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Preface.

The pamir conference is organised for the 9™ time and for the second time in Latvia. As in the
past, pamir is a generalist conference on magneto hydro dynamics (MHD) and more generally
in magneto sciences. It is focussed on basic MHD problems as for example turbulence and
dynamo effect but considering also energetic and electro processing of material as well as the
technology of liquid metal which is of a first importance in the concept of large power plant
as L.T.E.R and the new recent development of the fast breeder reactors represented by
generation 4.

The main relevant fluids considered by the topics of the conference are liquid metals which
have high electrical conductivity but an important aspect of the magneto science is devoted to
poorly conducting fluids as electrolytes submitted to the influence of magnetic fields offering
large possibilities to control and improve the mass transfer in such media. In this field of
research a new project in course of elaboration, MACE as MAgnetic Control of Electro
chemistry, will be proposed in the frame of the COST program of the EU, under the leading
of Professor Piotr Zabinski from the University of Krakov, Poland. A MACE meeting will
be organised during the pamir conference.

Thus the conference is focussed on fundamental and applied researches combining several
disciplines as hydrodynamics, mass and heat transfers, electromagnetism... Both theoretical
and experimental aspects are considered as well as analytical and numerical methods. The
participation of engineers from industrial companies and researchers from universities are
particularly important in the objective of Research and Development activities.

As in the last pamir 2011, the present edition is coupled with a summer school centred on the
activity of the European project “Space Thermo acoustic Radio-Isotopic Power System”

“Space TRIPS”,

Space TRIPS aims to demonstrate the feasibility of a highly efficient and reliable electrical
generator for space, using radio isotopic heat source. The project is based on the modelling,
design, construction and experimentation of a prototype of MHD electrical generator driven
by a thermo acoustic engine. A design implementing this technology will be completed to
asses the performance of a space system.

The project takes advantages of the complementary competences of 6 partners from 4
European countries.

They are

- HEKYOM start up company, French, develops Thermo acoustics applications

- CNRS (Centre National de la Recherche Scientifique) French research organisation
- IPUL Institute of Physics of the University of Latvia

- AREVA TA French company about nuclear activity

- Thales Alenia Space Italy specialised in Space Technology

- HZDR Germany , Research specialized in MHD activities



As it is usual in the EU project the dissemination of knowledge is an important aspect of
space TRIPS especially in direction of young scientists and engineers. This is the reason why
a summer school is organised in parallel with the conference and why two specific sessions of
the conference are devoted for one at the thermo acoustic process and for the other to the
space technology.

Space TRIPS is largely represented in the board of the two events, as chairmen

A. Alemany, France. J. Freibergs, Latvia.
and co chairmen:

J.P. Chopart, France — C. Latge, France — M. Francois, France - E. Gaia, Italy.



Foreword

These two volumes are the proceedings of the communication of the 9th pamir international
conference held in Riga, Latvia, June 16 — 20, 2014.

The present edition of pamir benefits of the support of the EU by the way of the project Space
Trips (Space Thermo acoustic Radio-lsotopic Power System) at the origin of the summer
school that welcomes students of many European countries. The organizers of these two
events express their gratitude to the University of Latvia which host the sessions of the
conference, The French embassy in Latvia and the “Institut Francais en Lettonie” to host the
Space Trips summer school. The papers are indexed according to the topics and the
numerotation accorded to each of them.

The volume 1 contains the papers of:

A-Basic MHD

B-Thermo acoustic

C- Space: stress on technologies

The volume 2 contains the papers of:

D - Liquid metal technologies for coolant applications
E - Applied MHD for material application

F - Ferro fluid

For further information please contact the secretaries of the conference:

Beatrice Collovati Tél: 0000 33 4 56 52 96 20

Pamir e-mail: pamir@simap.grenoble-inp.fr
Maja Broka Tél: 00 371 67944700

IPUL e-mail: mbroka@sal.lv

Sveta Schanicina Tél: 00 371 67944700

IPUL e-mail: sveta@sal.lv
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ROLE OF THERMOELECTROMAGNETIC FORCES IN CAPILLARY POROUS
SYSTEMS PROPOSED FOR LIQUID METAL COOLING OF FUSION REACTOR
COMPONENTS

KALDRE I., LIELAUSIS O.
Institute of Physics, University of Latvia, 32 Miera str., LV-2169, Salaspils, Latvia
E-mail: kaldre@gmail.com

Abstract: Protection of plasma facing components against thermal and corpuscular overloads
remains as one of the most important tasks in fusion related research. The interest in liquid metals
is connected with the opportunity to create movable and renewable contact surface with plasma.
Today as one of the most promising solutions is the Capillary Porous System (CPS). In this work
SS/Li CPS has been analyzed focusing on positive and negative aspects caused by
thermoelectromagnetic (TEM) forces. The absolute thermoelectric power of liquid Li is
extremely high compared to other metals (20 pV/K). Thermoelectric current, interacting with the
strong, plasma confining magnetic field (up to 5T) creates force on liquid metal, which might
have a significant impact on device performance.

1. Introduction

Thermoelectromagnetic convection (TEMC) recently is of a particular interest in the field of
crystal growth and solidification of metallic alloys [1]. This convection emerges as a result of
thermoelectric current and applied magnetic field interaction, and may play significant role in
solute and mass transport near solidification interface and in the mushy zone [2]. A high TE
current density is defined by a high differential thermoelectric power, good electrical
conductivity and high temperature gradient. Ability for a pair of materials to generate TE current
is characterized by figure of merit which has dimension of [A/W]
Ly = c fS W
Electric potential and current distribution in continuous media is governed by Ohm’s law
eq. (2). In some circumstances thermoelectric term can be dominant source of electric current in
the material.

VV =-S(T)VT-j/oc (2)

The computing technique developed for metallurgical applications is applied to a quite
different field, to fusion technologies in this work. In liquid lithium cooling system
thermoelectric current may create force which may drive a liquid convection or alter pressure
distribution in the liquid lithium. Low density of Li allows TEM forces to induce significant
liquid lithium flow easily. Idea to use thermoelectric pumping effect to remove heat from a
divertor has been explored in last few years by Ruzic [3]. It has been shown that in such a way an
intense enough free surface flow can be generated in a system of parallel grooves. No outer
power source is needed and flow is driven conditionally by the heat flux itself.
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2. Presentation of the problem

We are considering another version of divertor design when the thermoelectric flow is generated
in a capillary porous system containing of stainless steel mesh surrounded by liquid lithium. As a
base for the calculation of TEM forces a traditional schematic CPS version [4] has been chosen.
As an outer coolant instead of water liquid Ga is proposed, which is more effective and can
sustain higher temperature. The behaviour of a CPS (Liquid lithium/Stainless steel mesh)
subjected to homogeneous and inhomogeneous heat flux from plasma has been analyzed
numerically. It is demonstrated that local heat pulse from plasma may cause forces which pushes
lithium into plasma and away from hottest place. These forces may exceed gravity and capillarity
and be dominant force to determine lithium flow in the divertor. Order of magnitude estimations
has been carried out to compare different physical effects.

Table 1. Properties of liquid lithium, stainless steel and 2/3 SS+1/3 Li by volume porous
media used in numerical simulations and force density estimations.

Property Symbol Lithium Stainless Porous Unit
steel media

Thermal - h 44 16 26 W/m*K
conductivity
Heat capacity C 4350 500 1800 J/kg*K
Electrical ° 3.6:10° 1.3-10° 2-10° Sim/m
conductivity
Absolute S
thermoelectric 20 0 7 uV/K
power
Density p 500 7500 5000 Kg/m’
Surface tension Y 0.32 N/m
Viscosity v 610" Pa*s
Thermoelectr}c ZTE 1.64 0 0.54
figure of merit

The CPS under consideration contains a of 7 mm thick SS mesh layer with characteristic
structure size of 0.5 mm. Inside this layer 2/3 of the volume is SS mesh and 1/3 is liquid Li.
Liquid lithium is fed from the thin layer at the bottom of the CPS and brought to the contacting
surface by capillary forces and pressure difference. Li flow in the device is shown in Fig.1. The
deposited power is removed from the bottom of CPS layer by a liquid gallium flow contained
between 4 mm stainless steel walls. The application of Ga allows to increase a maximum
working temperature to 400°C. At temperatures over 400°C the SS walls would loss their
corrosion- resistance with regard to Ga which may lead to other problems during prolonged
exploitation of the system. TE current is generated at the interface between two media with
different absolute thermoelectric powers if temperature gradient is parallel to interface, but TE
current is also generated in the volume of the material if S is function of temperature. Macroscale
TE current circulation is generated at the surface between CPS and SS wall, while small scale TE
current flow is generated within the CPS. In CPS current path length is comparable to mesh




structure size and magnitude can vary depending on CPS geometry, temperature gradient and
other parameters. In this work we analyze only on large scale TE current. Principal scheme of the
200x200 mm divertor panel is given in Fig.2.

Heat flow from plasma
=® {

ss/Li Capillary Porous System Li evaporation
7 mm
Li flow
—>T=100C —> grad(T) — T=400 C
4 mm

ﬁ 10 mm
SS wall

Gallium flow

Figure 1: Li flow in the divertor. CPS here is depicted as array of the vertical stainless steel

capillaries.
Plasma
Heat flow d
@ Magnetic
field
35T A B
7 mm
C
D
Conducting wa 4m
0,
T1=100°C ——> Gaflow Lo A

Figure 2: Schematic picture of 200x200 mm divertor plate. Thermoelectric current flow and
Lorentz force are indicated with arrows.

Numerical models have been developed to calculate TE current density and TEM force if
constant and inhomogeneous heat flux is applied perpendicular to the plasma/CPS surface. If
homogeneous heat flux is applied to divertor plate depicted in Fig.2, then TE current flows in one
direction through the CPS and in opposite through SS wall. Direction of the current is defined by
the direction of temperature gradient and sign of differential thermoelectric power. Calculated TE
current density in the case when a constant heat flux is applied and temperature gradient is
perpendicular to CPS/SS surface is shown in Fig.3. In this case if heat flow is inhomogeneous,
then situation is more complicated and current density and force distribution is difficult to
predict. If Gaussian shape heat pulse is applied to plasma/CPS surface is numerically analyzed
and results are shown and compared to homogeneous case in Fig.4. Temperature and current
distribution are calculated Fig. 4b,c. Fig. 4d and Fig.4e compare TE force densities acting on
CPS. Homogeneous heat flow creates almost uniform force perpendicular to plasma/CPS surface,



while force density caused by inhomogeneous heat flow also creates force component parallel to
CPS/plasma surface, thus may cause surface deformation and push Li out of the SS mesh in some
places.
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Figure 3. Thermoelectric current density in CPS region and in SS wall if constant heat flow
is applied from the plasma zone.
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Figure 4. Thermoelectric current density if a non-homogeneous heat flux is applied.

a - temperature profile along plasma/CPS surface, b - temperature distribution in the
divertor plate, ¢ - calculated thermoelectric current density. Thermoelectric force distribution in
case of: d - homogeneous, e - inhomogeneous heat flow. Only CPS and SS wall are shown in this
picture.

The following quantities are used in numerical models and force estimations: d = 0.5 mm-
capillary characteristic length, L = 7 mm - CPS layer thickness, 8 = 15 K/cm - temperature
gradient along the CPS/SS interface, B = 1 T - magnetic field induction, u = 2 cm/s -
characteristic Li flow velocity. Force order of magnitude estimations is given in Table 2.



Table 2. Force density estimation acting on CPS in macroscale

Force Equation Characteristic force density
Capillary force Fooal 55 kN/m’
‘ dL
Gravity force F,=pg 70 kN/m’
Viscosity 32 uu 31 kN/m’
F = e
MHD braking force [7] F, = ouB’ 40 kN/m’
TEM force [8] F,, = cAS6B 50 kN/m’

3. Conclusion

It is demonstrated that TE current may create force which has significant effect on the liquid Li
flow within CPS. It is found that liquid metal surface can be deformed and liquid metal can be
pushed away from the hot zone by TEM forces. This force has to be taken into account during
design of the system. If an inhomogeneous heat flow is applied than temperature gradient in the
CPS has all three components and TEM force is present in CPS regardless of magnetic field
orientation. In case of Gaussian shape heat impulse from plasma zone and constant magnetic field
along the surface, liquid Lithium is pushed away from hot zone as demonstrated by numerical
models. Force density estimations indicate that TEM force can exceed all other forces under
certain conditions, thus the influence of thermoelectric phenomena in Li CPS has to be carefully
analyzed and taken into account during design of divertor for fusion reactors. This phenomena
needs to be deeper evaluated and understood for better usage of it and to avoid negative effects of
TEMC.
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DUAL-COOLANT LEAD-LITHIUM (DCLL) BLANKET: STATUS AND R&D IN THE
AREA OF MHD THERMOFLUIDS
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Abstract : The DCLL is an attractive breeding blanket concept that leads to a high-temperature
(T ~700°C), high thermal efficiency (n > 40%) blanket system. The key element of the concept
is a flow channel insert (FCI) that serves as an electrical and thermal insulator to reduce the
magnetohydrodynamic (MHD) pressure drop and to decouple the temperature-limited RAFM
(reduced-activation ferritic/martensitic) steel wall from the flowing hot PbLi. The paper
introduces the concept, reviews history of the development of the DCLL in the US and
worldwide and then reviews the most important R&D results obtained in the US in the ITER
DCLL TBM program (2005-2011) and more recently, including experimental and computational
studies of MHD PbLi flows and corrosion of RAFM steel in PbLi in the presence of a magnetic
field.

