected
to be large. The mesh size is not held constant throughout the geometry, since due to the smallness
of dust compared to the substrate this would result to an unacceptable increase of the simulation
time. The mesh growth rate cannot be made arbitrarily large, as this will cause a decline in
mesh quality, i.e. move their shapes further away from symmetry. The 2D geometries are meshed
with triangles and the 3D geometries with tetrahedrons. COMSOL calculates the mesh quality by
considering the radii of the inscribed and circumscribed circles or spheres. A perfect element has
quality 1, while 0 is the low quality limit. In 2D geometries, a dense mesh can be accompanied by a
short simulation time. In 3D geometries, there are more degrees of freedom, so the mesh statistics
will understandably be worse. However, reasonably high quality can be obtained - see Figure (6.1)
below for mesh visualization and mesh quality statistics in a single grain configuration for 2D and
3D geometries respectively.

Time-step: The time-step is determined by a built-in implementation of a Backward Differ-
entiation Formula of variable order. This estimates the derivative with respect to time, and sets
the next time step so that the estimated error does not exceed the user-defined relative and ab-
solute tolerances. This is deemed trustworthy as no boundary conditions will change during the
simulation. Should there be rapid changes, a different - less damping - time-step method might be
preferable. In case of ELM-sequences, since the exact arrival times and durations of the transients
are known, it is convenient to use event notifications to make sure that the simulation will not
smoothen, or completely miss, rapid temperature developments.
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Figure 6.1: Top: Mesh structure for a single grain in contact with the substrate in the 2D and 3D
geometries, respectively. Notice the large amount of elements near the contact, and the growth of
elements with distance from the critical region. Bottom: Quality histogram of mesh elements for
the corresponding mesh structures.



Chapter 7

Physical properties of tungsten

Below we provide the values and functional dependences of the relevant tungsten material properties
that are employed in the simulation model. Any extrapolations of the data fits beyond their validity
regions are assumed constant unless otherwise stated.

7.1 Bulk material properties
Thermal properties: The thermal conductivity k, the isobaric specific heat capacity cp and the
mass density ρ of tungsten are necessary input for heat conduction simulations. They are well-
documented properties that depend on the bulk temperature. In the COMSOL material library,
these dependencies for solid tungsten are described by power series fits to experimental results. The
thermal conductivity is given by, in W/mK:

k =



180.8901 + 0.1821019 T − 0.001061397 T 2 + 1.420192× 10−6 T 3

−5.872054× 10−10 T 4 − 2.546197× 10−14 T 5, for 223 K ≤ T ≤ 873 K

185.4526− 0.1222239 T + 7.943302× 10−5 T 2 − 3.019386× 10−8 T 3

+6.004447× 10−12 T 4 − 4.744616× 10−16 T 5, for 873 K ≤ T ≤ 3660 K

fitted to data from Ref. [64]. The isobaric specific heat capacity is, in J/kgK:

cp =
{

117.691 + 0.06476271 T − 6.267017× 10−5 T 2 + 3.827465× 10−8 T 3

−1.051009× 10−11 T 4 + 1.208695× 10−15 T 5, for 300 K ≤ T ≤ 3600 K

fitted to data from Ref. [65]. The density is, in kg/m3

ρ =



19359.47− 0.1011356 T − 5.396347× 10−4 T 2 + 7.805729× 10−7 T 3

−4.216045× 10−10 T 4, for 160 K ≤ T ≤ 600 K

19378.78− 0.2689446 T + 6.144946× 10−6 T 2

−9.687885× 10−9 T 3, for 600 K ≤ T ≤ 3400 K

40
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fitted to data from Ref. [66, 67, 68, 69].
Mechanical properties: The Young’s modulus E, the Poisson’s ratio ν, the micro-hardness

H and the yield strength σy are necessary input for the calculation of the contact radius and
the thermal contact conductance. They are well-documented properties for the case of tungsten
and depend on the bulk temperature. In the COMSOL material library, the Young’s modulus
dependence on the temperature is described by the expression

E =


4.10207× 1011 − 3.489× 107 T − 7550.0 T 2, for 273 K ≤ T ≤ 2073 K

3.352622× 1011 + 8.595743× 107 T − 48401.79 T 2, for 2073 ≤ T ≤ 2673 K

in units of Pa. These are fits to data from [70, 71]. The expression for Poisson’s ratio is not fitted
to direct measurements, but to calculations using E, and measurements of the shear modulus [70],

ν = 0.28005 + 5.744× 10−6 T + 5.4× 10−9 T, for 273 K ≤ T ≤ 2073 K

The temperature dependent tungsten micro-hardness is provided by Ref.[49], the values are plotted
in Figure 7.1. The room temperature value, H = 2.9 GPa, has been applied for deformation
treatment of surface asperities.
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Figure 7.1: Tungsten indentation hardness versus temperature [49].

The yield strength of tungsten dust, σy, depends on both the dust radius Rd and temperature
Td [12]. The expression is

σy(Td, Rd) = σby(Td) + ky√
Rd

, (7.1)
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with a size dependence analogous to the scaling of Hall-Petch grain-boundary strengthening [72, 73].
σby is the bulk yield strength, and ky = 0.91MPam1/2 for tungsten. The latter is chosen to provide
the best fit to measurements [74, 75]. The temperature dependence of bulk tungsten yield strength
is fitted to experimental data by [76, 77] employing the expression

σby = c0 + c1T + a exp (−bT ) (7.2)

with c0 = 9.498× 107 Pa, c1 = −2.273× 104 Pa/K, a = 3.179× 109 Pa, and b = 6.138× 10−3 K−1.
The room temperature yield strength produced by this approach has been applied in this work.

The ratio between the limiting contact pressure and the yield strength is an empirical value
resulting from experiments dedicated to spherical tungsten dust mechanical impacts on planar
tungsten substrates, the employed value is py/σy = 4 [78].

7.2 Surface material properties
Emissive properties: The emissivity ε is necessary input for the calculation of the cooling flux
due to thermal radiation. It not only depends on the bulk temperature but also on the size of
the object. For large objects, the emissivity only depends on the temperature. For tungsten, the
COMSOL material library provides the following expression for the bulk emissivity

ε =



0.01804211− 5.214754× 10−6 T + 1.233321× 10−7 T 2 − 8.141304× 10−11 T 3

+5.735938× 10−14 T 4 − 1.652179× 10−17 T 5, for 273 K ≤ T ≤ 1500 K

0.02158799− 1.236257× 10−4 T 1 + 4.143182× 10−7 T 2 − 2.342655× 10−10 T 3

+5.537822× 10−14 T 4 − 4.8693× 10−18 T 5, for 1500 K ≤ T ≤ 3500 K

(7.3)

This is a fit to data from [79, 80, 81, 82].
For micron-sized dust grains, the dust dimensions can be comparable to Wien’s maximum of the

black body radiation spectrum or equivalently the dust size can be comparable to the wavelength of
most emitted light. This implies that the emissivity diverges from its bulk value and that it depends
on the dust size. The dust emissivity needs to be calculated by Mie scattering theory, which requires
the complex refractive index as input. The latter depends on the material temperature and the
radiation frequency and is connected to the relative permittivity via

εr = n2

The relative permittivity of tungsten that will be used is based on measurements and a method of
extrapolation described by Ref. [83]. Measurements were made at temperatures 298 K, 1100 K,
and 1600 K, in the wavelength interval 0.365 − 2.65 µm. The data were fitted to the analytical
expression

εr = 1 +
∑
m

K0mλ
2

λ2 − λ2
sm + iδmλsmλ

− λ2

2πcε0

∑
n

σen
λrn − iλ

(7.4)

where λ is the vacuum wavelength, c is the speed of light, and ε0 is the permittivity of vacuum.
K0m, λsm, δm, σen, and λrn are fitting parameters. The resulting fitting parameters can be found
in Table 7.1.
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Table 7.1: Fitting parameters [83]. Electrical conductivities (σe) are in units of µΩ−1 m−1, and
wavelengths (λ) are in µm. Parentheses indicate tentative estimates.

Temp. 298 K 1100 K 1600 K 2000 K 2400 K
σe1 17.50 3.50 2.14 (1.58) (1.19)
σe2 (0.21) 0.16 0.19 (0.22) (0.25)
λr1 45.5 9.3 6.0 (4.63) (3.66)
λr2 (3.7) <0.36 <0.36 (<0.36) (<0.36)
K01 12.0 10.9 10.9
K02 14.4 13.4 13.4
K03 12.9 12.0 12.0
λs1 1.26 1.40 1.40
λs2 0.60 0.57 0.57
λs3 0.30 0.25 0.25
δ1 0.6(32) 1.0 1.0
δ2 0.8(37) 1.2(25) 1.2(25)
δ3 0.6(32) 1.2(25) 1.2(25)
σe1/λr1 0.385 0.376 0.357 (0.341) (0.325)
σe0 17.7 3.67 2.34 1.80 1.44

The total dc conductivity, σe0, is the sum of σe1 and σe2. With known dc conductivity of
tungsten, it is possible to extrapolate values for σe1 if σe2 is assumed to increase linearly with
temperature beyond 1100 K. The ratio σe1/λr1 seems to fall linearly, so λr1 can therefore also be
estimated for higher temperatures. All other terms appear constant beyond 1100 K. The table values
for the temperatures 2000 K and 2400 K are estimated by this method. For use at intermediate,
or yet higher temperatures, the data is interpolated for temperatures in the interval 1100 K - 2400
K, and extrapolated for higher temperatures. Following the method of extrapolation,

σe1/λr1 = −4× 10−6 (T − 1100) + 0.376 (7.5)

σe2 = 6× 10−5 (T − 1100) + 0.16 (7.6)

where the conductivities are in units of µΩ−1m−1, and the wavelength in µm. For simplicity, the
dc resistivity used here is the one given by equation (7.7) below, rather than the one used by Ref.
[83]. For the dc electrical resistivity, a fit to data from [84] is used, the expression is, in µΩcm:

ηdc = 1.5× 10−5 + 3.7906× 10−13T 4 − 3.3467× 10−9T 3 + 1.2003× 10−5T 2 + 0.0152× T (7.7)

The refractive index obtained from this method has been used to calculate values of the spectral,
and total emissivity following the description in section 2.3. The predictions are plotted together
with the respective experimental values in Figures 7.2 and 7.3.

