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ABSTRACT

This thesis’s motivation is improving one of aluminum’s manufacturing steps - de-
gassing. The excess dissolved gasses, such as hydrogen, are removed from molten alu-
minum during this stage. Currently, the most common way is to inject inert gas into
the melt, and the gas absorbs dissolved hydrogen and leaves the metal through its free
surface via bubbling. Existing methods need mechanical contact with the hot and chem-
ically aggressive aluminum, leading to higher maintenance costs and heat losses. Here a
novel contactless degassing method is researched. It uses electromagnetic forces to drive
the flow, which disperses the injected inert gas bubbles. In this work, bubble dispersion
by turbulent flow is studied experimentally in GaInSn and aluminum models. Bubble size
reduction has been directly observed in liquid metal (GaInSn) and correlated with flow
conditions. Velocity and pressure measurements are used to characterize fluid dynamics
taking place in liquid metal. Power measurements describe electromagnetic performance
and limitations of permanent magnet machines. These experimental results are further
used to validate numerical MHD models developed parallel to this work. An experimen-
tally validated numerical model calculates turbulence characteristics which can be used to
express bubble size according to an empirical relation for bubble size in isotropic turbu-
lence. Based on it, a method for predicting bubble refinement is proposed. This approach
predicts bubble size in a proposed industrial aluminum prototype. Results show that
refining bubbles in liquid metal with the electromagnetically created flow is possible. The
impact in the aluminum industry covers 2500 aluminum smelting plants holding around
25 000 degassing units.

Keywords: Aluminum degassing, bubble collapse, dissolved hydrogen, metal stir-
ring
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ANOTĀCIJA

Doktora darba pētījuma motivācija ir nepieciešamība uzlabot vienu no alumīnija
ražošanas posmiem: degazāciju. Degazācija ir alumīnijā izšķīdušo gāzu koncentrāci-
jas samazināšana, kas galvenokārt nozīmē atbrīvošanos no šķidrajā alumīnijā izšķīdušā
ūdeņraža. Industrijā visizplatītākais degazācijas risinājums ir inertas gāzes ievadīšana
izkausētā alumīnijā, ar kuras palīdzību tiek piesaistīts izšķīdušais ūdeņradis, un tas kopā
ar gāzes burbuļiem tiek izvadīts prom no metāla caur tā brīvo virsmu. Procesa efektiv-
itātes uzlabošanai industrijā veic burbuļu sašķelšanu - visbiežāk mehāniski, ar alumīnijā
iemērktu rotoru. Lai izvairītos no siltuma zudumiem un strauja detaļu nolietojuma, ko
rada tiešais kontakts ar karsto un agresīvo vidi, darbā tiek pētīta jauna bezkontakta
metode alumīnija degazēšanai, kurā turbulento plūsmu burbuļu sašķelšanai rada elektro-
magnētiskie spēki. Šķidrajā metālā inducētā plūsmā tiek pētīta eksperimentāli, izmanto-
jot GaInSn sakausējuma un alumīnija modeļus. Pirmo reizi ir tiešā veidā veikti burbuļu
izmēra mērījumi šķidrā metālā (GaInSn) un noskaidrota to diametra korelācija ar plūs-
mas raksturlielumiem. Veiktie ātruma un spiediena mērījumi raksturo radītās plūsmas
dinamiku šķidrā metāla tilpumā. Jaudas mērījumi raksturo elektromagnētiskās mijiedar-
bības efektivitāti un ierobežojumus plūsmas intensitātei, ko spēj radīt rotējošie pastāvīgie
magnēti. Iegūtie eksperimentālie rezultāti papildus tiek izmantoti, lai validētu skaitliskos
modeļus, kas ir izstrādāti paralēli šim darbam. Izmantojot eksperimentāli pārbaudī-
tus skaitliskos modeļus ir iespējams aprēķināt turbulences raksturlielumus šķidrā metāla
plūsmā. Šajā darbā tiek aprakstīta metode, kurā skaitlisko modeļu rezultāti tiek izmantoti
analītiskiem aprēķiniem, ar kuriem var paredzēt burbuļa izmērus izotropiskā turbulentā
plūsmā. Balstoties uz šo metodi, tiek paredzēts sagaidāmo burbuļu izmērs alumīnija
degazācijas prototipa iekārtā. Uzlabojot metalurgiem tik “ikdienišķu” ražošanas posmu,
ietekme būtu mērāma vairāk nekā 2500 alumīnija pārkausēšanas rūpnīcās visā pasaulē,
kurās kopsummā ir ap 25 000 degazēšanas iekārtu, potenciāli samazinot patērētās inertās
gāzes daudzumu, patērēto enerģiju un negatīvo ietekmi uz vidi kopumā.

Atslēgvārdi: alumīnija degazācija, burbuļu sagraušana, izšķīdis ūdeņradis, metāla
maisīšana,
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SYMBOLS AND ABBREVIATIONS

Symbool Unit Descirption

MHD - Magnetohydrodynamics
EM - Electromagnetic

UDV - Ultrasound Doppler Velocimetry
AC - Alternating current

TKE - Turbulence kinetic energy
Re - Reynolds number
Rem - Magnetic Reynolds number
Ha - Hartmann number
N - Stuart number
Pe - Péclet number
ΩD - Dimensionless frequency
We - Weber number
Eo - Eötvös number
Mo - Morton number
Fr - Froude number
t s Time
f Hz Frequency
ω rad/s Angular frequency
η Pa · s Dynamic viscosity
ν m2/s Kinematic viscosity
ρ kg/m3 Density
p Pa Pressure
g m2/s Gravitational acceleration
f N/m3 Force density
u m/s Flow velocity
E V/m Electric field intensity
B T Magnetic field induction
J A/m2 Current density
A V · s/m Magnetic vector potential
P W Power
PH W Hydraulic power
ρq C/m3 Charge density
ρe C/m3 Total charge density (free + bounded charges)
τe s Charge relaxation time
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Symbool Unit Descirption

m kg Mass
l m Characteristic length
r m Radius
σ S/m Electric conductivity
δ m Skin depth
Φ V Scalar electrostatic potential
µ0 H/m Permeability of free space
ϵ0 F/m Permittivity of free space
ε m2/s3 or W/kg TKE dissipation rate
K − Equilibrium constant
cH2 cm3/100g Hydrogen solubility
cp J/kg ·K Specific heat capacity
γ N/m Surface tensions
λc m Capillary length
τm s Characteristic mixing time
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1. INTRODUCTION

1.1. Motivation

Although aluminum is the world’s second most used metal, some of its manufac-
turing steps have not been improved for decades. My thesis focuses on improving one
of aluminum’s manufacturing steps called ”degassing”. In a metallurgical environment,
molten metal contains dissolved gases that cause mechanical defects like porosity that
lead to worse mechanical properties [1]. To solve that, the concentration of dissolved
gases must be reduced below a critical level before the molten metal is crystallized. The
most common way is to inject inert gas in the melt, which absorbs dissolved hydrogen
and leaves the metal through its free surface. Existing methods [13] need mechanical con-
tact with the metal to disperse the gas into smaller bubbles and accelerate the degassing
process. The contact with the hot and chemically aggressive aluminum leads to higher
maintenance costs.

In my thesis, I propose to investigate a new contactless degassing method that uses
an electromagnetic stirring system to create a suitable flow for the degassing process.
The challenging task here is to ensure a high enough velocity difference between the gas
inlet and flow while maintaining a flow type with minimal surface deformation. Solving
these challenges requires extensive numerical and experimental modeling, which I aim
to combine in this work. By improving such a vital step of aluminum manufacturing,
the scope of impact would cover 2500 aluminum smelting plants holding around 25 000
degassing units, thus potentially seeing improvements in energy consumption, reduction
in inert gas consumption, and an overall increase in efficiency.

1.2. Aluminum production and degassing

Aluminum production begins with extracting bauxite from the ground. From there,
bauxite is refined to extract alumina (Al2O3) by the Bayer process. Alumina then goes
through an energy-intensive electrolysis process in Hall–Héroult cells, where primary alu-
minum is produced.

Aluminum in pure form is seldom used; instead, aluminum alloys make aluminum
products all around us. Any specific alloy is made in a casthouse where numerous sub-
steps can be distinguished, including degassing. Aluminum is melted in a melting furnace
by electric heating or, most commonly, by gas burners. The latter case is a significant
source of hydrogen pollution because water vapor is one of the combustion products
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(how water pollutes aluminum is discussed in subsection 4.2.5). After the melting, the
aluminum is transferred to a holding furnace where it is settled, and alloying elements
are added, creating the desired alloy. Lastly, aluminum is transferred to a casting line
where aluminum is firstly degassed. This is the step which our proposed technology
would improve. After the degassing, the aluminum is filtered (last line of defense) just
before it is cast by one of many processes (continuous rod or sheet casting, foundry ingot
casting, billet, and slab casting). After the casting step, thermal processing is applied
depending on the aluminum product. If aluminum is recycled (about 1/3 is), the steps
of mining bauxite and alumina reduction are skipped, but the processes described in
the casthouse remain. This means the degassing process is necessary regardless of the
aluminum production process.

In industrial processes, aluminum inevitably dissolves hydrogen from water vapor in
the environment. Adverse effects of dissolved hydrogen in various alloys are fundamentally
explained in these papers [1, 14]. Aluminum collects hydrogen from water vapor and air
in storage and processing. Naturally, the process is drastically faster when aluminum is
molten and its surface is agitated. Thus the most critical phase where the melt can be
contaminated by hydrogen is the melting of aluminum by gas, where one of the combustion
products is water.

Hydrogen content is measured in rather odd units of cm3

100 g. Above all, the dissolved
hydrogen causes porosity even in trace amounts, leading to worse mechanical properties as
shown in figures 1.1. The threshold where dissolved hydrogen causes significant porosity
depends on the alloy and which manufacturing technique is being used. It is in range of
0.1 to 0.4 cm3

100 g (see Fig. 1.1a). Converted to mass fraction values, the thresholds are

tiny, and in the range of 8.5 · 10−5 to 3.5 · 10−4, however, the porosity depends on volume
fraction, which is in order of 10−2. Graph in 1.1b clearly illustrates that porosity in order
of 1 % dramatically decreases tensile strength.

Therefore, a reduction of hydrogen content (or simply degassing) is a necessary step
before manufacturing the final aluminum product. There are multiple degassing methods,
the four most common are listed down below and explained in detail in subsection 3.1:

1. Gas purging with a rotary gas injector [13] where a rotating impeller achieves gas
injection and stirring.

2. Ultrasound degassing which uses mechanical waves that create pressure oscillations
in metal.

3. Vacuum degassing where pressure on the free surface is reduced to accelerate gas
removal.
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(a) Porosity vs. hydrogen (b) Tensile strength vs. porosity

Figure 1.1: Effects of dissolved hydrogen on porosity and mechanical properties in
sand cast aluminum and aluminum alloy bars [1]

4. Chemical degassing where substances are added to the melt, thus reacting with
aluminum and producing gases that then remove hydrogen similar to the gas purging
method.

1.3. Objectives of work

Aim of the work is to develop a novel degassing system using electromagnetically
driven melt flow.

Objectives are:

• Perform literature analysis to understand the criteria for bubble collapse and the
measuring methods for quantifying the degassing results.

• Develop a low-temperature experimental setup to test bubble dispersion by electro-
magnetically created flow using GaInSn alloy, as it allows flow measurements for
different degassing configurations. Use this setup to validate degassing potential of
these configurations.

• Develop medium-scale aluminum experiments on bubble dispersion and demonstrate
bubble refinement by the electromagnetically driven flow.

12



• Obtain experimental results for MHD numerical model validation. Develop a method
that uses numerical model findings to predict bubble size in electromagnetically
stirred aluminum.

• Predict industrial degassing unit operating parameters based on experimental find-
ings.

1.4. Outline

To understand the degassing process, we shall first describe the fundamental physics
behind it in section 2, which includes the formation, stability, and dynamics of gas bubbles
in the liquid. Extra focus is put on specifying physical processes in the existing degassing
methods and outlining the governing equations used for numerical calculations.

In section 3, the literature analysis is presented, focusing on the various degassing
methods, the latest advances in them, and the newest research to put the proposed method
in the context of the present situation in industry and research. The last subsection
introduces permanent magnet machines and how they compare to other electromagnetic
methods for metal transport.

Section 4 introduces the experimental setup used to model degassing process on
a laboratory scale and thoroughly explains measured parameters, their importance, and
techniques used to obtain the results.

Result analysis and discussion are presented in section 5, where the results of each
measuring technique are shown together with the dimensionless analysis as part of the
technology scaling process. The last section, section 6, summarizes obtained results,
highlights the advantages and limitations of the proposed technology, and hypothesizes
potential uses in the light alloy manufacturing industry.
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2. THEORETICAL BACKGROUND

Bubble breakup in liquid metal by electromagnetic forces is a multiphysics problem
incorporating multiple continuum mechanics branches. In this section, the established
theory of the main aspects is discussed. Firstly, in Sec. 2.1, it is summarized how the
gas solubility in metal establishes a need for degassing by introducing the sources of
contamination, thus explaining hydrogen presence in aluminum. Secondly, since most
degassing methods rely on inert gas injection, in Sec. 2.2, gas bubble stability in liquid
metals is analyzed to understand the necessary criteria for bubble breakup. Thirdly,
as scientific literature uses many dimensionless numbers to characterize the system and
compare various models, the most often used are discussed in subsection 2.3. The value
range of these parameters for this study is highlighted. Lastly, governing electromagnetism
and fluid mechanics equations are outlined in Sec. 2.4. They form the foundation of
equations that numerical methods use to solve the studied problem. Additionally, the
main dimensionless groups characterizing electromagnetic stirring are defined there.

2.1. Gas solubility in metal

In physical chemistry, Henry’s law states that the amount of dissolved gas in a liquid
is proportional to its partial pressure above the liquid. Hydrogen, oxygen, and nitrogen
are often of interest in metallurgy. Even though these gases are diatomic in atmospheric
conditions, in liquid metals, they exist in an atomic form which means they undergo
disassociation. For example, when hydrogen dissolves in metal, it disassociates according
to Eq. (2.1) with equilibrium constant shown in Eq. (2.2).

H2 (g) ⇐⇒ 2H (solution) (2.1)

KH2 =
c2H2

pH2

(2.2)

where KH2 is the equilibrium constant and pH2 is the partial pressure of hydrogen above
melt in diatomic form, and solubility cH2 is defined as weight percent.