1. Introduction.

The DCLL blanket of a fusion power reactor promises a solution towards a high-temperature,
high-efficiency blanket system while wusing temperature-limited reduced-activation
ferritic/martensitic (RAFM) steel as structural material. In this concept, a high-temperature lead-
lithium (PbL1i) alloy flows slowly (V ~ 10 cm/s) in large poloidal rectangular ducts (D ~ 20 cm)
to remove the volumetric heat generated by neutrons and produce tritium, while a pressurized
(typically to 8 MPa) helium gas (He) is used to remove the surface heat flux and to cool the
ferritic first wall (FW) and other blanket structures in the self-cooled region, and a low-
conductivity flow channel insert (FCI), which is typically a few mm thick, with silicon carbide
(SiC) as a suitable candidate material, is used for electrical and thermal insulation (Fig. 1).

PiLi Flow FLI He
Channels

SiC FC

He-cooled
First W all

Figure 1: Schematic of DCLL blanket with poloidal PbLi channels, He-cooling
channels and insulating SiC FCI.
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Several designs of the DCLL blanket have been considered in Europe, the US and China.
Historically, the first DCLL version, known as a low-temperature (LT) DCLL blanket [1], relies
on qualified materials and existing fabrication technologies. A key component of this design is a
sandwich-type FCI composed of steel/alumina/steel layers or a thin alumina layer on the wall to
be used as electrical insulator for decoupling electrically conducting structural walls from the
flowing PbLi. In the high-temperature (HT) DCLL blanket, first introduced in [2], an FCI made
of SiC, either composite or foam, was further proposed as a means for electrical and also thermal
insulation to provide acceptable MHD pressure drops, to achieve a high PbLi exit temperature of
~700°C and, ultimately, to provide high thermal efficiency of about 45% (as opposed to about
470°C and 34% in the LT design).

The unique features of the DCLL blanket associated with the flows of PbLi in a strong
magnetic field suggest special R&D tasks that run into four basic areas, such as: (1) PbLi MHD
thermofluids, (2) fluid materials interaction, (3) tritium transport, and (4) FCI development and
characterization. In the rest of the paper, we summarize the most important R&D results obtained
over the last ten years, including the US ITER TBM program (2005-2011) and more recent
blanket studies in the US in the MHD thermofluids area. The particular topics reviewed in this
paper are related to: (a) theoretical studies of MHD instabilities in poloidal flows, (b)
experimental studies of PbLi MHD flows, (c) 3D computations of MHD flows with FCI, and (d)
corrosion studies for the PbLi/RAFM system.

2. MHD instabilities in poloidal flows.

Two recent studies [3, 4] address quasi-two-dimensional (Q2D) MHD flows to elucidate possible
MHD instability mechanisms in conditions relevant to DCLL. In the first one [3], direct
numerical simulations (DNS) and a linear stability analysis are performed for a family of Q2D
MHD flows with inflectional velocity profiles. The generic basic velocity profile with points of
inflection is produced by imposing an external flow-opposing force. By varying this force,
various instability modes and transition scenarios are reproduced. First, a linear stability analysis
is performed and then nonlinear effects are studied using DNS. Special attention is paid to the
location of the inflection point with respect to the duct wall. Complex non-linear flow dynamics,
including various vortex-wall and vortex-vortex interactions, and even negative turbulence
production are observed and analyzed as the inflection point approaches the wall. The analysis
lends insight into what is typically called “jet instability” suggesting that instability and transition
to Q2D turbulence in blanket flows occurs as a two-step process. First bulk vortices appear at the
vicinity of the inflection point. Then, the bulk vortices interact with the side-wall boundary layer
(at the wall parallel to the magnetic field) causing its destabilization and eventually turbulence.

The second study [4] considers MHD rectangular duct flows with volumetric heating
(mixed-convection flows). The flows are upward, subject to a strong transverse magnetic field
perpendicular to the temperature gradient, such that the flow is Q2D. Studies of this mixed-
convection flow include analysis for the basic (undisturbed) flow, linear stability analysis and
DNS-type computations. The parameter range covers the Hartmann number (Ha) up to 500, the
Reynolds number (Re) from 1000 to 10,000 and the Grashof number (Gr) from 10° to 10°. The
linear stability analysis predicts two primary instability modes: (i) bulk instability associated with
the inflection point in the velocity profile near the “hot” wall and (ii) side-wall boundary layer
instability. A mixed instability mode is also predicted.
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Figure 2: Vorticity snapshots in a turbulent mixed-convection flow at Re = 5000
and Gr = 10%. Strong turbulence: (a) Ha = 50, and (b) Ha = 60. Weak turbulence:
(c) Ha= 100, and (d) Ha = 120.

Effects of Ha, Re and Gr on turbulent mixed-convection flows are addressed via non-
linear computations that demonstrate two characteristic turbulence regimes (Fig.2). In the “weak”
turbulence regime, the induced vortices are localized near the inflection point of the basic
velocity profile, while the boundary layer at the wall parallel to the magnetic field is slightly
disturbed. In the “strong” turbulence regime, the bulk vortices interact with the boundary layer
causing its destabilization and formation of secondary vortices that may travel across the flow,
even reaching the opposite wall. In this regime, similar to observations in [3], the key phenomena
are vortex-wall and vortex-vortex interactions.

3. Experimental studies of MHD PbL.i flows.

A new MHD PbLi facility called MaPLE (Magnetohydrodynamic PbLi Experiment) has recently
been constructed and successfully operated at UCLA [5]. The loop operation parameters are:
maximum magnetic field 1.8 T, PbLi temperature up to 350°C, maximum PbLi flow rate
with/without a magnetic field 15/50 I/min, maximum pressure head 0.15 MPa.

Ongoing work on development and testing of flow diagnostics needed for high
temperature PbLi flows includes ultrasonic velocimetry (HT UDV) and an indirect technique of
differential pressure measurements as described in detail in Refs. [5] and [6]. Intensive studies
have been started to address MHD pressure drop reduction in PbLi flows using two different
insulation techniques: (1) laminated walls [7] and (2) a SiC foam-based FCI [5]. Initial studies
were also performed to address material compatibility between SiC and PbLi. These include
static testing at high temperature of 700°C in a specially designed static chamber and dynamic
testing of various FCI samples (see also Section 4).



4. 3D computations of MHD flows with FCI.

Prior to experimental studies on MHD pressure drop reduction in PbLi flows with an insulating
FCI, computer simulations were performed using a 3D MHD, unstructured mesh, parallel code
HIMAG [8]. In the ongoing experiments, a 30 cm SiC foam-based FCI segment manufactured by
ULTRAMET, USA is tested first. The FCI is filled with either silica or carbon aerogel and then
coated with a thin (~1 mm) CVD layer to prevent PbLi ingress into pores. In the next
experiments, testing is planned on two coupled segments resulting in a total length of 60 cm.
These two segments are separated with a small 1-mm slit.
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Figure 3: Typical pressure distribution in Figure 4: Simulations of the MHD
MHD flow with the FCIL. pressure drop reduction in the FCI flows.

A pressure profile calculated for a 60-cm FCI is shown in Fig. 3. Figure 4 shows a trend
found for the pressure drop reduction R-factor (the pressure drop without the FCI divided by the
pressure drop with the FCI). Regardless of the Re and Ha values used in the computations, the R-
factor is always described well as a function of the interaction number N=Ha’/Re only. It is
noticeable that the R-factor is typically around 2. Such modest MHD pressure drop reductions in
the experiment are related to the significant increase in the MHD pressure drop due to 3D MHD
effects at the FCI entry/exit and also due to electrical current leakages from the bulk flow into the
gap in the junction region between the two segments. However, extrapolation to real blanket
conditions, where FCIs are continuously spaced inside the RAFM duct suggests much higher
pressure drop reductions with the R-factor in the range 50-100.

5. MHD corrosion studies for PbLi/RAFM steel.

Implementation of RAFM steels and PbLi in blanket applications still requires material
compatibility studies as many questions related to physical/chemical interactions in the
RAFM/PbLi system remain unanswered. First of all, the mass loss caused by the flow-induced
corrosion of the steel walls at temperatures in the range 450°C -550°C needs to be better
characterized. Second, another serious concern is the transport of activated corrosion products
and their precipitation in the cold section of the loop. Third, an important modeling parameter,
the saturation concentration of iron in PbLi, needs further evaluations as the existing correlations
demonstrate scattering of several orders of magnitude [9].

To address these issues, a computational suite called TRANSMAG (Transport Phenomena in
Magnetohydrodynamic Flows) has recently been developed [9]. The computational approach is
based on simultaneous solution of flow, energy and mass transfer equations, assuming mass
transfer controlled corrosion and uniform dissolution of iron in the flowing PbLi. First, the new



tool was applied to solve an inverse mass transfer problem, where the saturation concentration of
iron in PbLi at temperatures up to 550°C was reconstructed from the earlier experimental data on
corrosion in turbulent flows without a magnetic field in the form: C° =e"**'*”'T "where T is

the temperature of PbLi in K and C* is in wppm.

Second, the new correlation was used in the computations of corrosion in laminar flows in
a rectangular duct in the presence of a strong transverse magnetic field. It was found that the
corrosion behavior is different between the side wall of the duct (parallel to the magnetic field)
and the Hartmann wall (perpendicular to the magnetic field) due to formation of high-velocity
jets at the side walls. The side walls experience a stronger corrosion attack demonstrating a mass
loss up to 2-3 times higher compared to the Hartmann walls. This analysis suggests scaling laws

for the mass loss in rectangular ducts: ML ~e""U B for the side wall, and ML ~e""U? for the

Hartmann wall, where g, s ~ 0.5.
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Abstract: The present study reports a first estimation of the number of Alkali Metal Thermal
Energy Converter (AMTEC) cells required for an AMTEC-Concentrated Solar Power (CSP)
hybrid power plant in the 100 MWth class envisaged in [3]. Furthermore, numerical results
obtained for the structural analysis of an experimental AMTEC cell developed at the
Karlsruhe Institute of Technology (KIT) are reported.

1. Introduction

Due to the changes in the German energy policy, a shortfall can possibly appear in the energy
coverage when the availability of the fossil resources will decrease to the extent that they
cannot be used to deliver the electrical demand. This scenario is further aggravated by the
worldwide increased energy demand and motivates the search for other environmental-
friendly energy sources. In parallel, it is also essential to increase the efficiency of the present
“green” energy technologies, such as wind power and solar power.

In this context, the Alkali Metal Thermal Energy Converter technology together with a
thermal storage device represents a promising solution for the extension of the global
efficiency and of the total electrical output of a thermal power plant. AMTEC devices are
based on the unique property of B-alumina ceramics, such as B”-alumina solid electrolyte
(BASE), to allow the transport of alkaline (sodium) ions, while having a high electric
resistivity. On the anode side of an AMTEC cell, characterized by high temperature (~800 °C)
and relative high pressure (~1 bar), the sodium ionizes, with ions being transported through
the BASE and electrons directed towards an electric load to produce electricity. On the
cathode side of the cell, characterized by low temperature (250 — 500 °C) and low pressure
(10 — 100 Pa), the ions recombine with the electrons to form neutral sodium molecules in
vapor state that is further condensed and circulated back to the anode side, so that the cycle
can be repeated. For a detailed description of the AMTEC operating principle we refer to the
paper of Heinzel et al. [1].

The use of liquid metals such as sodium for thermal power plants has been recently identified
as the best heat transfer fluid, delivering the largest electrical energy to the grid and achieving
the largest efficiency of the ideal delivered electricity, according to Liu et al. [2]. At the same
heat capacity rate, liquid sodium has the highest average heat transfer rate compared with air,
compressed air at 10 bar, super critical CO, at 100 bar, steam at 10 bar and molten salt. This
is due to its extremely high heat conduction coefficient and hence the best heat transfer value.
Recently a concept of using liquid metals such as sodium for a hybrid thermal solar plant
using AMTEC technology has been proposed by Hering et al. [3].

As an alternative for delivering the electrical base load, this new concept envisage the use of a
heat storage tank that will allow the continuous operation of the facility during night and will
also compensate the heat fluctuations that can occur during day operation. Further, the peaks
in the thermal energy that can appear during day operation can be used by employing the
AMTEC technology as an add-on system for direct generation of electricity. The low
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temperature side of the AMTEC devices operates at temperatures < 500 °C and it is connected
to the storage tank. By this solution the “cold” sodium from the storage tank at ~200 °C is
heated by the “waste” heat generated by the AMTEC devices. A concept design for a
compact, small size solar thermal receiver using AMTEC converters generating has been
proposed by Tanaka [4]. It is reported that the system conversion efficiency in maximum
mode can reach 20 % at 1050 K and generate ~12 kWe, while in maximum output mode
reaches 18 % and generates almost 23 kWe.

2. Preliminary layout of the AMTEC system for CSP

For the hybrid system AMTEC and Concentrating Solar Power (A&CP), the AMTEC system
envisaged should be dimensioned in the range 1-10 MW, for a total system thermal output of
about 100 MWth. The ratio can be optimized to meet the needs of the projected power plant.
The yearly averaged thermal energy potentially available for AMTEC system, which is
location dependent, should be correlated with the size of the base plant, receiver and of the
thermal storage tank in order to properly dimension the AMTEC system.