Thermionic properties: The work-function and the Richardson constant are required for
the calculation of the cooling flux due to thermionic emission. The work-function of tungsten
depends on the crystallographic orientation and the bulk temperature. For polycrystalline tungsten,
Wf = 4.55 eV at room temperature [85, 86, 87] and A = 60A/(cm2K2) [88], which is half of the
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nominal Richardson value. The temperature dependence of the work-function is approximately
linear [89] and it is incorporated in the Richardson constant.

Thermodynamic properties: The so-called work of adhesion (per unit area) is required for
the calculation of the contact radius. It is defined by Γ = γ1 + γ2 − ∆γ, where γi is the surface
energy and ∆γ is the interface energy. In the case of identical metals Γ = 2γ. For tungsten at room
temperature we have γ = 4.36 J/m2 [89]. There is a slight dependence on the bulk temperature
that is described by [89], a linear decrease of 2.3667× 10−4 Jm−2 K−1. This is neglected, and the
room temperature value is applied.
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Figure 7.2: The normal spectral emissivity of bulk tungsten at temperatures 1600, 1800, 2000,
2200, and 2400K as measured by de Vos [90] and Larrabee [91], and an additional curve at 2800K
from the de Vos measurements. The values resulting from the use of the Roberts expression for the
relative permittivity (7.4) are also plotted. Left: Larrabee data. The uppermost curves correspond
to 1600 K. Due to the limited spectral range, there is a monotonic decrease of the emissivity as
the temperature increases. Right: de Vos data. In the extended spectral range, the temperature
dependence switches character at a wavelength located between 1 and 1.3µm, the so-called X-point.
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Figure 7.3: The temperature dependent bulk tungsten emissivity calculated following Roberts (ex-
pression 7.4) and the values provided by the COMSOL material library (expression 7.3).



Chapter 8

Implementation of the thermal
contact conductance

8.1 Contact radius and contact stress

Knowledge of the contact radius for sphere-plane and sphere-sphere impacts as well as knowledge
of the external pressure are necessary for the implementation of any model of the thermal contact
conductance.
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Figure 8.1: The normalized sphere-plane contact
radius a/Rd as a function of the dust radius Rd.

Dust-substrate contact radius: In the
case that plastic deformation occurs during
sticking impacts, the contact radius will depend
on the impact speed. The specific deposition
method leads to speeds of the order of 1m/s,
which is assumed in our calculations. For dust
radii in the relevant range, the plastic deforma-
tion has been found by employing a numerical
solver and setting the elastic-perfectly plastic
adhesive work equal to the kinetic energy of the
grain. This yields an increased curvature radius
at the interface - which allows for the calcula-
tion of the contact radius and pressure profile.
The fit of the resulting normalized equilibrium
contact radius with the dust size is shown in
Figure 8.1.

Dust-dust contact radius: Agglomerates
are unlikely to form by successive sticking im-
pacts at the same substrate location. Agglom-

erates are most likely generated by very low velocity impacts in the dust container, they are loaded
on the sabot and stick on the substrate without break-up. Therefore, it can be assumed that the
impact speed is zero, which implies that there is no plastic deformation. Consequently, the JKR
result for zero load is applicable.
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Contact stress: The correlations for thermal contact conductance (3.24), (3.29), require the
external pressure as input, yet as dust adheres by surface forces, the external pressure at equilibrium
is zero. Implementing the models therefore requires a substitute for the pressure, one that is valid
for the case of adhered dust. In Figure 8.2a, the JKR-profile of normal pressure is plotted with
radial displacement. Chosen as external pressure is the integrated positive part of this pressure
profile, divided by the entire contact area. The resulting dust-dust, and dust-substrate pressures
are plotted in Figure 8.2b.
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Figure 8.2: (a) The JKR pressure profile, expression (1.18), of a dust-substrate contact at equilib-
rium for Rd = 10µm, and an impact speed of 1m/s. The profile is truncated at r/a=0.9, as the
tensile stress at the edges tends towards infinity. The integral of the compressive stress equals that
of the tensile stress; the grain is at rest. (b) The integrated positive part of the JKR-profile divided
by the total contact area, for the contact between equally sized grains and between dust and the
substrate - plotted as a function of the dust radius. Plastic deformation is assumed absent at the
contact between dust grains.

8.2 Modelling of the thermal contact conductance
We shall now analyze some useful general properties of the thermal contact conductance and choose
the correlation that is most suitable for our problem.

Thermal conductance: There are two terms that contribute to the total thermal conductance
across a contact - the conductance 2ka due to circular constriction, and the conductance πa2hc as a
consequence of the surface roughness. If the dust grain can be considered a half-space with respect
to the contact (Rd � a), the total thermal conductance G can be found by adding the two terms
in series, [63]

1
G

= 1
2ka + 1

πa2hc
(8.1)

If there is no constriction due to roughness, i.e. hc → ∞, the constriction is entirely due to the
circular restriction: G = 2ka. At the other extreme, πa2hc → 0 ⇒ G→ 0. It is useful to consider
the normalized total thermal conductance

Gn = G

2ka (8.2)
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when investigating the implementation of a model for hc. Figure 8.3 contains curves using expres-
sions (3.24), and (3.29), for thermal contact conductance for elastic, and plastic asperity deforma-
tion, respectively.

Mode of deformation: It is preferable to use hc,pl, as it is in accordance with the assumption
that plastic deformation takes place for relevant sphere-plane impact speeds. Furthermore, investi-
gation of the deformation parameter (expression 3.30) yields a value γ ≈ 0.013

tan θ for room-temperature
tungsten. This suggests almost entirely plastic asperity deformation in all but the smoothest of
surfaces. In addition, the equivalent external pressures, seen in Figure 8.2b, are quite large when
compared to 2.9GPa, the room temperature micro-hardness of tungsten. This suggests that the
work hardening of the surface asperities should not be neglected, making expression (3.24) the most
appropriate choice for thermal contact conductance across grain contacts.
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Figure 8.3: Normalized total thermal conductance as a function of the surface roughness for spher-
ical tungsten dust Rd = 10µm adhered to a planar tungsten substrate [63]. Gn = 1 corresponds to
perfect thermal contact, and Gn = 0 to thermal insulation. For elastic deformation the dependence
of the average slope is low, while hc,pl is close to proportional and so is plotted for a few variations.

8.3 Modelling of the surface roughness
The final input parameters needed to implement the constriction model are the surface height
standard deviation about the mean, and the mean absolute surface slope. These two quantities
have to be given some consideration before being applied to the case of adhered dust. The main
complication stems from the smallness of the contact areas to which the models are applied; the radii
of the circular contacts are below 1µm for the entire dust population. The CMY and Mikic models
both rely on statistical assumptions that are valid when the number of contact spots is large enough
to create a sufficient sample space - assumptions that, unless unrealistic surface characteristics are
considered, are incompatible with the current situation. It shall instead be assumed that the
statistical treatment is valid when applied to the average thermal constriction of a large number



48 CHAPTER 8. IMPLEMENTATION OF THE THERMAL CONTACT CONDUCTANCE

of grain contacts - the models can then be used to predict the general behaviour of a large dust
population. Ideally, for contact radius a, one would consider the averaged surface characteristics
for a large number of samples with length ≈ a, or equivalently for a long single surface sampling
with variations across distances larger than ≈ a filtered out. In terms of surface roughness scale,
the consideration is then divided into two characteristic lengths - short length-scales constitute
the surface roughness of interest for the constriction model, while long length-scales define the
conformity of the surface. The latter alters grain adhesion and thermal conductance through
variation of the local curvature radius at the contact. The values σ and tan θ naturally depend
on the sampling resolution due to the fractal nature of the surface, the latter being more strongly
dependent. Thus, there has to be a cut-off, such that the principle roughness characteristics are
captured while the superimposed fine, small-scale asperities are disregarded.

The roughness characteristics of the substrate surface have been measured with a surface profiler,
the obtained root-mean-square of the vertical deviation from the mean value being 0.52µm [7].
There is no data on the slope, however an educated guess is the average slope of bead-blasted
surfaces, tan θ = 0.1 [29]. These parameters belong to the long length-scales, and can thus not
be implemented in the models of thermal contact conductance. Unfortunately, no data of higher
resolution is available - therefore, the roughness characteristics employed in this work are not based
on sample measurements. Instead, we shall be performing sensitivity studies of the input parameters
for several different configurations and boundary-, and initial conditions in an effort to categorize
their relative impact, as well as to investigate the capability of the finite element model to reproduce
experimental results.

At this point, it is appropriate to include a brief statistics analysis of the contact spots in a
dust-substrate interface. The relative area of contact is

A = P

P +H
.

The density of contacts spots n and the mean contact spot radius c are given by [32, 31]

n = 1
16

( tan θ
σ

)2 exp (−λ2)
erfc ( λ√

2 )

c =
√

8
π

( σ

tan θ

)
exp (λ

2

2 ) erfc ( λ√
2

) ,

where erfc is the complementary error function, and λ is the relative separation of the mean planes
of the contacting surfaces - the latter relates to the relative contact area as

A = 1
2 erfc( λ√

2
) .