From there, Sieverts’ law [15] shown in (2.3) is obtained, and it states that solubility
cH2 of diatomic gas in metal is proportional to the square root of the partial pressure of
the gas in thermodynamic equilibrium.

cH2 =
√

KH2 · pH2 (2.3)

14



Hydrogen solubility in molten aluminum is low, so solubility measurements differ
by source. In normal pressure above the melting point, it is in the range of 0.88 to
1.03 cm3

100 g [16]. However, when aluminum solidifies, maximum dissolved hydrogen con-

centration drops by an order of magnitude and is under 0.05 cm3

100 g [9]. This difference in
solubility explains the formation of excess hydrogen in the form of pores if aluminum is
not degassed beforehand and contains hydrogen above maximum solubility in liquid form.

Figure 2.1: Calculated curves for hydrogen removal: (a) the surface is completely
exposed to air; (b) lid is closed; (c) closed lid and inert gas is blown on the surface [2]

Empirically it has been shown that there is a notable difference in whether the
degassing process is done with no lid, with a lid, or with a lid and argon atmosphere (see
Fig. 2.1). Even in the time scale of tens of minutes, the agitated surface of aluminum
can be polluted so quickly that degassing can not be done down to the lowest hydrogen
concentration. These results can be understood better when hydrogen contamination
sources are identified.

In the case of aluminum metallurgy, such sources are multiple. Firstly, hydrogen
is in the atmosphere with a concentration of 5.5 · 10−7 (relative volume part). Secondly,
there is water vapor in the air. And thirdly, most often, aluminum is melted using gas
torches, and water (vapor) is one of the combustion byproducts. When water is present,
the following reactions with aluminum take place:

2Al + 6H2O →2Al(OH)3 + 3H2

2Al + 4H2O →2AlO(OH) + 3H2

2Al + 3H2O →Al2O3 + 3H2
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In all these reactions, hydrogen is produced, which is the primary source of hydrogen
contamination in aluminum production. Aluminum and water reactions are even studied
in the context of hydrogen production [17]. These reactions are exothermic and thermo-
dynamically favorable, even at room temperature. The fact that we do not observe them
in normal conditions is due to the aluminum oxide Al2O3 layer that protects aluminum
when it is in solid form. This protective layer is the reason why the free surface should
be protruded as little as possible.

2.2. Stability of gas bubbles in liquid metal

In equilibrium, forces are in balance, ergo, the pressure inside the gas bubble pin is
composed of external pressure pout (hydrostatic) and pressure caused by surface tension
γ acting on the bubble with radius r (see Fig. 2.2). Eq. (2.4) shows that if we decrease
bubble size, the pressure inside the bubble increases.

pin = pout +
2γ

r
(2.4)

Figure 2.2: Pressure of a gas bubble in a liquid

Since gases are always less dense than any liquid, there is always Archimedes force
which will drive the bubble to the top of the liquid (opposite the direction of the free fall
acceleration g). Neglecting drag forces of metal flow and assuming laminar flow, we can
estimate a characteristic rise time for gas bubbles. We can calculate terminal velocity v
by balancing Archimedes’s force and Stoke’s drag force with expression (2.5).

v =
2

9

ρgr2

µ
(2.5)

where ρ is the density of liquid, µ is the dynamic viscosity of liquid. Gas density here is
ignored for simplicity.
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(a) Surface tension pressure (b) Terminal velocity of the bubble

Figure 2.3: Bubble parameters in liquid aluminum as a function of bubble size; liquid
aluminum parameters at 1000 K are used here: ρ = 2350 kg/m3, µ = 3.7 · 10−3Pa · s,
γ = 0.865 N/m [3]

Added pressure in a bubble caused by surface tension as a function of the bubble’s
radius is illustrated in Fig. 2.3a, and bubble rising terminal velocity as a function of radius
is shown in Fig. 2.3b. The characteristic depth of a degassing unit is around 0.1..1.0 m.
To achieve a rising time of more than a second, the bubble size should be smaller than
a 1 mm radius. It is important to note here that the terminal velocity calculations in
Fig. 2.3b are estimates for order of magnitude rather than exact predictions. They assume
a solid spherical shape, laminar flow, and no external flow. The latter aspect is of high
importance here since we can create an intensive recirculating flow that, in the right
conditions, can collect and trap bubbles in the melt for far longer than the rise time in
case of no flow.

Only two sources of forces can disintegrate a stable gas bubble in fluid - a dynamic
pressure change or viscous stresses exerted on the liquid and gas interface. An example of
bubble disintegration by viscous stresses is bubble elongation and breakup by shear flow
right after gas injection in the fluid. Experiments of flow between parallel plates [4] show
that bubbles can be stretched to extreme ratios as shown in Fig. 2.4. However, these
observations are made at high viscosity, meaning the Reynolds number is low, which is
not the case in our experiments or other degassing techniques.

The remaining bubble collapse mechanism creates a pressure difference on the liquid-
gas interface. In the case of a turbulent flow, the pressure changes come from the dynamic
pressure of the liquid flow, which chaotically varies in time. The fundamental mechanism
of bubble breakup is complicated. According to a highly cited article by Hinze [5] there
are two sources of forces in flow, three types of deformation, and six main types of flows
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(a) Deformed bubble (b) Maximum steady-state deforma-
tion

Figure 2.4: Maximum steady-state bubble deformation D = (L−B)/(L+B) and ori-
entation at different Capillary numbers [4]

around a globule. It is proposed to use two dimensionless numbers to characterize the
conditions of the flow. The first one is Weber number (2.6) which represents the ratio of
drag force to surface tension force. To calculate Weber’s number, fluids’ density, velocity,
and surface tension γ has to be known and a length scale l defined.

We =
ρv2l

γ
(2.6)

Yet Weber’s number does not include viscosity for either of the mediums. To ac-
count for the effects of viscosity, Hinze introduces a second dimensionless group shown
in E. (2.7). Where additionally, the dynamic viscosity of dispersed fluid comes into play.
One can experimentally find critical Weber numbers for various viscosity ratios. In our
case, viscosity ratio between dispersed medium µd to continuous medium µc is 10−2 and
corresponding value of viscosity group is in range V i = 10−3..10−2.

V i =
µd√
ρdγD

(2.7)

Knowing the viscosity ratio of fluids in question, we can find the critical Weber
number (2.8) when the bubble is statistically likely to break up. According to Fig. 2.5 the
critical Weber number for hyperbolic flow is around 2. However, we still face two problems
finding specific criteria for bubble breakup conditions. The first one is seen in Fig. 2.5 in
the curve of a Couette flow which tells us that at specific viscosity ratios, regardless of
Weber number, a breakup does not happen (for example, a drop in air stream in Couette
flow might experience rapid spinning but no disintegration). This highlights the fact that
not all flow types are equal in the context of bubble breakup.
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Figure 2.5: Critical Weber number as a function of viscosity ratio for hyperbolic flow
and Couette flow [5]

When we know our target Weber number and try to achieve it, a second challenge
appears when we examine velocity term v̄ in (2.8).

Wecritical =
ρv̄2Dmax

γ
(2.8)

It is defined as the average value across the flow field of the squares of velocity differences
over a distance equal to Dmax ! This becomes even more problematic when the bub-
ble size is comparable to the boundary layer thickness. Therefore the author expresses
velocity (2.9) in terms of energy input by assuming isotropic homogeneous turbulence.

v̄2 = C1(ϵDmax)
2/3 (2.9)

where ϵ is the turbulence kinetic energy (TKE) dissipation rate, a fundamental parameter
indicative of the strength of turbulence measured in W/kg. With more assumptions like
small V i, experimentally found constants, and accounting for the statistical nature of
bubble breakup, maximum bubble size can be expressed as Eq. (2.10):

Dmax95 = 0.725

(
γ

ρc

)3/5

(ϵ)−2/5 (2.10)

Two following interpretations of this result can be expressed.

1. Two key material properties - surface tension and density of continuous phase - form
a ratio. Adjusting this allows us to interpret the results of water models and predict
how these findings will change with the density and viscosity of liquid metal.

2. Increasing turbulence dissipation rate will refine the bubbles.
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(a) Maximum bubble size (b) Pressure ratio

Figure 2.6: Maximum bubble size depending on TKE dissipation rate and order of
magnitude estimate of EM to surface tension pressures

Expression (2.10) is plotted against the TKE dissipation rate in Fig. 2.6a and it
shows that increasing turbulence dissipation rate decreases maximum bubble size. Also,
we can conclude that reaching fixed bubble size requires larger ϵ in the case of aluminum
due to lower density and higher surface tension.

Empirically, gas purging studies have shown that for the best degassing efficiency
the bubble sizes should be refined to size around 2−3 mm [9]. To reach this size according
to 2.6a we must achieve ϵ = 10 W/kg in aluminum and at least ϵ = 1 W/kg in GaInSn.
Analysis of mechanically stirred water and bubble injection in relevant size [6] show that
Reynolds number of at least 2 ·104 is necessary for bubble breakup to take place. Usually,
bubbles are elongated and split into two or more daughter bubbles (as seen in Fig. 2.7).
If the Reynolds number is higher or if the mother bubble is larger, the probability of
multiple daughter bubbles increases, as shown in Fig. 2.8.

Figure 2.7: Elongation prior breakup at Re=23850 for a 3.5 mm bubble [6]

In conventional degassing processes, no electromagnetic forces interact with liquid
metal. In this study, bubble movement will be in the presence of a magnetic field which
can affect the shape, trajectory, and rising time of bubbles [18]. Moreover, the literature
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Figure 2.8: Statistics of daughter bubble for mother bubble of size 3.5 mm [6]

on bubble breakup and corresponding results mainly covers non-conducting fluids. Thus,
we must introduce dimensionless criteria to quantify electromagnetic effects on bubble
dynamics. We can analyze the ratio of electromagnetic forces and capillary forces. The
order of magnitude of electromagnetic forces per unit area can be expressed as Eq. (2.11)
and for pressure caused by surface tension as Eq. (2.12), where j is the induced current,
B is the magnetic field induction, d is the diameter of the bubble, σ the electrical con-
ductivity of the metal, B0 is the amplitude of the alternating magnetic field and ω its
frequency.

pEM = f̄EM · d = j⃗ × B⃗ · d ≈ 1

2
σωB2

0L · d (2.11)

pLaplace = −γ∇n⃗ ≈ γ

d
(2.12)

Suppose we take the ratio of (2.11) to (2.12). In that case, we derive the for-
mula (2.13), which characterizes a bubble’s electromagnetic forces and surface tension
forces and is plotted in Fig. 2.6b.

NEMtoLaplace =
σωB2

0L · d2

2γ
(2.13)

A step-by-step derivation, and an alternative way of expressing the ratio of EM
to surface tension forces are given in the attachment. Fig. 2.6b shows that EM forces
dominate when d > 5 mm meaning that bubble shape could be affected by the presence
of the magnetic field. However, the bubble target size of 1−4 mm is below that; thus, we
have to rely only on drag forces of turbulent flow to disperse the bubbles. To reiterate,
EM forces in the studied setup will not break the gas bubbles in the metal.
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2.3. Dimensionless numbers

In this subsection, we discuss the main dimensionless number groups which describe
bubbles characteristics in fluids. Following dimensionless numbers are of interest to us:
Reynolds number - Eq. (2.14); Eötvös number - Eq. (2.15); Morton number - Eq. (2.16);
Froude number - Eq. (2.17) and Weber number Eq. (2.18). Here velocity is denoted with
u, length scale is L, kinematic viscosity ν, density ρ, surface tension γ, dynamic viscosity
µ. Subscript l characterizes quantities for liquid while b for the bubble.

Re =
Inertial forces
Viscous forces =

uL

ν
(2.14)

Eo =
Buoyancy

Surface tension force =
g(ρl − ρb)L

2

γ
(2.15)

Mo =
We3

Fr ·Re4
=

gµ4(ρl − ρb)

ρ2l γ
3

(2.16)

Fr =
Inertial forces
Gravity force =

u2

gL
(2.17)

We =
Inertial forces

Surface tension force =
ρlu

2
cL

γ
(2.18)

Figure 2.9: Important dimensionless numbers as a function of bubble size; Constants
and dimensions are taken to resemble the GaInSn laboratory experiment
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In Fig. 2.9 the aforementioned parameters are plotted as a function of bubble size.
Reynolds number is larger than 103 across the length scale, so we expect to deal with
a turbulent flow. Eötvös number reaches parity at around 4 mm. Froude number is
expected to be considerably larger than unity - Fr ≫ 1. This means that the inertial and
centrifugal forces dominate, and the flow is supercritical (a flow whose velocity is faster
than the wave velocity). Only Froude number decreases with the increase of bubble size,
and Eötvös number is the one with the largest slope.

In Fig. 2.10, a Grace diagram is shown with the highlighted areas corresponding to
experiments done within this thesis. According to it, we will see wobbling shapes which
is reasonable since that is observed before the bubble collapse.

Figure 2.10: Shape approximation to Reynolds, Eötvös, and Morton number [7];
Green shading represents the range of Reynolds number during our experiments,
blue shading represents Eötvös number for bubbles from 4 to 20 mm, and the
red dashed line is the logarithm of Morton number, taking into account GaInSn
properties
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2.4. Governing electromagnetism and fluid mechanics equations

To describe fluid flow in the container being stirred by a moving permanent magnet
system, it is necessary to use a set of electromagnetism and fluid mechanics equations.
In this case, the rotating permanent magnet cause a time-changing magnetic field, which
are generally described with Maxwell’s laws (2.19) - (2.22). Here E and B are accordingly
the electric and magnetic fields, ρq is the charge and J the current density and ϵ0 the
permittivity while µ0 the permeability of free space.

∇ · E =
ρq
ϵ0

(2.19)

∇ · B = 0 (2.20)

∇× E = −∂B
∂t

(2.21)

∇× B = µ0

(
J + ϵ0

∂E
∂t

)
(2.22)

According to Faraday’s induction law (2.21), a changing magnetic field in a con-
ductive media induces currents. This means that magnetic field and current density
distributions simultaneously exist in the container. Lorentz force (2.23) acts on a particle
with charge q and velocity u in a magnetic field, it is comprised of force caused by the
electric field and the magnetic field.

f = q(E + u × B) (2.23)

In a continuous medium, the Lorentz force is written as in Eq. (2.24) where the current
density is obtained from Ohm’s law (2.25), where σ is the electrical conductivity.

f = ρeE + J × B (2.24)

J = σ(E + u × B) (2.25)

To understand which member in equation (2.24) dominates, we shall do order of
magnitude estimates, τ will denote time scale while l the length scale. First part is
ρeE ∼ uτe

l
JB [19] and the term uτe

l
JB ∼ 10−18 thus the second part J × B dominates
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in Lorentz force. As a result Eq. (2.24) reduces to (2.26).

f = J × B (2.26)

The current obeys continuity equation (2.27) which is derived from charge conservation.
Since ρe is small, the right side term ∂ρe

∂t
approaches 0.

