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Abstract

The divertor in a tokamak has to withstand a hostile atmosphere, for which no suitable solid
materials are found yet. As a solution a liquid metal concept is proposed, which considers a
layer of lithium flowing over the divertor wall.
The flow of a liquid metal in the presence of a magnetic field results in a magnetohydrodynamic
(MHD) flow. Such a flow distinguishes from other flows due to the secondary forces, resulting
from induced electrical currents. This makes the liquid wall concept challenging.
An experiment and model have been created, which are used to study electrically driven MHD
flows. These flows consist of an electrically driven MHD channel flow in the presence of a
transverse magnetic field, with optionally a layer of electrically conducting fluid on top. With
the model and experiment we want to study two things:

• the influence of a non driven layer on the scaling of the flow with the Hartmann number,

• the influence of the Hartmann number on the scaling of the flow with the electrical
current.

Based on the model we expect that the addition of a extra layer on top of the channel does
influence the scaling of the flow with the Hartmann number. Experiments however do not
show a different scaling for a channel flow with or without a layer on top. As source of this
difference between model and experiment the simplifications in the model are considered, but
no reason is found.
Furthermore both the model and experiment show the scaling of the flow with the electrical
current is influenced by the Hartmann number. The velocity components perpendicular to the
main flow (the secondary flow), which are influenced by the Hartmann number, are assumed
to cause this difference in scaling.
With this project we started experimental work on MHD flows, for our feasibility study on
liquid metal divertors. From this project we know secondary flows, which are typical for
curved flows, have an influence on MHD flows. Besides our physical goals, we learned a lot
on the practicality how to handle liquid metals.
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Chapter 1

Introduction

Mankind has always been fascinated by the sun, with a changing conception over time. The
ancient Egyptians worshiped their solar deities, Horus and Ra. The Babylonian noticed that
the orbit of the sun was not circular, and in the 16th century Copernicus mathematically
described the orbit of the earth around the sun.
As time goes by, our knowledge of the sun has improved. Nowadays the process of energy
production by fusion of nuclei in the sun is well understood. We are even trying to ’bring’
the sun to earth, by mimicking the fusion process in a reactor, for energy production.
The reactor, called a tokamak, in which our own imitation sun has to be produced, is cur-
rently under construction. This project is called ITER, and is a collaboration between the
European Union, India, Japan, Russia, South Korea, and the United States.
In the tokamak, the fusion fuel is available in the form of a plasma. This plasma is magneti-
cally confined in contrast to the gravitational confined plasma of the sun.
This fuel consists of the hydrogen isotopes deuterium and tritium, which fuse to helium and
a neutron and release 17.6 MeV of kinetic energy of these reaction products.

Figure 1.1: A cross section of a tokamak. In the center of the tokamak the plasma is mag-
netically confined. Here the production of energy takes place. The power in the scrape off
layer (SOL) will end up at the divertor, which is situated at the bottom of the tokamak. The
boundary between the confined plasma and the SOL is called the separatrix. [1]

At the divertor (see figure 1.1) the plasma is in contact with the wall. Ideally the divertor
should exhaust the fusion ash (helium) and a part of the produced power, without deteriorat-
ing the reactor performance. Due to the conditions in the plasma the wall has to withstand
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a high heat load in combination with radiation and a high neutron flux. Solid materials tend
to fail in this environment. An alternative concept, based on liquid metals, is presently under
discussion to provide a potential solution. The behavior of these liquid metals is the subject
of this study.

1.1 The Liquid wall concept

A liquid wall concept applies a liquid metal flowing over the wall, creating a buffer between the
wall and the plasma. The addition of this liquid metal has several advantages. For lithium,
which is one of the suggested metals, these advantages are:

No lattice to be damaged A material in the solid state has a lattice, which, to a large
extend, determines the physical properties of that material. The high heat load and
particle flux on a solid wall would damage the lattice, changing its physical properties.
Since a material in the liquid state does not have a lattice, the material properties
cannot change due to a damaged lattice.

Minor plasma dilution In the event of evaporation of particles originating from the wall,
the particles may end up in the plasma. In the plasma they heat up and get stripped
of their electrons, cooling down the plasma and decreasing the reactor performance.
The cooling power scales with the atomic number of the element squared. Lithium has,
with an atomic number of 3, a relative little influence on the plasma performance with
respect to alternative wall materials.

Self healing The nature of a liquid is advantageous in case a dry spot occurs. A liquid will
tend to fill up the dry spot again.

Low recycling allows better fusion performance Particles originating from the plasma
which arrive at the wall can reflect back into the plasma or end up in the wall. A
particle which reflects (recycling of particles) at the wall transfers its energy to the wall.
After this transfer of energy, the particle has the temperature of the wall, which is lower
than the plasma temperature. Reflection of a particle thus results in a decrease of the
plasma temperature, and hence a decrease in reactor performance. Liquid walls have a
low recycling yield, allowing high reactor performance.

Can be treated outside the machine Tritium is an unstable isotope of hydrogen, and
will be produced in the reactor. The production of tritium is critical and the losses of
tritium have to be limited.
Tritium arriving at the wall will likely get absorbed due to the low recycling nature of
the liquid. Since there is a continuous flow of liquid metal, it can be taken out of the
reactor. Outside the reactor it can be treated, and tritium can be extracted from the
liquid and re-injected into the plasma.

In figure 1.2 a simple example of a liquid metal divertor is given, at which lithium is driven
by gravity.
The flow of an electrically conducting fluid in the presence of a magnetic field is called a
magnetohydrodynamic (MHD) flow. In an MHD flow electric and magnetic fields are induced.
These induced fields interact again, applying secondary forces on the flow.
The MHD nature of the flow allows control by electrical currents. The combination of an
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Figure 1.2: A cross section of a simple system which allows liquid lithium (LiLi) to flow over
a heat sink. In this example the flow is driven by gravity. [2]

electrical current and a magnetic field (which is not parallel to the electrical current) results in
a force, perpendicular to both the electrical current and magnetic field, the so called Lorentz
force. In the field of MHD flows, the magnetic field is often rewritten to the Hartmann
number, which is a non-dimensional number which is characteristic for MHD flows.
The electrically conducting fluid in the presence of a magnetic field makes the liquid wall
concept challenging. The non linear behavior, as well as the control over the fluid are obstacles
to overcome. Before a liquid metal divertor can be installed in a tokamak, control over MHD
flows is needed. Therefore we need to find how an MHD flow can be driven, and how the flow
interacts with its driving parameters.
Several studies have focused on the pressure drop of MHD flows in annular channels. In other
studies the behavior of electrically driven MHD flows has been investigated.
In the field of MHD flows J.A. Baylis and J.C.R. Hunt worked on experimental and theoretical
analysis [3] of an MHD flow in a closed annular channel. S. Vantieghem [4] contributed with
his numerical results on a MHD flow in a closed annular duct.
More in the field of divertor oriented studies N.B. Morley [5] worked on modeling a free surface
liquid metal MHD flow, and worked on free surface thin film MHD flows [6]. J. Burris and
Morley published [7] their experimental results on a free surface MHD flow in a straight duct
in MTOR, driven by an electric field. Our work is devoted to the study of a free surface MHD
flow, which is driven by electrical currents applied under the free surface.

1.2 Goal

For this study we want to design and build a pilot experiment, which can be used for studies
on electrically driven MHD flows. With this pilot experiment a foundation will be laid for a
feasibility study on liquid metal divertors.
Therefore a pilot experiment has been designed which contains channels, in which the fluid
can be driven electrically, and a bulk layer, which is driven by the fluid in the channels only.
The flows in both the channels and the bulk are MHD in nature.
We are going to focus on the change in behavior of the flow on the driving parameters, due
to the addition of a non driven MHD layer. In the experiments, only the free surface of the
non driven layer is available for measurements. Since momentum can only be transferred by
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viscous dissipation, the velocity at the surface is a parameter which is characteristic for the
whole flow. For this project the surface energy, which is integrated kinetic energy over the
free surface, is used as flow parameter.
For this project we have defined the following two research questions:

• Does the bulk layer influence the scaling of the surface energy with the
Hartmann number?

• Does the scaling of the surface energy with the electrical current change
for different Hartmann numbers?

1.3 Method and outline

For this project a combination of numerical modeling and experimental work is used. A
numerical model is used to gain a better understanding of the physics of an MHD flow.
The derivation of this model is described in chapter 2. In chapter 3 the flow of an electrically
conducting fluid in an annular channel is modeled. This section is used to describe the physics
of an MHD flow in a curved geometry.
In chapter 4 the design of the experiment and the procedure of obtain the flow parameter
are discussed. Chapter 5 described the development of a measurement procedure, which is
used as a foundation for chapters 6 and 7. In these chapters the measurements are presented
which are used to answer the research questions.
In chapter 6 the models are used to describe the expected dependence of the surface energy
on the Hartmann number, for both the channel flow and the experimental flow. Thereafter,
experimental results of the channel flow, and of the channel driven bulk flow, are presented.
Chapter 7 first describes the influence of the Hartmann number and aspect ratio of the
channels on the scaling of the surface energy with the electrical current for a channel driven
bulk flow, according to the models. Furthermore the experimental results of the surface
energy for changing electrical current are given for Hartmann numbers of 1 and 11. The last
measurement which is given in this chapter provides the results of experiments in which the
aspect ratio of the driven channel is changed. Chapter 8 is used to discus this work, and give
an outlook for further work, based on this study.
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Chapter 2

Obtaining a model

The theory of magnetohydrodynamics (MHD) describes the interaction of moving electrically
conducting fluids with a magnetic field. Plasmas, salt water and molten metals are such
fluids. Studies of MHD flows find their way back to 1937, when Hartmann and Lazarus did
the first serious theoretical and experimental work on MHD flows [8, 9].
This chapter the MHD equations in cylindrical coordinates are obtained, and solved for the
geometry of an annular channel and the geometry of the experiment (which will later be
discussed extensively). The MHD flow in the channel will be used to describe the physical
behavior of an MHD flow. The flow in the experimental geometry will be used in the analysis
of the experimental results.
In the first section of this chapter, the basics of electromagnetism and fluid dynamics are
introduced. This section contains the necessary theory to obtain the velocity profile in a
channel. This section is a preparation for the second section, in which the velocity profile of
an MHD flow in an annular channel will be obtained. This will be done using the method as
described by L.P.J. Kamp and D.C. Montgomery [10].

2.1 Where the Maxwell equations meet hydrodynamics

2.1.1 The governing equations of electrodynamics

The interaction of electrical conductors with electric and magnetic fields is described by
electromagnetism. Electromagnetic fields are governed by the Maxwell equations, which are
given by:

∇ ·E =
1

ε0
ρ, (2.1)

∇×E = − ∂

∂t
B, (2.2)

∇ ·B = 0, (2.3)

∇×B = µ0J +
1

c2

∂

∂t
E, (2.4)

where the electric field is denoted by E, the magnetic field by B and J is the current density.
Furthermore ρ is the electrical charge density in space, ε0 the permittivity of free space and
c the speed of light.
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The Maxwell equations imply change conservation. This can be seen as follows: Taking
the divergence of Ampere’s law (equation (2.4)), and combining with the time derivative of
Gauss’s law (equation (2.1)), gives:

∂

∂t
ρ+∇ · J = 0. (2.5)

In the absence of time dependence, this equation shows that the current density is divergence
free. The current density in a moving conductor is determined by the electric field experienced
in a frame moving with the velocity v of the conductor. There Ohm’s law becomes:

J = σ [E + (v ×B)] , (2.6)

As can be seen from equation (2.3), the magnetic field is divergence free as well. This allows
us to write the magnetic field as the curl of a magnetic vector potential A

B = ∇×A, (2.7)

with the condition ∇ ·A = 0. Therefore the electric field can be written as:

E = −∇V − ∂

∂t
A, (2.8)

with V the electric potential.

2.1.2 The governing equations of fluid dynamics

The motion of an electrically conducting fluid can, as with ordinary fluids, be described by
the Navier-Stokes (NS) equation. The general form of the NS equation reads as:

∂

∂t
v + v · ∇v =

1

%
(−∇P + f +∇ · S) , (2.9)

where % is the fluid density, f represent the body forces, S represents the stress tensor and P
is the pressure. For the motion of an electrical conducting fluid in the presence of a magnetic
field, the NS equation for an incompressible Newtonian fluid becomes:

∂

∂t
v + (v · ∇)v = −1

%
∇P +

1

%
J×B + ν∇2v. (2.10)

As will be seen later in this chapter, it can be useful to work with the vorticity equation to
obtain the velocity profile of an MHD flow. From the definition of the vorticity ω = ∇× v,
the vorticity equation can be found by taking the curl of the NS equation. The vorticity
equation reads as:

∂

∂t
(w) + (v · ∇) w = (w · ∇) v +

1

%
∇× (J×B) + ν∇2w. (2.11)

With these outlined equations the necessary baggage is obtained to find the velocity profile
of an electrical conducting fluid in a magnetic field. Before the
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The Hartmann boundary layer

Electric fields are induced by the motion of an electrically conducting fluid through a magnetic
field. This induced field drives a current which interacts again with the external magnetic
field, resulting in a braking force typically. This induced force may change the velocity profile
of the fluid drastically.
In the bulk of the flow a flattening of the velocity profile occurs, and in the vicinity of no-slip
walls, typical MHD boundary layers occur. These boundary layers are named after Hartmann,
who has theoretically predicted and experimentally characterized these boundary layers [8, 9].
The thickness of the Hartmann boundary layer (δHa, which is at the walls perpendicular to the
magnetic field), and the thickness of the boundary layer at the walls parallel to the magnetic
field δs are of the order:

δHa ≈
1

B

√
%ν

σ
(2.12)

δs ≈
√
L

B

√
%ν

σ
, (2.13)

where B is the magnetic field, L the channel width, and the fluid dependent parameters ρ,
ν and σ are density, kinematic viscosity and electrical conductivity, respectively. As one can
see the thickness of the Hartmann layer is not dependent of the dimensions of the geometry
in which it flows, while the boundary layers at the walls parallel to the magnetic field depend
on the channel width. In the sketch of figure 2.1 a typical MHD velocity profile and poiseuille
velocity profile is given, with the Hartmann boundary layer indicated at one of the bound-
aries.