For an AMTEC cell, the power vs. amperage curve has an inverted U-shape, defining
therefore the voltage and amperage at the peak of the profile for maximal electrical power.
Typically the maximum power density has been compared in literature. Underwood et al [5]
proposed that the comparison should be made in terms of the AMTEC figure of merit Za,
defined as the ratio of the measured maximum power density:

Pn=Vmln/A., (1)
where V,, is the applied voltage at maximum power, I, is the total measured current at
maximum power and A. is the area of the electrode, to the theoretical maximum power
density Py

Zn=Pn /Py (2)

The theoretical maximum power is the maximum power density produced minus the ohmic
power losses occurring in the electrolyte, the resistances occurring in the current lead,
BASE/electrode contact and sheet resistance. For the preliminary layout of the AMTEC
system, the focus is on the maximum power density P, that can be achieved by different
configurations. Consideration of the figure of merit for a preliminary layout is still premature
at this stage. A rough estimation of the number of BASE elements coated with electrodes for
the output power required is performed in this study.

For this purpose it is considered as a reference configuration an AMTEC cell consisting of a
single cylinder with one end closed and a surface of 30 x 200 mm” (diameter x length)
covered by a structured electrode.

In order to determine the total electric power delivered, the experimental data reported by
Fang and Knddler [6] for titanium diboride (TiB,) electrodes at 700 °C and 800 °C and by
Fletcher and Schwank [7] for titanium nitride (TiN) electrodes at the same temperatures have
been extrapolated for the AMTEC geometry considered. For all sets of data, the area of the
electrode was kept constant, while the current density varies due to the change in operating
temperature and electrode material, as displayed in Table 1.

For long time operation of the AMTEC system the power degradation has to be taken into
account, in order to eliminate it from the design phase by appropriately setting the AMTEC
operating parameters. Richman and Tennenhouse [8] report critical values for the current
density below which no power degradation occurs, e.g. a BASE containing 0.25 wt. % LiO,
should be charged below a current density of 1 A/ecm” in order to avoid the power
degradation. Therefore, for the present calculation are considered only current densities below
or slightly above this critical value.
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Table 1 Current density and voltage extrapolated on a reference configuration

Electrode TiB, TiB, TiN TiN
Temperature (°C) 700 800 700 800
Current density (A/cm’) 0.5 0.6 0.81 1.12
Voltage (V) 0.33 0.40 0.27 0.32
Electrode area (m°) for

P.—1 MW 612 421 462 278
Nr. BASE elements for

P, =1 MW 32480 22337 24498 14750
Pn/ Ac (W/m?) 1633 2375 2166 3597
Data source [6] [6] [7] [7]

The power dependency on the electrode area is displayed in Figure 1. The output electrical
power determined is very sensitive to the operating characteristics of the cell. Beside current
density and operating temperature, many other issues such as BASE and electrode
thicknesses, resistances of the current collector, current lead etc. have to be taken into account
and correlated to achieve a robust AMTEC performance able to deliver a large amount of
electrical energy without power degradation. The highest power can be obtained at the largest
current density of 1.12 A/cm? and a temperature of 800 °C. For this system configuration an
electric output in the range of 1 MW can be realized with approximately 14750 BASE
elements coated with electrodes (total electrode area A, = 278 m”). A larger electrical output
would impose significant raise in costs due to the increase in the number of BASE elements
and is at least for the moment not realistic. In parallel, the task of increasing the critical
current density above which power degradation can occur has to be further pursued.
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4000

| =--- 1=0.5 A/cm® (700°C)
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---- 1=0.81 Alem’ (700°C)
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Figure 1: Total electric power versus required BASE elements.

The ratio of the maximum power to the total electrode area P,,/A. is presented in Table 1. The
above calculation is in good agreement with the data reported by Tanaka [4] for the AMTEC-
solar receiver, for which in maximum power mode a ratio of P,,/A. ~ 3183 W/m? at 1000 K
can be calculated. To obtain the balanced optimum between the maximum electric power
delivered and constant performances during long-time usage further studies have to be
performed for a better estimation of the electrical power, taking into consideration also other
AMTEC specific issues such as the small electrode effect.
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3. AMTEC test facilities at KIT

The experimental investigation and development of AMTEC cells has been recently restarted
at KIT in the frame of two research projects, the Helmholtz alliance on LIquid Metal
TECHnology (LIMTECH) and Helmholtz Energy Materials Characterization Platform
(HEMCP). The experimental program is focused on short term tests and long term tests of
AMTEC cells, as well as tests of innovative materials for AMTEC cells in hot sodium
environment. The short term tests are planned to start mid 2014 in the Amtec TEst FAcility
(ATEFA) at KIT. For a detailed description of the facility and of the research projects we
refer to the paper of Onea et al. [9]. The long term tests are planned to be performed in the
1000 K SOdium Loop to TEst materials and Corrosion (SOLTEC) facility that is presently at
the end of the design phase at KIT. The experimental test campaign planned in the ATEFA
facility is focused on AMTEC key issues such as the tests of BASE ceramics, electrode
materials, new technologies, and stability of ceramic-metal interfaces.

4. Structural analysis of the AMTEC test cell

One of the critical issues related to an AMTEC cell is the BASE-metal interface. During
operation, the BASE expands due to a thermal gradient that can reach up to several hundreds
of K. Since the BASE is connected to a metallic part, the BASE-metal interface is severely
stressed by the thermal and mechanical stresses induced in this region. Many authors,
including Heinzel et al. [1], report the crack of BASE occurring rather frequently, and suggest
that the demanding operating conditions (high temperature, large temperature gradient across
the BASE) induce severe stresses in the BASE that lead to its failure. Unfortunately limited
studies can be found in literature regarding the stress distribution in an AMTEC cell.
Recently, a structural analysis of the AMTEC test cell developed at KIT has been performed
(Palacios et al. [10]) using ANSYS software.

For the AMTEC test cell developed at KIT, the BASE is brazed to a transition piece made of
Niobium (Nb) that is brazed on the other side to a metallic tube made of Inconel 617. The
choice of Niobium is motivated by the fact that it has a similar coefficient of thermal
expansion (onp = 8.5x10° K at 1093 °C) with the BASE (agase = 8.1x10° K™ at 1000 °C).
Since the metallic pipe made of Inconel has a larger coefficient of thermal expansion of
(Opipe = 16.3% 10° K™ at 900 °C), it will expand more, pressing therefore the transition piece.
The numerical model of the one experimental test cell developed at KIT is presented in
Figure 2 (a). The braze material for the transition piece was considered to be nickel.

The structural analysis in stationary state has been performed for the nominal operating
conditions planned, nevertheless considering the relevant parameters at their extreme range,
1.e. the temperature gradient between the hot side and the cold was set to 750 °C, while the
pressure gradient on the BASE tube was set to 0.2 MPa. Under these conditions the maximum
shear stress in the metal-Nb joint (upper braze) was estimated to reach 9.1 MPa, which
corresponds to a safety factor of 4.3, while the maximum shear stress in the Nb-BASE
interface (bottom braze) was estimated to be 4.8 MPa, corresponding to a safety factor of 8.2.
The maximum von-Mises stress in the transition piece reaches 21.6 MPa (safety factor 6.4),
while the maximum principal stresses in the BASE is determined to be 1.83 MPa (safety
factor 15). For the stress distribution determined under these operating conditions no material
failure should occur in the test cell. The upper brazing between the transition piece and the
metallic tube is determined to be the weakest component in the cell.
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Figure 2: a) ANSYS model of the experimental AMTEC test cell b) Stress distribution in the
transition piece at AP = 0.2 MPa and AT = 750 °C.

5. Conclusions

The use of an AMTEC cluster with a reasonable number of elements as an add-on system for
a CSP plant coupled with a thermal storage tank can be achieved for an electrical output in the
range of about 1 MW if a robust AMTEC design can be attained, able to operate on a long
time basis at a current density of ~1 A/cm’® without power degradation.

Although in good agreement with the data reported in [4], further investigations should be
made to appropriately estimate the real electric power delivered by a cluster of AMTEC cells,
considering in parallel the long time power behaviour.

Furthermore, the stress distribution in the experimental AMTEC test cell developed at KIT
has been numerically investigated and the location of the highest stresses has been identified.
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Abstract. Possibility of practical realization of a super thin (h ~ 0.1 mm) gravitational film
flow of liquid lithium on a flat substrate exposed to a strong magnetic field oriented under
some definite angle to the substrate surface is discussed. Results of the first experiment on the
observation of such film flow formation performed at IPUL are reported.

1. Introduction.

A problem is considered related to the development of liquid metal (lithium) receiving contact
devices for the divertor zone of small spherical tokamaks [1-3]. The latter might be used as an
effective source of neutrons [4, 5]. It is assumed that in such devices the heat power of plasma
flows concentrated at the separatrix of the poloidal magnetic field can be completely removed
by the cooled solid divertor plates, but the liquid lithium film, slowly flowing over the
surface, serves only to absorb the falling on it plasma particles.

It should be noted that in the experiments with a liquid lithium flow having a free
surface, additionally to the stubborn technological problems of reliable wetting under the
conditions of deep vacuum in the “hot” vacuum chamber (T ~ 300-350 °C), there arise
problems of reliable and long-term visualization of the objects under observation. These are
determined by the high chemical activity of lithium vapours, the direct impact of which
makes any optical system to malfunction.

All said above gives grounds to the use of pure lithium in experiment, so excluding its
contamination with the materials adsorbed onto the inner surfaces of the liquid metal paths.
Deep vacuum must prevent the possibility of adsorbed film formation of the free surface of
liquid lithium. In fact, the presence of the adsorbed by the film substance on the lithium film
surface can significantly alter the hydrodynamics of such a thin film flow and hence to
crucially affect the physical realization of the super thin film flow.

2. Description of the experimental setup.

To perform experiments on the observation of the liquid lithium film flow, a setup has been
developed at IPUL, which makes it possible to drive and visualize such flows in the solenoid
of the super conducting magnet (SCM) “Magdalena”. In the central part of the cylindrical (D
= 300 mm) working zone of the SCM (where the magnetic field is practically uniform), a
cylindrical vacuum chamber was placed coaxially, with a plane substrate and a capillary
system for liquid metal flow distribution (CSFD) situated inside the chamber. The setup
cross-section by a vertical plane passing across the magnet axis is shown schematically in fig.
1. The substrate (3), 175 mm in length and 100 mm in width, was made from 8 mm thick
copper sheet cladded with a 0.5 thick plate made of AISI 316L austenitic steel. Such choice of
substrate materials agrees with the above-described concept of the divertor system of the
spherical tokamak. The presence of stainless steel is needed to protect the heat and electrically
conducting copper from the action of liquid lithium.
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Fig.1: Schematic presentation of the experimental setup. 1 — superconducting magnet; 2 —
vacuum chamber; 3 —substrate; 4 — stainless steel head; 5 — bath for liquid metal supply; 6 —
zone of capillary channels; 7 — pipe for liquid metal supply; 8 — branch pipe of the vacuum
system; 9 — quartz glass hole window; 10 — video camera.

The CSFD is a combination of a substrate and a head (4) made of the same stainless
steel as thick as 6 mm. A reservoir (5), as deep as 3 mm, for liquid lithium supply to the
capillary system was cut at the inlet end of the head. Paths, 2 mm wide and 0.2 mm deep,
were engraved on the bottom surface of the head as far as 2 mm from each other. At a 10 mm
distance from the outlet, all grooves between the paths were removed. In such a way, after the
head was placed on the substrate, the reservoir (5) was connected to a slot nozzle (90 x 0.2
mm?) by 22 capillary channels of 40 mm in length. The liquid metal was supplied to the
CSFD through a stainless steel pipe (7), which passes through the substrate (3) near to the
reservoir center.

As shown in fig. 1, the substrate with the CSFD was tilted at the angle p = -45° to the
axis of the superconducting magnet such that the magnetic field B, had both a normal to the
substrate (B,) and a tangential (Bx) component. Note that 8 is a sharp angle between the axial
line of the magnet and the substrate measured from the axis in the anticlockwise direction.

The liquid lithium was supplied to the substrate as though a gas system as by using a
special bellows device providing liquid lithium constant supply (cycle duration 320 sec) with
the very small flowrate Q = 90 mm?®/sec. Observations were made using a video camera (10)
through a quartz glass hole window (9).

Thus the above-described setup made it possible to observe a gravitational flow of
liquid metal over the flat substrate tilted at B = 45° to the horizon and at B = -45° to the force
lines of the uniform magnetic field.
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3. Estimation of the magnetic field influence on the CSFD operation.

The idea to use the proposed CSFD is based on an assumption that the main action on the
distribution of the flow from the slot nozzle comes from the hydraulic resistance of the
capillary channels. It is assumed that the pressure losses between the inlet and outlet of the
capillary channels determined by the liquid lithium flow are much bigger in value than the
pressure drops accompanying the liquid lithium flow in the separation reservoir.

If one assumes that the magnetic field, by significantly increasing the pressure drops in
the capillary channels, does not so noticeably increase the pressure drops in the reservoir, the
efficiency of the CSFD operation with the field increase will still enhance.

Detailed estimations of the efficiency the CSFD operation due to its orientation about
the acting gravity and magnetic fields are presented in [6]. These estimates were obtained
under the assumption that the capillary channels were enveloped by a solid well-conducting
material. For the CSFD system under consideration, those estimations of the transverse
magnetic field effect can be evaluated as a little higher.

Let us evaluate the magnitudes Vg4 and VgB calculated using the formulas in [6] for a
situation realized in the experiment with p = 45°, B = -45°, By = 1T:

Vg = 23.1 mm/s, V® = 1.65 mmis.

Since the value of V,® << 10 mm/s, one can expect a sufficient effectiveness of the used
CSFD in the magnetic field Bo=1T.

4. Estimation of the magnetic field action on the fully developed liquid lithium film flow.

Gravitational film flow in a uniform magnetic field is described in [6]. In Table 1 one can find
parameters of the developed flows of liquid lithium calculated from the formulas in [6] under
the experimental conditions (B = 45°, B = -45°), with the linear flowrate g = 1 mm?/s and
some values of the magnetic field B, of the solenoid.