The contact spot density is multiplied by the area of a dust-substrate contact to yield the average
number of contact spots in the interface of an adhered grain. The dependence of contact spot
number and radius on external pressure is investigated in Figure 8.4, for the surface roughness
characteristics that are used in the sensitivity studies to follow. These input parameters were chosen
on the grounds of their predicted thermal constriction - they provide an effective middle ground
between perfect thermal contact and thermal insulation in most scenarios. It should be emphasized
that the current implementations of the constriction model cannot be considered physically valid
as they in general fail to fulfil the requirement that at least a few contact spots be present in the
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dust-substrate or dust-dust interface. The sensitivity studies are carried out in spite of this fact,
as the insight to be gained from them are principally independent of the validity of this particular
constriction model. Moreover, the theoretical framework in which it is implemented is subject to
constant change, making it entirely possible for a future implementation to be more physically
justifiable.
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Figure 8.4: Statistical averages employing Rd = 7.5µm, and H= 2.9GPa. The values are plotted
for pressures up to the indentation hardness, at which point the deformation theory is no longer
valid. Top: Contact spot radius as a function of external pressure. The radius of the dust-substrate
contact - a - is displayed for reference. Naturally, the radius increases monotonically with external
pressure. Bottom: Number of contact spots contained in a dust-substrate contact. The observed
density maximum at ≈ 1GPa might seem counter-intuitive at first glance - beyond this point, fewer
individual contact spots are added through initial contact than are subtracted due to merging of
already existing ones. A valid model implementation must predict more than a single spot between
the surfaces in contact. This is only observed for the values tan θ = 0.5, σ = 0.05µm, for which the
average number of spots peaks at ≈ 3.5.



Chapter 9

Sensitivity studies for normal heat
flux

The following studies correspond to normal plasma heat flux experiments, where the axial magnetic
field is perpendicular to the substrate surface. The dust-dust contact radii, the dust-substrate
contact radii and the external pressures are found using the method outlined in 8.1. For the heat
constriction at the contact, equation (3.24) is employed with 2.9GPa for the micro-hardness of
tungsten.

9.1 Heat flux dependence for identical axisymmetric clusters
In this section we perform a sensitivity study employing the 2D-axisymmetric geometry. The goal is
to investigate how the uppermost grain temperature increases with the number of mediating grains
or equivalently how many mediating contacts are required in order to achieve thermal insulation
with respect to the substrate.

Figure 9.1: Axisymmetric con-
figurations of the grains.

Three different dust configurations have been simulated - sin-
glets, doublets, triplets - axisymmetrically placed with respect to
the substrate surface normal. The grains are of equal sizes and
are placed directly on top of each other. Consequently, only the
top hemisphere of the uppermost grain receives the incident heat
flux. An illustration of the geometry is displayed in Figure 9.1.

Three different normal heat fluxes have been simulated, 550,
200, and 100MW/m2 corresponding to the three possible exper-
imental outcomes (all dust melts, only clusters melt, no dust
melts). The simulation time is 1ms, and for each run, the max-
imum temperature of the uppermost grain has been recorded.
This has been carried out for 21 dust radii equally spaced in the
range 2.5 - 12.5µm. Figures 9.2 - 9.4 contain the results for three
cases of plasma heat flux and initial temperature. The upper

bound of the maximum temperature corresponds to the case of thermal insulation, whereas the
lower bound corresponds to the case of perfect thermal contact. Both these asymptotic cases are

50
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also plotted. As expected, the simulation results are confined between the two asymptotic curves.
In the high heat flux scenario, melting occurred in almost every simulation, except for the

lowest sizes in the isolated dust grain configuration - see Figure 9.2. As the grain size increases,
the results approach the thermal insulation behavior. Similarly, as the number of mediating dust
grains increases, the top grain tends to become thermally insulated. This tendency can be also be
observed in the cases of intermediate (Figure 9.3) and low heat flux (Figure 9.4).

In the intermediate heat flux scenario, the maximum temperature exceeds the melting temper-
ature of tungsten only for clusters. Therefore, under these plasma conditions, single isolated dust
grains will remain morphologically unaffected, whereas dust clusters will melt. Finally, in the low
heat flux scenario, the maximum temperature cannot exceed the melting temperature even in the
case of triplets. The thermal insulation curve suggests that melting is only possible for very large
clusters consisting of small grains.
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Figure 9.2: High heat flux scenario: q=550MW/m2, Tin=1370K, ∆τ=1ms. (a,b,c) The maximum
temperature reached by the uppermost grain in the singlet, doublet and triplet configurations,
respectively. The upper and lower error bars correspond to σ=0.1 and 0.05µm, respectively. (d)
The terminal temperature profile along the symmetry axis in the triplet configuration for Rd =
5µm, σ=0.1µm, and tan θ = 0.5. Notice the temperature jumps that occur at the contact regions.
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Figure 9.3: Intermediate heat flux scenario: q=200MW/m2, Tin=920K, ∆τ=1ms. (a,b,c) The
maximum temperature reached by the uppermost grain in the singlet, doublet and triplet configu-
rations, respectively. The upper and lower error bars correspond to σ=0.1 and 0.05µm, respectively.
(d) The terminal temperature profile along the symmetry axis in the triplet configuration for Rd =
5µm, σ=0.1µm, and tan θ = 0.5. Notice the temperature jumps that occur at the contact regions.
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Figure 9.4: Low heat flux scenario: q=100MW/m2, Tin=700K, ∆τ=1ms. (a,b,c) The maximum
temperature reached by the uppermost grain in the singlet, doublet and triplet configurations,
respectively. The upper and lower error bars correspond to σ=0.1 and 0.05µm, respectively. (d)
The terminal temperature profile along the symmetry axis in the triplet configuration for Rd =
5µm, σ=0.1µm, and tan θ = 0.1. Notice the temperature jumps that occur at the contact regions.
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9.2 Size ratio dependence for axisymmetric doublets
In this section we perform a sensitivity study employing the 2D-axisymmetric geometry. The goal
is to investigate, in the case of doublets, how asymmetries in the dust monomer size affect the
uppermost grain temperature.

𝒒𝒒 

Figure 9.5: Axisymmetric con-
figuration of the grains.

A single dust configuration has been simulated - the doublet
- axisymmetrically placed with respect to the substrate surface
normal. One grain is placed directly on top of the other with the
size ratio varying - an illustration of the configuration is displayed
in Figure 9.5. A single case of normal heat flux has been simu-
lated - 200MW/m2. This intermediate heat flux scenario was the
most interesting for equally sized grains, since melting occurrence
depended on the number of dust grains in the cluster (see Figure
9.3 and compare to Figures 9.2, 9.4. The simulation time is 1ms,
and for each run, the maximum temperature of the top grain has
been recorded.

In the first set of simulations, the upper dust radius was kept
constant at 2.5µm and the bottom dust radius varied in the range
2.5 - 12.5µm at 11 equally sized steps. In the other simulation
sets, the upper dust radius was locked at 5, 7.5, 10µm and the

bottom dust radius varied in the same manner. For each upper dust size, the maximum temperature
reached by the upper grain is plotted as a function of bottom dust radius, the plots can be seen in
Figure 9.6.

Essentially, size asymmetry bears two main consequences for heat transfer: (i) The incident heat
flux distribution is altered. When the top grain is smaller than the bottom grain, the latter is no
longer fully geometrically shadowed from the incident heat flux. (ii) The contact radius is altered.
The radius of curvature at the interface between the two grains, 1/R = 1/R1 + 1/R2 will increase
as the bottom dust grain grows larger. This in turn would result in an increased contact radius by
adhesion, and thus lessen the constriction of heat flow. Conversely, a smaller bottom grain would
increase the thermal insulation of the upper grain.

In an effort to decompose the effect of these two mechanisms at the maximum temperature of the
upper dust grain, two types of simulations have been run, which naturally converge when the top
grain is larger than the bottom grain. In the first simulation type, we unrealistically assume that the
bottom grain is always shielded from the incident heat flux. As expected from the arguments above,
this leads to a monotonic decrease of the maximum upper grain temperature with the bottom grain
size. In fact, the enhanced constriction with smaller bottom dust is strong enough to cause melting
for upper dust radii 7.5 and 10µm, where no melting is observed for equally sized grains. In the
second simulation type, we realistically assume that the bottom grain is also geometrically exposed
to the incident heat flux. When the bottom grain is no longer fully shielded, plasma heating will
further increase its temperature. This additional heating will decrease the temperature gradient
across the dust-dust contact, and so lower amount of heat that will be conducted away from the top
grain. This effect is stronger than the curvature effect, thus significantly increasing the maximum
temperature of the top grain. The aforementioned mechanism is expected to be most effective for
the maximum bottom to upper dust size ratio, since the bottom grain will then be shielded the least.
This is confirmed by the simulations, the difference between the two simulation types is maximum
-around 1400K- for an upper radius of 2.5µm and a bottom radius of 12.5µm (see Figure 9.6).
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Figure 9.6: Maximum temperature of upper grain: q=200MW/m2, Tin=920K, ∆τ=1ms, tan θ =
0.5. (a,b,c,d) Upper dust radius 2.5, 5, 7.5, and 10µm. The upper and lower error bars correspond
to σ=0.1 and 0.05µm, respectively. The thermal insulation curve is parallel to the horizontal axis,
since it only depends on the upper grain size and the incident heat flux, which are kept constant
for each subfigure. The perfect thermal contact curve is considered for the realistic assumption of
a geometrically shielded bottom grain. Notice the significant increase in temperature when heat
deposition on the lower dust grain is taken into account (non-monotonic curves with a minimum
when the size ratio is equal to unity).
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9.3 Angle dependence for identical non-axisymmetric dou-
blets

In this section, we perform a sensitivity study employing the 3D geometry. The goal is to investigate,
in the case of doublets, how the degree of non-axisymmetric placement of the dust monomers affects
the uppermost grain.