∇ · J =
∂ρe
∂t

(2.27)

Ampere’s law (2.22) now simplifies, since we can discard displacement currents ϵ0
∂B
∂t

. As
a result, the system of electromagnetic equations is reduced to (2.28).

∇× B = µ0J

∇ · J =
∂ρe
∂t

∇× E = −∂B
∂t

∇ · B = 0

J = σ(E + u × B)

f = J × B

(2.28)

With this system equation, it is possible to describe electromagnetism for MHD [19].
Practically solving these equations for an entire system is mostly done with numerical
methods.

If we combine Ohm’s, Faraday’s, and Ampere’s law, it is possible to obtain magnetic
field transport equation (2.29) that relates magnetic field induction B to velocity u of
conducting fluid. It describes the evolution of the magnetic field in time, where the first
right side term characterizes advective transport due to conductive fluid velocity u. The
second term describes the diffusive transport of magnetic field where 1

σµ
is the diffusion

coefficient with unit m2/s.

∂B
∂t

= ∇× (u × B)︸ ︷︷ ︸
advection

+
1

σµ
∇2B︸ ︷︷ ︸

diffsuion

(2.29)

One can compare the magnitude of the advection term and diffusion term in mag-
netic field transport equation (2.29) to distinguish regimes where one term is dominant.
The resulting quantity is a dimensionless number called magnetic Reynolds number (2.30).

Rm = ULσµ (2.30)

Our laboratory setup has the following characteristic values: U = 2 m/s; L = R = 0.1 m;
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σ = 3 · 106 S/m and µ = 4π · 10−7 kg ·m/A2 · s2. This gives Rm = 0.5, meaning that the
magnetic field, for the most part, will be weakly affected by the liquid metal flow in the
experimental laboratory model. Using the dimensions of the proposed industrial unit and
aluminum properties (see table 4.2 and table 4.1 in section 4) magnetic Reynolds number
is expected to be a magnitude higher than in the laboratory model.

Some other useful dimensionless numbers are used in subsection 5.5. They are
Hartmann number Eq. (2.31), Stuart number Eq. (2.32), Péclet number Eq. (2.33) and
dimensionless frequency Eq. (2.34).

Ha =
EM forces

Viscous forces = BL

√
σ

µ
(2.31)

N =
EM forces

Inertial forces =
σ

ρ

B2

ω
(2.32)

Pe =
Advective mass transport
Diffusive mass transport =

uL

D
(2.33)

Dimensionless frequency is the ratio of applied magnetic field frequency to the in-
verse of magnetic field diffusion time. Diffusion time is the length of time in which an
applied magnetic field penetrates a stationary object with conductivity σ and permeabil-
ity µ. Analytical solutions for magnetic field diffusion exist for simple geometries [20].
Characteristic magnetic field diffusion time here is chosen to be τB = µσL2

ΩD = ωσµ0L
2 (2.34)

A slightly different form of Maxwell’s equations is used in numerical modeling of
this problem by Berenis et al. [21]. Magnetic vector potential A is introduced which in
respect to B is expressed as (2.35) and the current density is written as (2.36):

∇× A = B (2.35)

J = σ(−∇ϕ− ∂A
∂t

+ v × B) (2.36)

And the only electromagnetic force we are interested in is the Lorentz force which remains
the same as introduced previously.

In general, fluid dynamics of incompressible fluids are governed by the Navier-Stokes
equation (2.37). The first term is the convective derivation of the velocity containing a
time-varying acceleration part and convective transport of momentum. The second term
is the gradient of pressure. The third term describes the diffusion of the velocity field.
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The fourth and fifth terms are volume forces. The fourth being gravity but specific to our
case, is the fifth - the Lorentz force (2.26). Lorentz force connects the fluid dynamics with
electromagnetism, thus creating a need for a feedback loop and complicating the MHD
calculation, which now can not be done independently.

ρ
(∂u
∂t

+ u · ∇u
)

︸ ︷︷ ︸
1

= − ∇p︸︷︷︸
2

+ η∇2u︸ ︷︷ ︸
3

+ ρg︸︷︷︸
4

+J × B︸ ︷︷ ︸
5

(2.37)

Numerical calculations discussed in this work were performed with the OpenFOAM
open-source code using the SIMPLE algorithm for the steady-state incompressible Navier–
Stokes equation (2.38)

u · ∇u +∇
(
p

ρ

)
− ν∇2u +

F
ρ
= 0 (2.38)

where u is the velocity; p is the pressure; ρ is the density; and F is the volume force. The
inertia of the fluid is assumed to be sufficiently large to neglect the oscillatory component
of force. We considered only closed containers; therefore, all walls have a no-slip boundary
condition.

Since we study flows with Reynolds number of 105, turbulence models must be
used. Spalart–Allmaras turbulence model was used for most velocity calculations across
the frequency domain. The Menter shear stress transport (SST) turbulence model was
used to obtain turbulence kinetic energy dissipation rate. The SST turbulence model does
not directly calculate TKE dissipation rate ϵ but does calculate turbulent kinetic energy k
and specific rate of dissipation ω. TKE dissipation rate then can be simply calculated
using the relationship (2.39)

ϵ = Cµkω (2.39)

where Cmu=0.09 is a constant used in the model. These findings are later used to predict
the size of bubbles if gas is to be injected in such flow without calculating the actual
two-phase flow.
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3. LITERATURE OVERVIEW

Figure 3.1: Scopus library results for search terms ”aluminum” + ”degassing” from
year 1952 to 2021

Aluminum production on an industrial scale has been happening for more than a
century with the development of the Hall–Héroult process. Scientific articles on aluminum
degassing date back to at least the year 1952 and most contributions are from countries
with prominent aluminum industry, as can be seen in Fig. 3.1 where a Scopus search
is shown displaying the popularity of keywords ”aluminum” and ”degassing”. Thus this
chapter will be a literature summary of degassing methods, bubble dynamics in liquid
metal, and permanent magnet systems for liquid metal stirring.

3.1. Existing aluminum degassing methods

Multiple degassing methods exist, such as gas purging, ultrasound, vacuum, and
tablet degassing. They differ technologically, but the underlying mechanisms of hydrogen
removal are always via diffusion. Suppose nothing is done to an aluminum crucible. In that
case, the dissolved hydrogen moves in the direction of the concentration gradient to the free
surface (assuming a lower H2 concentration in air). Such a scenario is impractically slow in
the case of an aluminum furnace with a characteristic size of 1 m. So all existing methods
aim to accelerate the diffusion rate by manipulating the pressure, surface area, and/ or
the distance to a place of lower concentration. In the case of gas purging, the free surface
area increases, and the distance decreases. Tablet degassing uses the same principle
but a completely different gas source via chemical reactions. In vacuum degassing, the
ambient pressure is lowered. In ultrasound degassing, pressure oscillations cause a rectified
diffusion process. All of the methods are explained in the following sub-subsections.
Still, the focus is on gas purging since this method shares the most similarities to the
electromagnetic degassing studied in this work.
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3.1.1. Gas purging

Gas purging is achieved by injecting inert gas (usually Argon) into the metal. The
gas collects hydrogen bubbles and leaves the metal through its free surface. While there
is some hydrogen concentration in the melt, an inert gas bubble has zero hydrogen con-
centration, so the hydrogen diffuses from the melt into the inert gas bubble. The factors
contributing to an accelerated diffusion are vastly larger surface area and the reduction
of the hydrogen’s mean path to travel.

Figure 3.2: Various degassing approaches [8]

Overall, gas purging is the most researched method, and through the past 40 years [8]
has gone through many iterations, as can be seen in Fig. 3.2. Optimization has happened
in geometry, specifically nozzle design, which can rotate and expel gas or powder to
refine the gas bubbles to a specific size. The main variables to adjust in the process are
volumetric rate, rotational speed, and bubble size and flow rate. One of the challenges
here is to ensure highly turbulent flow near the gas inlet while maintaining a flow type
with minimal surface deformation since they can lead to oxide trapping in melt in the
form of bifilms [22] which worsens mechanical properties. Another aim is to have a flow
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that maximizes argon bubble rising time to improve degassing efficiency since hydrogen
trapping by inert gas bubbles is a physical process.

The most primitive way to do gas purging is gas injection via lance-producing bub-
bles with the size of centimeters which has thermodynamic efficiency around 10..20 %.
Thermodynamic efficiency here is defined as the hydrogen content in the carrier gas bub-
ble vs the maximum possible hydrogen concentration in the bubble (determined by the
hydrogen concentration in the melt). Using a porous plug at the end of a lance produces
finer bubbles, increasing efficiency to 30..40 %.

Advancement in gas purging methods came in 1966 [23] when the ”Spinning Nozzle
Inert Flotation” (SNIF) process was introduced. Such a method can produce fine bubbles
measured in millimeters, achieving degassing efficiencies close to 100 % [9]. The key
in the SNIF process is inserting a spinning rotor and a stator that encloses the rotor.
Massive shear forces are created in the gap between the rotor and the stator. Thus, the
gas is injected precisely there. The benefit of this approach is the efficiency mentioned
earlier and the confinement of the turbulent flow, thus reducing surface deformations.
The correlation of the degassing efficiency and the degassing bubble size for a 250 kg
crucible furnace is shown in Fig. 3.3 and clearly illustrates that the bubble size is critical
to degassing efficiency in this process. In practice, the rotary degassing process is aided
by adding fluxing agents, which improves hydrogen removal but causes an increase in
inclusions [24]. These inclusions must be removed, and it is usually done by filtration,
which is the last step before the casting.

Figure 3.3: Degassing efficiency at two hydrogen content levels [9]

Currently, there is considerable research focus on the impeller and flow optimization
to address degassing challenges by

1. reducing the inert gas consumption and processing time by reducing the average
bubble size and increasing bubble rise time [25];
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2. reducing the surface deformations and vortex generation that can accelerate the
reabsorption of hydrogen and entrapment of oxide films[26];

3. increasing impeller longevity which is degraded by its direct contact with the melt [25].

Although these obstacles have been partly solved or limited, the demand for better meth-
ods exists in the industry, and new studies [27, 28, 29, 30] have been conducted to find
more effective and sustainable aluminum degassing methods for large aluminum produc-
tion lines.

3.1.2. Ultrasound

Another mechanism for bubble collapse is to create pressure oscillations with high
enough amplitude [31, 32]. These oscillations fall in the category of mechanical ultrasound
waves with a usual frequency in the range of 10-30 KHz. Pressure amplitude of mechanical
waves with intensity I is described with equations (3.1) and (3.2):

pmax = p0 +
√
2ρcI (3.1)

pmin = p0 −
√

2ρcI (3.2)

where p0 is the ambient pressure, ρ is the density, and c is sound velocity in liquid
medium. The minimum threshold for causing cavitation for example in liquid aluminum
is 10 W/cm2 [33]. When mechanical ultrasound is applied, an instantaneous variation
in local pressure takes place. During the phase of low-pressure tiny gas bubbles form,
which at the high-pressure phase collapse and produce shock waves. Dissolved hydrogen
removal happens through a diffusion process, and these oscillations greatly increase the
mass transfer rate through rectified diffusion [34]. According to the article: ”During this
bubble oscillation, the pressure within the bubble decreases as it expands and increases
as it compresses. Consequently, gas and/ or vapor diffuse in and out of the bubble due
to the differences in pressure between the interior and exterior of the bubble. Several
effects contribute to an unequal diffusion in and out of the bubble.”. This result is a
vastly increased diffusion rate compared to the case where nothing is done. For example,
aluminum degassing for samples of 0.2 kg to 2.0 kg happens in the range of 1-7 minutes
depending on conditions [33].

Ultrasound degassing is very effective for small volumes but loses applicability when
the aluminum volume is scaled. That happens because ultrasound intensity drops off
quickly with distance making the degassing localized only around the probe.
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There also exists a variation of this method where the mechanical energy in the
form of ultrasound is created electromagnetically with a coil. There are proposals using
a top coil from the top surface [35] to achieve contactless ultrasonic melt treatment. In
the cases where induction crucibles are used for melting the metal a similar approach can
be applied. With the same coil, it is possible to perform a electromagnetically-induced
vibrational degassing operation [36]. Both of the mentioned approaches are not used in
the aluminum industry.

3.1.3. Vacuum degassing

In vacuum degassing, the pressure above the melt is reduced to a fraction of normal
pressure to accelerate gas removal [37]. When partial pressure is reduced, the maximum
hydrogen solubility drops according to Sievert’s law shown in Eq. (2.3). A practical
analogy is the first opening of a carbonated drink. There CO2 is dissolved in water and
is stable in the elevated pressure of 2− 3.5 atm. The pressure is reduced to atmospheric
when the bottle is opened, and CO2 starts escaping. However, despite the high degree of
saturation, if the water is not perturbed, CO2 escapes slowly with a characteristic time
of hours. That is why the vacuum degassing method is often combined with ultrasonic
degassing [38] since vacuum degassing alone is too slow. For example, for an 800 g
aluminum sample, the degassing process takes 20-30 minutes [33], and the duration would
only increase with the aluminum volume rise. Adding another perturbation in the form
of ultrasound increases process time by an order of magnitude.

3.1.4. Tablet degassing

Tablet degassing works by adding compounds that react with aluminum and produce
gases that are less soluble in aluminum than hydrogen. As an example, hexachloroethane
(C2Cl6) is added as a solid, and various reactions [39] take place:

Al + C2Cl6 → Al + C2Cl4 + Cl2

2Al + 3Cl2 → 2AlCl3

Al + C2Cl4 → Al + CCl4 + C

Al + CCl4 → Al + 2Cl2 + C

Al + C2Cl6(solid) → Al + C2Cl6(gaseous)

Produced gases utilize the same principle as gas purging and remove dissolved hy-
drogen via insoluble gases that rise to the top.
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3.2. Bubble Dynamics in Liquid Metals

An extensive review of bubble dynamics in liquid metals is found in a review ar-
ticle [40] by Haas et al. It covers measurement methods, emphasizing the applicability
to liquid metals and discussing their shortcomings and difficulties. The most relevant to
this thesis is the discussion about the bubble formation mechanism at nozzles and purging
plugs. Firstly, it shows that the gas inlet’s surface properties dictate bubble formation. In
the case of bubble generation through a sieve tray (see Fig. 3.4), wetted and non-wetted
surfaces produce a radically different result. Wetted sieve creates smaller bubbles that are
more homogeneously dispersed through more holes [10]. Articles also highlight the gas
flow rate limits before bubbles from neighboring holes join together and form a blanket
of gas instead of individual bubbles. Laboratory experiments in this thesis use a single
orifice for gas injection; however, wetting the crucible walls becomes essential due to the
small size. If the flow is not strong enough and the gas inlet is close to a wall (< 1 cm),
a gas pocket might slip between the wall and the metal. This had happened in initial
laboratory aluminum experiments and of course is unfavorable to the degassing process.