Table1.q=1mm?s, B=45°, pB=-45°

Bo, T 0 0.25 0.5 0.75 1.0
H, mm 0.076 0.091 0.16 0.306 0.522
V), mm/s 13.2 11.05 6.25 3.27 1.92
fom 0 -0.509 -0.982 -1 -1

Po 1 0.651 0.211 0.074 0.32

Along with the values of the film flow thickness h and mean film velocity (V) = g/h, fom
values are listed in the Table, which characterize the value of the normal to the substrate
component of the electromagnetic force on the free surface related to the corresponding
component of the gravity force fy = -pgcosa: fom = femz(n)/fgz. The dimensionless value po
characterizes the pressure of liquid lithium on the substrate related to the pghcosa value.

Table 1 gives evidences that in the situation realized in the experiment the normal to the
substrate component of the electromagnetic force is directed opposite to the gravitational
force that at Bo = 1 T practically results in complete weight loss of the draining down molten
lithium. All the above can significantly affect the very possibility of realization of a stable
film flow.
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5. Observation results on the Li film flow formation

In our experiments, the procedure described in [6] was applied. With the bellows device being
switched on and supplying the liquid lithium with the flowrate Q = 90 mm?®/s, some liquid
lithium was additionally supplied by the gas system for quicker filling of all delivering
systems and the reservoir 5 as well as for liquid lithium supply onto the dry substrate. The
appearance of lithium was registered by the video camera when numerous small drops of
liquid lithium occurred practically over the entire width of the slot nozzle. This fact, to some
extent, evidences of a sufficient enough effectiveness of the operation of the CSFD used in
the experiment.

Due to the continuing supply of the liquid metal, these drops, enlarging in size, started
to agglomerate that resulted in seven large drops distributed uniformly enough at the outlet
nozzle. The gravitational forces made the drops to stream down the substrate, leaving behind
glittery traces on the lithium-wetted surface. The further flow of lithium went on over these
paths. Moreover, due to the action of surface tension [6], rather large agglomerations of liquid
lithium were formed at the substrate bottom, in the zone where the surface bends. The lithium
from the substrate drained in drops. In some moment of time, some of the above
agglomerations combined with the neighbouring ones at the substrate bottom.

Then the video camera registered an unexpected phenomenon, i.e. the non-wetted
surface between two paths was being covered with the liquid lithium and the process was
going from the bottom upwards (opposite to the gravitational forces) and completed when the
liquid lithium came up to the slot nozzle. It can be suggested that such an unusual behaviour
of the molten metal in this case could be determined by the action of electromagnetic forces.

Upon completion of the process, it was decided to supply additionally an amount of
liquid lithium through the gas system. This melt portion, draining, gradually covered the most
of the substrate surface.

Unfortunately, the experiment was terminated at that stage because of the lithium
vapours affecting the hole windows and making them opaque, which drastically distorted the
image under observation.
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2010/0262/2DP/2.1.1.1.0/APLA/VIAA/1T76.

4. References

[1] Zakharov, L.E., Gorelenkov, N.N. et al.: Ignited spherical Tokamak and plasma regimes with Li walls.
Fusion Eng. and Des. 72 (2004) 149.

[2] Zakharov, L.E.: http://w3.pppl.gov/zakharov. Professional website ,,Lithium: The Key to Fusion Power*.

[3] Zakharov, L.E.: Li wall fusion — the new concept of magnetic fision. J. Nuclear Science and Technology 2
(2011) 29.

[4] Sergeev, V.Yu., Kuteev, B.V. et al.: Concept of the divertor of a fusion neutron source based on a spherical
Tokamak. Plasma Physics Reports 38 (2012) 7 521-539.

[5] Kuteev, B.V., Bykov, A.S. et al: Key Physics issues of a compact Tokamak fusion neutron source. FEC-23,
Daejeon, Korea, Oct. 11-17, 2010, FTP/P6-10.

[6] Platacis, E., Flerov, A. et al.: Gravitational flow of a thin film of liquid metal in a strong magnetic field.
Fussion Eng. and Des. (2014) (in press).

19


http://w3.pppl.gov/zakharov

LM JET AND FILM FLOWS OVER SOLID SUBSTRATES IN STRONG
MAGNETIC FIELDS

LIELAUSIS O., PLATACIS E., KLUKINS A., PEINBERGS J.
Institute of Physics of University of Latvia, 32 Miera, Salaspils, LV-2169 Latvia
E-mail: alex@sal.lv

Abstract: Free surface liquid metal (LM) flows in the presence of a magnetic field
remain attractive because of a single reason. The workability of such flows is essential
for several challenging power transforming and transferring projects. Power load
capability should be considered as one of the main parameters determining the
usefulness of any of such systems. In this relation a fast moving free surface LM flow
stays beyond comparison. However, quite from the beginning of the development
attending remain doubts about the spatial stability of such flows. In the presence of up to
4T magnetic fields different versions have been considered how to stabilize a free
surface flow by means of solid substrates.

1. Introduction.

Free surface LM flows have been proposed to the role of a working medium in rather
specific technologies including exotic future plans. So, in [1] a situation is considered
when a LM jet used as a target for a 4MW proton beam at the production of pions. To
capture the generated particles a magnetic field is foreseen; also the jet has to penetrate
an up to 20T field. However, essentially better investigated are systems proposed for the
protection of plasma facing components in fusion devices. Power load capability should
be considered as one of the main parameters determining the usefulness of all such
systems. A fast moving free surface liquid metal (LM) flow stays here beyond
comparison. In this relation enlightening are the results gained on the small scale
tokamak ISTTOK [2]. A LM limiter formed by a thin 2.5 mm Ga jet at a rather moderate
(v=2.0m/s) velocity was able to exhaust 2.4 kW in a 14.5 kW (ohmic) discharge. The
corresponding volumetric power extraction capacity reached 2.4 kW/cm’. The
parameters of the discharge remained practically unchanged. However, the discharge
caused a small displacement of the free flying flow; as the source floating potential
inside the plasma has been assumed [3]. Whatever the reason of the deflection,
essentially more stable would be a flow is backed by a solid substrate. We are
accentuating here fast flows. It should be remembered that interesting can be also MHD
flows at close to zero velocities .So, in [4] an attempt is made to create a creeping ( v<
lem/s; thickness< 1mm) Li flow over a plate in a strong 4T field. Aim of such a motion
in a fusion application — controlling of the trittum dynamics. Because of the small
thickness the liquid film will be prevented from overheating and evaporation — the
generated heat can be extracted through properly cooled substrate.

2. Flows supported by curved substrates

Intriguing are the results of our recent experiments on jets passing over curved substrates
[5].In our superconducting solenoid (up to 5T in a D=30cm; L=100cm.bore) three
d=2.14mm InGaSn jets were targeted towards a cylindrical (R=95 mm) wall. The angle
of incidence, fixed at 300, was rather blunt. The nozzles were made of 40mm long
medical needles issuing from a cylindrical Plexiglas container (Fig.1). In the initial
version the jets were targeted towards a non- prepared SS wall, it means, practically
towards a non-wetted badly contacting substrate. The result was somewhat striking - in
up to 4T fields the jets remained stable and well organized over the full length (~200
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mm) of their path. The velocities reached 0.59 m/s (Fig.2a) In the next experiment the
cylindrical SS wall was covered by a 4mm thick Cu insert, beforehand carefully treated.
In this case the substrate should be considered as good wetted and electrically good
contacting. As expected, without the field the jets tended to merge, to form a film-like
flow. In this case we see a clear competition between the inertial and capillary forces. In
the presence of a strong enough magnetic field the induced by the motion
electromagnetic forces are dominating. The flow becomes unstable and fragmentary.
The induced forces were able even to lift small volumes over the surface (Fig.2b).

Experiment Setup

nnnnnnn

Figure 1: Scheme of the experiment with jets over curved substrates.
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Figure 2a: Flow over non-wetted wall. Figure 2b: Flow over a wetted wall.

3. Flows passing over flat plates

Let us start with a simple example. Fig.3 illustrates the situation when a single InGaSn
jet is touching to a SS steel plate under small angle. The plate is glued on the surface of a
permanent magnet which generates an orthogonal to the plate field with the intensity of
order of 0.6 T. In addition to this, the plate is carefully vetted. In
such a way a good electrical contact is ensured. Under such
conditions the main actors are clearly defined - the inertial, the
surface tension and the EM (Hartman) forces. It can be seen that
after a definite distance the d=2.5 mm jet equally covers the full 3
cm width of the braking plate. It is a result which could be
expected-a transfer of a jet flow into a film flow.

Figure 3: Spreading of a jet over a conducting plate.

In the main part of the experiments the principle scheme, compared with [4], remains
unchanged (Fig.4).The magnet can be seen (a), the position of the working chamber
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inside the bore(b), also the chamber together with supplying lines(c). In Fig.5 an
explanatory scheme is presented together with an experimental example. Worth
mentioning, the typical to a fusion divertor field configuration was achieved. With
regard to the axis of the magnet the container (together with the plate) was turned for 10
degrees. In such a way the typical to divertor topography of the field was approximately
reproduced — 90% tangential, 10% orthogonal.

By, =0.1B(T)

é(ﬂ

Figure 6: Two running in parallel jets. B=4T; V = 0.27 m/s.

During the experiments the magnetic field was increased up to 4T, the velocities varied
in the range from 0.5 m/s to 2.5 m/s. There were some grounds to expect that the jets
will be spread over surface of the plate. Here we can remind on the seemingly similar
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experiment presented in Fig.3. However, the jets clearly tended to a local compactness,
instead of spreading (Fig.6). The conditions were changed -the SS surface could not be
properly treated.

In Fig.7 an addition phenomenon can be seen. The jet is bent/deflected deeper into the
magnet, even somewhat uphill, since the plate is inclined for approx. 10° with regard to
the horizon. Attention should be paid to the boundary conditions typical to the described
“strange” MHD process. First, the magnetic field was non-uniform.

Figure 7: The behavior of a single jet at gradually decreasing velocities: B=4 T;
velocity ():373;250;127 cm/s.( from left to right)

MHD experiments on free surface LM flows, it is not an easy task. How attractive and
convincing the results will be, it depends on the quality of the photo and video records
Objects of interest are the lustrous sharp reflecting liquid metal surfaces, deformed by
the motion (characteristic length 10-15 cm, diameter or thickness 2-3 mm). They are
located in a confined space inside the D=30 cm.bore of a superconducting solenoid,
usually at a distance (~ 50 cm) from the edge of the solenoid. Liquid metal (InGaSn)
communications covered by heaters and insulations are significantly overlapping the
field of vision. The objects are placed inside a separate vacuum chamber with a
window and internal lighting. Delicate handling is needed, particularly during metal
injection into the chamber. Errors and carelessness in these moments lead to splashing of
metallic droplets, jets; re- opening of the chamber connected with a de-pressurization,
cleaning, etc. is inevitable. Another unpleasant moment, it is the presence of a strong
magnetic field. This fact leads to the need to shoot objects from a considerable (=1m)
distance, at awkward angles, etc.

Conclusions.

The behavior of free surface liquid metal flows in the presence of a strong magnetic field
is influenced not only by the well known boundary conditions (homogeneity of the field,
wettability/contactability of the walls. Essential is also the role substrates curvature.
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Abstract: For decades, the development of liquid metal technologies for nuclear applications is a
main research topic in the research program of the Institute of Physics of the University of Latvia
(IPUL).

1. Introduction

The recent 3-5 years can be characterized by a growing interest to liquid metals. Such interest is
connected with the developing neutron spallation source facilities in some countries, ADS tasks,
new generation of nuclear reactors, as well as with the building of an ITER facility in France.

The Institute of Physics, University of Latvia, is well known as a centre for Liquid Metal
(LM) MHD research with a long year experience in different research fields, which have been
involved in both theoretical and applied studies and experiments. Let us mention a few examples.
The IPUL participated in the development of equipment for a setup, where the strong temperature
dependence for corrosion in PbLi was discovered, including corrosion provoking conditions due
to cavitation. The IPUL is involved also in the development of the LM target for the Neutron
Spallation Source facilities, where one of the main problems is the protection of the container
walls from pressure waves generated by the pulsing proton beam. Concerning the loop technique,
a recently completed setup for PbBi should also be mentioned.

Effective international collaboration is crucial for the success here. In general, the IPUL
cannot be directly involved in the design of the final full power installations. Its task is mainly the
search for new approaches, along with physical preparations, prototyping, etc. In this regard, the
IPUL activities are really diverse. The same could be said also about the on-going tasks. A
hydraulic prototype of liquid metal PbBi version of the target for the European Spallation Source
(ESS) is under investigation at the IPUL. The proposed by IPUL fast moving liquid gallium
structures have been accepted as candidates for divertor protection in the potential fusion power
plant, a next step project after ITER and DEMO. According to the Collaborative Project on
European Sodium Fast Reactor (CP-ESFR), the IPUL must focus on high performance
electromagnetic pumps and instrumentation for various electrically conducting liquids. As new
and acute, the project SILER (Seismic-Initiated Events risk mitigation in Lead - cooled Reactors)
should be emphasized. The IPUL is invited to analyze the situation with electromagnetic pump
stability under the condition of seismic risk and to elaborate rules for optimal positioning of such
pumps. The IPUL is interested to remain in the team developing later the EURISOL project. The
aim is the design of a facility for the production of exotic radioactive ion beams. The IPUL must
consider a version of the liquid metal proton/neutron converter, which is squeezed in a very
limited space.

These and other questions related to LM will be presented in the report.