𝒒𝒒 

𝝋𝝋 

Figure 9.7: Configuration of
the grains, and definition of the
asymmetry angle ϕ.

A single dust configuration has been simulated - the doublet -
asymmetrically placed with respect to the substrate surface nor-
mal which coincides with the incident heat flux vector. One grain
is placed on top of an equally-sized grain. The degree of non-
axisymmetric placement is quantified by the asymmetry angle ϕ,
which is the angle formed between the vector uniting the dust
sphere centers and the surface normal. An illustration of the
configuration is displayed in Figure 9.7. A single case of normal
heat flux has been simulated - 200MW/m2. The simulation time
is 1ms, and for each run, the maximum temperature of the top
grain has been recorded. In the first set of simulations, the dust
radius was kept constant at 2.5µm and ϕ varied in the range 0◦-
85◦ in increments of 5◦. In the other simulation sets, the dust
radius was locked at 5, 7.5, 10µm and ϕ varied in the same man-
ner. For each dust size, the maximum temperature reached by
the upper grain is plotted as a function of the asymmetry angle
ϕ, the plots can be seen in Figure 9.8.

Clearly as ϕ increases, the bottom grain becomes more exposed to the incident heat flux, i.e. it
is less shielded by the top grain. As analyzed in the previous section, this translates to a monotonic
increase of the top grain temperature due to the decrease of the temperature gradient over the dust-
dust contact. The increase is such that the melting point is reached for obliquely placed dust grains
with radii 7.5 and 10µm, where no melting is observed in the case of axisymmetric placement.
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Figure 9.8: Maximum temperature of upper grain: q=200MW/m2, Tin=920K, ∆τ=1ms, tan θ =
0.5. (a,b,c,d) Dust radius 2.5, 5, 7.5, and 10µm. The upper and lower error bars correspond to
σ=0.1 and 0.05µm, respectively. The thermal insulation curve is parallel to the horizontal axis,
since it only depends on the upper grain size and the incident heat flux, which are kept constant
for each subfigure.



Chapter 10

Sensitivity studies for oblique heat
flux

The following studies correspond to oblique plasma heat flux experiments, where the angle between
the substrate surface and the axial magnetic field is 10◦. The dust-dust contact radii, the dust-
substrate contact radii and the external pressures are found using the method outlined in 8.1. For
the heat constriction at the contact, equation (3.24) is employed with 2.9GPa for the micro-hardness
of tungsten.

10.1 Heat flux dependence for identical axisymmetric clus-
ters

In this section we perform a sensitivity study employing the 3D geometry. Similar to the study con-
ducted in section 9.1, the goal is to investigate the dependence of the temperature in the uppermost
grain on the number of mediating grains - this time for oblique plasma heat fluxes.

𝒒𝒒 
𝝌𝝌 

Figure 10.1: Axisymmetric con-
figurations of the grains.

Three different dust configurations have been simulated - sin-
glets, doublets, triplets - axisymmetrically placed with respect to
the substrate surface normal. The grains are of equal sizes and
are placed directly on top of each other. The angle between the
plasma heat flux vector and the substrate surface is 10◦, thus
there is heat deposited on the side of all the grains in every con-
figuration. Figure 10.1 illustrates the incident plasma heat flux
and grain configuration. The simulation time is 1ms, and for
each run, the maximum temperature of the uppermost grain has
been recorded. This has been carried out for 11 dust radii equally
spaced in the range 2.5 - 12.5µm. Figures 10.2 - 10.4 contain the
results for three cases of plasma heat flux and initial temperature.

Uppermost grains: For the singlet configuration, the change
of the incident angle from perpendicular to oblique does not mod-

ify the total heat deposited on the single grain. However it alters (i) the total heat deposited on the
substrate which is decreased by sinχ, the presence of larger temperature gradients increases con-
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duction of heat away from the grain and translates to lower dust temperatures, (ii) the incident heat
flux distribution on the grain, which now lies closer to the contact area which promotes heat con-
duction in a similar fashion. Therefore, single isolated grains in an oblique heat flux scenario have
a higher probability to avoid melting, than for perpendicular heat flux. For the doublet and singlet
configurations, the lower grains are no longer geometrically shadowed from the incident heat flux
and are heated equally or more precisely nearly equally to the uppermost grain. This significantly
lowers the temperature gradient between the grains and thus decreases dust-dust heat conduction.
This is expected to result to a faster tendency towards insulated behavior with increased number
of contacts, compared to the case of perpendicular heat flux. These theoretical expectations have
been confirmed by the simulations. For high heat flux (see Figure 10.2), singlet grain survivability is
enhanced, while for the doublet and triplet configurations the tendency towards thermal insulation
is more rapid. For intermediate heat flux (see Figure 10.3), the top grain in the triplet configuration
will melt for large grains even in the case of perfect thermal contact. For low heat flux (see Figure
10.4), melting is still a rare occurrence and the change of plasma incidence does not alter the con-
clusion that melting only takes place in large clusters consisting of small grains. Furthermore, owing
to the small temperature gradient between grains, the curve for perfect thermal contact approaches
the thermal insulation curve for larger grains in the doublet and triplet configurations in high heat
flux conditions. As a consequence, the sensitivity to the thermal contact conductance is low and
the simulation results for different slope or roughness values completely overlap. The same effect
can be observed in the triplet configurations for intermediate and low heat flux, although in the
latter situation it is not as strong.

Lower grains: The lack of shielding of the lower grains in the doublet and triplet configurations
makes it important to investigate whether these grains can also reach melting temperatures. Let
us consider the doublet configuration. The bottom grain will receive close to equal overall heat
as the top grain, since at 10◦ incidence, very little plasma heat flux is occluded. For this reason,
the temperature evolution of the bottom grain in a doublet configuration should be similar to that
of a single grain. In fact, the singlet grain can be even expected to be colder, since it lacks the
additional heat flux source due to heat conduction through the upper grain. The same reasoning
can be applied to the bottom and middle grains in a triplet configuration. The following can be
expected; For high heat flux, melting will occur for large sizes of the lowermost grain in both the
doublet and triplet configurations. The triplet middle grain will reach melting for most dust sizes,
even when perfect thermal contact is employed. For intermediate heat flux, the triplet middle grain
will reach melting when thermal constriction is implemented. The average terminal temperatures
of the doublet bottom-, and triplet middle grains have been recorded in the high-, and intermediate
heat flux scenarios in order to verify the above discussion, the plots can be seen in Figures 10.2
and 10.3. The expected effects are observed - the temperature predictions are higher than those
of their approximate counterparts. The doublet bottom grain for intermediate heat flux does not
receive enough heat flux from the top grain to reach melting for any of the implemented thermal
constrictions. It should be emphasized that the above results are indicative since the first grain to
melt is always the uppermost one, at which point the model is no longer valid.
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Figure 10.2: High heat flux scenario: q=550MW/m2, Tin=1370K, ∆τ=1ms, χ = 10◦. (a,b,c)
The maximum temperature reached by the uppermost grain in the singlet, doublet and triplet
configurations, respectively. (d,e) The average terminal temperature of the bottom grain in the
doublet-, and middle grain in the triplet configuration, respectively. The upper and lower error
bars correspond to σ=0.1 and 0.05µm. (f) The terminal temperature profile along the symmetry
axis in the triplet configuration for Rd = 5µm, σ=0.1µm, and tan θ = 0.5. Notice the temperature
jumps that occur at the contact regions, and the small change between middle and uppermost
grains.
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Figure 10.3: Intermediate heat flux scenario: q=200MW/m2, Tin=920K, ∆τ=1ms, χ = 10◦.
(a,b,c) The maximum temperature reached by the uppermost grain in the singlet, doublet and
triplet configurations, respectively. (d,e) The average terminal temperature of the bottom grain in
the doublet-, and middle grain in the triplet configuration, respectively. The upper and lower error
bars correspond to σ=0.1 and 0.05µm. (f) The terminal temperature profile along the symmetry
axis in the triplet configuration for Rd = 10µm, σ=0.1µm, and tan θ = 0.5. Notice the temperature
jumps that occur at the contact regions, and the small change between middle and uppermost grains.
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Figure 10.4: (a,b,c)Low heat flux scenario: q=100MW/m2, Tin=700K ∆τ=1ms, χ = 10◦. The
maximum temperature reached by the uppermost grain in the singlet, doublet and triplet config-
urations, respectively. The upper and lower error bars correspond to σ=0.1 and 0.05µm. (d) The
terminal temperature profile along the symmetry axis in the triplet configuration for Rd = 5µm,
σ=0.1µm, and tan θ = 0.1. Notice the temperature jumps that occur at the contact regions, and
the small change between middle and uppermost grains.
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10.2 Angle dependence for identical non-axisymmetric dou-
blets

In this section we perform a sensitivity study employing the 3D geometry. Similar to the study
conducted in section 9.3, the goal is to investigate how the non-axisymmetric placement of dust
monomers affects the temperature of the uppermost grain, this time for oblique plasma heat fluxes.

𝒒𝒒 

𝝋𝝋 
𝝌𝝌 

Figure 10.5: Configuration of
the grains, and definition of the
asymmetry angle ϕ.