(a) Wetted (b) Non-wetted

Figure 3.4: Bubble generation trough copper and Teflon sieves with the same flow
rate W = 3.33cm3/s [10]

Secondly, the gas flow rate and gas inlet size determine the bubble size. A recent
article ”Bubble characteristics and turbulent dissipation rate in horizontal bubbly pipe
flow” [41] collects critical Weber numbers for different turbulent flow setups. They are
usually in the range of 0.585 to 2.35. The article experimentally shows a more significant
number of bubbles right after birth. Still, at a later time, they experience coalescence and
reach a stable count in the turbulent pipe flow. Bubble size spectra (number of observed
bubbles vs bubble size) follow a −10/3 power law.
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Gas bubble diameter moderately increases with increasing gas flow rate [42]. The
average volume of a gas bubble is roughly proportional to the gas injection flow rate.
Noteworthy is the fact that if the flow rate is controlled (e.g., with a mass flow controller),
one can measure the frequency of the bubble detachment process and make predictions
of the bubble size. An example of such correlations can be seen in this study [43].

Gas bubble diameter depends on the injection orifice size [44]. They have investi-
gated the dynamics of bubble formation from submerged orifices ranging from 0.04 to 0.8
mm and found the different mechanisms of bubble formation compared with millimeter-
range orifices. Regardless, the correlation remains the same - the smaller the orifice, the
finer bubbles can be produced. Cross-flowing liquid significantly impacts the bubble gen-
eration at the orifice [45]. The simulation results also suggest that the bubble formation
frequency and the detached bubble size can be controlled by adjusting the liquid flow.

Two-phase flows are commonly found in industrial processes, e.g., in chemical reac-
tors, hydrotransport, and biomedical treatment [46, 47]. Besagni [48] highlights multiple
lengths scales relevant to chemical reactors’ processes. Starting from the smallest, there
is the molecular scale at which fundamental chemistry is necessary to study the interfa-
cial phenomena, catalysts, and gas conversion processes. Next is the bubble scale, where
theoretical and experimental exist to quantify and understand bubble size distributions,
shapes, and single bubble dynamics. The author also describes the existence of ”non-
coalescence-induced” bubble dynamics and ”coalescence-induced” behavior as models of
break-up and coalescence. Following is the ”reactor scale”, where flow patterns, the mean
residence time of the dispersed phase, dynamics of mesoscale clusters, liquid recircula-
tion, and fluid back mixing have been studied. The largest scale is the industrial scale.
In it, scale-up methods are applied to estimate the fluid dynamics reactors based on the
laboratory-scale experimental facilities.

Review article about chemical reactors [49] focuses on bubble column reactors, their
description, design, operation, and application area. They present fluid dynamics and
encountered regime analysis together with parameters characterizing the operation.

Experiments in liquid metal are far fewer because of the challenges that come with
the aggressive medium of molten metal. Also, imaging of metal is much more difficult be-
cause metal is opaque. That means directly observing bubbles in the melt is possible only
with advanced methods such as x-ray imaging [50], or neutron radiography [51]. Never-
theless, in HZDR, they have built a large-scale test facility for modeling bubble behavior
and liquid metal, which models two-phase flows in a steel ladle [52]. The test facility
and the corresponding measuring systems serve as a powerful and flexible experimental
platform for modeling complex multiphase flows in metallurgy and casting. The paper
presents the first measurements of the gas distribution close to the free liquid metal sur-
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face for various gas flow rates, plug positions, and types. They characterize flow regimes
and quantify void fraction, liquid and bubble velocities, and properties. This informa-
tion can then provide unknown boundary conditions for numerical simulations of various
metallurgical reactors, such as steelmaking converters or ladles.

3.3. Permanent magnet systems

MHD machines and devices can pump, stir or damp molten metal and affect its
crystallization structure [53]. Focusing on pumping and stirring problems: many machines
use alternating current (AC) inductors to create the alternating magnetic field. Coil
configuration is made so that the time-averaged Lorentz force is oriented in a particular
direction. This way, metal can be pumped contactlessly without moving parts (except
electrons). That is why they are used in metal transport applications where conventional
methods are obsolete due to the high temperatures and the chemically aggressive medium.

Permanent magnet systems can generate strong magnetic fields. If the permanent
magnet is moved (often rotated), it is an energy-effective way of creating an alternating
magnetic field compared to traveling field inductors since the magnetic field in a perma-
nent magnet is maintained with ”no cost”. Hence, permanent magnetic stirring can be
superior in cost and operational aspects compared to electromagnetic stirring based on
AC [54]. As of now, permanent magnet pumps have been constructed for a couple of
decades [55]. In metallurgy, permanent magnet stirrers are applied for aluminum melting
furnaces [56], but overall it is a relatively new technology. Depending on temperature
requirements, samarium-cobalt or NdFeB permanent magnets are used with a remanent
magnetization of 0.8 to 1.4 T. Depending on the geometry, physical properties of metal,
and performance requirements, dipole or multi-pole devices are used. As a general rule
of thumb, if the channel wall thickness is low multi-pole devices are better, but if the
distance from the magnetic field source to metal is large, then dipole becomes better in
creating larger forces in metal [57]. This can be explained by the magnetic field decay
of dipole fields compared to multi-pole fields. The dipole magnetic field has the slowest
decay with the distance, which is why it was chosen as the magnetic field source in this
study.

In this work, a single dipole is used to stir the metal, which in different geometries
has been studied by other authors. Grants [12] studied four configurations of a rotat-
ing magnetic dipole-driven turbulent flow in an electrically conducting liquid cylinder.
It confirms that the setup used in this work (axis of magnets rotation parallel to the
metal cylinder axis) does yield the fastest mean velocity. Also, the article highlights an
important finding that up to a distance that is comparable to the magnet size, smaller
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permanent magnets can be used to achieve the same EM interaction if the rotational ve-
locity is increased. Berenis [21] analyzed permanent magnet bottom-stirred swirling flow
in coaxial shallow cylindrical containers. By studying the problem analytically and nu-
merically, he found that shallow containers are more effectively stirred with a permanent
coaxial magnet with a strong axial component rather than an RMF stirrer with a strong
transverse part of the magnetic field.

One of the tasks of this study is to predict the operating parameters of permanent
magnet machinery used in the laboratory and industry prototype for aluminum. For
example, what is the maximum operating frequency of electromagnetic stirring to achieve
the highest flow velocity? The best criterion for the answer is the dimensionless frequency
shown in Eq. (2.34), which considers frequency, material properties, and characteristic
size. In general, an optimum frequency exists, exceeding it might lead to a plateau or a
reduction of, for example, flow velocity. Unfortunately, there is no single agreed value on
when exactly that happens. Moffat [11] predicts maximum kinetic energy will be found
around ΩD = 40 for electromagnetically stirred fluid. Priede [58] found that maximum
torque on the electromagnetically levitated sphere in the uniform field is reached when
ΩD = 11.6 and in the linear decaying field ΩD = 27.8. Chen [59] modeled cold crucibles
and found optimum ΩD = 8.7 for maximum turbulence kinetic energy and ΩD = 50 for
maximum flow velocity. This finding is very thought-provoking since there is more than
five times difference in frequency for maximum velocity and maximum turbulence kinetic
energy. Nikulin [60] studied induction melting numerically and found flow maximum at
ΩD = 7. Most of these articles calculate dimensionless frequency with radius as the chosen
length scale - the same is true in this study. For direct comparison, the values found in
articles that did not use the same length scale were converted.

Figure 3.5: A qualitative sketch of the change in kinetic energy for an electromag-
netically stirred fluid, as a function of the dimensionless frequency ΩD; Regular
perturbation theory is applicable in the low-frequency regime, and skin-effect anal-
ysis is applicable in the high-frequency regime [11]
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4. EXPERIMENTS

Experiments are the foundation of this work, so experimental setups are introduced
and described in detail in this chapter. Broadly speaking, they can be divided into
experimental series with GaInSn alloy and aluminum. All measurement methods used
are mentioned here for both cases. Most work is done with GaInSn alloy in a single
setup adapted for a multitude of experiments. The goal and vast majority of results and
discussion are found in the next chapter No. 5. A few results regarding magnetic field
optimization are already discussed here since they dictated any further model design.

4.1. GaInSn experimental model

Table 4.1
Dimensions of experimental and industrial system

Type Metal Diameter, m Height , m Rotor, m gap, m
Laboratory model GaInSn 0.20 0.03 0.12 0.038
Industrial degassing unit Al 0.60 0.14 0.36 0.11

A scaled experimental model for the proposed degassing unit has been built to better
understand the electromagnetically created flow and validate our numerical model. The
model (see Fig. 4.1) has a GaInSn reservoir designed from acrylic glass with implemented
measuring holes for ultrasound Doppler velocimetry (UDV). The placement of the mea-
suring holes is shown in Fig. 4.2. Under the liquid container, a permanent magnet rotor
is placed co-axially to the vessel, and an electric motor controls it via variable-frequency
drive. A permanent magnet rotor is magnetized radially (see Fig. 4.5 on page 41), and
such a setup produces a magnetic field in the container as shown in Fig. 4.3. The model
provides an option to circulate the liquid metal through loops or restrict the stirring in
the GaInSn reservoir in order to model all possible use cases. Dimensions of the reservoir
are given in Table 4.1.

Table 4.2
GaInSn and aluminum properties

Metal Tm,
o C ρ(l), kg/m3 σ, S/m ν,m2/s η, Pa · s

GaInSn [61] -19 6400 3.46 · 106 3.75 · 10−7 2.4 · 10−3

Aluminum [62, 63] 660 2391 4.85 · 106 1.55 · 10−6 1.0..4.0 · 10−3

Gallium alloy GaInSn is used as the metal for the scaled model. Its properties,
together with molten aluminum’s, are shown in Table 4.2. GaInSn is 2.7 times denser, has
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Figure 4.1: GaInSn experimental model: 1 - inlet 2 - plexiglass vessel for GaInSn;
3 - outlet; 4 - permanent magnet rotor; 5 - electric motor; 6 - GaInSn storage;
7 - heatsink

Figure 4.2: UDV measuring holes: 1 - measuring holes for UDV; 2 - argon inlet;
3 - outlet
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about 70 % of electrical conductivity, and has about the same dynamic viscosity as typical
aluminum alloy. In the case of aluminum, the properties vary with temperature and the
type of alloy used. Here we describe values just above the melting temperature. Out of all
properties, alloying materials most drastically impact electrical conductivity, making it
worse. That happens even in low concentrations under 1 %. There can be up to a 3 times
difference in electrical conductivity between some aluminum alloys compared to pure
aluminum in elemental form. This is important to us because electromagnetic forces are
proportional to electrical conductivity. Alloying elements can both decrease and increase
viscosity. For example dynamic viscosity of pure aluminum at melting temperature is
about 2 · 10−3 Pa·s but viscosity range of aluminum alloys is from 1 · 10−3 Pa·s to 4 · 10−3

Pa·s. The effect of alloying elements on viscosity and resistivity is visualized in the
attachment (see Fig. 6.4 on page 98).

4.1.1. Optimization of magnetic field

Figure 4.3: Magnetic field in the container, xy and xz planes of the container are
plotted

The induced current j in metal is proportional to the rate of change of magnetic field,
so by examining the Lorentz force f = j×B we can conclude that f ∼ B2. Thus increasing
the magnetic field has an enormous effect on the intensity of the induced flow. More
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specifically, we want to maximize the magnetic field in the vessel where the liquid metal
is stirred. Straightforward solutions include positioning the magnet as close as possible
to the melt and increasing its size. In practice, the minimal size of the nonmagnetic
gap is limited by the furnace’s geometry and the magnets’ cooling constraints. Material
costs of permanent magnet material constrain the size increase. A cost-effective way
might be to use magnetic flux concentrators to increase field strength in the pool of liquid
metal. Here it was practically carried out by adding two sectors of iron yokes to the top
half of the magnetic rotor. The optimal shape of ferromagnetic sectors was found with
numerical calculations by doing multiple parametric sweeps for the sector’s thickness,
height, and angle. The aim was to maximize the vertical component of the magnetic field
in the container, and 60 degree sectors with a thickness of 2 cm and height of 6 cm were
picked. Some parameters were not necessarily maxima but were chosen since increasing
that parameter would bring diminishing returns.

(a) Vertical component Bz (b) Radial component Br

Figure 4.4: Comparison of experimentally measured and numerically calculated mag-
netic field in the container; Line across container at y = 0

The permanent magnet rotor is magnetized radially and centered under a cylindrical
metal pool. In doing so, the magnetic field inside the container is increased, especially
the vertical component. A numerically calculated magnetic field in xy and xz planes is
shown in Fig. 4.3, which illustrates that the radial component dominates in the center.
Still, above the edges of the permanent magnet, the vertical component dominates. Cases
with and without magnetic flux concentrators are compared with numerical results by
analyzing the magnetic field plotted on a line across the container (see Fig. 4.4). The
radial component (see Fig. 4.4b) firstly shows that numerical calculations in both cases
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show higher magnetic field values than the experimental measurements, and the difference
between the case with iron yokes across the profile is minor (up to 5 %).

On the other hand, experimental curves show a 10-25 % increase in the radial
component of the magnetic field. The vertical component (see Fig. 4.4a) also shows higher
values in the numerical calculation; however, the ratio between cases with and without
iron yokes is similar. It can be concluded that iron yokes, as magnetic flux concentrates,
yield up to a 25 % increase in the magnetic field depending on the position and which
component we analyze.

Figure 4.5: From left: a permanent magnet rotor, a rotor with iron yokes, and a liquid
metal container position relative to the magnet are shown; Magnet magnetization
is indicated with an arrow

If we set a fixed magnetic field goal, it is possible to save magnetic material using a
smaller magnet with ferromagnetic yokes. For example, let’s compare this 120 mm magnet
with yokes to a larger cylindrical magnet without yokes. One can find an equivalent
diameter that produces the same vertical magnetic field in the container. It was found
that for a 120 mm magnet with yokes, an equivalent magnet would have to be with
140 ± 1 mm diameter. Thus it is possible to save 26.5 ± 1 % of magnetic material with
magnetic flux concentrators.

4.1.2. Inert gas injection

One of the features that dictate the bubble size of the injected gas in a liquid is the
diameter of the injection orifice [44]. Broadly speaking, smaller bubbles can be produced
by a smaller injection orifice. The industrial solution is using either porous material or
material with small (sub-millimeter) holes drilled into it. Most likely, the chosen injection
method in the aluminum industry will be through a porous ceramic plug. Practically it
means injection will happen through hundreds of tiny pores from a flat surface measuring
roughly 10 cm2. An example of a small porous plug is shown in the attachment, in Fig. 6.8
on page 101.
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In this experiment, we iterated the nozzle design and reached a solution to use a
0.4 mm medical needle with an adapter shown in Fig. 4.6b so it could be connected to a
standard gas pipe. Argon is injected into the melt via an inlet shown in Fig. 4.6a. The
injection port is located close to the outer wall of the cylinder since the bubbles in this
system move toward the center. Here it is also essential that the injection tip is not within
the wall but protrudes into the metal to achieve maximum shear forces as mentioned in
previous sections.