Figure 2.1: The velocity profile of a Poiseuille flow and MHD flow between two plates at z = 0
and z = h. The flow is flowing in the x-direction with a velocity u. In the figure the Hartmann
boundary layer is indicated at the upper boundary at z = h.

The ratio of the width of a channel and the size of the boundary layer results in the dimen-
sionless Hartmann number:

Ha = BL

√
σ

%ν
(2.14)

The Hartmann number is a measure for the ratio of the electromagnetic and viscous forces.
Now the dynamics of an electrical conducting fluid in magnetic field can be obtained. This
will be done in the next section for an MHD flow in a homogenous magnetic field in an annular
channel, driven by an electrical current.
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2.2 The annular flow

The flow in the experiments will be rotationally symmetric, therefore the analysis will be done
in a cylindrical coordinate system (see figure 2.2) with r = (r, ϕ, z). We will assume a purely
vertical magnetic field B = B0ez and an externally applied radial electric field E = E0er.
The resulting velocity will be v = (vr, vϕ, vz) in the radial, azimuthal and vertical direction
respectively.

Figure 2.2: The cylindrical and cartesian coordinate system.

2.2.1 MHD equations in cylindrical coordinates

The flow is incompressible and rotationally symmetric. For that reason the velocity can be
described in the azimuthal cross section. This implies the in plane velocity components can
be written in terms of a stream function Ξ(r, z). For simplicity it is chosen not to work
with a stream function, but an alternative function Ψ(r, z) which relates to the actual stream
function as Ξ(r, z) = rΨ(r, z). The velocity field now can be written as:

v = vϕeϕ +∇× (Ψeϕ). (2.15)

The same can be done for the vector potential and magnetic field, where Γ(r, z) = rγ(r, z) is
the stream function of the vector potential and Λ(r, z) = rχ(r, z) is the stream function of
the magnetic field:

A = Aeϕ +∇× (γeϕ), (2.16)

B = beϕ +∇× (χeϕ) +B0ez. (2.17)

Now the azimuthal component of the vector potential becomes:

A =
1

2
B0r + χ. (2.18)

Using equation (2.8) it can be found that the electric field looks like:

E = −∇V − ∂

∂t
[χeϕ +∇× (γeϕ)] . (2.19)

By substituting the vector potential in Ampere’s law, the current density can be found. Here
we make use of the defenitions b ≡ −∇2γ and j ≡ −∇2χ.

µ0J = ∇× (beϕ) + jeϕ. (2.20)
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Substituting the velocity and the magnetic and electric field in the azimuthal component of
Ohm’s law, the following equation is found:

∂

∂t
(χ)− 1

µ0σ
∇2χ = + [Ψ, χ] +

1

r

(
χ
∂

∂z
Ψ−Ψ

∂

∂z
χ

)
+B0

∂

∂z
(Ψ), (2.21)

where [P,Q] = ∂
∂z (P ) ∂∂r (Q)− ∂

∂z (Q) ∂∂r (P ).
Taking the curl of equation (2.21) and substituting equation (2.20) we obtain an equation for
the induced magnetic field:

∂

∂t
(b)− 1

µ0σ
∇2b = B0

∂

∂z
(vϕ) + [vϕ, χ] + [Ψ, b] +

1

r

(
χ
∂

∂z
vϕ −Ψ

∂

∂z
b

)
. (2.22)

The azimuthal component of the NS and vorticity equations are found to be:

∂

∂t
(vϕ)− ν∇2vϕ = [Ψ, vϕ] +

1

r

(
vϕ

∂

∂z
Ψ−Ψ

∂

∂z
vϕ

)
+

1

%
(JzBr − JrBz) , (2.23)

∂

∂t
(ωϕ)− ν∇2 (ωϕ) = [Ψ, ωϕ] +

1

r

(
ωϕ

∂

∂z
Ψ−Ψ

∂

∂z
ωϕ

)
+

1

%
[(B · ∇) j − (J · ∇)Bϕ] ,

(2.24)

where ωϕ ≡ −∇2Ψ.
The current is expected to be divergence free, since no charge sources are present (eq. 2.5).
Taking the divergence of the electric field leads to:

∇2V =
∂

∂z
(χ)

∂

∂z
(vϕ) + bωϕ +

1

r2

∂

∂r
(rχ)

∂

∂r
(rvϕ)

+
B0

r

∂

∂r
(rvϕ)− ∂

∂z
(Ψ)

∂

∂z
(b)− jvϕ −

1

r2

∂

∂r
(rΨ)

∂

∂r
(rb). (2.25)

With the analysis of above, we obtained a set of eight equations with the same number of
variables. Before this set of equations will be solved, it will first be written in dimensionless
form.

2.2.2 Dimensionless form

The used dimensionless parameter are depicted by a tilde. The parameters which are used to
obtain the dimensionless set of equations are: r̃ = 1

Lr, z̃ = 1
Lz, b̃ = 1

B0
b, γ̃ = 1

L2B0
γ, t̃ = E0

LB0
t,

χ̃ = 1
LB0

χ, Ṽ = 1
LE0

V , ṽ = B0
E0
vϕ, j̃ = µ0L

B0
j, Ψ̃ = B0

LE0
Ψ and ω̃ = LB0

E0
ω. Here the length scale

L is the the typical length scale and E0 = V0/L.
By rewriting the equations to non-dimensional forms, equation 2.21 and 2.22 become:

∂

∂t̃
b̃− 1

Rm
∇̃2b̃ =

∂

∂z̃
ṽ + [ṽ, χ̃] +

[
Ψ̃, b̃

]
+

1̃

r̃

(
χ
∂

∂z̃
ṽ − Ψ̃

∂

∂z̃
b̃

)
(2.26)

∂

∂t̃
χ̃− 1

Rm
∇̃2χ̃ = +

[
χ̃, Ψ̃

]
+

1̃

r̃

(
χ
∂

∂z̃
Ψ̃− Ψ̃

∂

∂z̃
χ̃

)
+

∂

∂z̃
Ψ̃, (2.27)

where the dimensionless parameter Rm is the magnetic Reynolds number and defined as
Rm = µ0σL

E0
B0

. For fluids with a small magnetic Reynolds number (Rm� 1), the parameters
(ignoring the tildes) b and χ are can be neglected. By definition γ and j are then also
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negligible. Physically this means that induced magnetic fields are neglected in the simulation,
and that the induced electrical current in the azimuthal direction is neglected too.
From the remaining set of differential equations the dimensionless Reynolds number (Re) and

magnetic interaction parameter (N) are introduced according to Re = LE0
νB0

and N =
LσB3

0
%E0

.

The Reynolds number deviates from the classic definition (Re = LU0
ν ) due to the definition

of the dimensionless velocity ṽ. Assuming the magnetic Reynolds number to be small, the
remaining set of equations is:

∂

∂t̃
ω̃ − 1

Re
∇̃2ω̃ = [Ψ, ω] +

1

r̃

[
2ṽ

∂

∂z̃
ṽ − ω̃ ∂

∂z̃
Ψ̃− Ψ̃

∂

∂z̃
ω̃

]
+

∂2

∂z̃2
Ψ̃ (2.28)

∇2Ψ̃ = −ω̃ (2.29)

∂

∂t̃
ṽ − 1

Re
∇̃2ṽ = [Ψ, v] +

1

r̃

(
ṽ
∂

∂z̃
Ψ̃− Ψ̃

∂

∂z̃
ṽ

)
−N

[
ṽ − ∂

∂r̃
Ṽ

]
(2.30)

∇̃2Ṽ =
1

r

∂

∂r̃
(r̃ṽ) (2.31)

This set of partial differential equations (PDE’s) describes an electrically driven MHD flow
in cylindrical coordinates. This set of PDE’s can be solved for a desired system using the
relevant boundary conditions. In the following subsections the boundary conditions will be
given for an annular channel flow, and for the geometry of the experimental set-up.

2.2.3 Boundary conditions for the annular channel

The first geometry for which the set of PDE’s will be solved is the annular channel (see fig-
ure 2.3). In this analysis we will use the set of equations (2.28)-(2.31) in dimension full form.

Figure 2.3: Sketch of the channel flow with walls at r = R1, r = R2 and z = 0. The wall at
z = 0 is insulating, while the other walls are perfectly conducting and have a specified electric
potential. The boundary at z = H is stress-free.

This channel has a minor radius R1, width W = R2 − R1 and height H. The channel has
an insulating bottom (at z = 0), and electrodes at the walls of the channel (r = R1 and
r = R1 +W = R2). The top of the channel is stress free.
The boundary conditions for the azimuthal velocity are rather trivial with no slip conditions
at the walls:
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vϕ = 0, at r = R1; (2.32)

vϕ = 0, at r = R2; (2.33)

vϕ = 0, at z = 0; (2.34)

and no flux allowed through the stress free boundary:

∂

∂z
vϕ = 0. at z = H; (2.35)

The electric potential is defined at the walls of the channel. This results in the following
boundary conditions for the electric potential at the electrodes:

V = V0, at r = R1; (2.36)

V = 0. at r = R2; (2.37)

The bottom and top of the channel are electrically insulating, allowing no electrical current
to pass through these boundaries. Referring to Ohm’s law (equation 2.6 this results in:

∂

∂z
V = 0, at z = 0 and z = H; (2.38)

(2.39)

For the vorticity only one boundary condition is found. The vorticity in the azimuthal direc-
tion is ωϕ = ∂

∂zvr − ∂
∂rvz which is only known at the free surface to be zero. At the other

walls nor the vorticity, neither the normal derivative of the vorticity is known.

ωϕ = 0, at z = H; (2.40)

This is problematic for solving the differential equation for the vorticity, since four boundary
conditions are needed. Using a Lagrange multiplier the shortage in boundary conditions for
the vorticity can be balanced with a surplus in boundary conditions for an other variable in
the set of bounded differential equations.
This surplus in boundary conditions is found for the stream function. The stream function
must form closed loops of constant value within the channel. At the boundaries the stream
function is constant, and for simplicity chosen to be zero. For the function Ψ this results in:

Ψ = Ξ/r = 0, at r = R1, r = R2, z = 0 and z = H. (2.41)

Furthermore the radial and axial velocity components vr and vz need to satisfy the no-slip
boundary condition, which implies for the function Ψ that:

∂

∂z
Ψ = −vr = 0, at z = 0; (2.42)

∂

∂r
Ψ + Ψ/r = vz = 0, at r = R1 and r = R2; (2.43)

which means that the derivative of Ψ to its normal must be zero at the walls1.
1As can seen from equation 2.43 one is not so free in choosing the value to Ψ at the boundaries as I did

make it to appear. If Ψ was chosen to be non zero, this last boundary condition could not be met.
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2.2.4 Boundary conditions for the experimental geometry

Now we will discuss the boundary conditions for the geometry as in the experimental set-up.
See the sketch of figure 2.4.

Figure 2.4: Sketch of the experimental geometry. All boundaries are no-slip boundaries, except
for the stress-free boundary at z = H. The colors are used to distinguish between different
electrical potentials. No-slip boundaries without color are electrically insulating boundaries.

At the boundary r = 0 the azimuthal velocity component must be zero for symmetry reasons.
For the rest we know that all solid boundaries are no-slip boundaries, and that the top
boundary is a stress-free boundary. The boundary conditions are:

vϕ = 0, at r = 0; (2.44)

vϕ = 0, at z = 0; (2.45)

vϕ = 0, at z = −H; (2.46)

∂

∂z
vϕ = 0. at z = H; (2.47)

For the electric potential the side walls of the channels have a defined electric potential, while
the other walls and the top boundary are electrically insulating. This again requires the
derivative of the potential with respect to its normal to be zero (there is no electrical current
passing through these walls).
At the inner boundary at r = 0 again symmetry provides a boundary condition. There is no
electrical current allowed to pass through this boundary.

∂

∂r
V = 0, at r = 0; (2.48)

(2.49)

For the rest all boundaries in figure 2.4 have a defined potential, which is coded by the colors,
and the gray boundaries satisfy the zero-flux boundary condition:

∂

∂r
V = 0, at z = H, 0,−H; (2.50)

(2.51)

For the vorticity we already know the boundary condition at the stress free surface. At the
inner boundary at r = 0 the radial velocity must be zero for symmetry reasons. This brings
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us to the conclusion that the vorticity must be zero at this boundary as well.

ωϕ = 0, at r = 0 (2.52)

ωϕ = 0, at z = H (2.53)

from which we can conclude that we again need some extra boundary conditions from the
stream function in order to be able to solve the differential equations for this geometry.
For the stream function it is known that it is constant at all boundaries. Together with the
no slip boundary conditions at all walls, we know that the stream function must be zero at
all boundaries:

Ψ = 0 at all boundaries (2.54)

and that the derivative of the stream function with respect to the normal of the boundary
has to be zero:

∂

∂n
Ψ = 0 at all no slip boundaries (2.55)

With these boundary conditions, we can solve the set of equations (2.28)-(2.31) for both a
channel flow and for a geometry which will be used later on in experiments.

2.2.5 Benchmarking

To validate the simulation, literature is used to compare the results from simulations with.
Zhao et al. presented [11] an analytical solution for an electrical driven MHD flow between
two infinitely long cylinders under a vertical magnetic field.
They simplified the MHD equations to a purely azimuthal flow and assumed a purely radial
electrical current, where all variables are depend on the radial coordinate only.
Figure 2.5 gives the result according to Zhao (grey line) for a flow between two concentric
cylinders with non dimensional radii of 4 for the inner, and 5 for the outer cylinder. The red
dots give the solution according to our numerical model.