2. Fission related Liquid Metal researches

At the IPUL, the unique experience in different liquid metal technologies mainly associated with
nuclear energy plants has been accumulated. The importance of this potential is confirmed by the
fact that the IPUL participates in the coordinating SNEPT program (Sustainable Nuclear Energy
Technology Platform) since the program very beginning. First, the problem of stability of
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powerful electromagnetic induction pumps for liquid metals has been chosen. At due time at the
IPUL the warning has been stated that such pump can become unstable if its specific parameters
are exceeded. The importance of these criteria has been proved practically.

This instability leads to the formation of counter flow, pressure losses and limited usage
of EMP. The instability criterion has been theoretically derived in [1], the boundary between flow
stability and instability has been determined experimentally. Experimental and numerical results
are compared in [2]. Although qualitative agreement between theoretical predictions and
experiment can be observed, a more detailed analytical study [3] and an experiment with
controlled velocity/magnetic field perturbation implementation are necessary for a more profound
understanding of the instability mechanisms in the EMP. Experimental investigations of this
instability are planned with the newly installed 125 mm sodium loop.

The high productive pump has to be designed for the needs of the 4™ generation nuclear
reactor when all the assignments are achieved. Note that ready for use technical solutions
preventing instability will be completely new for the design of reliable and efficient high
productive pumps. The solutions described above will offer a long-term opportunity to develop
liquid metal systems much faster and to satisfy the requirements for the 4™ generation reactors
with liquid metal systems and also their industrial applications.

3. Fusion related liquid metal researches

The concept of liquid metal use, especially liquid lithium, as the plasma-facing surface was raised
many decades ago. Liquid metals have many advantages especially on the lifetime of the divertor
components. Their surface is not subject to erosion, melting, craters and, in general, to surface
damage. Also, the maintenance and the replacements of a liquid divertor is not so stringent as a
solid material divertor. The liquid Li surface can also effectively lower the hydrogen isotopes’
recycling and getter the impurities in fusion reactors. In addition, liquid Li surface has the ability
to transfer heat out of the limiter/divertor region and continually provide a clean surface to
plasma.

Suitable materials will be needed on DEMO to handle safely the high power loads in the
divertor and beyond the limits of the current technology. In this framework, a possible solution
has been found for the application of liquid metals as plasma facing materials (Li, Sn, Ga)
realized in a capillary porous system (CPS) configuration in order to counteract the MHD forces
on the liquid metal surface.

In contrast to CPS, a fast moving free surface flow is beyond comparison. To eliminate
the intensity of the MHD interaction right from the beginning, preference was given to the fast
moving jet or droplet screens. Promising are the results obtained on ISTTOK [4]. A limiter
formed by a thin 2.5 mm Ga jet at velocities of 1.5-2.0 m/s was able to exhaust 2.4 kW in a 14.5
kW (Ohmic) discharge. The parameters of the discharge remained practically unchanged. With
the IPUL superconducting solenoid (up to 5 T, D = 30 cm; L = 100 cm), three d = 2.14 mm
InGaSn jets were targeted towards a cylindrical non-wetted SS wall. The result was somewhat
striking: in up to 4 T fields the jets remained stable and well organized over the full length of
their path.

The other aim of our works is focused on the understanding of the mechanism and
features of the thin liquid metal film creation on the stainless steel matrix. For the successful use
of lithium and other conductive liquid metals, it is necessary to investigate the influence of many
technological factors on wetting and metal flow continuity. To conduct the experiments with pure
surface of Li, a particular vacuum setup was designed and manufactured. A specially designed
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multi-channel distributor was installed into the setup. This enabled to drive a stable film flow of
liquid metal on a steel SS 316L substrate at a temperature up to 450 °C.

The influence of a strong magnetic field on homogeneous distribution of the liquid metal
along a stainless steel plate has been experimentally proved. Theoretical and practical research of
the MHD effect, taking place inside the multi-channel distributor device, shows the applicability
of this method to improve the distribution of liquid metal on the stainless gradient plate and could
be considered as a theoretically promising divertor prototype.

It should be noted that the choice of construction materials for the blanket of the fusion
reactor has not fully resolved. Still undecided is the problem of material corrosion in the liquid
metal, under the radiation conditions and at relatively high temperatures. At present, the lead—
lithium (Pb-17Li) eutectic is considered as the most suitable tritium breeder material. As an
optimum version, EUROFER 97 steel is proposed, the corrosion rate of which in the liquid Pb-
17Li eutectic is the least. However, these results have been obtained without taking into account
the influence of a strong magnetic field. At the same time, this influence must be essential
because of the variation of liquid metal flow hydrodynamics and because of the interaction of the
magnetic field with ferromagnetic steel. Our task was to assess the magnetic field action on the
corrosion process of EUROFER steel in the liquid PbLi at a temperature up to 550 °C. For the
solution of this task, a special setup has been developed.

Some experiments carried out at the IPUL have shown that the magnetic field greatly
affects the corrosion processes for austenitic and martensitic steels [5].

4. Neutron Spallation related liquid metal researches

Neutron scattering provides basic microscopic information on the structure and dynamics of
materials, which add to our understanding of condensed matter in such fields as biology, material
science, chemistry, earth science and physics. Europe is pre-eminent in this field, and the present
proposal for the next generation neutron source, for the European Spallation Source will ensure
the availability of highest quality neutron beams to a wide range of users from academic studies
and industrial applications.

In the case of the European Spallation neutron Sources, the Lead Bismuth eutectic (LBE)
target as a comparative solution has been chosen. Within the framework of the ESS Design
Study, the liquid metal spallation target loaded with power of several megawatts is a critical
component and needs a new advanced technology [6].

In order to develop a liquid metal (LM) target, it is necessary to test and investigate the
thermo-hydrodynamics of LM flow, the hydraulic and structural behavior of the target for various
inlet flow conditions (i.e. mass flow rates) and, in particular, for nominal operating flow rates and
pressure in the system, as well as to determine the heat transfer conditions between the proton
beam window and the coolant-liquid LBE.

The LBE neutron converter target, named METAL:LIC and developed by KIT and IPUL
as a comparative solution for ESS, has been chosen for tests on LBE loop at the IPUL. The
complete test campaign was carried out in two sessions:

- in the first session, all measuring and control systems, including the heating of the loop and
target mock-up, were checked;

- in the second session, the distribution velocity and temperature of the liquid metal (PbBi) in
the target module depend on the window temperature, and the liquid metal flow rate in the loop
was investigated.

27



We consider the heat transfer in the Pb-Bi loop with an inductive heat source as a model for
the proton beam caused heat deposition. The results of the first session experiments showed the
following:

e The inductive heating can be successfully used for modelling of the integral heat

deposition in the spallation target.
e By adjusting the frequency, it is possible to achieve different depth of heat deposition.

Nevertheless, reliable determination of the total power might require some additional
measurements of the temperature upstream and downstream the heated zone.

In the ESS project with beam power up to 5 MW, a gas-cooled solid tungsten rotating target
was used. The cooled rotating target concepts provide a larger proton beam facing window
surface and thus the lower heat loads on the target window in comparison with the classical
coaxial target window. An LM cooled rotating target is also under consideration at the IPUL. The
LM cooled rotating target has several advantages if compared with the rotating gas cooled target.
The advantages are the following: better heat transfer conditions, much smaller pressure and fluid
flow velocity in the target, no necessity to synchronize the movement of the proton beam charges,
as well as, smaller weight.
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Abstract. The influence of outer passive ferrous yoke construction on the efficiency of the
cylindrical electromagnetic induction permanent magnets pump has been investigated with a
pump experimental model. The main goal for such studies is to simplify the ferrous yoke as its
construction and as the possibility of its assembling/reassembling taking into account rather
strong magnetic attraction forces between the ferrous yoke and the magnetic rotor of the pump,
especially for more powerful pumps and, correspondingly, at its larger bigger dimensions and
very strong integral magnetic attraction forces.

1. Introduction.

Electromagnetic induction permanent magnets pumps (PMP) during last 15 years have been
successfully used in practice and seem rather perspective for future power plants, where liquid
metals will be used as coolants [1, 2], as such pumps have simpler design and higher efficiency in
comparison with traditional linear inductors pumps. There are different design concepts of PMP,
but more perspective if compared with the disc-type PMP are the cylindrical PMPs ensuring a
wider range of productivity both for developed output discharge pressure and, in particular, for
provided much higher flow rates [3]. To increase the efficiency of the cylindrical PMP, at its
construction usually an outer passive laminated ferrous yoke (which is optional) is used. A
ferrous yoke essentially increases the magnetic field strength in the liquid metal layer in the pump
channel and the pump efficiency [4] as EM forces induced in liquid metal are proportional to the
magnetic field strength in the second power.

Four types of ferrous yoke design have been investigated. The first ferrous yoke was made
from the stator of a used AC motor of laminated construction, ensuring minimum heat losses.
The second design type of the ferrous yoke was made with cuts in the solid ferrous plate. The
third ferrous yoke design, having the same geometry, was made just from a solid ferrous plate
when heat losses in the ferrous yoke were maximum. The fourth ferrous yoke construction from
compounded carbonyl iron powder (depending on the allowable maximum operating temperature
of the bounding component) can be used for liquid metals with low operating temperatures (such
as mercury and liquid metals eutectics having low melting temperatures). Experimental
investigations were carried out in a range of frequencies up to 75 Hz of the induced alternating
magnetic field in a liquid metal layer in the pump channel.

2. Experimental results.

Experiments were carried out in a liquid metal (In-Ga-Sn) circulation loop using a cylindrical
PMP model (fig. 1). Four different ferrous removable yokes (fig. 2) after their sequent changing
were installed in the pump model and the total active power consumed by the motor for pump
driving was measured at different rotation speeds of the motor adjusted by using a frequency
converter. The first ferrous yoke was made from the stator of a used AC motor. The second
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ferrous yoke was made (by bending) from a flat ferrous steel sheet, with 1 mm cuts previously
made in it 3 mm distanced from each other. The third ferrous yoke was made of solid ferrous
steel. The forth ferrous yoke was made from a carbonyl iron powder mixture with epoxy. The
experimental results, demonstrating total heat losses in the pump (in the liquid metal layer, in the
pump channel electrically conducting stainless steel walls and in the outer ferrous yoke) are
illustrated in the graphs (fig. 3).

Figure 1: Experimental In-Ga-Sn loop with an EM induction cylindrical permanent
magnets pump model.

Figure 2: Different tested outer passive ferrous yokes: a) laminated; b) ferrous plate with
cuts, and 3) solid ferrous yoke.
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Figure 3: Comparison of heat losses in the pump model for different outer ferrous yoke
designs.

As experimental results demonstrate, the difference in heat losses in the pump for
different ferrous yoke constructions is not so dramatic. It is natural that with the solid ferrous
yoke the pump efficiency is essentially lower, approximately by 25% at 75 Hz frequency in
comparison with a pump with a laminated ferrous yoke (as used in standard electrical AC
machines). In its turn, with the second ferrous yoke construction (with cuts in the ferrous plate),
the pump efficiency is only by 12% lower. Experimental data extrapolation for higher
frequencies of the induced alternating magnetic field in the pump (up to 150 Hz) demonstrate that
the above-mentioned values of the pump efficiency drop by about 25% for the solid ferrous yoke
and by about 12% for the ferrous yoke with cuts decrease, correspondingly, to 17% for the solid
ferrous yoke and to 7% for the ferrous yoke with cuts.

3. Conclusion.

With the solid ferrous yoke design, the efficiency of the pump is essentially lower in comparison
with a pump with a laminated ferrous yoke (as used in standard electrical AC machines). In its
turn, with the second ferrous yoke construction (with cuts in the ferrous plate), the pump
efficiency is higher in comparison with the solid ferrous yoke but a little lower in contrast to the
accordingly laminated ferrous yoke. With the forth ferrous yoke construction (compounded
carbonyl iron powder), the pump practically has the same pump efficiency (even a little higher)
as a pump with a standard laminated ferrous yoke. So in many cases, at design and construction
of more powerful pumps, the ferrous yoke may be produced from a solid ferrous material or from

31



ferrous plates with cuts that essentially simplifies both the ferrous yoke production and its
assembling/reassembling. In practice, for the EM pump installed in liquid metal circulations loop
the efficiency of the pump may be so not crucial as, due to the higher heat losses in the pump, the
power of the external loop heaters (for keeping a constant temperature in the loop) may be lower
and, as a result, the lower pump efficiency practically has no influence on the efficiency of the
whole integral liquid metal circulation loop.
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Abstract: In this work authors discuss main physical phenomena and present simplified axisymmetric
analytical model of centrifugal electromagnetic induction pump (CEMIP). Obtained results are slightly modified
for real geometry of CEMIP and compared with experimental data. In the end the comparison with linear
electromagnetic induction pump (LEMIP) is performed. Possible advantages and optimization of CEMIP are
discussed.

Introduction

Investigations of centrifugal electromagnetic pumps for liquid metal applications have
been performed already in 1980ies [1]. Due to rather complicated construction and no
significant superiority shown over traditional methods of liquid metal transport, such design
has not gained wide appreciation and more common linear pumps are used.

The advantages electromagnetic induction pumps (EMIP) with rotating permanent
magnets over inductor based ones have been demonstrated in [2]. Centrifugal EMIP or
CEMIP with rotating permanent magnets was investigated analytically in regime of zero
flowrate also providing experimental data in [3], but leaving some questions unanswered. The
lack of analytical models, which could be used for integral characteristic estimation, does not
allow correctly analyze CEMIP and compare with linear EMIP or LEMIP.