(a) Position of the needle (b) Injection adapter with the needle

Figure 4.6: Second iteration of the gas injection system: A 0.4 mm needle is used to
inject argon bubbles into the melt

The path and bubbles can be seen through the acrylic wall if the metal does not wet
the surface, thus, after each experiment system was cleaned. With rare exceptions, both
pressure and UDV measurements (described in next subsection) were performed without
the bubble injection.

4.2. Experimental measuring techniques

Multiple parameters are measured to characterize the GaInSn experimental model,
including flow velocity, developed pressure, flow rate, induced power, bubble size, and
bubble dynamics. In general, we want to quantify how hydrodynamics are affected by
variables such as magnet rotational frequency, the geometry of the liquid metal vessel,
and rotating permanent magnet machinery. Multiple experimental techniques are used
to do that, described in the following subsections.

42



4.2.1. Velocimetry

Velocity measurements in liquid metals are challenging due to the opacity and high
temperature of liquid metals. One of the few methods to measure flow velocity in liquid
metal up to 150 C is pulsed Doppler ultrasound velocimetry [64]. Using the device shown
in Fig. 4.7, one can measure flow velocity projection on the axis of the probe in a non-
intrusive way. To reiterate, the device measures the velocity component parallel to the
probe. Velocity is obtained in multiple depths, forming a profile that consists of approx.
100 points depending on settings. The principle of operation of this method is explained
in the attachment (see Fig. 6.3 on page 96).

(a) DOP2000 (b) Measuring positions

Figure 4.7: Ultrasound Doppler anemometer

In following experiments 2 MHz emitting probe is used with pulse repetition fre-
quency fprf = 8000..13513 Hz which allows measurements in depth xmax = 10..17 cm

and of maximum velocity vmax = 2.7..4.6 m/s. Each velocity measurement in our mea-
surement profile is done within a finite volume. It can be approximated as a cylinder with
a base made of a cross-section of the ultrasonic beam (5̃ mm diameter), and height is
spatial accuracy of 2.5 mm (spatial accuracy is obtained by dividing the maximum mea-
suring depth by the number of gates). Time-averaged velocity is obtained by averaging
55 seconds of flow measurements. The uncertainty of measurement angle and effects of
signal noise for the GaInSn experimental model is estimated to be 5 %. In general, an
echo signal can come from many different depths, corresponding to echoes from previously
emitted signals. The presence of several acoustic interfaces also causes several reflections,
which can cause a false determination of the target depth. Thus thorough analysis of the
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beam path is examined to understand which depth of received signal is a reflection and
to be dismissed. Fig. 4.7b shows a cylindrical vessel designed to be compatible with UDV
velocimetry. The wall material is acrylic glass which has similar enough acoustic proper-
ties (sound velocity and acoustic impedance) to liquid metal. Firstly, when materials are
compatible, less energy of acoustic waves is reflected before entering the metal. Secondly,
if an acoustic beam moves through different mediums and forms an angle with an inter-
face that is non-perpendicular, there will be a refraction of the beam. Therefore, having
a similar sound velocity for measuring liquid and wall is beneficial. Here the azimuthal
flow is measured at measuring holes drilled at a 45-degree angle. Measuring positions are
spaced radially at r = 36; 47; 58; 69, and 80 mm.

4.2.2. Hydrostatic pressure

(a) GaInSn wetting (b) GaInSn not wetting

Figure 4.8: Measuring of liquid metal column caused by developed pressure of ex-
perimental device

Pressure measurements in the outlet are taken by measuring the height of the liquid
metal column with an accuracy of 2 mm (see Fig. 4.8). The developed pressure is equal to
ρGaInSng∆h where the height difference is measured relative to the reference level when
there is no stirring. For reference, 0.1 atm pressure produces 160 mm pressure head
in GaInSn, yielding 1.2 % accuracy at this specific pressure. There were also pressure
oscillations with a period measured in seconds and an amplitude of a couple of millimeters,
limiting the accuracy. Since GaInSn, by default, wet surfaces 5 % hydrochloric acid is
added in a thin layer, so the surface of the metal is visible from the side (see Fig. 4.8b for

44



the improvement). The most significant uncertainty is caused by the nonmagnetic gap
between the rotor and the melt. Experimental accuracy is only 3 %, which is estimated
to have a 6 % uncertainty for flow velocity.

4.2.3. Flow rate and power

Figure 4.9: Experimental setup and orientation in flow rate measurements. The
green arrow indicates the loop of circulation. 1 - Conduction flow meter where
the measurements were taken; 2 - cylindrical vessel with most metal volume; 3 -
permanent magnet machine driving the flow

In a pipe flow, the volumetric flow rate Q and the developed pressure p relate to the
hydraulic power PH as shown in Eq. (4.1). Thus pressure and flow rate measurements
can give insight into the hydraulic power of the system.

PH [W ] = Q [m3/s] · p [J/m3] (4.1)

Flow rate measurements here are taken with a custom-built conduction flow meter.
The principle of its operation is the following - a flow of conductive fluid in a duct that
passes through a homogeneous magnetic field creates an electric potential that can be
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measured. Flow rate is calculated from flow velocity, it can be correlated to velocity since
we know the inner cross-section of the pipe. However, there might be some nonlinear
effects in the planned measurement range. Thus, before using the flow meter, it is cali-
brated with a known flow rate of liquid metal. The experiment flow meter measures the
flow rate of the circuit shown in green in Fig. 4.9.

Another experimental approach for power measurements in the metal is measuring
its temperature and its rise when different magnetic field frequencies are applied. If the
mass together with specific heat capacity is known, and the system is thermally insulated,
we can calculate the dissipated energy with Eq. (4.2):

m · cp ·∆T = P · t (4.2)

where cp is the specific heat capacity of GaInSn, m is the mass of GaInSn being stirred,
temperature rise over time t and P is the total power induced in the liquid metal. Mea-
surements are done with a 3 mm K-type thermocouple and saved in the computer every
0.1 second trough Data Translation DT9828 logger. The thermocouple was submerged
directly in the alloy, so when the magnet was operating and inducing the currents, ther-
mocouple readings were affected, as shown in Fig. 6.7 (see in the attachment on page 100).
This problem was avoided by doing the measurements when the machine was off. Each fre-
quency was measured sequentially and exposed to rotating magnetic field for one minute
and then left to cool for one minute. The cooldown was performed to see and adjust for
conductive heat losses. Even though acrylic glass is not a good heat conductor relative
to liquid metal, significant enough temperature drops were observed. Thus a correction
was introduced:

m · c · ((T2 − T1) + (T3 − T2)) = P · t (4.3)

where T1 - temperature at beginning, T2 - temperature after one minute of stirring, T3 -
temperature after one minute of cooling. This correction adds back the lost energy during
the one minute of stirring assuming the energy loss rate is the same during the one minute
of cooling. This is not entirely true, however the corrected result is still definitely closer
to the truth than the uncorrected version.

In numerical model the induced power can be calculated in the following way:

P =

∫∫∫
V

j2

σ
dV (4.4)

where V is the volume of the liquid metal in the active part of the experiment. Similarly, ϵ
(turbulence kinetic energy dissipation rate) can be integrated over volume and multiplied
by density to get the power figure by analyzing the turbulent flow.
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4.2.4. Image acquisition of bubbles in a turbulent flow

Bubble dispersion by flow is central to this work. Overall filming metal surfaces
poses some unique challenges. When the surface is very clean it becomes a mirror and
such surface is a lot more harder to capture on film than matte one due to reflections.
When surface is calm one sees long range reflection as from a flat mirror. When surface
is agitated there are distorted long range reflections and reflections that have already
scattered from surface more than once. Having an oxide layer (and GaInSn does form
it quickly) makes surfaces matte silver. However too thick of oxide layer creates new
problems by acting as cover for everything that is happening on the free surface of metal.
This experimental model allows us to visually detect the bubbles by viewing the top
surface where the gas bubbles are pressed against the transparent lid. Sketch of the
experiment and the actual setup are shown in Fig. 4.10. In this case, surface deformations

(a) Experiment sketch (b) Experiment picture

Figure 4.10: Bubble imaging experiment using high frame rate camera

are not a problem since there is a layer of acrylic glass acting as a barrier. Despite being
in argon atmosphere, oxides were still formed, but they were collected in central column
away from the area being imaged. However, the acrylic glass lid did pose a new problem
of wetting the surface and covering it with opaque layer of oxides. This did not happen
immediately, but between the experiment series devices had to be drained, disassembled
and the surface cleaned. Image acquisition is done by a Lumix S5 digital camera with
shutter speed set to 1/6400-th s to ensure that the bubbles moving with speed of 3 m/s
are still sharp in the photos. Due to low exposure time extra lighting was added to
keep the image noise minimal. The used field of view and resolution corresponds to
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15.7 pixels per 1 mm or 0.064 mm (assuming ideal conditions). Images were processed
using ImageJ Fiji open source software [65] where bubble outline was manually traced
and the area calculated. Using the area, the diameter of the bubble is calculated assuming
a circular shape. Individually the opposite is true - various shapes and sizes are observed,
however this is compensated by averaging at least 30 samples of bubbles for each studied
frequency. Here it must be noted that we see the bubbles that are only on the surface
of the metal. Also the visible bubble shape is deformed. In a stationary case when the
bubble is pressed to the top of the container it is flattened. The shape of the droplet is
an equilibrium of gravitational force, Archimedes force and surface tension. The result is
that the maximum height of the bubble is affected and is comparable to capillary length
- in this case λc =

√
γ

∆ρg
= 3.1 mm. Another consideration using this method to film a

bubble in a rotating system is the change of pressure between gas inlet and outlet. The
volume of individual bubble is inversely proportional to the pressure according to ideal
gas law. Since r V 1/3 impact on mean bubble size is reduced but still applicable and thus
caution should be given to where bubble image is taken within the system.

4.2.5. Hydrogen content

Figure 4.11: Cross section of A356 aluminum samples under different molds and
solidification conditions: 1;2 - are crystallized in graphite mold from bottom and
sides, 3 - crystallized rapidly in copper mold from bottom and sides, 4 crystallized
rapidly from bottom; Red circles highlight solidification defects

Hydrogen content measuring techniques can be categorized by the stage they are
used at - hydrogen content can be measured in molten aluminum prior the casting or
after the crystallization in the solid state [14]. The most simple indirect measurement
of hydrogen content is its density measurements. Excess hydrogen causes porosity (see
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Fig. 1.1 on page 12) but to detect it accurately density must be calculated with accuracy
of 0.1 %. The same goes for a situation where certain target hydrogen concentration must
be reached - the resulting density for the alloy must be defined with three significant digit
accuracy. All in all, absolute measurements of hydrogen content are challenging.

Cross sections of different aluminum samples show pores in solidified aluminum (see
Fig. 4.11). To quantify porosity, the pores and their area can be counted. One must
be careful in distinguishing the defects not to mistaken them with regular casting defect
(like shrinkage). Regardless it is seen that these defects form in regions which solidify
the last. Ergo, when measuring hydrogen content by measuring the density of aluminum,
the choice of sample location from ingot becomes crucial. To ensure the best results, the
sample crystallization can be carried out in reduced pressure to maximize the pore size
and count. This reduced pressure test (RPT) method was employed on some samples.

4.3. Experiments in aluminum

Figure 4.12: Laboratory aluminum degassing experiment. 1 - Inductor and crucible
holding 1.8 kg aluminum; 2 - argon gas inlet at the bottom; 3 - digital camera
position; 4 - mass flow controller (MFC) for argon; 5 - digital camera position

Experiments in aluminum were carried out on two scales. In the laboratory scale, we
tested gas injection and bubble collapse with the experimental setup shown in Fig. 4.12. In
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industrial conditions, we experimented with a full-scale prototype with 800 kg aluminum
shown in Fig. 4.13.

The objective of the laboratory scale setup was to familiarize ourselves with how to
work with liquid aluminum experimentally. Firstly, the gas injection was tested to see
how the bubbles behave in aluminum while in similar flows as tested with the GaInSn
experiment. Secondly, small-scale experiments were necessary to test aluminum sample
taking and post-processing.

Figure 4.13: Industrial degassing prototype experiment: 1 - permanent magnet stir-
rer (positioned away in stand-by regime while aluminum is melting); 2 - aluminum
degassing unit; 3 - digital camera position; 4 aluminum melting furnace; 5 - alu-
minum alloy A356

In the industrial experiment, different challenges arose. Firstly, the rotating per-
manent magnet machine had to be built on a larger scale, which posed new engineering
challenges which were not present in laboratory stirrers. The central part of the machine
is a 200 kg permanent magnet consisting of 216 individual parts, which have to be as-
sembled in-house. Specific consideration has to be given to the extremely strong stray
magnetic field. E.g., ferromagnetic components are subject to forces thus, they shall be
avoided when possible. Additionally, on a larger scale, electromagnetic induction starts
heating the surrounding electrically conductive materials, which must be considered for
elements around the permanent magnet.

The laboratory-scale aluminum model uses the same permanent magnet machine
as in the GaInSn model. However, the crucible holding metal had to be redesigned for
aluminum. Here, a cross-section (see Fig. 4.14) shows the graphite crucible being heated
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by induction heating. Aluminum fills the crucible to half, but when a strong tornado-like
flow is created, the metal reaches the top of the container, which is partly sealed for that
exact reason.

Figure 4.14: Cross section of laboratory aluminum degassing experiment

The simplest order of magnitude estimate can be done to balance electromagnetic
and inertial forces. From there, the velocity scale is expressed in Eq. 4.5 where L is the
characteristic length, B - the magnetic field (mean value is 0.1 T), ω = 2πf - the angular
frequency and σ is the electrical conductivity. At f = 19.5 Hz the expected velocity is
around 1.7 m/s. When scaled to industrial size and aluminum properties, velocity v is
expected to rise due to higher electrical conductivity, characteristic size, and lower density.