A single dust configuration has been simulated - the doublet -
asymmetrically placed with respect to the substrate surface nor-
mal. One grain is placed on top of an equally sized grain. The
degree of non-axisymmetric placement is quantified by the asym-
metry angle ϕ, as previously defined. The angle between the
substrate surface and the incident heat flux vector is 10◦, and ~q
lies in the plane of ϕ̂ - see Figure 10.5 for an illustration of the
grain configuration and the geometrical relation between grain
asymmetry angle and incident heat flux vector. A single case of
oblique heat flux has been simulated - 200MW/m2. The simula-
tion time is 1 ms, and for each run, the maximum temperature of
the top grain has been recorded. In the first set of simulations,
the dust radius was kept constant at 2.5µm and ϕ varied from
−85◦ to 85◦ in increments of 5◦. In the other simulation sets, the
dust radius was locked at 5, 7.5, 10µm and ϕ varied in the same
manner. For each dust size, the maximum temperature reached

by the upper grain is plotted as a function of the asymmetry angle ϕ. Also plotted are the curves
employing perfect thermal contact and thermal insulation between the grains - the plots can be
seen in Figure 10.6.

Thermal insulation: The curve will be constant for ϕ between −85◦ and 10◦, since a hemi-
spherical part of the top grain is always exposed to the incident heat flux and there is no dependence
on the temperature of the lower grain. The curve will be monotonically decaying for ϕ between
10◦ and 85◦, since the top grain gradually becomes more shadowed by the lower grain, resulting
in a temperature decrease. Generalizing for arbitrary ϕ, χ angles, the curve will be constant for
−90◦ < ϕ < χ and monotonically decaying for χ < ϕ < 90.

Thermal constriction and perfect thermal contact: The curve will have a shallow local
minimum at ϕ = −80◦, which can be explained by considering the shielding of the bottom grain.
At this angle, the bottom grain is entirely shadowed from the incident heat flux by the top grain.
Thus, there will be more conduction of heat away from the top grain compared to slightly larger
or smaller angles, which leads to a decrease of the final temperature of the top grain. Beyond this
minimum, the curve will be monotonically increasing up to ϕ = 10◦, since a hemisphere of the
top grain is constantly exposed and an increasing surface of the bottom grain becomes gradually
exposed. This behaviour stops at ϕ = 10◦, which constitutes a global maximum with the maximum
total surface area of the grains (hemisphere for each grain) exposed to the incident plasma heat
flux. For larger angles, the curve becomes monotonically decaying, since the top grain becomes
increasingly shadowed by the fully exposed bottom grain. Generalizing for arbitrary ϕ, χ angles,
the curve will have a local minimum at χ− ϕ = 90◦, will be monotonically increasing up to ϕ = χ
and monotonically decaying for χ < ϕ < 90.
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Figure 10.6: Maximum temperature of upper grain: q=200MW/m2, Tin=920K, ∆τ=1ms, tan θ =
0.5, χ = 10◦. (a,b,c,d) Dust radius 2.5, 5, 7.5, and 10µm. The upper and lower error bars
correspond to σ=0.1 and 0.05µm, respectively. For ϕ < 10◦ the thermal insulation curve is kept
parallel to the horizontal axis, since it only depends on the upper grain size and the incident heat
flux, which are kept constant for each subfigure. The other curves are all non-monotonic with a
maximum centered on ϕ = 10◦, and a local minimum at ϕ = −80 where the bottom grain is fully
occluded.



Chapter 11

Additional sensitivity studies

In the following sensitivity studies, the dust-dust contact radii, the dust- substrate contact radii
and the external pressures are found using the method outlined in 8.1. For the heat constriction at
the contact, equation (3.24) is employed with 2.9 GPa for the micro-hardness of tungsten.

11.1 Incident angle dependence for identical axisymmetric
doublets

In this section, we perform a sensitivity study employing the 3D geometry. So far, we have only
performed simulations with χ=10◦ and 90◦, which are the relevant angles for oblique and perpendic-
ular Pilot-PSI experiments. However, in tokamaks the heat flux angle with respect to plasma-facing
components and exposed samples can greatly vary. The goal is to investigate, in the case of dou-
blets, how the inclination of the plasma heat flux affects the maximum terminal temperature of the
uppermost grain.

𝒒𝒒 
𝝌𝝌 

Figure 11.1: Axisymmetric con-
figurations of the grains.

A single dust configuration has been simulated - the doublet
- axisymmetrically placed with respect to the substrate surface
normal. One grain is placed on top of an equally-sized grain. An
illustration of the geometry is displayed in Figure 11.1. A single
case of heat flux has been simulated - 200 MW/m2. The simula-
tion time is 1ms, and for each run, the maximum temperature of
the top grain has been recorded. In the first set of simulations,
the dust radius was kept constant at 2.5µm and χ varied from
5◦ to 90◦ in steps of 5◦. The procedure was repeated with the
dust radius locked at 5, 7.5, and 10µm. For each dust size, the
maximum temperature reached by the upper grain is plotted as
a function of the plasma heat flux inclination, the plots can be
seen in Figure 11.2.

Two competing major effects dictate the functional depen-
dence on the inclination angle χ that is exhibited by the curves:
the geometrical shadowing of the bottom grain and the optical

approximation for the heat flux to the substrate. (i) The heat flux shadowing of the bottom grain
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by the top grain increases as the inclination tends to become more normal. As a consequence of
the lower bottom grain temperatures, heat conduction from the top grain increases, resulting to
lower top grain temperatures. (ii) According to the optical approximation, the heat flux to the
substrate scales as sinχ, which implies an increase of the substrate surface and bulk temperature
as the inclination tends to become more normal. Hence, this will lead to an increase of the bottom
grain temperature and by extension to higher top grain temperatures. For highly oblique inci-
dence, the first effect can be expected to be weak, since within this inclination angle interval only a
small portion of the surface of the bottom grain will always be shadowed. Thus, the second effect
will dominate the functional dependence in this region, which will be monotonically increasing.
For near-normal incidence, the first effect can be expected to be strong, because of the significant
shadowing of the bottom grain, as well as the fact that the first effect more directly impacts the
temperature evolution of the top grain. Thus, the first effect will dominate the functional depen-
dence in this region, which will be monotonically decreasing. The above imply the existence of a
maximum for moderate inclination angles, which will be slightly size-dependent. The simulation
results verify our theoretical expectations.
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Figure 11.2: Maximum temperature of upper grain: q = 200MW/m2, Tin = 920K, ∆τ=1ms, tan θ
= 0.5. (a,b,c,d) Dust radius 2.5, 5, 7.5, and 10µm. The upper and lower error bars correspond to
σ=0.1 and 0.05µm, respectively.



11.2 Initial temperature dependence for identical axisym-
metric doublets

In this section, we perform a sensitivity study employing the 2D-axisymmetric geometry. In our
simulations, the initial temperature of the configuration is either adopted from infra-red camera
measurements or assumed to be equal to the vessel temperature. There are inherent uncertainties to
the initial temperature that can propagate up to the simulation output. The goal is to investigate, in
the case of doublets, how initial temperature uncertainties affect the maximum terminal temperature
of the uppermost grain.

𝒒𝒒 

Figure 11.3: Axisymmetric con-
figuration of the grains.

A single dust configuration has been simulated - the doublet
- axisymmetrically placed with respect to the substrate surface
normal which coincides with the incident heat flux vector. One
grain is placed on top of an equally-sized grain. Consequently,
only the top hemisphere of the uppermost grain receives the in-
cident heat flux. An illustration of the geometry is displayed in
Figure 11.3. A single case of normal heat flux has been simulated
- 200 MW/m2. The simulation time is 1ms, and for each run,
the maximum temperature of the top grain has been recorded. In
the first set of simulations, the dust radius was kept constant at
2.5µm and Tin varied from 450 to 1450K in steps of 50K. The
procedure was repeated with the dust radius locked at 5, 7.5,
and 10µm. For each dust size, the maximum temperature Tmax
reached by the upper grain is plotted as a function of the initial
temperature Tin, the plots can be seen in Figure 11.4.

Two effects are expected as the initial temperature increases: (i) Since the temperature response
of the upper grain to the boundary heating is monotonically increasing with time, the terminal
temperature profile will increase. (ii) Heat conduction across the dust-dust boundary will decrease
as a consequence of the higher initial temperature of the permanently shielded bottom grain, which
leads to further increase of the upper grain temperature. The synergy of the two effects suggests
that we should obtain |∆Tmax| > |∆Tin| in some cases. The first effect is observed for all dust radii
- the maximum terminal temperature of the upper grain monotonically increases with Tin. For
smaller grains, and weaker thermal constriction, where dust temperatures are lower, the sensitivity
to the initial temperature is the highest. This is due to the fact that the grain temperature evolution
with time is less suppressed by the cooling fluxes. Indeed, the approximately linear (see Figure 11.5)
dependence for dust radii 2.5 and 5µm and tan θ = 0.5 indicates that the temperature evolution
curves are closely similar in shape while being offset from each other. In these two cases, the
correspondence between ∆Tin and ∆Tmax is nearly one to one, but due to the second listed effect,
∆Tmax is in fact slightly larger; here the predicted uncertainty of the maximum temperature is larger
than the measurement uncertainty of the initial temperature. With higher initial temperatures,
larger grains, and stronger thermal constriction, the terminal temperature of the upper grain will
draw closer to the point of steady state between plasma heating and cooling fluxes, which is seen
in the plots as an asymptotic approach to the curve corresponding to thermal insulation.
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Figure 11.4: Maximum temperature of upper grain: q=200MW/m2, and ∆τ=1ms. (a,b,c,d) Dust
radius 2.5, 5, 7.5, and 10µm. The upper and lower error bars correspond to σ=0.1 and 0.05µm,
respectively. The response of Tmax is weaker for larger grains and stronger thermal constriction.
The curve of thermal insulation is independent of Tin for the three smaller dust radii, owing to the
fact that the elapsed simulation time is sufficient for the grain to reach equilibrium between cooling
fluxes and plasma heating, regardless of initial temperature. As the fluxes are all proportional to the
surface area of the grain, the steady state temperature is identical between dust sizes. The largest
thermal capacity is held by the 10µm grain; the steady state temperature is not reached within the
elapsed time. The corresponding thermal insulation curve is therefore at lower temperatures, and
is weakly dependent on Tin.
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Figure 11.5: The sensitivity of the maximum terminal temperature of the upper grain to initial
temperature deviations. ∆Tmax =Tmax(Tin)−Tmax(450), ∆Tin = Tin − 450. (a,b,c,d) Dust radius
2.5, 5, 7.5, and 10µm. Results for tan θ=0.5. The lower and upper error bars correspond to
σ=0.1 and 0.05µm, respectively - notice the reversal of the error bars. For dust radius 2.5µm the
sensitivity is equal between the two σ values, and the curve is linear with a slope slightly exceeding
unity. For larger grains, the sensitivity is lower, resulting to larger error bars and a non-linear
curve.