1. Presentation of the problem

We consider conducting cylinder (fig. 1), the height of cylinder 4 is relatively small
compared to radius in cylindrical coordinate system. Rotating permanent magnet system
creates a magnetic field in form of travelling wave moving over azimuth and interacts with
conductive cylinder from radius R; to R,. For simplicity, in this radial region external
magnetic field is considered constant over height and has only z component:

Bol@.t) = Re[Bpe™Eiz=e, (1)

Such travelling field will induce EM forces and generate azimuthal motion of
conductive media in direction of travelling field. By neglecting effects over height, it is
convenient to use 2D polar coordinate system. Schematic of CEMIP is shown in fig. 2. One
can divide the flow volume into two regions:

1. R, < p < R; - inactive or radial transition region, where flow is determined by radial
velocity component v, and in case of non-zero flowrate azimuthal component v, is
neglected.

2. R;<p <R, - active or magnetic field interaction and pressure development region, where
flow is mainly determined by azimuthal velocity component v,, but radial component v,
also has significant impact because of inertial braking force, which appears due to radial
(transverse) motion of fluid.

Developed pressure is determined by processes in active or magnetic field interaction
region R; < p < R, therefore only this region is mainly considered in the simplified analytical
model.

Several assumptions have been made to simplify the model. First of all, azimuthal and
radial velocities have axi-symmetric forms to satisfy continuity:

g

velEd = e 2% % = Zrab (33
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Fig. 1. Cylindrical coordinate system with Fig. 2. Principal schematic of CEMIP. 1 — inactive
conductive liquid and travelling magnetic field. region, 2 — active region.

Secondly, active parts mean radius is big enough to neglect curvature of cylindrical
system and magnetic Reynolds number multiplied by slip is significantly less than unity:

b
Ry-R,=sR«R (4% Rm,= “”F&;ﬁﬁ el 1 (s
In case of (5), the averaged EM force can be expressed in rather simple form (6).
Frictional losses are taken into account by semi-empirical formulation [4] of friction factor A.
ﬁ'&, - gBi A pmﬁg,
fexe = (v —Velep ——5 %€ €F [fioss = DT e {7
As 1 is functlon of velocity solution method requires initial guess and iterative
approach. After inserting (6, 7) in Navier - Stokes equation we have 2 equation system of 2
unknown parameters v, and p:
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After radially averaging second term in (9) with (10) and introducing rations of forces
K - inertial friction; N, - electromagnetic friction (11, 12):

Equation (9) is transformed to quadratic algebraic equation solution of which is:
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Fig. 3. Some mean streamline in the outlet.

Using (3, 13) in integration of (8) solution for axi-symmetric case is obtained.
However, for real geometry (fig. 3) Bernoulli’s law is used on some mean streamline by
coefficients (14, 15) and using axi-symmetric solution. Finally, using (4) and introducing (16)
developed pressure of CEMIP can be calculated (17) or in case of zero flowrate Q using (18).
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_ Pm¥i [ 4R ,
Q=D‘_ 2 [ET"'ka t‘lgjl

2|

2. Comparison with experimental results

Experimental loop (fig. 4) consisted of electromotor (1.) and rotor of magnetic system
(2.). It was possible to change air gap (<) using bolt mechanism. Channel of pump with liquid
metal (4) was placed into open vessel (3.) externally cooled by the water. In-Ga-Sn eutectic
was used to be able operate in room temperature and without external heating. Valve (5.) and
EM conduction flow meter (6.) were used to regulate and measure flowrate of CEMIP. Single
differential gas-liquid manometer (7.) was used to estimate developed pressure difference
between inlet and outlet. It was possible due to the fact that diameter of expansion tank (9.)
was much larger than diameter of manometer and changes of base level were so minor that
they could be neglected. Before filling the loop from supply tank (10.) it was for-vacuumed
with mechanical vacuum pump (8.). Experimental loop parameters are collected in (table. 1).

Table. 1. Parameters and their values of experimental setup.

CEMIP dimensions Other parameters B field parameters

Radius, m Dimensions, m d, mm By, T

R, 0.15 b 0.01 o, S/m 3.46 €6 5 0.27
R 0.125 a, 0.06 P kg/m® 6.44 e3 10 0.18
R, 0.1 u, Pals 2.4e-3 15 0.13
R; 0.02 Poles 16 20 0.09
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Fig. 5. Developed pressure as function of magnetic

systems rotation speed. O =0 [l/s].

Comparison of maximum developed pressure with different amplitude of magnetic
field By is shown in (fig. 5), where E — experimental data and A — analytical solution (18). It
can be observed, that in all cases analytical results correspond to experiment fairly well. In the
case of high N, (high B, and low vg), developed pressure increases as quadratic function of
rotation, while for smaller values it increases almost linearly.

In (Fig. 6 -- 9.) E - experimental data and A — analytical solution (17) of 4p — Q
curves with fixed rotation speed » and magnetic field amplitude B, are compared. Theoretical
model qualitatively corresponds to experimental data. However, better agreement is achieved
with lower By (V,) (fig. 8, 9). It could be explained by smaller influence of friction factor 4,
which is estimated approximately, in calculation of v, and therefore developed pressure.

3. Conclusion

The simplified estimations (17, 18) derived in this work shows qualitative agreement
with experimental data (fig. 5 — 9) and can be used for estimation of integral parameters of
CEMIP. Due to principally different physical mechanism of pressure development from
LEMIP, such device might have advantage in application where mixing of conductive media
is required and low N,. Expanded and detailed version of this study can be found in [5].
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Abstract: In this work model of spatially and temporally developing azimuthal
perturbations is analyzed in an infinitely long radially averaged geometry of an annular linear
induction pump (ALIP). Using linear stability analysis, it is shown that in convective type
instability process these perturbations can be significantly amplified before leaving the
system. Perturbation development rates and its transient nature are analyzed to be used for
estimations of unhomogeneity amplification in a system of finite length.

1. Introduction

It has been reported (theoretically, experimentally and numerically) [1, 2, 3] that high
power induction pumps operating with liquid sodium exhibit instable operating modes, which
are characterized by non-axisymmetric distribution of velocity and magnetic field, vibrations,
low frequency pressure fluctuations and undesirable energy and pressure losses.

A theoretical base of this phenomenon is established by A. Gailitis and O. Lielausis
[1] where a fundamental instability threshold of infinite induction machine is derived —
magnetic Reynolds number > 1. Since then, there are only few authors like F. Werkhoff [4]
who have tried to study similar or more sophisticated models, however significant
improvements over the base theory has not been reported.

2. Presentation of the problem

Let us analyze case of ALIP identical to [1]. It is simplified from real ALIP by infinite
geometry, neglecting influence of channel walls and using current sheet formulation only for
main harmonic of the field (fig. 1.).

H=p,;0=0 L=00;6=0 /
r E U=U,;0=0C —éié

<

u=w;6=0 o

Fig. 1.A simplified model of infinite EMIP.
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Moreover, consider that (where T — pole pitch and 1 — length of system):

dy wdy KRt Ak Tl 2)

From condition (1) it can be rather correctly assumed that linear current density jj, is
evenly spread over height of non-magnetic gap d,,, significant is only radial component of
magnetic field and all other effects are averaged over radius. Condition (2) declares that
longitude end effects are negligible — therefore geometry can be considered as infinitely long.

Consider only r component of magnetic field and z, ¢ velocity components in form:
B = Bolw.z.de!%=-5%, @3k v =rvlp. ze; +v.lp.ztle, (4)

Then induction equation for » component of magnetic field is:
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Choosing characteristic space and time scales as:

2t 1 1 1
L-E-E (6} T-E-; (7}

Defining magnetic Reynolds number ¢ and magnetic field dimensionless amplitude b:
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Induction equation can be rewritten in dimensionless form:
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In order to analyze the balance of momentum in flow it is necessary to calculate
distribution of electromagnetic force density:

S S

g

From which dimensionless form of quasi — stationary electromagnetic force:

 A— ( ) s-"-[ﬂ'e{b'; ,-Er( g) (12)

In order to simplify solution, it is more convenient to solve vorticity equation,
therefore gradients become zeros and single equation for radial vorticity component is:

ﬁ(§f+w ga)m—-wxfﬂm+ _I’e*"-H'@(Ha ) (13)

77 is modified interaction parameter (ratio of electromagnetic and friction forces) and /3
is modified Reynolds number (ratio of inertial and friction forces), &, " - geometric parameter:
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(10), (13) and continuity equation (16) closes the system of described problem:

199, on,
Toe - @z 19

We look for solution with perturbations that have spatial and temporal dependency:
T, = g+ o0 [e0F Dooslme)] (A7) b =b, + by [0 costmen] 1183
n and y are spatial and temporal development rates of perturbation:
k a
n=- 193 ¥== (20)

q and b.are unperturbed solutions of system as described in [1].

Considering only real n and y, after linearization system becomes:

=g{l-g) @23k =& =s—g) Q4

The determinant of system (21, 22) considering only linear (with respect to n, y) terms:

Elﬁ‘l'E /e £ — Ko, 4 83 + 208,
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(25)

By expanding last term of (25) in Taylor series we transform identity that » and y can
be easily expressed:
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Now using equation for dimensionless developed pressure (29) [1]:

’Eﬁ q; glgl (29}

And inserting (26) into (29) we have:
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Last two terms of (30) are solution for stability threshold derived in [1] (31).
Development rates » and y are function of pressure difference from stability threshold (32):

_ 2l + E)1-)
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By expressing y from (32) and inserting it into exponent of perturbation development:

org D= ov-65° P (33);, g =2

g=atdy (34
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Group velocity of perturbation (34) is not exactly equal to mean velocity of flow, but
has correction (35). For >> 1, k,,” = 1, g > 0 (case of real ALIP) 4, will be positive in stable
regime (0 <&, < 1), near (g, = 1) it will have singularity and negative sign (1 <g, < 3%2), after
(&4 = 399 4q 1s nonnegative. As singular behavior is not common in nature, pump can
experience uncontrolled transient from stable to unstable regime, which is experimentally
observed in [3]. Moreover, (33) is solution of first order partial differential (transport)
equations’ initial value problem (IVP) similar as discussed in [5]. Perturbation in the initial
moment (t = 0) can be expressed in Fourier’s series (36), then solution of this IVP is (37):

Gvlz,00 = E age™® (36 SWzD= oF° - z ay e ™M= 3y

Expression (37) captures the nature of perturbation development in a convective
instability process. In (37) second term describes movement of perturbation with (34) while
sustaining its shape, however, first term states that it will exponentially develop in time. Such
behavior described above is illustrated in (fig. 2). Consider idealized pump with length L, and
some randomly shaped perturbation in initial time moment to in the inlet. If pump is stable,
perturbation will move towards outlet while dying — out (t4) and after leaving the system.
Similarly, if pump is unstable (fig. 3) perturbation will also move towards outlet, but being
amplified. Reaching some maximum in the outlet (t4) it eventually leaves the system.
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Fig. 2. Principal schematic of perturbation Fig. 3. Principal schematic of perturbation
development in stable regime. development in unstable regime.
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Now consider (fig. 4) that pump is unstable and some perturbation always exist in the
inlet (point B). In a static case (y = 0), it will be amplified up to point E (Bold line B - E) by a
exponential factor (38).

Suppose that for some particular
reason perturbation in the inlet starts to
increase from B with y < 0 for
characteristic time interval - same as
necessary for perturbation to travel from 0
to L - and stops at point C. Apparently, it
results in lower spatial development rate n
and it is described by dotted line C-E and

0 Axial coordinate, z L (39)-

Amplitude, &

Fig. 4. Principal schematic of perturbation
development in unstable regime.

Nypzp = jﬁp (38 Nyzp= %ﬁ]’ {39)

However, as y = 0 again, after characteristic time interval it is described by bold line C
— F and spatial development rate is (38). If it hadn’t been stopped spatial development would
remain as in (39), but amplitude would continue to increase in time, dotted line C; — E;, and
so forth. Similarly, if perturbation in inlet decreases from B with y > 0 for and stops at point
A, after characteristic time interval it can be described by dotted line A — E corresponding to
(39) and afterwards with bold line A — D (38). Also if it hadn’t been stopped amplitude would
continue to decrease increase in time, dotted line A; — E,, and so forth.

3. Conclusion

Preformed linear stability investigation reveals nature of convection type instability in
ALIP. It is shown that some random perturbation will travel with group velocity (34) while
sustaining its shape and develop (fig. 2 and 3) until it leaves the system. Development rates of
perturbation can be calculated using (26 — 28).

If some mechanism exists that generates small static perturbation in the inlet of ALIP
(e.g. geometrical imprecision) its amplification can lead to inhomogeneous flow in the outlet.
Moreover, if transient behavior exists in the inlet (e.g. turbulent flow) perturbation will have
different rates of amplification (fig. 4) which might lead to significant fluctuations of
developed pressure.
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Abstract: The pre-conceptual design of the ASTRID project has been launched in 2010 by CEA. The
objectives of this first phase are to consider innovative options to improve the safety level with
progress made in SFR-specific fields. A few examples of these innovations are: a core with an overall
negative sodium void effect, specific features to prevent and mitigate severe accidents, power
conversion system decreasing drastically the sodium-water reaction risk, improvements in In-Service
Inspection and Repair, etc. ASTRID will also be designed to pursue the R&D on sodium fast reactors
and demonstrate the feasibility of transmutation of minor actinides. The paper describes the current
status of the project, the mains results obtained during the pre-conceptual design and address also the
main R&D needs and results, focused on sodium technology. Main R&D tracks and dedicated
technological platforms have been identified, particularly thanks to the European project ADRIANA,
and some more recent up-date, and are described in this paper.