From this figure can be concluded that the model agrees with the solution published by Zhao
et al. In these models the velocity is purely azimuthal, without the presence of a bottom wall.
Therefore the vorticity and stream function are zero everywhere2. This restriction does not
allow to benchmark the model for non-zero vorticity with this analytical solution.

2note that the vorticity in equation (2.28) is driven by the radial velocity and the derivative of the azimuthal
velocity with respect to the z-coordinate. For this flow the radial velocity is zero, as well as the derivative of
the velocity to z
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Figure 2.5: The azimuthal velocity profile according to Zhao et al. (gray solid line) and
according to the model (red dots) for a purely azimuthal flow with only radius dependent
variables. At radii 4 and 5 no slip boundary conditions are present.
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Chapter 3

Characteristics of MHD flows in
channels

The model which we obtained in chapter 2, with the boundary conditions given in subsection
2.2.4, is suitable to use as model for the experiments. In this chapter we will limit ourselves to
electrically driven MHD flows in straight and annular channels, to gain a better understanding
of the MHD nature of an MHD flow in an annular geometry. Therefore we used the model
with the boundary conditions which are given in subsection 2.2.3. Note that we will use the
model in dimension-full form, which we can obtain using the parameters (see subsection 2.2.2
which we used before to make the model non-dimensional.
The Hartmann number and Reynolds number are often used in literature to characterize
MHD flows. The Reynolds number (Re= %U0L

µ ) is the ratio of inertial forces over viscous
forces. Here we define the characteristic length scale L as the width of the channel, and

U0 the maximum velocity in the flow. The Hartmann number (Ha = BL
√

σ
µ), as shown in

chapter 2, is a dimensionless number giving the ratio between electromagnetic and viscous
forces. With these two non-dimensional numbers the flow is completely characterized if we
assume a constant electrical current. In this chapter we will look at the influence of the
Hartmann number on the flow for constant electrical current.
Therefore we define a primary flow, which is flowing perpendicular to the cross section of the
channel, and secondary flow, the flow in the plane of the cross section of the channel. This is
based on the work of inter alia Cieslik and Akkermans [12, 13, 14, 15].
The (specific) energy in the primary and secondary flow is defined as, respectively:

Ep =

∫∫
S
rv2drdz, (3.1)

Es =

∫∫
S
r(v2

r + v2
z)drdz. (3.2)

The integration takes place over the surface S of the cross section of the channel and v, vr
and vz are the velocities in the azimuthal, radial and z-direction, respectively, as defined in
chapter 2. Here we ignored the density of the fluid and a scaling factor resulting from the
third dimension of the flow, since we are only interested in the behavior, and not in the
absolute values.
In the first section we will start with the MHD flow for different Hartmann numbers in a
straight channel, after which we will discuss the MHD flow in a slightly and strongly curved
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channel.
In the second section we will look at the evolution of the MHD flow over time, and what the
influence is of the Hartmann number on the time the flow needs to reach its steady state.

3.1 The dependence of the flow on the Hartmann number

The velocity profile of an MHD flow between two parallel planes is well known to be flattened,
due to induced electrical currents [16]. A typical velocity profile for such a flow is schematically
sketched in figure 2.1. In this figure we see the presence of a typical boundary layer, which is
called the Hartmann boundary layer.

3.1.1 The MHD flow in a straight channel

In figure 3.1 the cross section of a channel flow is given, with in color the velocity of the flow
for an electrically driven MHD flow with a Hartmann number of 29, and a Reynolds number
of 5000.
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z
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)

0

0.13

velocity(m/s)

Figure 3.1: Surface plot (color) of the steady state velocity in a straight channel cross section
of an electrically driven MHD flow. The Hartmann number of the flow is 29, and the Reynolds
number is 5000.

The figure shows a flow which is symmetric around a vertical axis through the middle of the
channel. The velocity profile is strongly flattened with large gradients in the vicinity of the
channel walls. This flattening tendency of the flow can be seen clearly if we look at the profile
of the velocity at the top of the channel.
In figure 3.2 the velocity profile of the flow at the stress free boundary is given for the Hart-
mann numbers 0.57, 5.7, 11, 17, 23 and 29, which correspond to a magnetic field of 1, 10, 20,
30, 40 and 50 mT, respectively. The orange dashed profile in this figure corresponds to the
flow presented in figure 3.1.

At Ha = 0.57 the flow profile is poiseuille-like, and no flattening of the velocity profile due to
MHD braking is seen. For increasing Hartmann number first the magnitude of the velocity
increases (from the black curve to the gray curve), after which MHD braking gets more dom-
inant with a flattened velocity profile and a decrease in the velocity magnitude as a result.
Here one can clearly see the boundary layers, which get narrower with increasing Hartmann
number. According to equation (2.13) the boundary layer should be approximately 3 mm for
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Figure 3.2: The steady-state velocity profiles at the top of the channels, with horizontally the
x-coordinate and vertically the velocity. The solutions are for a Hartmann number of 0.57,
5.7, 11, 17, 23 and 29.

a Hartmann number of 29 and a channel width of 15 mm, which roughly corresponds to the
size of the boundary layer in the figure, which is approximately 2 mm.
Now we are going to evaluate the energy in the primary flow for increasing Hartmann number.
In figure 3.3 the dependence of the energy in the primary flow, Ep, is given as a function of
the Hartmann number.
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Figure 3.3: The dependence of the specific energy in the steady-state flow on the Hartmann
number for a straight channel. To regimens can be identified, which are separated by the
dashed vertical line. the regime at the left hand side of the dashed line will be called the
driving dominated regime and the other regime will be called the MHD-braking dominated
regime.

20



Here one can see two regimes, which are separated by a black dashed line at Ha = 5.7. At the
left we see a regime where the energy in the flow increases for increasing Hartmann number.
The regime at the right-hand side of the dashed line shows a decrease in the energy for in-
creasing Hartmann number. The model has shown that the Hartmann number that separates
these two regimes is independent of the electrical current which is used to drive the flow in
the straight channel. The Hartmann number at which the two regimes are separated is called
the critical Hartmann number from now on.
The decrease in energy is a result of MHD-braking. When an electrically conducting fluid
flows in the presence of a magnetic field (which has a component perpendicular the the flow
direction of the fluid), electrical currents are induced. These induced currents interact with
the magnetic field, resulting in a typical braking force.
At Hartmann numbers above the critical Hartmann number (see the right-hand side of the
dashed line in figure 3.3) the braking force of the flow increases faster with the Hartmann
number than the driving force, resulting in a decrease in the energy of the flow. Therefore we
will call this regime the MHD-braking dominated regime from now one. At the left hand side
of the dashed line the MHD-braking force does not dominate the driving force. Therefore
this regime will be called the driving-force dominated regime.

3.1.2 The MHD flow in a channel with large aspect ratio

By bending the straight channel into an annular channel, secondary flows are induced. In the
PDEs (2.28)-(2.31) it can be seen that for r 6=∞ the vorticity and stream function must be
non-zero, indicating that there is a secondary flow. In these equations the vorticity is driven
by the vertical derivative of the squared primary velocity, as can be seen in equation (2.28).
For a channel with a large aspect ratio λ � 1 (which we define as λ = R1/W, with W the
width of the channel and R1 the minor radius of the channel) the flow is approximately a
straight channel flow. Therefore the velocity profile is expected to flattened for sufficient high
Hartmann number, similar to the straight channel flow.
In figure 3.4 six cross-sections of the channel flow are depicted. The velocity of the primary
flow is given in color for six different Hartmann numbers: Ha = 0.57, Ha = 5.7, Ha = 11,
Ha = 17, Ha = 23 and Ha = 29, which cover the transition of the flow in the channel being
poiseuille-like to a flow with a typical MHD flow profile. With the contour plot the stream
function is given.

The velocity distribution in the cross-section of the channel is similar to what we expect from
an MHD flow in a straight rectangular channel. At a low Hartmann number (figure 3.4a) the
flow profile is poiseuille-like. The velocity profile at the stress free surface (see figure 3.5) is
a parabolic profile where MHD braking does not influence the flow.
For increasing Hartmann number, starting with Ha = 5.7, the influence of MHD braking start
to increase. This results in a broadening of the velocity profile. The shift of the maximum
velocity towards the outer wall of the channel is expected to be a result of the secondary flow,
which is the only extra physical parameter which is added by curving the channel. This seems
to be supported by the high energy in the secondary flow around this Hartmann number, as
can be seen by the red curve in figure 3.6.
For further increasing Hartmann numbers, the energy in the secondary flow goes to zero. In
figure 3.5 one can see that the maximum in velocity is now shifted towards the inner channel
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Figure 3.4: The cross sections of a channel with a high aspect ratio. The velocity is given
in color (in mm/s), and the stream function with iso lines. The given Reynolds numbers are
based on the maximum velocity in the primary flow.
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Figure 3.5: The velocity profiles of the flow at the surface of the channel, at z = 5mm. Due
to the large aspect ratio of the channel, the profiles are close to similar to the profiles of the
straight channel flow.
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wall. The flow is now in the MHD-braking dominated regime at which the velocity profiles
tend towards a 1/r dependency for high Hartmann numbers, which originates from the 1/r
dependency of the current density (and thus a 1/r dependent forcing of the fluid). One can
see that the maximum velocity in figure 3.5 is at the inner wall of the channel.
The stream function, given with the iso lines in figure 3.5, shows closed lines around one
center. The secondary velocity which is described by these lines show a clock wise rotation
of the fluid around the center described by the iso lines. This corresponds to a negative
azimuthal vorticity of the flow.
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Figure 3.6: The energy in the primary (black line) and secondary (red line) flow versus the
Hartmann number for a large aspect ratio.

3.1.3 The MHD flow in a channel with small aspect ratio

Since secondary flows are induced by the curvature of the channel, we expect that the influ-
ence of secondary flows will increase for decreasing aspect ratio. We will now study an MHD
channel flow at which λ� 1.
In figure 3.7 the cross section of the channel flow is given for Hartmann numbers of again
0.57, 5.7, 11, 17, 23 and 29. Like in the previous cross sections the primary velocity is given
in color, and the stream function with the contour plot.

At low Hartmann number (figure 3.7a) the primary flow is influenced by secondary flows,
what can be seen by the significant shift of the maximum velocity of the primary flow to-
wards the outer wall of the channel (for the velocity profile at the stress-free surface of the
channel: see figure 3.8). The velocity profile has lost its symmetry and does not show the
straight channel-like profile as in figure 3.4.
At Ha = 11.4 the flow has entered the MHD-braking dominated regime (see figure 3.9, where
the energy in the primary (black curve) and secondary (red curve) flow is given as a function
of the Hartmann number), while the velocity profile at the stress free surface still shows a
velocity profile that indicates that the secondary flow has a large influence on the flow, with
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Figure 3.7: The cross section of a channel flow with small aspect ratio, where the primary
velocity is given in color (in mm/s), and the stream function is given with the contour plot.

the shift of the maximum velocity towards the outer channel wall. In figure 3.9 one can see
that the energy in the secondary flow is indeed relatively large for this Hartmann number,
again supporting our presumption that this outward shift of the maximum in primary velocity
is a result of the secondary flow.
In this figure one can see that the energy in the secondary flow has strongly decreased for large
Hartmann numbers. This indicates that the secondary flow is suppressed by MHD-braking.
This behavior can be seen in figure 3.6 as well, where this effect is stronger due to the low
energy in the secondary flow.
Furthermore we can see that the Hartmann number, at which the maximum energy in the
primary flow is reached, is shifted towards Ha = 8. For the results of the channel flow with
large aspect ratio this shift is observed too, but with a maximum at Ha = 5.9 this shift is
small. Since the presence of the secondary flow, due to the curvature of the channel, is the
only physical parameter which is added we conclude that the secondary flow does influence
the scaling of the primary energy with the Hartmann number, with an increasing critical
Hartmann number for decreasing aspect ratio.
With the size of the boundary layers something remarkable happens too. The size of the
boundary layer at the inner wall and outer wall differ from one another. In his articles [8, 9]
Hartmann derived the size of the boundary layers for an MHD flow between two plates. Since
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Figure 3.8: The velocity profiles of the flow at the surface of the channel, at z = 5mm. The
channel has a small aspect ratio. One can see the domination of the secondary flows by the
shift of the maximum velocity towards the outer channel wall. For a flow which is dominated
by MHD braking the maximum in velocity is shifted towards the inner channel wall.

the curvature of the channels does introduce secondary flows, we expect these secondary flows
do influence the size of the boundary layers as well.
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Figure 3.9: The energy in the primary (black line) and secondary (red line) flow versus the
Hartmann number for a small aspect ratio.
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3.2 The evolution of the energy in the flow over time

The PDEs constitute an initial-value problem describing the evolution of the flow towards a
steady-state. The rate at which this steady-state is reached depends on various parameters,
with the Hartmann number one of which. In this section we will study the influence of the
Hartmann number on the time the flow needs to reach its steady-state.

3.2.1 The typical energy evolution for a curved channel flow

In figure 3.10 a typical evolution of the energy in the primary and secondary flow over time is
given for a Hartmann number of 8, in a channel with an aspect ratio of 0.7. The energy in the
primary flow starts at zero (the flow starts at rest) and grows in approximately 17 seconds to
its steady state energy.
The time evolution of the energy in the secondary flow does show a slightly different behavior.
At low energies in the primary flow, the rise in energy in the secondary flow is negligible, after
which the energy increases fast to about 99% of its steady state value. From here the energy
grows slowly towards its steady state value. Both the primary and secondary flow reach their
steady state at approximately the same time.
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Figure 3.10: A typical evolution of the primary and secondary energy over time, with the
energy in the primary flow in black and the energy in the secondary flow in red. The flow
has a Hartmann number of 8 and the channel has a aspect ratio of 0.7. Both curves are
normalized for technical reasons.