11.3 Effect of neighbouring adhered grains in the absence of
geometrical shadowing

So far, in our simulations, we have assumed that a unique dust cluster or a unique isolated grain
is adhered to the entire substrate. In engineered experiments with pre-adhered dust as well as
in tokamak discharges with in situ adhered dust, this will rarely if ever be true. In this sec-
tion, we investigate whether the dust temperature evolution can be affected by the presence of
neighbouring adhered grains. In general, there are three possible coupling mechanisms: (i) Modi-
fication of the heat flux transmitted through the plasma sheath. As described in Chapter 5, dust
grains can locally affect the sheath properties. Thus, in the case of closely packed grains, the heat
flux incident to the reference cluster can be affected by sheath modifications due to neighbouring
clusters, provided that the distance between the grains is of the order of the Debye length. In
lack of appropriate models, this effect cannot be investigated further. (ii) Geometrical shadow-
ing from the incident heat flux. Especially in the case of oblique incident heat flux, it is possible
that a cluster partly or entirely resides within the "shadow" of a larger cluster and is thus effec-
tively shielded from plasma heating. As emphasized in previous sensitivity studies, geometrical
projections can be employed to determine the occluded surface and this type of shielding can be
very effective. (iii) Modification of the local substrate temperature. Let us consider two single
grains adhered to the substrate with their centers at a distance D > Rd1 + Rd2 (see Figure 11.6).
Heat conduction through the dust-substrate contacts will increase the substrate temperature in
the vicinity of each contact region. Provided that radial heat diffusion is comparable to axial
heat diffusion, if this temperature rise is significant across the distance D, then the local radial
temperature gradients can be small and cooling through conduction will decrease for both grains.

D 

�⃗�𝑞 

Figure 11.6: Illustration of the
distance D for two adjacent sin-
gle grains of equal size.

Overall, this will lead to an increased dust temperature in the
closely packed case compared to the unique grain case. With the
simulations that follow, we aim to investigate the importance of
the latter effect.

The numerical investigation is based on monitoring the radial
profile of the terminal substrate surface temperature for various
simulation parameters in order to determine the characteristic
length of temperature increase in the vicinity of adhered grains.
Three different dust configurations have been simulated - singlets,
doublets, triplets - axisymmetrically placed with respect to the
substrate surface normal which coincides with the incident heat
flux vector. The grains are of equal sizes and are placed directly
on top of each other. Consequently, only the top hemisphere of
the uppermost grain receives the incident heat flux. All previously
investigated heat flux magnitudes have been simulated - High,
intermediate, and low plasma heat flux. This has been carried

out for various dust radii in the size range of interest (5-25µm diameter) and for several cases of
thermal constriction at the contact.

Figure 11.7 contains a few representative temperature profiles obtained by employing the singlet
configuration. The temperature can be observed to drop rapidly beyond the center of the adhered
grain towards the dust-free value, as a consequence of the high thermal diffusivity of bulk tungsten.
It is important to note that the temperature increase due to heat conduction through the contact
is mostly localized within the contact radius a, whereas the shortest possible distance between



the centers of two adjacent grains of equal size is D = 2Rd � a. Consequently, the heated region
around each adhered grain needs to be much larger that Rd−a/2 for the perturbed regions to overlap
strongly, which is not the case. In fact, at D = 2Rd, the substrate surface temperature is less than
10K above the value corresponding to r → ∞, for all eight presented scenarios. A correction of
this magnitude can be considered negligible. The presented plots were chosen as representative of
the generally observed trend - for all other investigated grain sizes and grain configurations, the
same conclusions have been drawn. Hence, for the parameter range of interest, only the first two
coupling effects are expected to be important.
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Figure 11.7: Radial profile of the substrate surface terminal temperature. Singlet configuration,
∆τ = 1ms. Results for perfect thermal contact (left panel) and σ = 0.1µm, tan θ = 0.1 (right
panel). Top: qplasma = 200MW/m2, Tin=920K. Bottom: qplasma = 550MW/m2, Tin=1370K. The
radial position is measured from the point where the substrate surface normal intersects the grain
centre. Beyond the contact radius of the adhered grain, the temperature profile drops rapidly, and
converges towards the dust-free substrate temperature as r →∞.



Chapter 12

Sensitivity on the heat flux shape
and profile

In the following sensitivity studies, the dust-dust contact radii, the dust- substrate contact radii
and the external pressures are found using the method outlined in 8.1. For the heat constriction at
the contact, equation (3.24) is employed with 2.9 GPa for the micro-hardness of tungsten.

12.1 Dependence on the normal heat flux pulse profile for
identical axisymmetric clusters

In this section we perform a sensitivity study employing the 2D-axisymmetric geometry. So far, in
our simulations, we have assumed that the incident plasma heat flux is perfectly homogeneous, i.e.
that it is cylindrically symmetric and that there is no radial dependence. The latter assumption
is not true. As aforementioned, the Pilot-PSI plasma parameters have radially decaying Gaussian
profiles with a typical full-width at half maximum ∼1 cm. Therefore, the incident plasma heat
flux is expected to vary significantly across the substrate radius of 1.5 cm. The objective of these
simulations is to investigate the grain temperature sensitivity to the pulse profile of the (assumed
time-independent) boundary heat source.

Four radial heat flux profiles have been investigated. (I) A Gaussian decaying profile fol-
lowing the radial dependence of the density / temperature,

q(r) = qplasma exp
(
− r2

2σ2

)
, (12.1)

with σ ' 4.25mm corresponding to FWHM'1 cm and qplasma the heat flux maximum which is
located at the center of the substrate. (II) An exponential decaying profile resulting from
theoretical considerations. In particular, assuming that the ion and electron temperatures are
equal everywhere, that the sheath heat transmission coefficient γ is temperature independent and
that the particle flux reaching the substrate can be computed with the aid of the Bohm criterion
at the sheath entrance Γ = (1/2)necs where cs =

√
[kBTe + (5/3)kBTi]/mi is the sound speed,

the definition q = γΓTe leads to the heat flux dependence q ∝ neT
3/2
e on the plasma parameters.



Substituting for the two Gaussian functions, we end up with the profile

q(r) = qplasma exp
(
− 5

4
r2

σ2

)
, (12.2)

which decays more rapidly than the Gaussian profile. (III) A triangular profile with FWHM
= 1 cm. This profile cannot be theoretically justified in the manner of the previous profiles, but
may yield interesting results, since its mathematical form is capable of resulting to stronger radial
heat diffusion at the substrate center, owing to the sharper heat flux peak compared to profiles
(12.1) and (12.2). (IV) A perfectly homogeneous profile, which serves as the reference profile
and has been employed for the simulations of all previous sensitivity studies. Profiles I, II, III, and
IV are illustrated in Figure 12.2. Notice that all heat flux profiles have the same maximum at the
substrate center, where the dust grain is assumed to be adhered. Also note that the rate of heat
deposition is different for each profile, since the value of

∫
q.dS = 2π

∫
rq(r)dr differs.

Since the heat flux at the substrate surface center is equal for all the above listed profiles,
the main difference concerning heat transfer through dust will lie in the unequal rates of radial
diffusion. If this diffusion is significant on the timescale of the simulation, profiles I, II, and III will
yield a lower substrate temperature at the center compared to profile IV. Thus, they will predict
lower dust temperatures. The present investigation has been carried out for ∆τ = 1ms, and for
this simulation time, the temperature evolution in the substrate surface center is indistinguishable
between the four heat flux profiles, as is the temperature evolution of any grains adhered at the
centre. This can be explained by once again considering the room temperature diffusion length of
tungsten, Ldiff = 0.5mm for 1ms. Since it is much smaller than the scale of significant heat flux
variation (FWHM=1 cm for profiles I, III and FWHM' 0.6 cm for profile II), it is reasonable to
consider radial diffusion negligible.

Let us continue the investigation by posing the following question: How small does the FWHM
of the heat flux profile need to be in order to affect the dust temperature evolution? In order to find
the answer, numerous simulations have been run in the 2D-axisymmetric geometry. The singlet
configuration has been employed for dust radii 5 and 10µm and surface roughness characteristics
of σ = 0.1µm and tan θ=0.1. The substrate surface has been assigned a boundary heat flux of
triangular shape - profile III - and the FWHM of the profile has been incrementally decreased.
Figure 12.1 presents the temperature evolution of the grain for a few select values of the FWHM. In
accordance with the earlier arguments, the triangular profile can result in lower grain temperatures,
due to radial heat diffusion. However, this is only possible for heat flux profiles that are significantly
narrower than those expected in Pilot-PSI.