1. Introduction

The future of mankind is confronted with increasing energy demands, the gradual exhaustion
of fossil fuels, and the pressure to reduce greenhouse gas emissions. This is why more and
more countries are considering nuclear energy as a viable element of their energy mix. But, a
policy to preserve uranium resources must therefore be developed to sustain this
development. This is why a “fourth generation” approach has been initiated at the beginning
of this century, focussed on fast reactors which are able converting a large amount of
uranium-238 into plutonium-239 while producing electricity. In this way, it will become
possible to exploit more than 90% of natural uranium to generate electricity, rather than only
0.5 to 1% in light water reactors. The large quantities of depleted and reprocessed uranium
available in France could be used to maintain the current electricity production for several
thousand years. The worldwide availability of primary fissile resources could thus be
multiplied by more than 50. The construction of fast reactors will also open the door to
unlimited plutonium recycling (multi-recycling) by taking advantage of its energy potential,
and to minor actinides(americium, neptunium, curium, etc.). transmutation.

The Generation IV Technology Roadmap has identified six systems for their potential
to meet the new technology goals to improve Safety, Sustainability, Economic
competitiveness and Proliferation resistance. Within the frame of Generation IV International
Forum (GIF), four main objectives have been defined to characterize the future reactor
systems that must be sustainable, cost-effective, safe and reliable, proliferation resistant and
protected against any external hazards.

In Europe, the Strategic Research Agenda (SRA) of the Sustainable Nuclear Energy
Technology Platform (SNETP) has selected these three Fast Neutron Reactor systems as a
key structure in the deployment of sustainable nuclear fission energy, mostly characterized by
their primary coolant: sodium, pure lead and helium.

Among the Fast Neutron Reactor Systems, the SFR has the most comprehensive
technological basis as result of the experience gained from worldwide operation of several
experimental, prototype, and commercial size reactors since the 1940s. This experience
corresponds to about 410 years of operation by end of 2012. Moreover, this concept is
associated with the potential to meet the GEN 1V criteria. This concept is currently considered
as the Reference within the European Strategy. Six reactors are in operation: BOR60 and
BNG600 in Russia, Joyo and Monju in Japan, FBTR in India and CEFR in China. Two reactors
are being built: PFBR (500MWe) in India and BN800 (800MWe) in Russia and several
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projects are currently developed: FBR1&2 in India, BN1200 in Russia, JSFR in Japan,
PGSFR in Korea, CDFR in China...In France, ASTRID, Advanced Sodium Technological
Reactor for Industrial Demonstration is currently designed, with the contribution of CEA and
several partners. It is an industrial prototype and an irradiation tool [1].

2. Specifications for ASTRID
To meet the above-mentioned objectives, Generation 1V sodium fast reactor (SFR) concepts
must be significantly improved, particularly in the following fields:

Further reducing the probability of a core meltdown accident through improved
preventive measures,

Integrating the impact of a mechanical energy release accident as early as the design phase
if the demonstration of its ‘practical elimination’ is not sufficiently robust,

Taking into account feedback from the Fukushima accident,

Improving the capacity to inspect structures in sodium, with efforts especially focusing on
structures ensuring a safety function.

Reducing the risks associated with the affinity between sodium and oxygen: sodium fires
and sodium/water reactions.

Achieving a better availability factor than previous reactors, while aiming for the
performance levels required by current commercial reactor operators.

Ensuring the transmutation of minor actinides if this radioactive waste management
option is chosen by the French government.

Being competitive in relation to other energy sources with equivalent performance levels.
As an integrated technology demonstrator, ASTRID has the main objective of demonstrating
advances on an industrial scale by qualifying innovative options in the above-mentioned
fields. It must be possible to extrapolate its characteristics to future industrial high-power
SFRs, particularly in terms of safety and operability [2].

ASTRID will nevertheless differ from future commercial reactors for the following reasons:

ASTRID will be a 1500 MWth reactor, i.e. generating about 600 MWe, which is required
to guarantee the representativeness of the reactor core and main components. This level will
also compensate for the operational costs by generating a significant amount of electricity. A
sensitivity study will be conducted on this power level.

It will be equipped for experiments. Its design must therefore be flexible enough to be
able to eventually test innovative options that were not chosen for the initial design. Novel
instrumentation technologies or new fuels will be tested in ASTRID.

It will be commissioned at approximately the same time as Generation 111 power plants,
which means that its level of safety must be at least equivalent to these reactors, while taking
into account Ithe lessons from the Fukushima accident. Focus will nevertheless be placed on
validating safety measures enabling the future reactors to ensure an even more robust safety
level. This means taking into account core meltdown accident conditions from the design
phase [1].

ASTRID’s availability objective is below that of a commercial power plant due to its
experimental capacity. However, the options chosen must demonstrate that a higher level of
availability can be reached when extrapolated.

Without being a material testing reactor (MTR), ASTRID will be available for irradiation
experiments like those conducted in PHENIX in the past. These experiments will help to
improve the performance of the core and absorbers, as well as to test new fuels and structural
materials, such as carbide fuel and oxide dispersion steel (ODS) cladding. ASTRID will be
equipped with a hot cell for examining irradiation objects, built either in the plant or nearby.

ASTRID will be able to transmute radioactive waste so as to go on with the demonstration
of this technique at larger scales for reducing the volume and lifespan of final radwaste.
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Though future fast reactor plants intend to be breeders, ASTRID will be a self-breeder
considering the current nuclear material situation, while being able to demonstrate its
breeding potential.

ASTRID must also integrate feedback from past reactors, especially PHENIX and
SUPERPHENIX, while being clearly improved and belonging to Generation IV. It must take
into account current safety requirements, especially in terms of protection against both
internal and external acts of malevolence, as well as the protection of nuclear materials, while
meeting the latest requirements in terms of proliferation resistance, and controlling its costs
by following a value analysis approach from design.

3. Project organisation

The CEA has been appointed by the French Government to manage the ASTRID
Project. This involves:

Operational management by a project team which is also responsible for the
industrial architecture, i.e. it defines the different engineering work packages.

Managing most of the R&D work and qualification of the options that will be
chosen for ASTRID.

Assessment of studies carried out by its industrial partners in charge of technical
work packages, or external engineering companies.

Direct responsibility of the core work package.

The CEA has set up partnerships with French and foreign industry players who are
providing both technical and financial support. These partnerships are based on bilateral
contracts between the CEA and the relevant industrialist. To date, agreements have been
signed with: EDF, AREVA NP, ALSTOM, COMEX Nucléaire, BOUYGUES, TOSHIBA,
JACOBS Nucléaire, ROLLS ROYCE, ASTRIUM.

About 550 people are currently working on the ASTRID project, half of them are
provided by the industrial partners. The project remains open to other partnerships, whether
French or foreign.

Suck partnerships enable the CEA to concentrate on the ASTRID pre-conceptual
design by implicating key industrial players whose experience and skills in their respective
fields will guarantee the project’s success. The association of different industrial partners
offers a number of advantages: it fosters innovation, ensures that the industrial issues are
covered (operability, manufacturability, etc.) as early as the design phase, while providing a
source of funding for the pre-conceptual design phases 1 and 2 since the partners have
partially financed the project [2].

As the project owner, the CEA ensures the strategic and operational management of the
project. It is also responsible for drafting the safety reports and maintaining dialogue with the
French Nuclear Safety Authority (ASN).

The ASTRID project aims at integrating a number of innovative options to meet the
objectives of the Generation IV reactors while fulfilling its specifications. It is therefore
relying on an important R&D programme at the CEA — SFR R&D. This was launched in
2006 as part of the three-party framework agreement with EDF and AREVA, to provide in
due time the data required to qualify the ASTRID options.

Since 2007, the CEA has also been setting up a series of international partnerships to
consolidate and develop its R&D efforts. These partnerships make it possible to share the
development costs and the use of heavy experimental infrastructures.

4. Current status and general schedule

The R&D actions performed within the scope of the three-party CEA-EDF-AREVA
framework between 2007 and 2009 made it possible to establish the preliminary project
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orientations and to finalize a number of structuring concepts, e.g. the pool-type primary
system and the UO,-PuO, fuel. These actions provided the foundation for the project
orientations file issued in September 2010, which lists the finalized structuring options and
the remaining open options. By leaving some options open, this gives the project enough time
to study a number of innovative solutions that could be integrated into the design with the aim
at clearly positioning ASTRID as a Gen 1V reactor.

The pre-conceptual design phase was launched in October 2010 and involved 3 phases:

A preparatory phase which served to structure the project, formalize the project requirements,
and define the main milestones and lead-times. It ended with an official review which
launched the following phase in March 2011.

The pre-conceptual design (dubbed AVP1 in French) aims at analyzing the open options —
particularly the most innovative — so as to choose the reference design by the end of 2012, at
last at the beginning of 2013.

The conceptual design (dubbed in AVP2 in French) started in January 2013 and aims at
consolidating the project data to obtain a final and consistent conceptual design by late 2015.
It will include a cost estimate and a more detailed schedule, facilitating the decision-making
process for the next phases of the project.

The basic design phase is planned from 2016 to 2018.

Several options were investigated in parallel during the pre-conceptual design ([2],
[3]). This involved examining a number of innovations with the potential to provide
significant improvements compared with previous reactors. This phase was concluded with
several design option reviews to finalize the project as much as possible before launching the
second phase of the pre-conceptual design.

Main options have been selected by the end of 2012. The conceptual design — lasting
until late 2015 — will consolidate the first phase, allowing to optimize the design, confirm or
question some options, and providing more information and greater consistency.

Dialogue has been instigated with the French Nuclear Safety Authority (ASN) during
the first phase of the pre-conceptual design, which resulted in a "safety orientations report”
submitted in June 2012. The safety options report will be written and submitted to ASN at the
end of the conceptual design (AVP2)

5. Examples of options studied and decided during the pre-conceptual design

Low void effect core. The CFV* core concept is based on a low sodium void effect. This core
concept involves heterogeneous axial UPuO, fuel with a thick fertile plate in the inner core
and is characterised by an asymmetrical, crucible-shaped core with a sodium plenum above
the fissile area.

The CFV core concept is focusing on optimising the core neutron feedback parameters
(reactivity coefficients) so as to obtain improved natural core behaviour during accident
conditions leading to the overall core heating. The CFV concept also retains a low reactivity
loss thanks to the fuel pins with a larger diameter. Generally speaking, the CFV core retains a
number of key advantages in terms of longer cycles and fuel residence times, as well
improved behaviour during an accidental control rod ejection transient with respect to
conventional core designs.The CFV core has been chosen as the reference option for the
conceptual design studies.

Malevolent hazards. Hazards of both internal and external (aeroplane impact) origin are taken
into account from design.

Decay heat removal. The objective is to design decay heat removal systems that are
sufficiently redundant and diversified so that the practical elimination of their total failure

! French abbreviation for "Ceeur & Faible effet de Vide sodium", meaning low void effect core
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over a long period of time can be supported by a robust demonstration. To meet this goal,
both water and air will be used as cold sources. Furthermore we will take advantage of the
favourable characteristics of sodium reactors in terms of their high thermal inertia, large
safety margins before sodium boiling and their capability to cope with natural convection
flows. Different systems have been studied during the pre-conceptual design and selected for
further studies.

Mitigation of potential core meltdown/ mechanical energy release accident: To provide
defence in depth against scenarios such as the melting of the core, the ASTRID reactor will be
equipped with a core catcher. It will be designed to recover the entire core, maintain the
corium in a sub-critical state while ensuring its long-term cooling. As other equipments
important for safety, it must be inspectable. Several options have being investigated in terms
of the possible core-catcher technologies, locations (in-vessel or outside the vessel) and
attainable performance levels. A sustained R&D effort will remain necessary in parallel on
such subject, to help for the selection of the more promising technical solutions. The choice of
in-vessel option for the conceptual design studies has been done by the end of 2013.

I | _ | I_
: : : : !— | I.‘-' ]

Figure 1: Three options for core catcher location.

Containment. The containment will be designed to resist the release of mechanical energy
caused by an hypothetical core accident or large sodium fires, to make sure that no
countermeasures are necessary outside the site in the event of an accident.
Capability to_inspect structures in sodium. Contrary to the PHENIX and SUPERPHENIX
reactors, the periodic inspection of the reactor block internal structures has been integrated at
the early stage of the design. The design of these structures, and particularly those
contributing to the core support, were conceived to make easier their inspection. Technologies
now exist that enable this inspection either from outside or inside the vessel. They mainly use
optical and ultrasonic methods.
Architecture of primary and secondary circuits During the pre-conceptual design phase, a
pool-type reactor with conical ‘redan’ (inner vessel) has been early selected: a solution
extrapolated from previous reactors and the EFR project. This solution has the advantage of
being well-known; simplications have been made to allow for extended ISIR access. In terms
of the reactor block, it has been decided to use three primary pumps together with four
intermediate heat exchangers, each one associated with a secondary sodium loop which
includes modular stream generators or sodium-gas heat exchangers.
The choice is currently focusing on electromagnetic pumps to equip the secondary

loops, on the basis of one pump per loop.
Steam or gas power conversion system (PCS). In order to reduce the risks associated with the
affinity between sodium and water, studies have been carried out on 2 power conversion
systems:

To improve the safety and acceptability of the reactor with the de facto elimination of the
risks associated with sodium-water reactions, an innovative energy conversion system is
being considered that uses gas (nitrogen) for the thermodynamic transformations (Brayton
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cycle). This type of system has never been built for the pressure and power ranges required in
ASTRID so it will first be necessary to make sure of its feasibility, cost and compatibility
with SFR constraints. In any case, this concept would be coupled to the reactor through an
intermediate sodium system, in order to exclude any risk of gas entrainment into the core.

Figure 2: ASTRID lay-out.