1

2
σωB2L = ρ

v2

L
⇒ v =

σωB2L2

2ρ
(4.5)
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5. RESULTS AND DISCUSSION

In this section, the main results of the thesis are presented. Metal flow is charac-
terized by analyzing velocity, pressure, flow rate, and power which all are obtained with
GaInSn experimental model. Most measurements are also presented together with numer-
ically modeled flow results done by the team’s Ph.D. student Didzis Berenis as part of the
project. Comparison to numerics is essential as in later parts we analyze TKE dissipation
rate, which is the best predictor of bubble size, but it can not be measured experimentally
in liquid metals. For that, we only rely on provided results by modeling, which, in a sense,
are validated by experimental measurements we can obtain (e.g., velocity and pressure).
Gas injection experiments in GaInSn gave insight into bubble size distribution, a rare,
if not unique, finding in liquid metal. Aluminum experiments, by nature, provide fewer
measurements and do more of a demonstration role. Yet they are vital because they test
difficult-to-predict problems like a gas injection. Lastly, dimensionless analysis is done
as a part of the technology scaling process, where the main dimensionless numbers are
examined, and predictions about the industrial-sized system are made.

Velocity measurements were possible for azimuthal flow up to 3 m/s, which allowed
us to measure flow in the applied frequency range of 2-20 Hz. Together with pressure
measurements, they formed the basis of results used to validate the numerical model.
Power measurements in turn produced some inconclusive results. The discrepancy be-
tween numerical and experimental measurements was more significant than for pressure
and velocity. Solid aluminum cross-sections also proved to be more difficult than antici-
pated because of inconclusive results omitted in this work. Nevertheless, the bubble size
measurements worked out well.

5.1. UDV flow velocity measurements

Liquid metal velocity as a function of permanent magnet rotation frequency is ex-
amined in three different radial positions, as seen in Fig. 5.1. Data shows the radial
velocity component, which is time-averaged over one minute. It is measured at a level of
half height of the liquid metal container. Again, curves of numerical calculations show
larger velocities than the respective experimental measurements. Overall velocities in the
range of 2.0 to 2.8 m/s are reached at the 19.2 Hz rotational frequency of the permanent
magnet rotor. Considering GaInSn physical properties (see table 4.1), it corresponds to a
fully turbulent flow with Re = 5 ·105. Higher rotational frequencies are not measured due
to limitations of the UDV measurement system in which further measurements were not
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Figure 5.1: Time averaged velocity as a function of the rotational frequency of the
magnet at different radial positions

convincing. However, frequencies up to 57.6 Hz were applied in bubble refinement exper-
iments. In this case, the limiting factors are the slip of the magnetic field and the skin
effect, which impose a maximum operating frequency. In subsection 3.3 it was discussed
what is the optimal dimensionless frequency, see Eq. (2.34) for achieving the highest flow
velocity. Table 5.1 shows the optimum values found in literature and how this experiment
compares to them.

Table 5.1
Optimal dimensionless frequency parameter by different authors and values

reached at GaInSn experiment

Author Problem ΩD

Moffat [11] General 40
Priede [58] Levitating sphere 11.6 and 27.8
Chen [59] Induction furnace 50

Nikulin [60] Induction furnace 7
This work, f = 19.6Hz GaInSn exp. 5
This work, f = 57.6Hz GaInSn exp. 15

It is predicted that the pressure and velocity would rise further with frequency
increase since the maximum dimensionless frequency reached was ΩD = 5. In bubble in-
jection experiments discussed later, higher magnetic field frequencies were applied, which
allowed us to reach ΩD = 15. The same criteria directly dictate that the maximum op-
erating frequency in the proposed industrial degassing unit subsequently determines the
maximum flow intensity.
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Figure 5.2: Flow profiles at different magnet rotation frequencies: lines represent
numerical calculations, squares are experimental measurements and dashed lines
are ωr - velocity of the magnetic field at a given radius; The vertical error bar is
one standard deviation of flow velocity, horizontal error bars indicate the width
over which the velocity is averaged

Tangential velocity in multiple radial positions is presented in Fig. 5.2, compar-
ing magnetic field velocity with experimental and numerical measurements. Firstly, the
maximum velocity in numerical calculations is observed at radial position R = 58 mm,
while in the experiment, it is in position R = 38 mm. At first, it seems counter-intuitive
since the velocity of the traveling magnetic field is proportional to radius v = ωR, so a
larger velocity is expected near the outer wall. Just as unexpected is that in the cases
of low rotational frequency in the region closer to the center, the fluid moves as fast as
the magnetic field. These findings can be explained by the radial flow’s inward transfer
of angular momentum.

The numerical model shows that there are zones with significant radial velocity. In
some areas, the secondary flow can have up to 1/3 of the magnitude of the primary flow
(see Fig. 5.3). Even though time-averaged force density is highly inhomogeneous across
the z coordinate, exploring the azimuthal velocity, it has the same magnitude across the
entire height with an even slightly higher maximum near the top as shown in Fig. 5.4.
Similarly, the magnitude of radial flow is slightly higher near the top wall even though
force distribution decays rapidly with the distance to the magnet, which is positioned
under the liquid metal container. The Taylor-Proudman theorem explains this stabilizing
mechanism, which applies to rotating flows with high angular velocity.

As expected, the azimuthal flow profiles show higher velocities with higher stirring
frequencies. Qualitatively, the only minor changes are the peaks in the rate near the top
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Figure 5.3: Numerically calculated radial velocity variation as a function of container
height; The rotating permanent magnet is positioned below, the radial position is
R = 58mm

Figure 5.4: Numerically calculated azimuthal velocity variation as a function of con-
tainer height; The rotating permanent magnet is positioned below, the radial posi-
tion is R = 58mm
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and the bottom walls. They are more pronounced if we normalize the profile with respect
to mean or maximum azimuthal flow.

5.2. Hydrostatic pressure measurements

Figure 5.5: Pressure in the outlet as a function of magnet rotation speed; No flow
rate

The first integral parameter measured in the model is the pressure in a perpendicular
outlet of the GaInSn vessel. Both pressure and velocity are measured at various magnetic
field rotation frequencies. Since it essentially is a dipole field, its rotational frequency
is the same as a permanent magnet’s. In Fig. 5.5, cases with and without yokes are
compared experimentally and numerically. It is shown experimentally that pressure with
the yoke is 32 % higher at the fastest of the tested configurations and the difference in
numerical calculations is 22 %. The numerical model produces higher pressure in both
cases. However, the curves have similar slopes when compared to the experiment. An
overall pressure head of 884 mm GaInSn (or 0.55 atm) is a good result because when the
degassing unit is up-scaled, it would be able to lift the aluminum multiple meters if the
device is also used as a pump for molten aluminum transport.

Experimental pressure measurements and velocity measurements can be compared
by integrating angular velocity across radius according to Eq. 5.1

p =

∫ R

0

ρω2rdr (5.1)
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where ω = v/r. There are seven measurements across the radius from which ω is inter-
polated to first order and then integrated. Graphically this is visualized in Fig. 5.6 where

Figure 5.6: Interpolated function, which is integrated to obtain pressure: Red
15.6 rev/s, Green 7.8 rev/s and blue is 3.8 rev/s

the area under curves is equal to the integrated value. It is possible to determine which
radial positions have the greatest impact on total pressure in this system where angular
velocity is not constant along the radius. For this calculation, it is assumed that there is
only tangential flow. This approach allows us to cross-check experimental measuring sys-
tems. As shown in table 5.2, result values are 20 % higher than the direct measurements
but are in line with numerical model predictions.

Table 5.2
Comparison of the measured pressure, pressure calculated by integrating velocity

measurements, and pressure from a numerical model

Angular velocity, rev/s 3.9 7.8 15.6

Pressure directly measured, mbar 55 160 424
Pressure calculated from velocity, mbar 76 206 524

Pressure numerically modeled, mbar 70 205 523
Dmax experimentally measured, mm 9

Dmax numerically modeled (bulk), mm 5
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5.3. Flowrate and power measurements

In Fig. 5.7, GaInSn experimental setup (see Fig. 4.9) was tested with an open
external channel, thus causing flowrate in the loop which was measured. We know the
diameter of the circuit at the measuring point (D = 8 mm), so both the flow rate and
velocity can be plotted as a function of the magnetic field frequency. It is evident that
the flow rate rises as the frequency increases, but the correlation is not linear as in the
case of pressure’s dependence on the frequency.

Figure 5.7: Measured velocity and flow rate in the pipe as a function of magnet
rotational speed; Vertical orientation with yokes

Flowrate and pressure measurements, usually in the form of p − Q curves, are es-
sential tools in characterizing the performance of electromagnetic pumps. Even though
the machine studied in this work will not be a part of an enclosed circuit, it is valuable to
talk about the developed pressure and power transfer to liquid metal by electromagnetic
coupling. Usually, pressure and flow rate are measured simultaneously, and the hydraulic
resistance of the circuit is changed, thus obtaining a curve in the p-Q diagram. Pressure
multiplied by the flow rate gives us the hydraulic power, which then can be compared,
e.g., with control of EM machines pumping the flow (regardless of whether it is a system
of AC inductors or permanent magnets driven by an electric motor). Here we measure the
power with multiple methods: variable frequency drive and temperature measurements
in the metal and calculate it numerically by looking at joule heating.

In Fig. 5.8 p-Q curves are shown for two magnet rotational frequencies. They are
obtained by chaining the hydraulic resistance of the circuit and measuring the pressure and
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Figure 5.8: Pressure-flow rate curves at two rotational frequencies; Horizontal ori-
entation with yokes

Figure 5.9: Hydraulic power versus rotational frequency; The picture within the
graph indicates the orientation of the vessel
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the flow rate independently. As expected, increasing the hydraulic resistance decreases
the flow rate and increases the measured pressure head. Unfortunately, this highlights
a drawback of the performed flowrate experiments – to begin with, an unrestricted loop
had too high hydraulic resistance. Thus p-Q curves were obtained in a narrow region
bordering a closed loop/maximum pressure point. There were experimental attempts to
solve this by increasing the pipe diameter to 12 mm, thus increasing the pipe’s cross-
section by 2.25 times. Still, there were built-in constrictions within the existing setup
that could not be overcome.

In Fig. 5.9 hydraulic power is calculated in circulation loop by Eq. (4.1). When
sufficient pressure is achieved, the hydraulic power in the circuit rises linearly with the
applied magnetic field frequency. At the highest frequency, around 7 W of power goes to
pump the metal through the circuit. This measurement is useful for order-of-magnitude
efficiency estimates performed later.

Figure 5.10: Gas injection effect on flow rate; The picture within the graph indicates
the orientation of the vessel

Fig. 5.10 shows flow rate changes when there is no gas injection and with it. Gas
injection experiments were performed both clockwise and counter-clockwise since the posi-
tion of the injection port (tangential to the cylinder when viewed from the top) made these
experiments different. Results show minimal variation (within 10 pct.) between reference
and gas injection experiments. These results eliminate the concern of gas fraction inter-
acting with the induced current density distribution, thus reducing the electromagnetic
performance of the permanent magnet stirrer.

When the power is measured with the variable frequency drive, the power drawn
from the whole circuit is obtained. Power draw is obtained by measuring the supplied
current to the three-phase motor. Since we want to isolate the power that will stir and
heat the metal, we compare two cases of operation. ”No load” where the rotor is spinning
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Figure 5.11: Supplied power to an electric motor with and without load for rotor
without yoke

with no metal on top, and ”with load” where a GaInSn vessel with no flow rate is used.
Results and the power difference are shown in Fig. 5.11, and at 19.5 rev/s, only 60 W of
power is transferred to the metal.

In Fig. 5.12, different power measurements and calculations are compared. In all
cases, increasing rotational frequency, the power rises approximately as a quadratic func-
tion. Overall, induction heating calculations show larger values than the experimental
temperature measurements indicate. To analyze how rapidly different types of power scale
with the frequency, it is helpful to explore it in logarithmic scale as shown in Fig. 5.13.

To quantify the relationship between power and frequency, we can approximate the
data points relationship P (f) = a·f b. Converting to logarithmic scale changes relationship
to log(P (f)) = a1+b ·log(f) where a and a1 are constants and b is exponent in linear scale
and coefficient of slope in the logarithmic scale. Ideally, the power is expected to follow
a quadratic relation to the applied frequency. Due to the slip and the skin effect - both
parasitic effects - one might experimentally expect a lower power factor than two. This
is the case with experimentally measured power measurements, where b = 1.92.

However, numerically calculated induction heating values exceed the value, and
the slope coefficient b is 2.40. At first, this was an alarming result, but this result is
feasible upon further analysis. Skin effect, caused by the induced magnetic field, becomes
relevant with higher frequencies. It is known that the induced magnetic field is a monotone
function with respect to frequency. Thus this can not cause a higher-than-expected slope
on the induction power graph. However, the slip does behave differently. Flow velocity
relative to magnetic field velocity is higher in the case of lower frequencies when the

61



Figure 5.12: Comparison of power consumption, heating measurements, induced
power in metal, and turbulence dissipation power

Figure 5.13: Comparison of heating measurements, induced power in metal and
turbulence dissipation power in logarithmic scale; Induced power and turbulence
dissipation were calculated numerically, the graph shows integrated values across
the whole cylindrical volume
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flow is slower. This can be seen both experimentally and numerically in Fig. 5.2. Thus
the effective frequency, which causes forces and velocity in the metal, is more affected
by the slip in the lower frequency range. This is the most plausible explanation for a
higher-than-expected slope coefficient.

5.4. Bubble size measurements in GaInSn

Figure 5.14: Distribution of the turbulence energy dissipation rate ϵ in the container
at a magnet rotational frequency f = 15.6 rev/s; This result was obtained with the
Shear Stress Transport (SST ) k − ω turbulence model

(a) Velocity (b) dissipation

Figure 5.15: Numerical modeling results for f = 14.4Hz; Horizontal cross-section
slices container in half at z = 0

Fig. 5.14 shows that the TKE dissipation rate spans multiple orders of magnitude
in vertical cross section (y = 0 is the center axis). For further calculations, we use a
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bulk value which is the dissipation integrated over the volume and divided by the volume.
This is believed to be the best predictor of bubble size, but it can not be measured in
liquid metal experimentally. If we analyze dissipation on the radial line at z = 0, the
maximum is expected at r = 0.7R, slightly further from the center than the maximum
radial velocity (r = 0.6R).

Horizontal velocity cuts and the dissipation shown in Fig. 5.15 follow an axially
symmetric distribution. Despite having an unsymmetrical 3D force distribution, the time-
averaged flow is symmetrical due to the rotational nature of the setup and the co-axial
position of the magnet relative to the container.

Figure 5.16: Normalized dissipation vs. radius of a cylindrical vessel; Values are
represented on a radial line in the middle of the container (z=0)

Fig. 5.16 shows that the maximum dissipation value shifts closer to the center if
we raise the stirring frequency. In other words, turbulence is more spread out in the
container, which is favorable for our purpose. The peak values (except for the slower
stirring regimes studied) are found within the range of r = 0.65R to r = 0.75R. That is
a bit further away from the center than the peaks of the maximum azimuthal velocity,
which were found at r = 0.55R to r = 0.60R.