The above investigation justifies the employed assumption of homogeneous heat flux across the
substrate. However, it should be emphasized that the dust grains are not adhered to the exact
center of the substrate (see Figure 4.1), which coincides with the maximum of the plasma profiles.
Therefore, the heat flux on the grains is lower than the maximum.
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Figure 12.1: Evolution of single grain maximum temperature. qplasma = 200MW/m2, Tin = 920K,
∆τ = 1ms, tan θ = 0.1, σ = 0.1µm. (a,b) Dust radius 5 and 10µm. The incident heat flux profile
has a triangular shape (Profile III of Figure 12.2) with a FWHM as specified by the curve legend.
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Figure 12.2: Radial heat flux profiles employed in the simulations. (I) Gaussian profile,
FWHM=1 cm. (II) Exponential profile, FWHM≈0.63 cm. (III) Triangular profile, FWHM=1 cm.
(IV) Homogeneous heat flux profile employed in all previous simulation scenarios.



12.2 Dependence on the normal heat flux pulse shape for
identical axisymmetric doublets

In this section we perform a sensitivity study employing the 2D-axisymmetric geometry. So far,
in our simulations, we have assumed that the temporal dependence of the ELM-replicating heat
pulses can be represented by perfect squares, i.e. that for the duration of each ELM the plasma
heat flux is constant and equal to qplasma. Clearly, this is an idealized case that cannot be achieved
experimentally neither in tokamaks nor in linear plasma devices. For example, in Figure 12.3b,
we illustrate the evolution of the heat flux incident at the center of the substrate as inferred
from measurements in Pilot-PSI, the deviation from the square is obvious. The objective of these
simulations is to investigate the grain temperature sensitivity to the pulse shape of the (assumed
spatially homogeneous) boundary heat source.

A single grain configuration has been simulated - the doublet. Two grains are axisymmetrically
placed with respect to the substrate surface normal which coincides with the incident heat flux
vector. The grains are of equal sizes, one grain is placed directly on top of the other. Conse-
quently, only the top hemisphere of the uppermost grain receives the incident heat flux. The grain
configuration is illustrated in Figure 12.3a.

𝒒𝒒 

Figure 12.3: (a) Axisymmetric configuration of the grains. (b) Time-evolving heat flux profile of a
typical ELM-like pulse in Pilot-PSI (time is in arbitrary units)

Four different heat flux shapes have been investigated: (I) a sharp isosceles trapezoidal pulse,
(II) a wide isosceles trapezoidal pulse, (III) an isosceles triangular pulse, (IV) a square pulse. These
pulse shapes are illustrated in Figure 12.4. Notice that all pulses have the same overall duration,
which is equal to the simulation time, ∆τ =1ms. Moreover, the height of each pulse is determined
by requiring that the total deposited heat per unit area is the same for all pulses, i.e.

∫
q(t)dt =

qplasma ∆τ . The intermediate heat flux scenario has been simulated with qplasma = 200MW/m2

and Tin = 920K. The maximum temperature evolution of the top grain has been recorded and the
evolution curves corresponding to the four pulse shapes have been plotted. This has been carried
out for the dust radii 2.5, 5, 7.5, and 10µm - the results can be found in Figure 12.5.

The following two physical properties mostly govern the sensitivity of the temperature evolution
to the pulse shape: (i) The heat capacity of the grain. The heat capacity is a measure of the thermal



inertia of an object. It is an extensive thermodynamic property that depends on the object’s size
and is connected to the size-independent specific heat capacity through Cp = mcp or equivalently
Cp = ρ (4πR3

d/3)cp for homogeneous spherical grains in absence of phase transitions. Therefore, the
time-scale of the temperature response to a given heating rate strongly depends on the dust radius.
A smaller grain will respond more rapidly to heat flux changes and is therefore more sensitive to
the pulse shape than larger grains. This is confirmed by Figure 12.5, where the largest temperature
response difference between pulse shapes is observed for the smallest simulated radius of 2.5µm,
whereas for larger grains the curves evolve in a similar fashion. (ii) The contact conductance. A
rapidly evolving heat pulse will result to larger instantaneous temperature gradients compared to
a constant heat flux. Therefore, heat conduction to the substrate (which strongly depends on the
thermal contact conductance model) can be very important for dust cooling and may significantly
decrease the terminal temperature of the grain for rapidly evolving pulses, even though the total
deposited heat is the same for all pulses. The most relevant example, in the present simulations,
can be observed in the temperature evolution of the 2.5µm grain. The curve corresponding to the
triangular pulse reaches the highest temperature - close to 2500K - however this is also the pulse
that yields the lowest terminal temperature, 700K below the terminal temperature corresponding
to the square pulse.
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Figure 12.4: Time-dependent boundary heat sources employed in the simulations. (I) Sharp isosceles
trapezoidal pulse. (II) Wide isosceles trapezoidal pulse. (III) Isosceles triangular pulse. (IV)
Square pulse. The pulse duration is the same and each pulse shape height is chosen so that∫
q(t)dt = qplasma ∆τ .
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Figure 12.5: Evolution of top grain maximum temperature. Doublet configuration, qplasma =
200MW/m2, Tin = 920K, ∆τ = 1ms, tan θ = 0.5, σ = 0.05µm. (a,b,c,d) Dust radius 2.5, 5,
7.5 and 10µm. The four curves for each dust radius correspond to the respective plasma heat flux
pulse shapes, illustrated in Figure 12.4. Remarks: (i) As the heat capacity decreases, i.e. as the
radius decreases, the maximum temperature evolution starts to reflect the heat flux pulse shape.
See results for Rd = 2.5µm. (ii) Due to the enhanced conduction cooling, the temperature of the
top grain is not monotonically increasing for the time dependent heat fluxes; during the diminishing
part of the heat pulse, the temperature begins to decrease. Consequently, for all investigated dust
sizes and pulse shapes, the terminal temperature decreases with respect to the terminal temper-
ature for constant heat flux. (iii) For all investigated dust sizes and pulse shapes, the maximum
temperature increases with respect to the maximum temperature for constant heat flux.
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12.3 Repetitive normal heat flux pulses and identical ax-
isymmetric clusters

In this section, we perform a sensitivity study employing the 2D-axisymmetric geometry. In some of
the experiments reported in Ref.[8], the samples with pre-adhered dust were exposed to repetitive
ELM-replicating pulses in Pilot-PSI and repetitive ELMs in DIII-D. Concerning the Pilot-PSI
exposures, it can be observed that dust clusters melt easier under repetitive pulses. The goal is to
investigate the dust temperature evolution under repetitive ELM-like heat pulses and to identify
the main effects that come into play.

Three different dust configurations have been simulated - singlets, doublets, triplets - axisym-
metrically placed with respect to the substrate surface normal. The grains are of equal sizes and are
placed directly on top of each other. Consequently, only the top hemisphere of the uppermost grain
receives the incident heat flux. The time-dependent homogeneous heat flux consists of a high in
magnitude, short in duration heat flux of square shape (replicating the transient plasma) followed
by a low in magnitude, long in duration heat flux also of square shape (replicating the steady state
plasma). An illustration of the grain configuration and the time dependent heat flux is shown in
Figure 12.6. The chosen parameters for the heat flux are qELM = 200MW/m2, qinterval = 1MW/m2,
tELM = 1ms, and tinterval = 99ms corresponding to an ELM frequency of 10Hz. The initial tem-
perature is chosen to be homogeneous and equal to 920K. The chosen exposure time is 1 s, meaning
that there are 10 consecutive ELMs in each simulation.
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Figure 12.6: (a) Axisymmetric configuration of the grains. (b) Temporal evolution of the prescribed
boundary heat flux for ELM-replicating pulses.

Temperature evolution: All simulations begin with the arrival of a heat pulse. In response
to the large value of the incident heat flux, the temperature of the top dust grain rises rapidly
and the temperature of the substrate also increases but in a less dramatic fashion. At the end
of the heat pulse: (1) the top grain temperature is very high so that the cumulative cooling flux
(thermionic emission, thermal radiation) largely exceeds the steady state heat flux, (2) the existing
temperature gradients between the dust grains but also between the bottom grain-substrate are
large enough so that the local Fourier heat flux transferred through heat conduction also largely
exceeds the steady state heat flux. As a consequence, the inter-ELM period is characterized by
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a rapid temperature drop of the dust grains, until the local temperature gradients smoothen and
the temperature-dependent cooling fluxes become insignificant. In the remaining largest part of the
waiting time (or inter-ELM period), the dust-temperature slowly increases in response to the steady
state heat flux. Clearly, the large amount of heat deposited during the pulse is not lost, but diffuses
along the substrate increasing its temperature. In fact, since

∫
qELM(t)dt ' 2

∫
qinterval(t)dt, the

energy deposited by the transient plasma is nearly double the energy deposited by the steady state
plasma. Hence, the former is more responsible for the substrate temperature increase.