The ’delay’ in the rise of the energy in the secondary flow can be understood from equa-
tion (2.28) by its source term ∂

∂zv
2 (again ignoring the tilde). For a small energy, this term

is small, with as consequence that the vorticity is barely driven.
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3.2.2 Characterization of the energy evolution

The time the flow needs to reach its steady state is defined, with the characteristic time con-
stant τ , as the time the flow needs to reach 99% of its energy. In figure 3.11 the characteristic
time is given as a function of the Hartmann number, again for a flow in a channel with aspect
ratio 0.7.
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Figure 3.11: The characteristic time of the flow, as a function of the Hartmann number. Note
that the y-axis is given in logarithmic scale. The channel has an aspect ratio of 0.7.

One can see that the characteristic time of the flow decreases with increasing Hartmann num-
ber as an exponential function: τ = Aexp(−CHa), where A = 35.4 and C = 0.081. We do
not yet understand this behavior, and more analysis of the numerical model is needed to
understand the reason of this scaling.

27



Chapter 4

The experimental Set-up

With the model of chapter 2 numerical predictions of the experiments can be given, but with
this project we are interested in experimental results. Therefore it is necessary to designed
an experiment.
In this chapter we will deal with the design of the experiment, and the data acquisition and
processing. The first section covers the different aspects of designing the experiment. The
second section covers the method of data processing. The third section will give a summarized
overview of the designed set-up.

4.1 The experimental Set-up

The design of the set-up is divided into six parts: the fluid, the container, the power supplies,
the magnetic field and the lights and the measurement tools. The remainder of this section
will describe these six parts.

4.1.1 The fluid

The set-up is going to be used to study electrically driven MHD flows. Since not all liquids
are suitable to use for this kind of experiments, a list of requirements for the liquid has been
formulated. These requirements are:

The fluid must be a good electrical conductor. An electrical conducting fluid must be
used. Such fluids have an MHD nature, as they flow in the presence of a magnetic field.

A fluid with a low viscosity is preferred. Such fluids need little force to be driven.

A fluid being liquid at room temperature is preferred. A fluid which is liquid at room
temperature simplifies the design of the set-up. Heating of the set-up will not be nec-
essary.

A non toxic fluid is desired. This makes handling of the fluid easier, and the design of
the set-up less complex. Furthermore, health risks are minimized.

In the experiments galinstan is used, which is the eutectic alloy of gallium, indium and tin.
Galinstan is chosen since it is non toxic, liquid at room temperature, has a low viscosity, has
a high electrical conductivity and does not create electrolysis reactions. Table 4.1 summarizes
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the relevant properties of galinstan:

Table 4.1: The relevant properties of galinstan. The density, viscosity and conductivity are
given at room temperature.

Parameter value units

Density 6.44 · 103 kgm−3

Viscosity 2.4 · 10−3 Pas

Electrical conductivity 3.46 · 106 Ω−1m−1

Melting temperature −19 ◦C

In contrast to the benefits of galinstan, there are disadvantageous consequences as well. Galin-
stan tends to oxidize [17], resulting in the formation of a non-viscous film at the surface. This
oxide film can be recognized by the dull, gray appearance, instead of the shiny, silvery galin-
stan. Furthermore galinstan has a high solvability for metals. Except for tungsten and
molybdenum, all metals dissolve in galinstan. This limits the freedom in choice of materials
which will be in contact with the liquid, which has to be taken into account in the design of
the container.

4.1.2 The container

The container is cylindric, with the galinstan flowing in the azimuthal direction. With this
geometry the liquid is conserved in the container, making refilling of the liquid unnecessary.
Furthermore, axisymmetry reduces the spatial free dimensions of the flow to two.
For the design of the container, some requirements had to be taken into account. The re-
quirements, followed by some more comprehensive explanations, are:

The container must contain channels, which are cut out of the bottom of the container.
To be able to investigate an MHD flow that is locally driven, a container is designed
which contains a non driven layer which is called the bulk. Under this bulk the container
has channels at which the flow can be driven by externally applied forces. The bulk is
located in the container, and can be driven by the fluid in the channels. The fluid in
the channels can be driven by an electrically applied current.

The surface of the fluid must be visible from outside the container. For measurements
the complete surface of the flow must be visible for a camera positioned above the con-
tainer. The camera will be described later in this chapter.

The inside of the container must be accessible. This allows handling of the fluid in the
container.

The container needs to present the fluid from oxidation. Since the camera only can
visualize the surface of the flow, the surface is the only part of the flow at which velocity
measurements can be done. Oxidation of the surface would, due to the high viscosity
of the oxide, influence the measurements in an undesired manner.

The container must allow for application of a radial electrical current in the channels.
For the experiments it must be possible to drive the flow in the channels by electric
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currents. The presence of a magnetic field in the vertical direction, and the desired
azimuthal flow direction require an electrical current in the radial direction.

The material of the container must have a high electrical resistivity. The electrical
current, in combination with the liquid, makes the fluid move. For walls which are bad
conductors, one knows all electrical current will go through the liquid, and not through
the container.

The used materials must be compatible with galinstan. Galinstan has a high solv-
ability for metals, which limits the choice for metals to molybdenum and tungsten.

Based on the requirements listed above, a container is designed. The depth and width of the
channels in the container are based on the boundary layers of the flow, which are given in
section 2.1.2. With the properties of galinstan (listed in table 4.1) and assuming a magnetic
field of 10mT the resulting Hartmann boundary layer is approximately 2mm.
The depth of the channel is chosen to be h = 5 mm, which is a few times this boundary
layer1. The width of the channels is chosen, with the same reasoning, to be 15mm. For this
width, and again a magnetic field of 10mT, the size of the boundary layers at the side walls
is 5mm.
The liquid in the container is driven by the liquid in the (electrically driven) channels. Chan-
nels at different radii allow to drive the flow at different radii. This allows us to use the set-up
to measure the influence of different driving configurations on the flow characteristics.
The container has a diameter of 170mm, with three channels in the bottom. The inner radius
of the inner channel is at r = 10mm and the channels are spaced 10mm wall-to-wall. The
container is equipped with a transparent top, which can be removed from the container. This
makes it possible to reach the inside of the container and allows to seal the container, keeping
the liquid in the container visible for the camera.
An inlet and outlet, in the sidewall of the container close to the top, allow the inflow and
outflow of gas. Together with the possibility to close the container, this allows to clear the
atmosphere in the container from oxygen. The top is fixed to the container by clamping,
preventing the container to be damaged by a high pressure2.
The container has a height of 60mm. This height does allow the bulk to have a thickness of
10mm, without having problems with the in- and outlet.
The container is produced from PVC. The choice of PVC is straightforward due to the high
electrical resistivity and the compatibility with galinstan.
The electrodes at the walls of the channels are in direct contact with galinstan. The solvabil-
ity of galinstan restricted the choice of electrode material to molybdenum or tungsten. The
choice for molybdenum was due to the availability of some off the shelf molybdenum.
The walls of the channels are covered by six molybdenum electrodes per wall. The six elec-
trodes electrodes cover 5/6th of the wall, and are equally spaced. For all channels the elec-
trodes are equally spaced in an angular manner as well (see figure 4.1). This way the formation
of angular electrical currents is avoided.

1In the stage at which the design took place, the magnetic field was expected to be 10mT at least. Therefore
the height of the channels was expected to exceed the boundary layer thickness at all times. Later measurements
turned out this assumption was wrong, as will be shown later.

2Tests of measurements in an atmosphere of nitrogen (class 6.0, indicating a purity of 0.999999%) were not
successful. Therefore measurements were done in the presence of hydrochloric acid, which will be discussed in
more detail later.
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Figure 4.1: The inside of the container with the channels. The walls of the channels are
covered by electrodes, making a radial current possible. The electrodes are outlined in red.

Since protecting the galinstan from oxidation by a nitrogen atmosphere did not turn out to
be sufficient to avoid oxidation, the experiments are performed under a thin 20% hydrochloric
acid (HCl) solution film, which has with 1.4Pas a viscosity close to that of galinstan (see table
4.1. HCl dissolves the galinstan oxide layer [17, 18]. As the HCl reacts with the oxide layer,
bubbles occur at the surface of the galinstan. Due to the presence of water, the oxide layer
and the HCl form a balance. As a result the galinstan surface is covered by bubbles at all
times. The existence of these bubbles are useful for visualization of the flow. This will be
discussed later.

4.1.3 Power supplies

On the underside of the container four brass rings are in contact with the electrodes. The
rings electrically connect the molybdenum electrodes for each wall. Besides that, the rings
pat the electrodes of the outer wall at the same potential as the neighboring electrodes of
the inner wall from the next channel (see figure 4.2 for a schematic representation). This to
avoid electrical currents between different channels via the bulk. Three power supplies are
connected to the rings to power the electrodes.

Figure 4.2: The right side of the cross section of the container with the channels. The walls
of the channels are covered by electrodes, making radial currents possible. The dashed line
represents the axis of symmetry of the container.
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4.1.4 The magnetic field

For the magnetic field there are two requirements, namely:

The magnetic field must be vertical. Galinstan will flow in the azimuthal direction. With
a magnetic field in the vertical direction and a radial electric current we have chosen for
the most accessible configuration which results in a force on the fluid in the azimuthal
direction.

The fluctuations in the magnetic field in the azimuthal direction must be minimized.
Fluctuations in the magnetic field, experienced by the flow, result in the induction of
eddy currents. These currents form a disturbance on the flow, which is not of interest
for this study. Therefore these currents have to be minimized.

These requirements have led to a design of the magnetic field which is depicted in figure 4.3.

Figure 4.3: The configuration of magnets, seen from above, fixed by two plates.

To create a magnetic field, a set of permanent magnets is used, which can be recognized
in the picture above by the gray circles. The magnets have a remanence of 1.25T and are
cylindrical, with a diameter of 6mm and a height of 24mm. The magnets are fixed between
two PVC plates.
The magnets are identical oriented with their magnetic poles in the vertical direction. The
magnets are spaced approximately 12mm core to core, equally distributed over the circles
they describe. Because of this configuration, the fluctuations of the magnetic field in the
azimuthal direction are minimized.
The disc with magnets is horizontally fixed above an optical table. The container is fixed to
the magnet holder by six screw threads. These screw threads allow varying the distance of
the container to the magnet disc to up to 200mm from the top of the magnets. The plane
formed by the top of the magnets will be called the reference plane from now on.
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4.1.5 The measurement tools

The flow is recorded by a Logitech C920 webcam. This webcam has a resolution of 1920 by
1080 pixels and is positioned in such a manner, that the flow is covered by approximately
1000 pixels on a row. The webcam can record the flow with a maximum frame rate of 30s−1.
With a pixel density of 5 pixels per millimeter and a typical velocity of v = 10mm/s this
translates to a velocity over the CCD of the camera of 1.5 pixels per frame. Later it will be
shown that this restricts the settings of the software used for measurements, but for now we
know that this camera is sufficient to use to capture the flow. This is confirmed by literature
[19, 20, 21]. The webcam is connected to a computer where the settings of the camera can
be controlled and the recorded flow can be saved.
To optimize the quality of the frames, an array of 50 LEDs around the container illuminates
the surface of the galinstan. This allows to capture the flow at a high contrast. The bubbles
in the HCl layer are in high contrast with the galinstan background. A screen below the
camera is used to avoid unwished reflections of the surroundings.
Figure 4.4 depicts typical views of the camera on the container. The container is filled with
galinstan and covered by a layer of HCl. Due to the LED’s around the container the bubbles
in the HCL light up, resulting in the whitish appearance. The galinstan appears to be black
due to the reflection of a black screen. The left figure shows a completely filled container,
where as the right figure depicts a container with only the channels filled with galinstan.

Figure 4.4: left: A typical view of the camera on the container. The white structures are the
bubbles in the HCl, lighting up in due to the LED’s.
right:The view of the camera on the container with only the channels filled with galinstan.
Note that the galinstan rings are not smooth rings. The position where the electrodes in the
side walls stop, result in little ”cuts” in the galinstan. This is due to the high surface tension.
At these positions the wall is smooth.
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4.2 The measurement analysis

The analysis of the flow is done using MATLAB. PIVlab, an open source tool in MATLAB,
is used to obtain the velocity profile at the surface of the flow. Furthermore a tool is made
which deduces a parameter which is typical for the state of the flow.

4.2.1 The use of tracer particles

From the camera images the velocity distribution can be deduced using velocity determination
techniques like particle image velocimetry (PIV) and particle tracing velocimetry (PTV). For
these techniques tracer particles are needed in the flow (liquid or gas) to visualize the motion
of the flow. The motion of these tracer particles than can be used to determine the spatial
velocity field of the flow.
PIV uses cross-correlation between two frames to obtain the velocity field of the flow. This
allows a high density of tracer particles, where individual particles cannot be distinguished
anymore.
For PTV the name of the technique already describes the principle. Tracer particles in the
fluid are individually tracked to obtain the velocity profile. For this technique the concentra-
tion tracer particles needs to be low enough to distinguish individual particles.
The tracer particles need to follow the flow properly in order to be a good representation of
the fluid flow. This is true for a Stokes number which is smaller than one (Stk < 1). The
Stokes number is defined as the ratio of the characteristic relexation time of the tracer particle
(τ) over the characteristic time of the flow (dc/U0):

Stk =
τU0

dc
,

where U0 is the undisturbed flow velocity and dc is the length scale of the tracer particle.
In the experiments a layer of HCl on top of the galinstan produces gas bubbles, which are
used as tracer particles. The characteristic time scale of the gas bubble is expected to be well
below one (τ � 1). With an undisturbed velocity in the order of U0 = 10mm/s and a particle
diameter dc < 1mm this results in a stokes number well below one, Stk � 1. This indicates
that the bubbles follow the streamlines of the flow, and are a good representation of the flow
dynamics.