Another helpful way to represent the effects of TKE dissipation on bubbles is to
directly depict the maximum bubble size with a density plot of a cross-section of the
container shown in Fig. 5.17. Note that only a half of the cross-section of the container is
visualized. Maximum bubble size is calculated with the formula Eq. (2.10). This shows
what would theoretically be the maximum bubble size of 95 % of bubbles if we were to
inject the gas in that location. Due to the exponent of -0.4 of epsilon, the maximum
bubble size graph does not have so large of a difference between regions as epsilon itself
shown earlier in Fig. 5.14.
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Figure 5.17: Predicted maximum bubble size in the container at a magnet rotational
frequency f = 14.4 rev/s; Relationship Eq. 2.10 was used for the calculation

Figure 5.18: Instant snapshots of the top surface; Various bubble shapes are observed
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Instant snapshots of bubble experiments in GaInSn are shown in Fig. 5.18. The
image collage spans across all tested frequencies and highlights that without stirring, the
size of produced bubbles is comparable to the radius of the container. Generally, two or
three bubbles are visible at a given moment at lower frequencies and up to five bubbles
at higher stirring regimes. Slow-motion videos showed some bubble-bubble merging, but
overall the number of such occurrences was in the minority.

Due to the turbulent flow, chaotic shapes were observed. In a case with no external
flow rate, the lighter fraction is expected to move to the center in a rotating flow. This was
observed in an experiment where bubbles moved toward the center in a spiral trajectory.
We also performed some tests with external flow rate, but it did not change the bubble
trajectory.

(a) Speed (b) Residence time

Figure 5.19: Bubble tracking results for four stirring frequencies; The error bar is
one standard deviation

Bubble flow velocity and residence time was measured by analyzing slow-motion
videos frame by frame. With an exposure time of 1/180 s, the bubble path was visible for
5-15 frames, which is plenty to calculate the total bubble residence time. An exception
was the case with the fastest stirring, there, it was impossible to track an individual bub-
ble from inlet to outlet due to its small size and large velocity. The bubble residence time
was extrapolated, knowing velocity and distance. Bubble velocity was obtained by mea-
suring the center of mass movement of 10 bubbles for each stirring regime for 2-4 frames.
Measurements are shown in Fig. 5.19. Bubble velocity shown in Fig. 5.19a was measured
from 1 to 4 m/s which is on par with UDV measurements seen in Fig. 5.1. Though, direct
comparison is avoided because it is unclear how bubble velocity correlates with the flow
velocity. Bubble residence time in the tested range is from 0.025 to 0.1 seconds which is
insufficient in degassing context.
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Overall there was not a significant variation in the bubble velocity. This is the
opposite of the results of spinning nozzle tests in water [25, 66]. There the bubble size
spectrum is large, and also the trajectories they take are more complex, and bubbles
manage to recirculate more through the volume. Bubble residence time could be improved
by tilting the setup by 90 degrees. An example of this is shown in Fig. 4.9. By doing this
geometrically, the vertical distance between the inlet and the outlet increases significantly.

Figure 5.20: Mean bubble size a function magnet rotational frequency; Experimen-
tally measured value comparison to analytical/numerical calculations; The dashed
orange line indicates the empirical target

Moreover, it would be possible to inject gas in a flow parallel to the force of gravity,
thus prolonging the rise time of bubbles because of Archimedes’ force. It is estimated
that by changing the direction of gravity relative to flow, we expect to improve residence
time by an order of magnitude. It was tried experimentally, but initial experiments were
unsuccessful for two circumstantial reasons. A mass flow controller was not yet used, and
the gas outlet in the tilted setup was narrower, creating an excess gas collection.

Fig. 5.20 shows experimentally mean bubble size decreased from 16 to 2.3 mm reach-
ing the minimum desired threshold (ideally 1 - 2 mm bubble size should be achieved) [9].
Numerical results predict a similar reduction in size from 22 to 1.2 mm with increasing
frequency. Unfortunately, our analytical estimate by Eq. (2.10) does not provide any
information about the bubble distribution but instead works as an upper limit for the
predicted bubble size. More precisely, 95 % off bubbles should be equal to or smaller
than the calculated value. In practice, the numerical model underestimates the predicted
bubble size (by overestimating ε). Experimentally ε cannot be measured, however, to
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validate the numerical model, we can compare both pressure and velocity measurements.
For example, the numerical model overestimates developed pressure by 1/3, however,
assuming the same difference for epsilon, this would not fully explain the discrepancy
between the experimentally observed bubble size and the analytical calculated one.

Figure 5.21: Bubble size distribution across different stirring frequencies

Fig. 5.21 shows bubble size distributions across the whole tested frequency range
highlighting the shift to smaller bubbles denoted in darker colors. Overall the size of
bubbles can span an order of magnitude regardless of the stirring frequency. This fact
complicates the theoretical analysis since most of the volume of the gas could be found in
relatively few large bubbles, but a lot of surfaces could be formed by many tiny bubbles.

A comparison in Fig. 5.22 is made to understand whether size reduction follows a
theoretically predicted trend. The orange line is simply a plot of Eq. (2.10) at relevant ϵ

values found in the experiment. Since it is impossible to measure ϵ in liquid metal, the
numerically modeled value was taken. More specifically, we have bubble size measure-
ments at a certain frequency, and the ε value is provided by the numerical model at that
frequency. Experimental values follow a bubble reduction trend with the same slope as
the theory predicts (-0.4). However, the absolute values are about two times larger than
theoretically predicted.

Turbulence kinetic energy dissipation rate ϵ is the most important bubble size pre-
dictor we obtain from the numerical modeling results. In Fig. 5.23 ε is analyzed as a
function of the frequency of applied magnetic field at fixed positions at regular and loga-
rithmic scales. It is possible to see that ε rises rapidly with the frequency. A logarithmic
plot is analyzed to quantify how quickly it rises, and the two regimes become distinct. To
quantify the relationship between ε and f we can approximate the curves with straight
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Figure 5.22: Mean bubble size predicted by analytical function and experimentally
measured bubble size at numerically calculated epsilons values

(a) Linear scale (b) Logarithmic scale

Figure 5.23: Numerically calculated epsilon values as a function of magnet rotational
frequency
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line log(ε) = a1 + b · f where a1 is a constant and b is the coefficient of a slope. For the
first six data points in the frequency range b = 3.43. Last six data points gives b = 1.95.
This shows us that at higher frequencies, it is harder to “pump in” more energy into the
system by electromagnetic forces. Reasons for this are skin-effect, a slip of magnetic field
relative to flow, and possibly the nature of turbulence itself.

5.5. Scaling findings to aluminum

Table 5.3
Dimensionless numbers of laboratory model and numerical prototype

- Unit GaInSn model Aluminum lab model Aluminum industry prototype
R m 0.10 0.05 0.30
V L 1 1 50
u m/s 5 2.5 6
f Hz 57.6 57.6 10

Re - 4.4 · 105 1.5. · 105 1.0 · 106
Rem - 2.1 · 100 7.6 · 10−1 1.1 · 101
Ha - 6.1 · 102 3.7 · 102 2.2 · 103
N - 3.2 · 10−2 1.3 · 10−1 7.3 · 10−1

Pe - 1.3 · 108 3.1 · 107 4.5 · 108
ΩD - 1.5 · 101 5.6 · 100 3.4 · 101
δ m 0.037 0.030 0.072
ε W/kg 5 N/A 1

Dmax mm 2.2 10 5
τ s 13 N/A 26

Main system parameters and dimensionless numbers are collected in Table 5.3. The
GaInSn model, laboratory aluminum model, and aluminum industry prototype are com-
pared here. The linear size-wise aluminum prototype is three times larger, and its volume
is around 50 times bigger than laboratory experiments. Velocity predicted by numerical
modeling is 5 m/s for the GaInSn model and 6 m/s for the industry prototype. Due
to the larger size, the Reynolds number still will be significantly larger in the industry
prototype. Used frequencies on the larger scale are naturally smaller. Due to lower fre-
quencies and larger size, skin-depth is bigger in absolute terms. Relative to the smallest
dimension, this ratio is more or less constant since it is one of the main limiting factors
for electromagnetic stirring.

Hartmann’s number is bigger than unity in all cases, so electromagnetic forces dom-
inate viscous forces. Stuart’s number is smaller than the one in all cases, with the largest
value for the industrial prototype. This indicates that electromagnetic forces, at best,
are comparable to inertial forces. Magnetic Reynolds number is around unity for labora-
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tory models and 101 for the prototype. This means that the velocity of the conducting
fluid will significantly impact the magnetic field distribution. Maximum values of dimen-
sionless frequency are 15 for the laboratory model and 34 for the industrial prototype.
That means diffusion of the magnetic field can not keep up with the rapid changes of the
magnetic field. This is on par with literature where optimal dimensionless frequency for
maximum energy transfer is around ΩD = 10..50 (See section 5.1). The TKE dissipation
rate in the industry prototype was lower than in the laboratory experiment (values in
bulk). Thus the predicted bubble size is around 5 mm. Characteristic mixing time rises
with the size, and it is two times longer for the industry prototype. This indicates that
permanent magnet machines work well as electromagnetic stirrers in this setting. This is
also supported by the Péclet number, which tells us that forced convection will dominate
the mass transfer.

Figure 5.24: Instant snapshots of an aluminum experiment where argon was injected
in an intense aluminum tornado-like flow; For different magnetic fields, rotational
frequencies are shown

Fig. 5.24 shows four instant snapshots of the aluminum experiment. It is a top-down
view of different magnet rotational velocities tested, which result in a tornado-like flow
where in the most intense stirring regimes, the eye of the tornado reaches the bottom of the
crucible. By analyzing the videos, it has been observed that without stirring or with little
stirring (up to 10 - 15 rev/s), the oxide film traps the argon in a gas pocket in the size of
all crucible diameter. Introducing stirring above 1.5 m/s changes the situation drastically
since gas does not collect under the top layer of slag but escapes as individual bubbles.
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The bubble size is reduced to the 5 - 10 mm range at the highest stirring intensities. Such
surface deformations, of course, are not welcomed in the aluminum industry. Therefore
this experiment tests only the electromagnetic performance (how quickly aluminum can
be stirred) and the bubble injection in aluminum. In industrial size, this problem becomes
simpler since aluminum volume is larger. Thus there can exist a zone with a turbulent
flow where the bubble is injected and a relatively calm surface that does not break the
top film, which has a protective function.

Figure 5.25: Flow angular velocity and velocity as a function of magnet rotational
frequency in laboratory aluminum experiment; Two independent experiments are
shown

Filming the surface with a high frame-rate camera (180fps) with low exposure time
(1/6400 s) allows us to track the angular velocity of the aluminum surface. Flow velocity
at the maximum radial position (ignoring the turbulent boundary layer and assuming
constant angular velocity along radius) can be calculated by the formula v = ωr. Both
angular velocity and velocity vs frequency have been plotted in 5.25. During two separate
experiments, a flow velocity of around 2.5 m/s was reached in a crucible with a diameter
of 101 mm.

Before and after the experiment aluminum samples were taken in a graphite crucible
(L×W ×H = 50×34×16 mm) and their vertical cross-section was analyzed as shown in
Fig. 5.26. In the reference sample, the pores can be found near the top surface where the
metal is solidified the last. This is a normal occurrence since S/L the interface during the
solidification can reject the inclusions like gas bubbles (up until it is physically impossible).
After electromagnetic stirring and gas injection, another sample was taken. Despite having
some argon flow rate at all times, the resulting sample is worse than the reference. This
might be explained by the fact, that we created massive surface deformations and exposed
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Figure 5.26: A365 aluminum samples: a) reference before experiment; b) after ex-
periment where aluminum was stirred and purged for 5 minutes

(a) Industrial concept (b) Numerical model representation

Figure 5.27: (a) Industrial degassing unit concept: 1 - inlet of contaminated alu-
minum; 3 - outlet of degassed aluminum; 4 - argon injection; 5 - iron yokes for
magnetic flux optimization; 6 - permanent magnet rotor; (b) representation of it in
the numerical model; An extra reservoir is added to ensure the same flow is in the
inlet and the outlet
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the aluminum surface to the environment. It has been shown that degassing in larger
scales with a lid and inert atmosphere drastically differs in degassing speed and minimum
possible concentration [2].

An industrial degassing concept (Fig. 5.27a) is modeled numerically (Fig. 5.27b) to
predict the created flow. Here a time-dependant model solved a 3D turbulent flow again
coupling the EM problem with fluid mechanics. To ensure the same flow rate in the inlet
and the outlet an extra reservoir was added which exists purely in numerical problem.
This was done because the flow rate is unknown in this problem, thus has to be solved.

Figure 5.28: Numerical modeling results in industrial size degassing unit; Dimensions
of setup are shown in 4.2, and the rotational frequency of the magnet is 10 Hz: a)
induced current density; b) Lorentz force; c) velocity magnitude plot; d) Velocity
streamlines

Fig. 5.28 shows the magnetic field, induced current density, force density, and veloc-
ity obtained by the numerical modeling problem on an industrial scale. The current forms
two horizontal loops in the vessel which are rotating synchronously with the magnet. The
force density is three-dimensional and also time-varying with a double frequency of the
applied magnetic field. Due to geometry constraints, the force forms a strong azimuthal
flow up to 6 m/s in bulk.

Fig. 5.29 shows ϵ and Dmax distribution. It is clearly shown that in the outlet, ϵ
values are large, and the expected bubble size would be easily in the sub-millimeter range.
However, a more reasonable approach is to analyze values in bulk. For 10 Hz (which is the
top of the planned range), the dissipation is around 1 W

kg
yielding 5-10 mm large bubbles.

These results indicate a need for some kind of constriction around gas injection to ensure
high enough epsilon values, as seen in the outlet.
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(a) ϵ, W
kg

(b) Dmax, mm

Figure 5.29: Numerical modeling results of TKE dissipation rate in industrial size de-
gassing unit at f = 10Hz: (a) ϵ distribution and (b) maximum bubble size predicted
by ϵ

The concept of mixing time τm is introduced to characterize mixing by stirring in
a liquid metal bath. Assuming isotropic and homogeneous turbulence equation (5.2)
calculates the time for mixing that takes place by ‘eddy diffusion’ where the largest
eddies play the dominant role in this process. Thus τm depends on a characteristic vessel
dimension L, for instance, the radius.

τm ∼ 100

(
L2

ϵ

) 1
3

(5.2)

Inputting value for R = 0.3 m and ε = 1 W/Kg, mixing time τ is 26 seconds. This
estimate shows that stirring-wise the setup is very potent.