Temperature response: Taking the above considerations into account, there are two effects
that can be expected to differentiate the temperature response to subsequent pulses from the tem-
perature response to initial pulses: (i) Inhomogeneous temperatures in the domain. The initial
condition of the simulation is a perfectly homogeneous temperature distribution, a condition that
may not be fulfilled at the onset of the subsequent pulses unless the waiting time is large enough so
that the temperature gradients smoothen out by diffusion. In order to investigate this, let us revisit
the diffusion length Ldiff , for the waiting time of 99ms and the room-temperature thermal diffusiv-
ity of tungsten we have Ldiff =5mm, which is much larger than the substrate length of 1mm. This
suggests that for the chosen simulation parameters, any temperature gradient across the substrate
will effectively disappear in the elapsed time between the heat pulses. Indeed, this is confirmed by
Figure 12.7 - the temperature at the onset of each pulse is close to homogeneous throughout the
substrate. (ii) Different temperatures at the pulse onset. As the simulation progresses, the overall
temperature of the grains and substrate will rise, as illustrated in Figures 12.7, 12.8. Therefore, it
can be concluded that the only difference between the temperature response to the initial pulse and
to the subsequent pulses lies at the different nearly homogeneous dust and substrate temperatures
at the onset of the pulse. (This conclusion would not be valid, mainly if the cooling interval after
a heat pulse would overlap with the heating interval during the subsequent heat pulse. For our
simulation parameters, this corresponds to a waiting-time less than 10ms or equivalently an ELM-
frequency larger than 100Hz. Such "high" ELM frequencies cannot be achieved in Pilot-PSI and
are not typical for tokamaks.) Hence, the reader is addressed to the detailed discussion provided
in the previous sensitivity study - section 11.2.

It is important to emphasize that, in contrast to the previous sensitivity studies, the simulation
time in this section is 1 s, which is long enough for heat to significantly diffuse up to the bottom (op-
posite to the plasma-facing side) boundary. In fact, we have already calculated that even the 99ms
waiting time between pulses is enough for substrate temperature gradients to disappear. Therefore,
the boundary condition at the bottom boundary needs to be realistic and the arbitrary assumption
of thermal insulation at the bottom can no longer be justified; substrate cooling may influence the
output of these simulations. However, the generic conclusions of the previous paragraphs should
still be valid.
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Figure 12.7: Substrate temperature profile along the symmetry axis at different simulation times.
The overall temperature increase of the substrate is ∼ 1000K. At the onset of each ELM, the
temperature distribution across the substrate is almost totally homogeneous, with the exception of
a slight upward curve at the substrate surface. This inhomogeneity stems from the response to the
weak steady state heat flux.
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Figure 12.8: Temperature evolution during repetitive normal heat flux pulses. Triplet configuration,
qELM = 200MW/m2, qinterval = 1MW/m2, tELM = 1ms, tinterval = 99ms. tan θ = 0.5, σ = 0.1µm.
Results for dust radii of 5µm (left panel) and 10µm (right panel). Top: Temperature evolution
at the top of the uppermost grain. Middle: Temperature evolution at the contact between the
lowermost grain and the substrate. Bottom: Combined plot of the temperature evolution at the
uppermost grain and substrate top surfaces illustrating the rapid drop of the dust and substrate
temperatures up to the point where they increase in response to qinterval.



Conclusions and outlook

Summary and conclusions: An in-house 2D-axisymmetric finite element model of heat transfer
through dust grains and clusters adhered to bulk substrates has been refined in order to include
thermal constriction at the contacts and the size-dependence of the dust emissivity at the thermal
radiation cooling flux. The model has also been extended to three dimensional geometries in order
to simulate asymmetric dust clusters and oblique plasma heat fluxes by utilizing a straightforward
boundary heat deposition routine that handles mutual grain occlusion of the incident plasma in a
basic manner.

The selection of an appropriate thermal contact model to be incorporated into the heat transfer
simulations required a literature survey of theoretical descriptions of thermal conductance across the
interface of two rough surfaces in contact. The chosen CMY constriction model is largely consistent
with the theoretical framework of dust adhesion and material deformation during impacts, but it
requires currently unavailable input for some surface roughness statistical characteristics at scales
smaller than the contact radius. Assumptions had to be made for the values of the roughness
parameters, which in some cases had unphysical consequences. Nevertheless, the investigation
has not only resulted to valuable insight into the intricacies of surface roughness characteristics
and asperity deformation, but also yielded a criteria framework that must be fulfilled by more
appropriate roughness parameters. Furthermore, by evaluating the total thermal constriction in
the present simulations, any constriction model implemented in the future may be considered in
relation to current predictions - allowing for model assessment without the need for additional
simulations.

The model has been employed in order to investigate the dependence on the cluster geometry,
the number of dust monomers and the incident heat flux vector. A number of simulations have
also been carried out in order to explore the dependence on a number of initial conditions that
either have a wide operational range or are prone to experimental uncertainties. The goal was
to evaluate the importance of various physical effects relevant for the high transient heat loads
incident to the plasma-facing surfaces of the tokamak divertor. The simulations emulate recent
dedicated experiments carried out in the Pilot-PSI linear device and the model predictions are
discussed accordingly. However, the generic conclusions drawn below should also be valid for the
ITER divertor environment:

• Valuable insight to the role of thermal contact conductance in the temporal evolution of the
dust temperature can be provided by running simulations for the extreme cases of perfect
thermal contact and perfect thermal insulation. Naturally, these extreme cases constitute the
asymptotic mathematical limits of the analytic expressions for the thermal contact conduc-
tance.
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• All the functional dependencies revealed by the sensitivity studies can be qualitatively ex-
plained by general theoretical arguments related to the characteristic heat diffusion time or
length, the geometrical shadowing from the incident heat flux, Fourier’s law for the heat
flux, the thermal inertia expressed through the heat capacity, the temperature-scalings of the
cooling fluxes and the size-scalings of the contact radii.

• The surface roughness is treated as a random variable bounded within a physical interval
and leads to error bars in the simulation results. Such a description is justified in view of
the small statistically insignificant number of actual contact spots within the contact region.
This adds a probabilistic component to the simulations, which is serendipitously reflected in
the experiments.

• The simulation results are very sensitive to the magnitude of the contact area through the
functional dependences of the geometrical constriction and the roughness constriction, i.e. of
both components of the total thermal conductance. Therefore, the impact mechanics modeling
of the dust deposition and cluster formation needs to be accurate.

The main qualitative conclusions drawn from the large number of simulations carried out for W
dust adhered to W surfaces are the following:

• As the number of dust monomers increases, the uppermost grains tend to become thermally
insulated owing to the multiple mediating thermal constrictions between the top of the cluster
and the substrate.

• Under normal heat fluxes, dust clusters melt much easier than bulk materials owing to their
small heat capacity and the thermal constriction at the contacts. Under oblique heat fluxes,
dust clusters melt much more easier than bulk materials also owing to the fact that they are
subject to the full heat flux and not only to the normal heat flux projection.

• The experimentally observed preferential melting of dust clusters over isolated grains can be
reproduced in a wide range of heat fluxes and dust sizes.

• In the case of dust clusters, heat deposition onto the mediating grains (possible in the cases
of size asymmetry, non-axisymmetric clusters or oblique heat flux) can strongly affect the
temperature evolution of the uppermost grains. It can also lead to melting of the intermediate
or even bottom grains. The latter has not been observed experimentally, most probably
because intermediate or upper grains melt first.

• Fusion-relevant ELM frequencies and inter-ELM over intra-ELM heat flux ratios are gener-
ally low enough for the dust grains to significantly cool through conduction and thermionic
emission in the interval between ELMs. Therefore, compared to single heat pulses, repetitive
heat pulses mostly affect the simulation results by increasing the substrate temperature.

• Fusion-relevant heat flux gradients are not generally steep enough and ELM durations are
not long enough, for the heat flux profile to influence the simulation results through radial
heat diffusion. It is essential though that the heat flux incident at the exact sticking spot is
known.

• Deviations in the temporal heat pulse shape from the idealized square form can significantly
affect the grain temperature evolution (both its maximum and terminal values), especially for
the smallest dust populations.



• The effect of neighboring grains is restricted to influencing the heat flux incident on the
reference grains either via sheath modification or via geometrical shadowing.

• Measurement uncertainties of the initial substrate temperature propagate up to the predicted
maximum grain temperature. They are less important as the dust size increases.

Outlook: As far as further improvements of the physical model implemented in the simulations
are concerned, the following would be mostly beneficial:

• Applied external pressure. The thermal contact conductances have been computed under the
assumption that the applied external pressure can be represented by the integrated positive
part of the JKR pressure profile divided by the entire contact area. In more accurate calcu-
lations, the applied external pressure will be equal to the cumulative plasma-induced forces
divided by the contact area.

• Surface roughness characteristics. Additional theoretical or experimental insight into the
shape and deformation characteristics of nanometer-scale surface roughness is required in or-
der to restrict the uncertainty in the roughness parameters or refine the currently employed
treatment of asperity deformation. In the experimental front, atomic force microscopy mea-
surements can provide valuable input.

• Local sheath modifications owing to the presence of large hot metallic dust. Such sheath
modifications will influence the incident plasma heat flux, the applied external pressure, the
cooling due to thermionic emission and the coupling with neighboring grains. PIC simulations
can increase our understanding of the importance of sheath modifications. It has to be noted
though that the problem is currently formidable.

• More realistic boundary conditions at the plasma-shadowed sides of the substrate. The cur-
rently imposed condition of thermal insulation is only viable for the case of single ELMs. For
the modelling of repetitive ELMs, it is important that more realistic boundary conditions are
employed.

As far as the application of the current physical model is concerned, the following are envisaged:

• Benchmarking of W-dust experiments carried out in the controlled Pilot-PSI environment.
This can be achieved by simulations of realistic dust cluster configurations reproduced from
SEM images followed by comparison of the melting predictions to macro-morphological changes
observed after superposition between pre- and post exposure SEM images.

• Additional sensitivity studies for Be and Be dust proxies. Experiments have already been
carried out for a number of Be dust proxies: Al (in the DIII-D tokamak) and Al, Cu, Cr
(in the ASDEX-Upgrade and the COMPASS tokamaks). The physical model is valid for any
metallic dust, provided that the material properties are updated.

• Predictions for W and Be dust adhered to the ITER divertor. This task requires input for the
ITER-relevant inter-ELM and intra-ELM plasma parameters, dust accumulation sites, dust
impact velocities and dust size distributions.
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