4.2.2 Obtaining the velocity field

The density of gas bubbles is large, which makes PIV the suitable technique to obtain the
velocity profile. In MATLAB a PIV tool is written by W. Thielicke, called PIVlab. This tool
is available to download for free.
For given frames this tool is used to obtain the spatial velocity field of the measurements. A
small modification of the software allows to save the obtained data.
In PIVlab the user defines an interrogation area and step size. The PIV software divides the
frames in a number of elements which is defined by the size of the frames divided by the step
size. This is the resolution of the final PIV result.
Per element a fraction of the frame, with a size defined by the interrogation area, is used for
cross-correlation with the same element of the following frame.
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The size of the interrogation area is chosen such, that it contains the translation of most of
the particles between the two frames. The size of the interrogation area thus dependents on
the velocity of the flow. With the calculated displacement between two frames and the actual
time between the two frames, the velocity of the flow can be obtained.
Due to the practical consideration of PIVlab calculation time, a tool is made to process the
frames before analysis. The frames are cropped with the edges of the container at the edges
of the frames. This typically results in frames of 1000 by 1000 pixels. For one measurement
100 frames are used, in order to be able to filter noise in the measurement.

4.2.3 The specific surface energy as flow parameter

To describe the flow as a function of the input parameters, a flow dependent parameter is
extracted from the data. Using PIV, the galinstan allows to obtain velocity data at the surface
of the flow only.
The specific kinetic energy of the surface of the flow is used as flow parameter. The specific
kinetic energy, which is based on the analysis of Cieslik and Akkermans [12, 13, 14, 15], is
defined as:

SE =

∫∫
S

v2dxdy, (4.1)

where SE is the specific kinetic energy at the surface and S represents the surface over which
the velocity v is integrated.
At the start of the experiments, we have tried to express the state of the flow in its eigen-
functions. For this method the flow needed to be rotational symmetric. This is not the case
in the experiments, although the design of the set-up was based on a flow being rotational
symmetric. The specific surface energy is used since it is a result of the state of the flow
under the surface. Via viscous dissipation momentum is transferred from the driven channels
to the surface.
The velocity field obtained by PIVlab is loaded and saved in a structure. This structure
consists of the two velocity elements (the velocity in the x- and y-direction) and the spatial
coordinates (with only positive elements) of the measurements. The number of columns in
the structure is equal to the number of frames.
The flow is expected to be in steady state. Therefore the variations in the velocity per coor-
dinate over the measurements should be small. To reduce the influence of noise in the data,
a median filter is used. A median filter uses the data around a data point which is going to
be filtered, to replace the data point by the the median of that data. The number of the used
surrounding data points is determined by the order of the filter. For our purpose, a filter of
the third order is used. A medial filter of the third order is used since the noise in the frames
is light. Matlab contains a median filter tool which is used to filter the data.
Now for each coordinate the average in the velocity is calculated, resulting in a velocity distri-
bution of the flow. This is done for both velocity elements u and v in the x- and y-direction,
respectively.
By taking the inner product of both the u and v matrices with themselves and summing
them to the velocity matrix v, the spatial distribution of specific kinetic energy is obtained.
Integration of this energy over the surface yields the specific kinetic surface energy of the flow.
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4.3 Summary

We want to study a rotation symmetric flowing free surface MHD flow, which is driven
electrically under the surface. Therefore we have designed a container, in which galinstan
can be driven. The flow is driven in channels, situated in the bottom of the container. The
electric current, used to drive the flow, is a result of a potential difference of electrodes in the
side walls of the channels. The electrical current can be controlled in the experiments.
The magnetic field, needed to be able to drive the flow too, is provided by a set of permanent
magnets under the container. The distance between the container and magnets can be set by
a set of screws, which fix the container with the magnets.
A camera above the container is used as measurement tool. Bubbles, which occur due to a
reaction between galinstan-oxide and HCl, are used as tracer particles so PIV software can
be used to extract velocity profile from the data which is obtained by the camera. The total
kinetic energy at the surface, called the specific surface energy, is than used as parameter
which describes the state of the flow.
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Chapter 5

Working with the experiment

In section 2.2 it has been shown that the magnetic field is an important parameter for MHD
flows. In measurements we need to know the exact magnetic field present in the container,
while we only can set the distance of the container with respect to the reference plane.
Therefore we will make a mapping of the magnetic field with the distance of the container to
the reference plane in the first section of this chapter.
Furthermore, the PIV procedure comes with an error. This error is determined in the second
section by measuring the spread in measurement results for a certain flow.
Finally, galinstan is a difficult metal to work with due to its susceptibility to oxidation.
Therefore we have developed a measurement procedure, which makes it possible for us to
work with this metal. In the third and last section of this chapter we will describe the
influence of the use of galinstan on the measurements.

5.1 The magnetic field

One of the driving parameters of the MHD flow is the magnetic field. As can be seen from
the set of differential equations, equation 2.28 to 2.31, the flow depends on the magnetic field
(by definition the Reynolds number Re and the magnetic interaction parameter N contain a
magnetic field term Re ·N = Ha2).
The magnetic field is indirectly under control by the distance of the container to the reference
plane. Since the magnetic field is the relevant parameter to be known, a mapping of the
container height and the magnetic field is made.
For this mapping Br and Bz are measured as a function of the distance to the reference plane.
This is done for the for three radii, corresponding with the positions of the channels.
The magnetic field is measured with a model 101B Gauss meter of LDJ electronics. It has
an accuracy of 1%, with a resolution with 0.1 Gauss. The Hall probe has a thickness of 4mm
and a width of 10mm. The Gauss meter is supported by a labjack. The distance of the Hall
probe to the reference plane is measured with an accuracy of 1mm.
As the Gauss meter is turned on, the offset voltage changes over time due to Ohmic heating
of the electronics. After 30 minutes the offset of the Gauss meter does not change anymore.
This suggests the electronics is at a constant temperature.
Before the magnetic field is measured, the Gauss meter is turned on to heat by Ohmic heating
for at least 30 minutes. The results of the measurements are given in figure 5.1. Hereafter
this mapping is used to determine the magnetic field in the measurements.
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Figure 5.1: The magnetic field for the different channels in the container, as a function of
the distance to the reference plane, with the vertical component of the magnetic field at the
left, and the radial component of the magnetic field at the right. In the figures the error bars
are covered by the markers. For experiments the magnetic field can be found by interpolation
of the data of this figure. The errors in the measurements are given by the error bars at the
typical points

5.2 The spread in the measurements as measurement error

Using PIV the spatial velocity distribution is obtained from frames of the flow. The associ-
ated uncertainty in these measurements is not well defined. Therefore the spread in the data
is used as an indication for the uncertainty in the measurements. In this section the spread
in the measurements is determined.
The uncertainty due to the digital camera can be calculated. By defining the velocity as
v = ∆x

∆t , where ∆x is the displacement and ∆t the time interval of the displacement, the
relative uncertainty in the velocity can be calculated. This definition of the velocity works for
the camera as long as the curvature of the flow is not too strong relative to the displacement
detected by the camera.
The diameter of the container is r = 170.0 ± 0.05mm. The frame rate of the camera is
fr = 30.0 ± 0.05 frames per second. With these uncertainties the relative uncertainty in the
velocity is 0.2%.
To estimate the uncertainty in the measurement, 50 measurements of the surface energy have
been made, keeping the electrical current and magnetic field constant. The standard devia-
tion of the spread in the measurement results is used as a measure for the uncertainty.
For this experiment 10 sessions of five measurements have been done. Each session took
approximately two minutes. The results of the measurements are normalized to the measure-
ment with the highest surface energy of that session. The reason for the normalization can
be found in the oxidation of galinstan. This will be explained lateron in this chapter. In the
following figure result of the measurement is given.

In the lower left corner the uncertainty in the measurements is given, following from the un-
certainty in the frame rate and length scales. Since the spread in the measurements exceed
the uncertainty range, the spread introduced by the use of PIV can be expected to be the
major uncertainty term.
The measurements show a spread with a standard deviation of 5%. For further analysis, two
times the standard deviation is used as a measure of the uncertainty in the measurements.
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Figure 5.2: This experiment shows the spread in 50 measurements in chronological order.
The measurement consists of 10 sessions containing 5 measurements. The results of the
measurements are normalized to the maximum measured surface energy of that session.
The spread is wider than one would expect according to the uncertainty analysis of the camera,
depicted in the down-left corner of the figure. The standard deviation of the data is 5%

This uncertainty is depicted with dispersion bars in later figures.

5.3 The consequences of the oxide layer on measurements

As galinstan makes contact with oxygen, it forms an oxide layer at the free surface. The effect
of this oxide layer is clearly visible for an MHD flow in open air. For such a flow, vibrations
at the surface betray a movement of the galinstan under the surface, while the oxide layer at
the surface stagnates.
Since velocity measurements are done at the surface of the galinstan1, the oxide layer has
an impact on the measurement results. To suppress the influence of this oxide layer, HCl is
added on top of the galinstan. The HCl extracts the oxide from the galinstan, resulting in
water and chloride gas.
Since galinstan tends to oxidize when it is in exposed to oxygen, a balance in dissolving and
growing of the oxide layer arises. Since chloride gas will be produced constantly, the HCl
density in the solution will decrease. This results in a changing balance.
The influence of this changing balance is measured in this section. The results of these
measurements give the constraints in later measurements, namely measurement time and
hysteresis.

5.3.1 The influence of time on the galinstan flow

The influence of time on the flow is measured at constant magnetic field and electrical cur-
rents. The flow is driven by an electric current of 19A and a magnetic field of 15mT, in the
middle channel of the container only. For this measurement the galinstan is covered with a
fresh layer of HCl (20% solution).

1Actually I want to measure at the surface of the galinstan. In case of an oxide layer I can only measure at
the surface of the oxide layer itself.
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Assuming the rate of change of HCl is linearly dependent on the amount of HCl in the so-
lution, simple calculations show that the amount of HCl in the solution varies exponentially
over time: ∂

∂tN = −AN results in N(t) = N0exp(−At) with N the amount of HCl and A a
positive constant.
Assuming the amount of galinstan-oxide will inversely depend on the amount of HCl, the
thickness of the oxide layer grows inversely. For the velocity of the flow this means that the
magnitude of the flow is an exponential function of time.
Stable conditions of galinstan are required to conduct measurements. Measurements concern-
ing the rate of change in the conditions give more information about the dependence of the
flow rate on time. In figure 5.3 the surface energy is depicted as a function of time.
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Figure 5.3: The influence of time on the measured flow, with on the y-axis the specific surface
energy in log scale and on the x-axis the time. The blue markers give the measurement data,
while the black line gives the best fit. The way we obtained this fit will be discussed later.

The measurement results show a dependence of the surface energy on time for constant forc-
ing. An exponential curve can be fitted through the set of data points within the dispersion
bars (see black line in figure 5.3). This is expected under the assumption that the change
rate of HCl is linearly dependent on the amount of HCl.
To get data on the allowed timescales for measurements, a new measurement is done. This
measurement is done for smaller timescales, with the same input parameters as in the previ-
ous experiment: a magnetic field of 15mT and an electrical current of 17A.
The conditions of the flow need to be stable in order to measure properly. As shown above,
this is not possible with this experiment. Therefore the change in surface energy over time is
allowed to vary within the dispersion bars. Figure 5.4 shows the measurement results of this
experiment.

This measurement shows the same exponential dependence of the surface energy over time as
figure 5.3 does. Based on the results, the time the surface energy needs to decrease a fraction
1/e of the starting value of the surface energy is approximately 140 minutes. This trend is
depicted in figure 5.3 and 5.4 as a black solid line.
The decrease in the surface energy must be within the standard deviation of the spread of
the measurements. The standard deviation in the measurements turns out to be 5%.
Since we know that the surface energy decays exponentially, this can be mathematically de-
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Figure 5.4: The influence of time on the measured specific surface energy, with the y-axis
the specific surface energy in log scale and on the x-axis the time. The measurement data is
depicted by the blue markers, the black line is an exponential fit of the data from both this
measurement and the measurement of figure 5.3

scribed as δ = exp(−t/τ), with δ the fraction of the surface energy which is left after time t,
and τ the time constant of the decaying surface energy. From here we determined the maxi-
mum measurement time to be 7 minutes. With a maximum measurement time of 7 minutes
the variations in the surface energy stay well within the spread in the measurements.

5.3.2 Hysteresis in the measurements

As one may have noticed the surface energy varies significantly between the two measurements
of figure 5.3 and 5.4. Since the driving force in both measurements is roughly the same, this
suggests that the difference is created by the galinstan oxide layer.
Both measurements where preceded by a HCl refreshment. The measurement corresponding
to figure 5.3 is done after the first refreshment of HCl that day. The measurement correspond-
ing to figure 5.4 is done after the third HCl refreshment of that day. For both measurements
the concentration of HCl in the solution was the same.
To find out if the previous treatment of the oxide layer does influence current measurements,
the surface energy is measured for different treatment histories. Various measurements with
comparable forcing are listed in the table below. The surface energy is measured 15 minutes
after HCl refreshment. The only variable in this measurement is the time to the previous HCl
refreshment.
The discrepancy in the surface energy between the different measurements is larger than ex-
pected from the standard deviation in the measurements. This difference is allocated to the
change in viscosity of the galinstan oxide layer.
To be able to compare measurements with different oxide layers, measurements will be nor-
malized to the maximum measured surface energy of that measurement campaign. Only the
behavior of the surface energy with respect to the input parameter can be found with this
normalization. Information about the absolute surface energy will be lost.
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Table 5.1: The surface energy of various measurements with comparable input parameters,
but different treatment history of the oxide layer.