Increasing free surface deformations were observed with increasing the applied fre-
quency of the magnetic field, as seen in Fig. 5.30. This is a good sign. It shows the whole
designed range from 2-11 Hz can be used without saturation taking place. Unfortunately,
no flow velocity measurements are possible in molten aluminum. Practically the only way
to confirm the performance of electromagnetic stirring would be pressure and flow rate
measurements.
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Figure 5.30: View of free surface deformations on industrial degassing prototype
experiment when permanent magnet stirrer is operating at different frequencies;
The angle of the camera view is shown in Fig. 4.13 numbered 3
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6. SUMMARY AND CONCLUSIONS

Most of the tasks were carried out successfully, and the thesis objectives were
achieved. In the process following conclusions were made:

1. Bubbles can be refined by an electromagnetically created turbulent flow. Experi-
ments imaging the GaInSn surface prove bubble size reduction with more intense
stirring.

2. The bubble size in metal flow is correlated to flow condition, mainly ϵ -turbulent
kinetic energy dissipation rate. Numerical models providing ϵ values are validated
using experimentally measurable quantities such as velocity and pressure.

3. Author proposes a method for scaling the bubble refinement problem to aluminum.
Numerical modeling tools can calculate the dissipation, which, together with em-
pirical formulas, are used to predict the bubble size in aluminum.

4. Laboratory scale experiments with aluminum indicate significant bubble behavior
changes when stirring is applied. Imaging the free surface showed bubble size re-
duction.

5. The developed pressure head is high enough for the system to work as an elec-
tromagnetic pump. This is an added benefit that none of the existing degassing
methods has.

6. Iron yokes can be used as cost-effective tool as magnetic flux concentrators even on
rotating permanent magnet machinery. This setup provides at least a 30 % pressure
increase which means more intensive flow or the ability to use 27 % less magnetic
material for the same hydrodynamic performance.

7. Power measurements show how much energy can be transferred to the system by
EM forces. They proved that the limit in frequency was not reached in the tested
frequency range. This is useful for building and scaling EM machines for metal
stirring.

8. Despite producing a small enough bubble, vertical setup proved to have very poor
bubble residence time.
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P. Vontobel
Daļiņu iesalšanas procesa eksperimentālie pētījumi orientētās kristalizācijas laikā
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Patents

1. LV15144 ELEKTROVADOŠU METĀLISKU UN PUSVADĪTĀJU KAUSĒJUMU
MAISĪŠANAS IERĪCE
Andris BOJAREVIČS (LV), Jurijs GEĻFGATS (LV), Toms BEINERTS (LV), Matīss
KALVĀNS (LV), Reinis BARANOVSKIS (LV)
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Reinis BARANOVSKIS (LV)

6.2. Further research

Bubble dispersion in liquid metals has a larger scope of an impact than just liquid
metal degassing. This research could apply to range of two-phase liquid metal flows. Most
prominent examples include such applications:

1. Decarbonization and stirring of steel furnaces by use of bubble columns. The bub-
bles rising locally can create a flow throughout the furnace. Bubble dynamics of
this process have been researched numerically [67] and experimentally [68]. Steel
furnaces also do desulfurization [69] where chemical agents are added on top or
injected through a lance via carrier gas in the melt. The latter process shares the
aims of bubble dispersion similar to aluminum degassing.

2. Production of hydrogen from natural gas pyrolysis has recently gained interest in
research and energy technology. Pyrolysis of natural gas has not yet been commer-
cialized under the aspect of hydrogen production, but when the carbon by-products
of this process can be used for material production, the produced hydrogen has a
low carbon footprint. This article [70] reviews the literature on the state of the art
of methane natural gas pyrolysis process developments and assesses the technology
readiness level (TRL). Introducing electromagnetic stirring to bubble reactors, could
boost their efficiency and alter the maximum feasible size of reactors. Metal does
not take place in the reaction. It works as a catalyst, ensuring the right temperature
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and oxygen-free environment for reactions to take place. Without a catalyst (like
Nickel), the decomposition still occurs, albeit at higher temperatures. Different
metals and molten salts have been proposed as catalyst [71]. Aluminum could be
hypothetically used thus sharing a similar problem as this work of ”how to break
and disperse bubbles in liquid metal”.

3. Removal of inclusions using microbubbles is a topic of interest in the aluminum and
steel industry [2]. They remove the inclusion by collecting them to the surface/
liquid interface of the bubble and then transporting the attached inclusion to the
top, where they can be skimmed. The problem is how to create a dispersed cloud of
microbubbles such they do not coalesce with each other. Quoting the authors: ”...
the formation of microbubbles is indeed possible in liquid metal systems, provided
one has the following elements in place: a rapidly shearing flow system, strong
convective flows, a dispersed flow of bubbles, plus abundance of the kinetic energy
of turbulence”. The studied electromagnetic technology in this work can be used to
create a turbulent flow in liquid metal systems.

The limits of the studied technology are not fully explored within this work. This
leaves room to improve the concept, both by incrementally optimizing some parameters
and by fundamentally adding new elements to it. A couple of ideas that could be tested
further are:

1. First are improvements in geometry where multiple optimization options seem possi-
ble. Increasing the magnetic field is possible by enlarging the magnet and decreasing
the non-magnetic gap. That would lead to larger EM forces and faster/ more tur-
bulent liquid metal flow. Increasing container height in the existing setup would
improve residence time for the bubbles in the melt. Numerical modeling results
showed that in the inlet and outlet, there is a significantly higher TKE dissipation
rate. Similarly, a constriction of the channel cross-section area could be applied
at the gas injection position. Lastly, the cylindrical container with a liquid metal
setup can be shifted 90 degrees to a position that resembles a coin standing on the
edge. That would have no effect on EM forces and fluid dynamics in single-phase
flow but would drastically change the bubble path in the metal when gas is injected.

2. Second is the usage of not one but two rotating magnets, which are counter-rotating.
An example of this is shown in Fig. 6.1. This setup is expected to form a similar flow
between two coaxial rotating disks [72] (such setup has also been studied on a large
scale with liquid metal in von Kármán Sodium experiment [73]). This causes regions
of opposite azimuthal flow near the bottom and top wall. Even though mean flow
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Figure 6.1: Experimental rig for two magnet shear flow: 1 - electric motor driving
upper magnet; 2 - lower magnet motor; 3 - permanent magnets (D=50 mm, H=100
mm, f=10 Hz), magnetization is radial (see blue arrows); 4 - GaInSn container
(D=100 mm, H=70 mm); 5 - UDV probe measuring axial velocity

velocities are lower than compared to one magnet (or one rotating wall) this setup
produces high shear forces in the plane which slices the setup horizontally in the
middle. Experimentally such a setup was tested as an idea in the laboratory. We saw
the system was very sensitive to magnet positioning, it was difficult to balance the
strength of electromagnetic forcing probably due to the free surface. The distance
between the magnet and the surface of the metal was 20 mm, so the total separation
between the magnet surfaces was 110 mm. At this distance there were some visible
forces exerted between the magnets, e.g one magnet spinning caused the rotation
of the second magnet. In the measurements, shown in Fig. 6.2 it was shown that
velocity pulsations (indicated by the error bar) were indeed larger than the time-
averaged velocity. Even though the azimuthal velocities are the strongest, it was
easier to measure the axial velocity in this particular geometry.

3. Thirdly, an obstruction could be added to the flow. Adding an obstacle in rapid
moving flow would cause a turbulent wake behind it. That area might be a good
candidate for gas injection. Yet, in the case of aluminum, the object would have
to be from ceramic material so that it would ntot be prone to erosion. However, a
strong localized magnetic field is an intriguing way to create a virtual obstruction.
An example of this is in articles by Román [74, 75] where they experimentally study
vortex wakes produced by localized Lorentz force in a shallow layer of electrolyte.
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(a) Exp. axial velocity (b) Numerical

Figure 6.2: Axial velocity UDV measurements and numerical calculation. Modeling
is done by thesis advisor I. Grants using the same approach as in [12]; Values of
density plot are dimensionless velocity

Even though a stationary magnetic field brakes the fluid, they have shown that
such magnetic obstacles, can, for example, aid the heat transfer by making the flow
more turbulent. Such a concept could theoretically could be applied near the gas
injection zone, to make the flow more turbulent and hopefully aid bubble breaking
process.
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6.3. Author’s contribution

Due to the nature of experiments in this research area, most of them are performed
in a team. The author of this thesis was taking part in and managed all of the laboratory
experiments in this study. In total there were more than 30 GaInSn experiments and 5̃
aluminum experiments in the laboratory.

The project team manufactured the industrial prototype and organized the test
in the aluminum plant. The author contributed to the design of the permanent magnet
rotor through magnet field modeling, ferromagnetic yoke calculations, and stray magnetic
field estimates. The author also took part in the design of the assembly process of the
permanent magnet rotor which consists of 216 individual magnets which had to be done
in-house due to the complexity of the problem. In industrial aluminum tests, the author
was doing flow imaging and aluminum sample acquisition.

Magnetic field calculations in subsection 4.1.1 were performed by the author using
the software COMSOL Multiphysics. Flow modeling was performed by Didzis Berenis
within the ERDF project. The prototype of the industrial degassing unit was developed
by the project team.

Dimensionless number calculations and their analysis in the scaling process are solely
done by the author of the thesis.

In the aforementioned publications authorship order indicates the relative contribu-
tion of each author.
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ATTACHMENTS

Derivation of magnitude of electromagnetic forces in metal. we start with Faraday’s
induction law (6.1)

∇× E⃗ =
∂B⃗

∂t
(6.1)

Current density is proportional to electric field (6.2)

E⃗ =
j⃗

σ
(6.2)

Let’s introduce harmonic changing magnetic field (6.3)

B⃗ = B0Sin(ωt) (6.3)

Time derivative of harmonic magnetic field is following (6.4)

∂B⃗

∂t
= ωB0Cos(ωt) (6.4)

Rotor on left side of (6.1) in dimension analysis is simplified to (6.5)

1

L
· j⃗
σ
= ωB0Cos(ωt) (6.5)

So result current density is (6.6)

j̄ = ωB̄Lσ (6.6)

Knowing applied magnetic field and induced current density we can obtain magni-
tude of time averaged force (6.7)

f̄EM = j⃗ × B⃗ ≈ j̄ · B̄ = σω
B0√
2
L · B0√

2
=

1

2
σωB2

0L· (6.7)

The ratio for electromagnetic force to surface tension forces does not have a well
known dimensionless number. It can be expressed by other dimensionless numbers in a
following way (6.8), however, this expression is unnecessarily complicated for describing
the system.

NEMtoLaplace =
EM

intertial
· buoyancy
tension

· inertial

buoyancy
= NStuart · Eo · Fr2 (6.8)
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Principle and limitation of operation of pulsed Ultrasound Doppler velocimetry
(UDV) is explained here. Firstly, it is important to highlight the difference between
pulsed and regular Doppler ultrasound. The Doppler effect is the change in frequency of
an acoustic or electromagnetic wave resulting from a movement of the emitter or receiver
relative to each other. The term ”Doppler ultrasound velocimetry” implies that the ve-
locity is measured by finding the change of frequency in the received signal, as it is in the
case of Laser Doppler velocimetry. In fact, in ultrasonic pulsed Doppler velocimetry, this
is never the case since velocities are derived from shifts in positions between pulses, and
the Doppler effect plays a minor role. Quoting manufacturer SIGNAL PROCESSING
SA: ”Many publications, even recent ones, fail to make this distinction, resulting in an
erroneous system description and a fallacious interpretation of the influence from various
physical effects.”

(a) Probe emitting a single pulse which
is reflected of a particle and measured
by the transducer in the same probe

(b) Reflected signal of a moving particle forms a sinu-
soidal wave with a new frequency fD

Figure 6.3: Principle of UDV

In pulsed Doppler ultrasound, instead of emitting continuous ultrasonic waves, an
emitter periodically sends a short ultrasonic burst and a receiver continuously collects
echoes issued from targets that may be present in the path of the ultrasonic beam (see
Fig. 6.3a). By sampling the incoming echoes at the same time relative to the emission of
the bursts, the velocity of the particles can be computed. If we assume thet1 is the time
of the emitted burst, t2 is time of scattering and t3 is time when echo reaches transducer,
and c is sound velocity of acoustic wave, the depth of particle is given with Eq. (6.9):

xdepth =
c

2(t3 − t1)
(6.9)

As stated, in pulsed ultrasonic velocimetry bursts are emitted periodically. Following
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each emission, the echo signal is sampled at a fixed delay after the emission. If the
particle moves between the successive emissions, the sampled values taken at time ts will
change over time. Depending on the shape of the emitted signal, these values may form
a sinusoidal signal as shown in Fig. 6.3. The frequency of the received signal is called
Doppler frequency and it is a function of the particle’s velocity. This is described by the
Doppler equation Eq. (6.10):

fD =
2fev cos θ

c
(6.10)

where fe frequency of the emitted burst, fD is the frequency of received sinusoidal signal
and cos θ is the angle between transducer and velocity vector. From Eq. (6.10) we can
calculate particle flow velocity as in Eq. (6.11):

v =
fD · c

2fe cos θ
(6.11)

In the real world, there are many particles, and these particles are randomly dis-
tributed inside the ultrasonic beam. The echoes issued from each particle are therefore
combined together in a random fashion, and give a random echo signal. Hopefully, a high
degree of correlation exists between the different emissions. The algorithms to extract
the velocity information are based on this correlation.

Pulsed Doppler ultrasound instantaneously offers a complete velocity profile. Unfor-
tunately, as the information is available only periodically, this technique suffers from the
Nyquist theorem, meaning that a maximum velocity (6.12) and the maximum measurable
depth (6.13) exists for each pulse repetition frequency fprf :

vmax =
fprf · c
4fe cos θ

(6.12)

xmax =
c

2fprf
(6.13)

Since vmax is proportional to fpfr but xmax is inversely proportional to it, the pulse
repetition frequency fprf has to be carefully chosen in the experiment to balance how
deep and how large velocities can be measured.
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(a) Resistivity (b) Viscosity [62]

Figure 6.4: Aluminum property changes with adding alloying elements.Reference
value is pure aluminum. Resistivity change for small concentrations is visualized
from [2]

Figure 6.5: Dismantled cylindrical GaInSn vessel shows oxide layer formed on all
walls
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Figure 6.6: Example of tracking individual bubble for speed and residence time
measurements shown in Fig. 5.19; Applied magnetic field frequency is 19.2 Hz
which produced average measured bubble velocity of 2.4 m/s
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Figure 6.7: Temperature measurements to calculate power dissipation in metal; Each
time magnet rotation is switched on noise is affecting thermocouple readings pro-
portional to applied rotational frequency
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Figure 6.8: Technical drawing of a porous plug and a picture of end of the plug which
will be exposed to aluminum; This plug has a flow rate of around 5 − 10L/min at
0.1MPa. Composition: Al2O3 − 91.1%; Cr2O3 − 1.7%; SiO2 − 6.7% and ZrO2 − 3.0%,
apparent porosity - 23.8 %
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