Date Previous treatment Surface energy (cm4/s2)

2013-03-12 One Hour before 10

2013-03-13 One day before 14

2013-03-13 Two Hours before 26

2013-03-13 Two Hours before 30

2013-03-18 Three days before 22

2013-03-19 Half an Hour before 30
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Chapter 6

Scaling of the surface energy with
the Hartmann number, and the
influence of the bulk

The conditions concerning the measurements are known now. This chapter will be dedicated
to the study of an additional bulk layer, on top of a channel flow. We want to study if the
addition of such a layer does influence the scaling of the surface energy with the Hartmann
number.
In the first section the numerical model will be used to evaluate the behavior of the surface
energy as a function of the Hartmann number in a channel flow. In the second section the
results of the channel flow experiment are presented, where the surface energy is measured as
a function of the Hartmann number. This measurement will be compared with the model of
the channel flow. In the third section the experimental results of a flow with and without a
bulk layer will be compared to determine the influence of the bulk layer on the measurements.
The results of the experiment are then compared with results from the model. In the last
section a discussion of the results is given.

6.1 The numerical model of the channel flow

The dependence of the specific surface energy on the Hartmann number is determined using
the model as described in chapter 2. This model is rewritten in dimensional form and solved
for the boundary conditions of a channel flow, as described in section 2.2.3, and the flow of
the experiment, for which the boundary conditions are described in section 2.2.4.
Simulations are restricted to Rm � 1 (where we used the defenition Rm = µ0σL

E0
B0

). The
fluid properties and geometry are fixed, therefore the ratio of electric field over magnetic field
is limited. For a flow of galinstan in a channel with minor radius 3.5 · 10−2m, the ratio must
satisfy E0

B0
< 0.1 for the model to be valid.

The surface energy is evaluated numerically for different electrical currents. Figure 6.1 gives
the dependence of the surface energy on the Hartmann number for different electrical currents.

With the black dashed line the critical Hartmann number is indicated for the flow at an
electrical current of 0.2 A. This critical Hartmann number indicates the Hartmann number
at which the flow has a transition between the driving force dominated regime and the MHD-
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Figure 6.1: The simulated dependence of the surface energy on the Hartmann number for
different electrical currents. Horizontally the Hartmann number, and vertically the surface
energy, normalized to the maximum surface energy in that curve. The minor radius of the
channel is 35mm.

braking dominated regime. Here we have to make a remark that there actually is a slight
difference between the critical Hartmann number as we use here (regarding the surface energy)
and the critical Hartmann number as we used in chapter 3.
The quantitative difference between these two critical Hartmann numbers is however a lot
smaller than the resolution in our models and measurements. Therefore we allow ourselves
not to distinguish between the two different critical Hartmann numbers.
Figure 6.1 shows that the critical Hartmann number depends on the strength of the electrical
current. As this current increases, the critical Hartmann number increases as well.
This behavior can be understood by analyzing equation (2.30). If we rewrite this equation
to the equation of a straight channel flow, for which the 1/r dependence vanishes and thus
the secondary flows vanish as well, we are left with one term at the right hand side of the
equation, which is: −N

(
v − ∂

∂rV
)
, where the first term brakes the flow, and the second term

drives the flow. For simplicity the tildes are ignored for a moment.
For the straight channel flow the dependence of the specific surface energy on the Hartmann
number is close to equal to the curve in figure which corresponds to an electrical current
of 0.2A in figure 6.1, independent of the electrical current driving the fluid in the straight
channel. The straight channel flow is thus indeed influenced by MHD braking, as expected,
but the electrical current does only influence the velocity of the flow, and not the scaling of
the surface energy with the Hartmann number.
When we bend the channel again, and thus invoke the secondary flow, we can see that the
addition the first two terms at the right hand side of equation (2.30) have a braking effect on
the velocity of the flow. These two terms cause the shift of the critical Hartmann number for
different electrical currents. From these models we can conclude that the secondary flow do
cause a shift of the critical Hartmann number.
In chapter 3 we have discussed the velocity and iso lines of the stream function distribution in
a channel flow. In those results the contour lines of the stream function always indicated the
presence of one vortex. In the simulations which are discussed here, something remarkable
happened. Starting from a low Hartmann number with one vortex, a second vortex occurs
for increasing Hartmann number, see figure 6.2. This vortex has the same orientation as the
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original vortex, with a negative vorticity.
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Figure 6.2: Numerically obtained surface plot of the azimuthal (color) and contour plot of the
stream function (black iso lines) for a cross section of the channel flow. Here one can see that
the flow has two vortices. The vortices have the same orientation, with a negative vorticity.
This flow has a Hartmann number of Ha = 12 and is driven by an electrical current of 20 A.

For further increasing Hartmann number the number of vortices reduces to one again. The
flow consists of two vortices for a Hartmann number between 2 and 20.

6.1.1 Adding a layer on top of the channel flow

To study the influence of the presence of a non-driven layer on top of the channel on the
scaling of the surface energy with the Hartmann number, we will now use the model with the
boundary conditions of section 2.2.4. For this geometry again we numerically evaluate the
surface energy for increasing Hartmann number and for different electrical currents. Figure 6.3
shows the results of the model.

The Hartmann number at which the two regimes are separated is changed, with a shift of
the critical Hartmann numbers towards lower Hartmann numbers. This is what we expected
since we have added a layer to the flow, which only brakes the flow due to MHD braking, and
does not drive the flow, since there flows no electrical current through this layer.

6.2 The experimental channel flow

The dependence of the surface energy on the Hartmann number is measured for a channel
flow. The results of the experiment will be compared with the numerical results to determine
if the model indeed does simulate the MHD flow of the experiment. Therefore the middle
channel is completely filled with galinstan. Due to the surface tension of the galinstan, the
channel cannot be partly filled and still form a closed ring in the channel. In case the channel
is partly filled, the galinstan clusters together resulting in a gab in the galinstan ring.
Since the channel must be filled with galinstan completely, the HCl layer is in the container
on top of the channels. As a result, momentum could be transferred to other channels via the
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Figure 6.3: The numerical results of flow with an additional electrically conducting layer on
top of the channels, with horizontally the Hartmann number and vertically the surface energy,
normalized to the maximum surface energy in that curve. The flow is driven in the middle
channel.

HCl layer. In order to have a channel flow, the momentum should stay within the channel.
Therefore the measurement results are validated first, to find if the transfer of momentum
from inside to outside the channel is small indeed.
Figure 6.4 gives a scematic sketsh of the cross-section of the experiment

Figure 6.4: The cross-section of the geometry used in this section, with the channels filled
with galinstan (gray) with on top a HCl layer (red). The HCl layer in this sketch is not on
scale.

6.2.1 validation of the channel flow measurement

To determine if we have a channel flow, the measured velocity profile is analyzed. For a
channel flow we require that the kinetic energy of the flow outside the channel is relatively
small, with respect to the kinetic energy of the flow inside the channel. Since we can only
measure the velocity of the flow at the surface, we will assume that the velocity of the flow
is independent of the depth, which is a rough but valid approximation, as visualized by fig-
ure 6.2.
In this experiment the middle channel is electrically driven. Due to azimuthal symmetry of
the flow, we can restrict ourselves to a velocity which is a purely azimuthal velocity v = vϕeϕ
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with an purely radial dependent velocity vϕ = vϕ(r). To have a channel flow, we require that
95% of the kinetic energy of the flow is within the channel. Mathematically this reads as:

Eoutside

Einside
=

∫
outside vϕrdr∫
intside vϕrdr

< 0.05 (6.1)

Where Eoutside is the kinetic energy outside the channel and Eoutside the kinetic energy inside
the channel. Figure 6.5 shows the measured velocity distribution as a function of the radius.
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Figure 6.5: The azimuthal velocity as a function of the radius for the channel flow experiment
given by the blue dots. The red line represents the gaussian fit which results from non-used
analysis.

The data showed that more than 0.2% of the energy is within the channel, according the
analysis as described above, which is an upper boundary of the kinetic energy distribution
in the flow. Therefore we assume this experiment is a good representation of a channel flow
experiment.

6.2.2 The scaling of the surface energy with the Hartmann number in an
experiment

Now the set-up is used to measure the dependence of the surface energy on the Hartmann
number for a channel flow. The results of the measurement and the numerical model are
depicted in the figure 6.6.
The results are both normalized to their own maximum in surface energy. The model indicates
that the flow will be in driving-force dominated regime for the whole range of the Hartmann
number. The results of the experiment show a same driving-force dominated scaling, but
with different dependence of the specific surface energy on the Hartmann number.
At low Hartmann number the measured specific surface energy is a smaller fraction of the
maximal surface energy than one would expect from the model, what could be a result of the
galinstan oxide layer. This oxide layer (or maybe ’oxide film’ is a better choice of words) slows
the galinstan at the surface down [18]. Assuming the film is intact the flow at the surface
brakes. This results in a lower surface energy than one would expect from the model, since
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Figure 6.6: Numerical and experimental results, with at the horizontal axis the Hartmann
number, and at the vertical axis the normalized surface energy. The electrical current is 20A.

the measured velocity is the velocity of the galinstan oxide layer.
This oxide layer is in contact with the channel walls, at which the oxide layer has a no slip
boundary condition. The thickness of a boundary layer at the side walls, corresponding to a
normal (non-MHD) flow, can be calculated by δ ≈ 4.91L/

√
Re.

With the high viscosity of the oxide layer, of which the numerical value is not known, the
typical Reynolds number of the oxide layer will be: Re = u0L

ν < 10 assuming a typical length
scale L maximal in the order of 0.1 m.
This results in boundary layers which will be larger than the width of the channel1. This
means that the channel walls do influence the results of the measurement.

6.3 The influence of a galinstan layer on the measurements

In the previous section the Hartmann dependence of the surface energy is experimentally
measured for a channel flow. In this section this measurement is repeated for an experiment
with a galinstan layer on top of the channels, called the bulk. For a schematic sketch, see
figure 6.7 below: The addition of the bulk on top of the channels does introduce an extra
layer which experiences braking due to induced currents, but is not driven. This in contrast
with the galinstan in the (driven) channels, which brakes due to the induced currents and is
driven by the body force which results from the magnetic field and electrical current.
The large volume of the layer makes the influence of braking significant. As can be seen
in figure 6.1 and 6.3 this results in a shift of the critical Hartmann number towards lower
Hartmann numbers.
The effect of a galinstan bulk is measured by comparing experimental data of measurements
with, and without the galinstan bulk. From the models one can expect that a maximum in
the surface energy will be observed within the measurement domain of the Hartmann number
for the measurements with additional galinstan layer.
For this experiment the bulk is filled to a height of 5mm. The galinstan bulk is then covered
by a 0.5mm thick HCl layer. The measurement results are given in the following figure with

1This calculation of the boundary layer thickness is based on a flow over a flat plate. Nevertheless this is
used in our curved system to have an indication of the numbers.
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Figure 6.7: The cross-section of the geometry used in this section, with the channels and bulk
filled with galinstan (gray) with on top a layer HCl (red). The HCl layer in this sketch is not
on scale.

the surface energy as a function of the Hartmann number. For the experiment of the channel
flow, the data of the previous experiment is used (the blue markers in the figures).
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Figure 6.8: The measurements of the channel flow (blue) and the bulk flow (red) with on
the horizontal axis the Hartmann number, and vertically the surface energy. The red curve
represents the scaling as expected by the model. Both measurements appear to show the same
dependence of the surface energy on the Hartmann number. The electrical current in the
measurements and model is 20 A.

Figure 6.8 shows the measurement results of the channel flow (blue) and the bulk flow (red).
Both measurements are normalized to their own maximum in specific surface energy. With
the red curve the result from the model of the bulk flow is given.
The results of the bulk flow experiment indicate that the flow is in a driving-force dominated
regime, since the surface energy increases for increasing Hartmann number over the whole
range of the Hartmann number. The bulk flow results show the same scaling as the channel
flow results. This indicates that the addition of the bulk does not change the dependence of
the surface energy on the Hartmann number. This is not expected from the model, which
does predict a maximum in the surface energy at a Hartmann number of 7.8.
To validate these results, the experiment is repeated for the flow with bulk layer at an electrical
current of 10A. The results of this experiment again do not indicate the presence of a region
at which MHD braking does dominate the flow, although expected by the model.
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The similar scaling of the channel flow and the flow with bulk suggests that the bulk layer
does not brake the flow. This would be true for a liquid in the container which has a high
electrical resistivity. For such a fluid no electrical currents are induced which can interact
with the magnetic field, resulting in a braking force.
The oxide layer of galinstan is, as shown by T. Sasaki and K. Hijikata [22], is a poor electrical
conductor. Since, however, this oxide has a high viscosity (which is dependent on the oxygen
concentration in the oxide) it is most unlikely this oxide does fill the whole container without
forcing the flow to rest, which we obviously did not observe.
In case we did fill the galinstan in the container up to a height of less than 5 mm, we would
see other scaling as well. Due to the high surface tension of galinstan, the galinstan in the
container would form dry spots if the galinstan layer in the container is smaller than 4.5
mm. This is however not observed, neither in the measurements, nor in the data of the
measurements.

6.4 Conclusions and discussions

In this chapter we investigated if the bulk layer does influence the scaling of the specific
surface energy with the Hartmann number. From the experiments cannot be concluded if the
bulk layer does influence the scaling of the surface energy with the Hartmann number.
From the models is expected that the presence of a layer of conducting fluid on top of the
channels does increase the influence of MHD braking, causing the regime at which MHD-
braking does dominate towards lower Hartmann numbers. This behavior is not observed in
the experiments. From this mismatching between the model and experiment we conclude
that this experiment is not properly described by the model.

The models

The models show that the scaling of the specific surface energy with the Hartmann number
is influenced by the addition of a layer of an electrically conducting fluid on top of the
channels. The regime at which the flow is dominated by MHD braking will extend towards
lower Hartmann numbers.
The physical reason for this behavior can be explained by the driving and braking forces of the
MHD flow. The fluid in the channels is driven by an electrical current through a fluid in the
presence of a magnetic field, resulting in a body force. As already described by Hartmann, the
movement of an electrically conducting fluid in the presence of a magnetic field does induce
electrical currents which brake the flow.
In case of the addition of an electrically conducting layer on top of the channels, this layer
is not driven, but brakes by induced electrical currents. This makes that MHD braking will
dominate the flow at lower Hartmann numbers.

The channel flow experiment

The result of the channel flow experiment shows an increasing surface energy for increasing
Hartmann number, with a flattening tendency. This is similar to the result of the model, but
starts at a higher Hartmann number. The reason of the mismatching of the numerical and
experimental results is assigned to the presence of the galinstan oxide layer.
This oxide layer is in contact with the channel walls, at which the oxide layer has a no slip
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boundary condition. The thickness of a boundary layer at the side walls, corresponding to a
normal flow, is estimated to be 0.1 m.
This results in boundary layers which will be larger than the width of the channel. This
means that the channel walls do influence the flow at the whole ”stress free” surface.

The addition of the bulk in the experiment

The measurement of the flow with bulk layer shows a same dependence of the surface energy on
the Hartmann number as the measurement of a channel flow. The results of the measurement
with bulk layer does show a different scaling of the surface energy with the Hartmann number
than expected by the model. The model does indicate that the flow should be in the regime
at which MHD braking dominates, starting from Ha ≈ 7.8, but the experimental results do
not show this tendency.
The similar scaling of the channel flow and the flow with bulk suggests that the bulk layer
does not brake the flow. This would be true for a liquid in the container which has a high
electrical resistivity. For such a fluid no electrical currents are induced which can interact
with the magnetic field, resulting in a braking force.
The oxide layer of galinstan is a poor electrical conductor. Since this oxide has a high viscosity
it is most unlikely this oxide is the reason of the agreement in scaling.
In case we did fill the galinstan in the container up to a height of less than 5 mm, we would
see other scaling as well. Due to the high surface tension of galinstan, the galinstan in the
container would form dry spots if the galinstan layer in the container is smaller than 4.5 mm,
which are not observed.

Outlook

The presence of the oxide layer does clearly influence the experiment. It could be possible
to implement this layer in the model as well, via a constrain boundary condition at the top
which can depend on the velocity. Extra study for such an expansion of the model is needed.
The normalized results from the experimental channel flow and flow with bulk, showed the
same scaling. Since both flows appeared not to be in an MHD-braking dominated regime at
a Hartmann number of 11, measurements at higher Hartmann numbers are desired to show
at which Hartmann number each flow reaches its MHD-braking dominated regime.
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Chapter 7

Scaling of the surface energy with
electrical currents in the presence
of secondary flows

In this chapter we study the influence of the secondary flow on the scaling of the surface energy
with the electrical current. From chapter 3 we concluded secondary flows are influenced by
the aspect ratio of a channel. Furthermore, the Hartmann number is found to secondary
flows.
Therefore we are going to measure the influence of the Hartmann number and aspect ratio of
the electrically driven channel on the scaling of the surface energy with the electrical current.
At the first section the influence of the Hartmann number on the scaling of the surface energy
with the electrical current will be determined numerically. Besides that the influence of
the channel at which the fluid is driven on the scaling of the surface energy is determined
numerically.
At the second section the scaling of the surface energy with the electrical current is determined
for a Hartmann number of 1 and 11. The influence of the aspect ratio of the electrically driving
channels is determined at the third section. At the fourth, and last, section a discussion of
the obtained results is given.
In the following figure, a cross-section of the used geometry in this chapter is given.

Figure 7.1: The cross-section of the geometry used in this chapter.
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7.1 The expectations from theory

In this section we will use the model with the boundary conditions of subsection 2.2.4. With
these boundary conditions we model a flow with a 5 mm thick bulk above the channels, similar
to the experiment.

7.1.1 The influence of the Hartmann number

Using the model, the behavior of the surface energy with the electrical current is numerically
determined for Hartmann numbers of 1 and 11 for both the straight and annular geometry
as sketched in figure 7.1. These Hartmann numbers are close to the minimum and maximum
of the experimental domain, at which the Hartmann number can be varied.
For Ha = 1 the effect of MHD braking will be small and the flow will be in the driving-force
dominated regime, regardless the electrical current. A flow with a Hartmann number of 11
will be influenced stronger by MHD braking, where we know from the model that the flow
will be in the MHD-braking dominated regime in our experiments.
The results of the model are shown in figure 7.2, where the dependence of the surface energy
on the electrical current is shown for Ha = 1 with the green line and Ha = 11 with the red
line. With the black dotted line the dependence of the surface energy on the electrical current
is given for a straight channel, which appears to be not dependent of the Hartmann number.
In this simulation the flow is driven in the outer channel.
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Figure 7.2: The dependence of the surface energy on the electrical current for a straight
channel (green dotted line, which is not dependent on the Hartmann number) and an annular
channel for a Hartmann number of 1 (red line) and 11 (black line).

If we look at the scaling of the surface energy with the electrical current in a curved channel,
we observe a small difference in results for Hartmann numbers of 1 and 11. Since this is not
observed at the straight channel, we conclude that the geometry, and with that the secondary
flow, does influence the scaling of the surface energy with the electrical current.
At Ha = 11 this scaling is similar to the scaling which is observed at the flow in the straight
geometry. The scaling at a Hartmann number of 1 deviates from the scaling at a Hartmann
number of 11 with a more linear-like scaling behavior. We are interested in this difference
since this is a result of the annular geometry of the flow.
The numerically obtained results are studied to find if the secondary flow can indeed be used
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to explain the observed behavior. Therefore we look at the fraction q of the energy in the
secondary flow over the energy in the primary flow: q = Es/Ep, where we used the definition
for the energies of the introduction of chapter 3.
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Figure 7.3: The ratio of energy in the secondary flow over the energy in the primary flow,
for a Hartmann number of 1 (red curve) and 11 (black curve), as a function of the electrical
current.

In figure 7.3, q is given as a function of the electrical current, with the red line representing the
numerical results according to a Ha = 1 and the black line representing the results at Ha = 11.
For electrical currents up to approximately 3 A the fraction of energy in the secondary flow
is larger at a Hartmann number of 11 than at a Hartmann number of 1. For higher electrical
currents the fraction of energy in the secondary flow is larger for a Hartmann number of 1.
This relatively large fraction of energy in the secondary flow at a Hartmann number of 1
supports our suggestion that the difference in scaling is a consequence of the secondary flow.
It however also indicates that the secondary flow is not the only parameter which increases the
surface energy in the model. The largest deviation in surface energy is found at an electrical
current of 20 A, for the flow with a Hartmann number of 1, while the largest fraction energy
in the secondary flow is found at 10 A.
Results of the model at a Hartmann number of 0.01 and 50, which are however not presented
in figure 7.2, are in line with this observation. For both Hartmann numbers the model showed
a scaling of the surface energy with the electrical current at with the straight channel flow,
with a fraction of the energy in the secondary flow under the 1%, which indicates that the
increase in energy in the secondary flow is only present at a limited domain of the Hartmann
number.

7.1.2 The aspect ratio of the driving channel

In equation 2.30 one can see that the function ω is induced by the curvature of the channel.
For a straight channel, when r goes to infinity, one can see that the set of equations can be
solved for ω = 0 = Ψ. This represents a flow without secondary motion.
For a curved channel, where r is finite, ω = 0 = Ψ is not a solution of the set of equations
anymore, and the flow thus contains a secondary motion. The velocity is then influenced by
Ψ and thus, by definition (v = ∇× (Ψ · eϕ), influenced by the secondary flow.
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From the set of PDEs of chapter 2 can be seen that the stream function and vorticity are
influenced by the curvature of the channel via the coordinate r. This is in agreement with
the study of Munch and Metais[23], who showed with simulations that the intensity of the
secondary flow increases for decreasing aspect ratio.
Since the primary and secondary flow mutually interact with one another, a change in the
secondary flow leads to a change in the primary flow. The change in the primary flow can be
measured at the surface of the bulk.
In figure 7.4 the result of the model is given for a flow which is driven in the inner, middle
and outer channel for the experimental geometry.
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Figure 7.4: The scaling of the surface energy with the electrical current for different aspect
ratios of the channel at which the flow in the model is driven. The aspect ratios of the channels
correspond to the aspect ratios in the experiment. The results are normalized to the surface
energy corresponding to an electrical current of 20 A.

The results of the model indicate that the aspect ratio of the channel at which the flow is
driven has little influence on the scaling of the surface energy with the electrical current.
Therefore we assumed the difference in secondary flow for the different channels will be small,
and we expect that measurements at different channels will not be distinguishable.

7.2 Is the influence of the Hartmann number in experiments
as predicted by the model?

This section is devoted to measurements of the dependence of the surface energy on the
electrical current, for Hartmann numbers of 1 and 11. The results of the model, which are
presented in the previous section, will be used to compare the numerical and experimental
results. In the experiments the galinstan fills the container up to a height of 5mm, similar to
the models. See figure 7.1 for the cross-section of the set-up.

7.2.1 Measurements at Ha = 11

To measure the dependence of the surface energy as a function of the electrical current at
a Hartmann number of 11, the container is leveled at a height of 20mm from the reference
plane. In figure 7.5 the measured surface energy of the experiment (blue markers) and the
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model (black line) are given as a function of the electrical current. The results are normalized,
to their own surface energy at 33A.

0 5 10 15 20 25 30 35 40
0

0.2

0.4

0.6

0.8

1

1.2

Electrical current

N
or

m
al

iz
ed

su
rf

a
ce

en
er

gy

Experiment
Model

Figure 7.5: The scaling of the surface energy with the electrical current for a Hartmann
number of 11. The surface energy is given vertically, and horizontally the electrical current
is given. The black line shows the result according to the model of the channel flow, and the
blue markers give the results of the experiment.

The scaling of the surface energy with the electrical current, according to the experiment, is
what is as expected from the model. The normalized surface energy is typically slightly larger
in the experiments than in the model.
In the data of the measurements we ignored the measurement of the surface energy at an
electrical current of 38 A, since the data of this measurement indicates that we made an error
in this measurement. Analysis of the measurement data indicate that the flow was not yet in
steady state for the measurement at 38 A, although that is required for the measurements.
From the scaling of the model and experimental results we conclude that the flow is influenced
by the secondary flow. In the previous section we have seen that we could expect, for a flow at
Ha = 11, that the surface energy would scale with the electrical current similar to the straight
channel. Although the experimental and numerical results deviate slightly, we conclude that
the experimental data show the same result as the numerical data.
The deviation between the experimental results and the model could be a result of the radial
magnetic field component in the experiment, which is neglected in the model. It is not
unlikely that this radial magnetic field component does support the secondary motion. The
radial magnetic field interacts with induced currents in the plane perpendicular to the radial
direction, resulting in an extra force, which typically will be larger at higher electrical currents
(due to the increasing velocity associated to increasing electrical currents).
Expanding the model with a radial magnetic field component could give more insight in the
role of this neglected component of the magnetic field.

7.2.2 Measurements at a Hartmann number of 1

For this measurement the container is leveled at a height of h = 170 mm above the reference
plane, which corresponds to a Hartmann number of Ha = 1 at the driving channel in the
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container. The surface energy is measured as a function of the electrical current. Figure 7.6
shows the results of the experiment and model, again both normalized to their own surface
energy, this time corresponding to an electrical current of 36A.
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Figure 7.6: The scaling of the normalized surface energy (on the vertical axis) with the elec-
trical current (on the horizontal axis) for a Hartmann number of 1. The red solid line shows
the result according to the model, and the blue markers give the results of the experiment.

The blue markers represent the results from the experiment and the black line represent the
expected behavior, based on the model. The results of the experiment and model show a sim-
ilar scaling of the surface energy with the electrical current. From these results we conclude
that the flow is influenced by the secondary flow, which increases the ratio of specific surface
energy (where the specific surface energy at an electrical current of 36 A is used as reference
point for the ratio).
The normalized surface energy is in the experiment typically a little higher than expected
by the model. This is observed in the measurement results at a Hartmann number of 11 as
well, suggesting that this deviation between the model and experiment is indeed caused by
differences between the experiment and model.

On the occasion of the deviation between the results of the model and the experiments,
we have analyzed the standard deviation of the surface energy within a data point for the
measurement data. With this analysis we wanted to find if the standard deviation would
exceed the used error in the measurements.
We found that this was not the case. The analysis however indicated that the standard devi-
ation is dependent on the input parameters, with a larger standard deviation for low driving
forces.
Since the flow should be in steady state at these measurements, something we conclude from
the analysis as well, this could mean that the spread in the measurements, which we used as
error, is dependent on the input parameters. We have not studied this in more detail, but for
a better determination of the error this is something one should take in consideration.
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7.3 Does the curvature of the channels influence the measure-
ments?

The secondary flow influences the scaling of the surface energy with the electrical current
and the Hartmann number. In this section the change in scaling of the surface energy with
the electrical current due to the curvature of the driven channel is measured by experiments.
With the result of this measurement can be concluded if the aspect ratio of channel does
influence the scaling of the surface energy with the electrical current.
We experimentally evaluated the specific surface energy as a function of the electrical current,
driving the flow in the inner, middle and outer channel, independently of one another. The
measurement results are again normalized. Due to the limited allowed current density in
the electrodes of the experiment, the surface energy is normalized to the surface energy at a
electrical current of approximately 20A, since this is the upper limit for the electrical current
in the inner channel.
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Figure 7.7: Left: The surface energy depending on the electrical current at the inner (green),
middle (red) and outer (black) channels. The Hartmann number at the channels is 11. At
the x-axis the current is given in Ampere. The surface energy is given at the y-axis.
Right: The expectation from the model corresponding to the measurement results of the left side
of this figure. The color codes in this figure correspond to the color codes of the measurements.

Figure 7.7 shows the measurement results at the left and the results from the model at the
right of the inner, middle and outer channel with green, red and black respectively. The
normalized measurement results (normalized to the surface energy at 16 A, for both the nu-
merical and experimental results) show a similar scaling of the specific surface energy with
the electrical current. We normalize our results to their surface energy at 16 A since the
model does not converge anymore for electrical currents higher than 16 A through the inner
channel. Analysis of the model indicated that decreasing the size of the mesh in the model
(which results in increasing the resolution of the model) does increase the limiting electrical
current for which the model can obtain a solution. This can be understood if we look at the
boundary layers of the fluid.
For large velocities the size of the boundary layers in the flow decrease. Since the gradients of
the velocity is large in the boundary layers, the needed resolution in a boundary layer needs
to be large, where we aim for typically 10 data points in a boundary layer. If the resolution in
the boundary layer gets too small, COMSOL does not find a solution anymore, with loosing
its convergence.
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Decreasing of the mesh size is therefore a solution to increase the range over which COMSOL
can find a solution, but this however does increase the time needed to obtain a solution dra-
matically.
The scaling which is observed in the measurements is expected by the models, as can be seen
in the figure by the solid lines, with the colors of the solid lines corresponding to the colored
markers of the experiment.
From previous measurements we know that the normalized surface energy in the experiments
is typically slightly higher than expected by the model, where we always normalized to the
surface energy corresponding to the highest value of the variable parameter in the measure-
ments. In this measurement we normalize to the surface energy at 16 A, while we vary the
electrical current up to 40 A in the measurements at the middle and outer channel. That
the normalized surface energy is higher in the models than in the experiments at electrical
currents above the 16 A is therefore in line with that we observed before.

7.4 Conclusions and discussion

In this chapter we studied the scaling of the surface energy with the electrical current for
Hartmann numbers of 1 and 11. We know that MHD flows in an annular geometry do con-
tain a secondary flow, which can be suppressed by MHD braking. Since the primary and
secondary flow mutually interact, we wanted to find if the scaling of the surface energy with
the electrical current is influenced by the Hartmann number.
The experiments and model showed that the scaling of the surface energy with the electrical
current is influenced by the Hartmann number.
Measurements at a Hartmann number of 11, as well as the model, showed that the scaling of
the surface energy with the electrical current (in the experimental geometry) is similar to the
scaling which we observe in a channel with a cross-section similar to the cross-section of the
experiment.
The scaling of the surface energy with the electrical current at a Hartmann number of 1
deviates from the other measurements with a higher normalized surface energy. Analysis of
the models showed that this deviation is accompanied by an increase in the energy in the
secondary flow, relative to the energy in the primary flow. Since the change in scaling of
the surface energy for different Hartmann numbers is not observed in straight channels, we
assume that this change in scaling results from the secondary flow.

From chapter 3 we know that the aspect ratio of the channel does influence the secondary
flow as well. To find if the channel in which the flow is driven does influence the scaling of the
surface energy with the electrical current too, we have performed a measurement in which we
drove the flow in the three channels, independently from one another.
The measurement results and model showed that the aspect ratio of the driven channel does
hardly influence the scaling of the surface energy with the electrical current. The model
showed that the scaling of the surface energy approaches the scaling of a straight channel,
where the middle channel already showed a slightly stronger deviating scaling, which indicates
that the energy in the secondary flow is increased. For the inner channel this shift in scaling
is even a bit stronger, but the differences are however too small to be measured.
The results of the measurements showed indeed a similar scaling for electrical currents up
to 20 A. Above this electrical current both the results of the model and experiment show a
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distinguishable difference, which is in agreement with the model.

In the analysis of the measurement results in this chapter we found that the surface en-
ergy in the measurements was typically higher than the surface energy which is predicted by
the model (for data with an electrical current smaller than the electrical current at which the
results are normalized, and vise versa for data at larger electrical currents).
The model differs from the experiment with the absence of a radial magnetic field component.
The addition of a radial component of the magnetic field in the model would introduce both
an extra forcing and braking term, which would likely change the outcome of the model.
Since the difference between model and experiment is larger for measurements at high Hart-
mann number, we expect that this difference is a result of the radial magnetic field component
in the experiment. Addition of this magnetic field component to the model can show if this
is indeed the case.
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Chapter 8

Conclusion and outlook for future
work

Liquid metals are proposed as a possible solution for the tokamak divertor problem. How-
ever, due to the magnetohydrodynamics (MHD) nature of liquid metals in the presence of a
magnetic field, the use of a liquid metal divertor is challenging.
The goal of this master project was to design a pilot experiment, which can be used to form
a fundament for feasibility studies on liquid metal divertors. In this thesis we have studied
the scaling behavior of MHD flows, consisting of a bulk layer which is driven in underlying
channels.

8.1 Discussion of the results

With the start of our study on liquid metal divertors, we limited ourselves to a simple MHD
flow. We have modeled an electrically driven MHD flow in an annular geometry, in the pres-
ence of a transverse magnetic field. For this model we assumed the non-dimensional magnetic
Reynolds number to be small, which results in a flow without induced magnetic field or az-
imuthal electrical current.
To verify the numerical results, we have designed an experiment containing a layer of an elec-
trically conducting fluid (the bulk). This bulk can be driven by three underlying electrically
driven MHD channel flows. The electrical current and magnetic field are the driving param-
eters of the flow. In this work we have re-written the magnetic field in a non-dimensional
form: the Hartmann number.
To describe the flow, we have defined the surface energy, which is the integrated kinetic energy
at the surface of the flow.
As liquid metal we used galinstan. Due to the oxidation of galinstan when it is exposed to
air, measurements showed showed large variation, which forced us to work with normalized
measurement results, which allowed us to study the scaling of the surface energy only.
For this project we formulated two research questions. With the first research question we
want to study the influence of the addition of a bulk layer on top of a channel flow. Therefore
we measured the scaling of the surface energy with the Hartmann number, for a channel flow
and a flow with bulk. The first research question formulated as:

• Does the bulk layer influence the scaling of the surface energy with the
Hartmann number?
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From the results of the measurements cannot be concluded if the bulk layer does influence the
scaling of the surface energy with the Hartmann number. The model does however indicate
that there should be a difference.

The numerical model showed that the scaling of the surface energy can be divided in two
regimes. At one regime the surface energy increases with increasing Hartmann number, this
is called the driving-force dominated regime. At the second regime the surface energy de-
creases with increasing Hartmann number: the MHD-braking dominated regime. These two
regimes are separated at a Hartmann number which is called the critical Hartmann number.

The model of the channel flow showed that the flow would reach the critical Hartmann
number (Hacrit) at Hacrit = 11. The results of the experiment showed a same tendency as
the model did, but since the set-up was not suitable to measure at Hartmann numbers above
11 we have not been able to verify if the MHD-braking dominated regime has indeed been
reached at a Hartmann number above 11.
For the channel flow, the surface energy in the model was typically larger than the experimen-
tal surface energy. We expect that the reason of this difference in surface energy between the
model and experiment can be found in the presence of an oxide layer on top of the galinstan
bulk. Due to the small width of the channels, the boundary layers of the oxide layer flow has
a strong influence on the measurement.
The model showed that the critical Hartmann number is at Hacrit = 8 for a flow with a 5 mm
thick bulk and driven at 20 A. The measurements however did not show this critical Hart-
mann number at Ha = 8. Although we have considered the influence of the radial component
of the magnetic field as well as the influence of the oxide layer on top of the galinstan, the
reason of the difference between experimental and numerical results was not found.

With the second research question we wanted to investigate the influence of the Hartmann
number on the scaling of the surface energy with the electrical current.
For a flow in non-curved geometries the Hartmann number does not influence this scaling, but
due to secondary flows, associated with a curved geometry, different scaling behavior occurs.
In the experiments and models we only worked with a bulk on top of the channels. This
research question is defined as:

• Does the scaling of the surface energy with the electrical current change
for different Hartmann numbers?

Measurements showed that the scaling of the surface energy with the electrical current is
indeed influenced by the Hartmann number. This result is supported by the model, which
is in agreement with the experimental results, with a normalized surface energy in the mea-
surement which was typically slightly larger than expected by the model due to the radial
magnetic field component in the measurements.

The model is used to determine the scaling of the surface energy with the electrical cur-
rent in a straight flow. The scaling appeared to be independent of the Hartmann number,
with a parabolic like-scaling.
Simulations of a curved flow with a Hartmann number of 11 showed that the scaling of the
surface energy with the electrical current is approximately similar to the scaling of the straight
flow. Numerical analysis of the model showed that the flow contained a flow, perpendicular
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to the main flow, called the secondary flow. The energy in the secondary flow is, relative to
the energy in the main flow, small.
Measurements at the flow with a Hartmann number of 11 showed a scaling which is in close
agreement with the model, confirming the results we obtained from the model.
At a Hartmann number of 1 simulations and measurements were in agreement too. Simula-
tions of the flow with a Hartmann number of 1 showed different scaling compared to the flow
at a Hartmann number of 11. At Ha = 1 the surface energy is found to be typically higher
than the surface energy at Ha = 11.
Numerical studies of the energy in the secondary flow showed that the energy in the secondary
flow is higher at a Hartmann number of 1 than at a Hartmann number of 11, relative to the
energy in the main flow. This suggests, in combination with the scaling being independent
of the Hartmann number for flow in a straight flow, that the difference in scaling originates
from the secondary flow.

In experiments, the surface energy is typically not as large as predicted by the model. This
difference is slightly larger at a Hartmann number of 11 than at a Hartmann number of 1.
We expect that this difference is a result of the absence of a radial magnetic field component
in the model. This radial component does introduce an extra force term on the flow, which
changes its scaling behavior. Measurements of the magnetic field showed that the radial mag-
netic field component is larger for high Hartmann numbers than for low Hartmann numbers,
as can be seen at the right side in figure 5.1. This is in line with our suggestion that the
radial component of the magnetic field does introduce this difference. Expanding the set of
PDEs (2.28)-(2.31) can show if this difference does indeed disappear due to the addition of
the radial magnetic field component.

8.2 General conclusion and recommendations
for further research

With this project we made a start with our study at liquid metal divertors. We started an
experiment and learned to work with galinstan, although it was hard to handle to oxidation.
At the start of this project, we had the intention to collaborate with the numerical work of W.
Arts [24]. Over time we found out that his work however could not contribute to this project.
Therefore we where forced to obtain an own model, which was simplified but appeared to be
of great value for this project.

With this project we have found that the presence of a secondary flow has influence on
the scaling of a flow with the electrical current and Hartmann number. The critical Hart-
mann number is dependent on the electrical current, due to the secondary flow. Furthermore
the scaling of the flow with the electrical current appeared to be influenced by the secondary
flow. For divertor applications the influence of the secondary flow could be of importance.
As shown in this thesis, the secondary flow changes the scaling of flow parameters with the
driving parameters. Depending on the design of the divertor, the secondary flow could im-
prove the efficiency of the control parameters.

In the case of a liquid metal divertor in a tokamak, the physics gets more complicated with
the presence of a continuous particle and heat flux on the free surface of the flow.
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In the event of plasma instabilities, a local transient heat and particle flux may come on top
of the continuous heat load and particle flux. These extra parameters may form a disturbance
on the surface of the flow, changing the material properties locally or changing the properties
of the flow.
Furthermore, the high magnetic field in a ITER-like tokamak may cause the non-dimensional
parameters, which we used in this project, to be of a different order of magnitude. The Hart-
mann number scales linearly with the magnetic field and length scales, and scales with the
square root of material properties. Assuming the material properties do not differ that much
between galinstan and (for example) lithium, the length scale needs to be roughly 200 times
smaller than we used in this project, to keep the Hartmann number equal, which we consider
as unlikely.
Depending on the design of the divertor, the non-dimensional numbers will be typically larger
than we considered in this project, which may result in the introduction of extra physical phe-
nomenons.
To apply the liquid metal divertor in a tokamak is a complex and challenging aim. Better
understanding of the physics starts with the creation of models which properly describes ex-
periments. With this project we made a start with a pilot experiment and model, but there
is a whole path in front of us.

Experiments on MHD flows without the presence of a disturbing oxide layer would be a
first step towards a more quantitative study on electrically driven MHD flows. Possibly, an
other metal could be a solution to avoid oxidation. For the candidate metals for a liquid
metal divertor, which are gallium, tin and lithium [25], one however definitely needs to avoid
contact with oxygen.
At the same time extending the model with a radial magnetic field component could show if
our conclusions from the measurements are correct. The numerical work of W. Arts on liquid
metal flows in annular channels could be of great value for this purpose too. With this work
one could obtain more insight in how to control an MHD flow.
On the long term, studies of the influence of heat load and particle fluxes are desired. Particle
and heat fluxes on the liquid surface may cause for local disturbances of the flow, which could
have an effect on the flow of the metal.
Furthermore, a temperature gradient over the boundary between two metals introduces an
electrical potential. This could be used in the flow as a driving mechanism[25], but at the
same time it could introduce unwished forces in the flow. More study of the influence of
temperature gradients in the flow is desired in order to use this temperature gradient in a
beneficial way. If necessary or desired, one could combine this with the study on the influence
of a liquid metal divertor on plasma conditions. On the long term these studies should lead
to an eventually design of a liquid metal divertor.
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