For the water-steam PCS option, the following improvements were investigated: Modular
steam generators (heat exchange power of each module about 150 MWth), Steam generator
concepts ensuring better protection against wastage, and finally reinforcement of the
redundancy and performance of the leak detection systems. The monolythic helical steam
generator has been chosen for the water-steam PCS option, mostly on the basis of its
reliability and cost.

The very innovative gas PCS option has been selected to be deeply investigated during
the conceptual design phase, the water-steam PCS being the back-up option.
Fuel handling. At the beginning of the ASTRID project, it was decided use a sodium
environment in which to load and unload the fuel sub-assemblies. This implied a sodium
external vessel storage tank (EVST) whose capacity depended on whether a whole core
unloads is deemed necessary or not. During a cost killing phase, every choice made in the
AVP1 phase has been reviewed and, for economic reasons, it was decided to suppress the ex-
vessel storage tank for the conceptual phase and to move a gas route for fuel handling.
Transmutation capabilities. The transmutation of minor actinides is part of the ASTRID
specifications. Only americium and neptunium are considered. With a percentage of 2% of
minor actinides in a homogeneous core or 10% in dedicated blankets, there is no major impact
on the plant design.

6. Main R&D needs in support to ASTRID

Deriving from the feedback of experience, very high levels of requirements have been set for
the ASTRID reactor. Innovations are needed to further enhance safety, reduce capital cost and
improve efficiency, reliability and operability, making the Generation IV SFR an attractive
option for electricity production. Within the frame of the 6™ PCRD and the ADRIANA
Project, a first review of the R&D needs has been done [4]. It was consolidated through the
evolution of the ASTRID project. The main R&D developments are driven by some major
topics [4][5]:

Thermal-hydraulic behavior (operation and safety). This large topic covers many subjects to
be studied. Of course it relies on the use of several specific codes, like TRIO-U... But some
complementary experimental validation and qualification are needed such as the internal
thermal-hydraulics of the fuel bundle, pressure drop, cavitation... These tests can be
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performed in water. Tests in Na have to be performed for testing their behaviour in transient
conditions, and characterizing the fluid behaviour at the outlet for the FA due to sodium flow
in the inter assemblies space for example.

Improvement of system reliability and operation (availability, safety, investment
protection,...). This objective mainly relies on the performance of instrumentation for
continuous monitoring but also ISIR (In-Service Inspection and Repair). First, continuous
monitoring acts during normal operation phase and is based on the control of operating
parameters and on measurements which give structure and component health state. Moreover,
this instrumentation allows detecting any initiator of incidents and accidents or the first
consequences of the discrepancies with nominal operational conditions.

Improvement of decay heat removal (safety). Decay heat removal is a major challenge for all
types of nuclear reactors. For sodium cooled fast reactors, passive decay heat removal based
on Na natural convection is possible. This is one of the important advantages of these
reactors. The behaviour of these systems operating in natural convection is a key point to
demonstrate its reliability in case of total plant black out for example. The CATHARE and
TRIO-U codes, developed in France, are the key tool for system calculations and simulations.
A qualification study of these systems has to be carried out based on some experimental
validation.

Improvement of the reactivity control (safety). At first, the arrangement of the SFR could be
optimized in order limit the sodium void effect, but in complement a very deterministic
approach could likely be used. For example, hydraulically sustained control rods and a 3rd
level of emergency shutdown system could be used. And then their qualification in
representative conditions is needed (hydraulic tests (vibrations, risks of up-loading, pressure
drop, cavitation, ...), and mechanical tests in order to demonstrate the feasibility of shut-down
(rod gripping system) and insertion in relevant normal or abnormal conditions.

Optimization of the handling route (availability, economics). The main goals are to reduce of
investments costs with improvement of the In Vessel Fuel Handling System compactness and
duration of FA loading/unloading operations. As there is no external fuel storage in the
current ASTRID design, the reliability of the different steps of the fuel handling route is a
major issue. Then two main constraints have to be considered: the handling of assemblies
with high residual power and the requirement to treat on-line the fuel assemblies form the
sodium internal storage to the in used fuel assemblies’ pool. They induce the necessity to
develop innovative handling systems, in comparison with the previous ones and more
efficient fuel assemblies cleaning processes (to be defined and qualified).

Design simplification (economics, performances, periodical inspection). This topic covers
very different actions. It can concern the primary vessel and its internals design (for example
to be able to address all the periodical inspection), but also the development of
electromagnetical pumps for the secondary circuit (components requiring few maintenance
actions and presenting the advantage of having almost no halving time).

Elimination of the occurrence of a large sodium/water reaction (economics, availability and
safety). Risk of sodium-water interaction concerns sodium of the secondary circuit and water
of the ternary circuit in the steam generator. This interaction can be accompanied by relatively
complex phenomena (such as wastage and multiple tubes rupture). Sodium-water-air reaction
is also envisaged when two leaks water and sodium intervene in the same premise due to
external accident event. This reaction could occur during operation (including cleaning of
components). The risk of explosions has to be deeply considered for two cases: explosion of
hydrogen in presence of air and also thermal explosion (fast vaporisation) of water in contact
with hot sodium. There is a need of validated model for such phenomena, and validations.
Some cross-cutting topics like material studies, improvement of system reliability. The SFR
system raises a number of material issues due its environment i.e. corrosion phenomena
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among them generalized corrosion (limited for stainless steel in contact with high quality
sodium (low impurities level — few ppm of O)) and related mass transfer, mechanical
behaviour of structures for vessels, pipes and internal components, and a special focus on
cladding material used for the fuel assemblies. The main goal is to confirm performances of
new structural materials of e.g. cladding (ODS), reactor vessel, internals, heat exchangers,
coatings, with regards to the expected operating conditions (high burn-up, temperature, dose,
stress), new potential intermediate coolant, new innovative Energy Conversion System (ECS).
Improvement of behaviour in severe accident conditions. The development and qualification
of severe accident codes and mitigation devices for ASTRID require a comprehensive
experimental programme. It encompasses in-pile experiments, prototypic corium experiments
and simulant material tests. In particular, in-pile experiments are necessary to study the
behaviour of large pins, of the ASTRID CFV heterogeneous subassemblies during severe
accident transients and of in-core mitigation devices. Corium experiments are required at
small medium scale and large scale (mainly for Fluid Corium Interaction, corium relocation
and core catcher issues).

7. R&D platforms dedicated to ASTRID

The number of facilities identified to support the ASTRID program is quite large (around 40
facilities or specific programs). Therefore for sake of simplicity and to rationalize the
renovation and design works, this amount of facilities was shared into four technological
platforms covering the entire R&D and component qualification domains. These four
platforms are [6]:

PAPIRUS platform: It is a set of small or medium size sodium loops for in sodium
experimental tests. These facilities can be devoted for modelling code validation, in sodium
instrumentation studies and validation, specific technological validation of mechanical
concepts or components mock-up, or determination of dissolution & corrosion laws in sodium
for core or structure materials. This platform is currently 90 % achieved. Some new facilities
are under construction.

e
Sodium loops: \

DOLMEN, FUTUNAL, IRINA, VKS
PEMDYN, ARTOIS, PENELOPE,
SUPERFENNEC,
FAENA, FRUCTIDOR, LIQUIDUS,
CORONNA1 & 2, CATANA,
DISCO2

Sodium cleaning or

. . ‘Water benches {prior to
sodium/water reaction: {

sodium tests):

VAUTOUR, KALINA,
MININANET2, CARNAC,
SCORPION-ENCRINE

VISIO, MUST, Strioscopy bench,
NAQUALIGHT, MESANGE2,
ACWABUL, IKHAR

Gas facilities in support
of SFR (very high temp.
Testing with strong

transient): HEDYT

Other facilities:

SQUAT (SG tubes rupture},
Ovens (830°C & 1200°C) v

Figure 3: Overall perimeter of the PAPIRUS
platform. facility.

GISEH platform: It is a set of loops and mock ups used with simulant fluid (water and air)

allowing the qualification of thermo-hydraulic codes or validating hydraulic data of the
primary vessel (hot/cold plenum), or some complex part of specific SFR components (water
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collector in Steam Generator, or Compact Heat Excahngers mock ups), hydraulic in Fuel
Assemblies). This platform is under construction. Some facilities already exist.

CHEOPS platform: This platform is a group of large sodium facilities devoted to run R&D
requiring large scale conditions. It allows to realize some qualification of mock-up of
ASTRID components at significant and representative scale (Sodium/Gas heat exchanger (in
case of selection of a gas Brayton cycle [13]).

PLINIUS 2 platform: PLINIUS is an existing platform. It is a set of facilities dedicated to
studies linked to severe accident for GEN 2/ GEN 3 reactors. PLINIUS 2 will be a new set of
facilities completing the existing platform and insuring the future R&D program in this field.
One of its first specificity is to take into account the possibility to study sodium corium
interaction.

In some specific cases, CEA identified that some technological gaps that could be
covered by a foreign facility. This has led to identify some international collaborative works.
One significant example is the wastage tests performed at O Arai research centre (Japan) by
JAEA in 2011 or the aerosol carbonation tests carried out in Indian ATF sodium facility
belonging to IGCAR. New possibilities of collaborations are under investigation, with
organizations involved in SFR design or European organizations through ARDECO bilateral
collaborative projects.

Conclusion

By pursuing R&D and launching the ASTRID programme, France is clearly on the path to
developing a concept of Generation IV reactors based on the sodium-cooled fast reactor
technology, which could become operational at the industrial level, if necessary, in the middle
of the 21 century to offer a sustainable use of the uranium and plutonium resources, based on
the demonstration ensured by the erection, commissioning and operation of ASTRID in the
mid term. The ASTRID reactor would also contribute to the R&D effort on the transmutation
of minor actinides. This paper has also underlined the needs in term of experimental testing,
for development, validation and qualification of systems devoted to SFRs and recalled the
development strategy of experimental platforms in support of ASTRID program.
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Abstract : Acoustic MHD generator is a part in a Thermo-acoustic Radio-Isotopic Power
System project SPACETRIPS for space application. The radio-isotopic source produces
heat. The thermo-acoustic generator converts it into sound. The MHD generator further
converts sound into electricity. For decades our Institute developed conductive MHD
generators working in DC mode. Now we have to adopt our experience [1] to AC mode.

1. Structure of the MHD generator

For specificity we assume MHD unit made from ferromagnetic insulator (e.g. laminated
steel or SOMALOY) with configuration and sizes given on Fig.1. As working fluid there
serves molten sodium filled in a through-going channel. In a middle of the channel its
cross-section is a narrow (high=h, radius=r ) annular gap surrounded by a secondary coil
and a radially magnetized permanent ring magnet. Conical inlet/outlet parts of the
channel are azimuthally separated into n=32 insulated sub-channels. Separating walls
there are ferromagnetic insulators, while short continuations in the gap are nonmagnetic
insulators. The gap division size is d =2zr /n.

Sound from thermo-acoustic generator forces gap sodium to oscillate in axial
direction with velocity U in radial DC field B creating closed azimuthal AC current loop.
An AC magnetic field pattern adds to the permanent field and induces voltage V =2arE,

in both the secondary coil and a gap sodium.

Figurel: Generator

R57—R62 sodium channel (gap)
R62—R67 x 110 secondary coil
R62—R72 x 100 permanent magnet
L — insulator

2. Computation
The small size of the device means low magnetic Reynolds. This allows us to combine

free access simulation code FEMM4.2 with an equivalent circuit approach in a following
way:
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Figure 2: Magnetic field pattern. Figure 3: Equivalent circuit.

i. We define problems geometry for FEMM4.2 according to Fig.1. The inlet/outlet areas
we declare as radially laminated ferromagnetic with a reduced filling factor.

ii. Operating in an axisymmetric DC mode the FEMM4.2 computes magnetic field
pattern (Fig.2), as well as a single turn inductances for active part of the channel (L), for
the secondary coil Ly, and their mutual inductance L.

iii. All other properties of MHD generator we get using FEMM4.2 output as an input in a
simple FORTRAN code based on AC equivalent circuit approach.

3. Formulation of equivalent circuit approach

An acoustic MHD generator combines two electrical machines - a conductive MHD
generator converting Na flow energy into electrical current with a transformer
transforming it into voltage applied to the consumer. Transformer part of effective circuit
(Fig.3.) contain three inductances. Measured from left transformer shows L;;, from right
Ly,. If test current is applied on one side the others side voltage shows L.

Definition of generator part is much longer [1]. Azimuthal current in sodium

j = 6(UB(X)~ E, (¥)~ E, (X))

contains electrical field in two terms: E, set by transformer input voltage V and an
insulators response to UB

E, () =u[ B(x)g, (% X)d*X = ub(x)

with a formal 3D Green function g;(X,X,). Total power generation in Na reads

Q= ouzj B(X)(B(X) — b(x))d*x — ouj E, (X)B(x)d’x

In generating part of equivalent circuit (Fig.3) three numerical values R,,V, and R,

should be set:

i. Sodium resistance for induced current. The whole our approach is valid only for large
n>>1 when axial size of an active volume Q =2zrhl_, . slightly exceeds insulator-free
part of the gap: | l..+2x022d {0.22=In(2)/ 7, see[1]}:
Rya =27 / ohl
In equivalent circuit |, =(V,-V)/R,,. Power generation there
Qcircuit :V02 / R() + (\/O _V)I Na +VI Na :Voz(l/ RU +1/ RNa) _VOV / I:'2Na
should correspond to Q.

active — ! free

active
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ii. For V, we assume E,(X)=V /2ar working in a volume € only and compare last term
in Q withonein Q. :

V, = ouRNaj(Ev(x)/V)B(x)dSX: 2mu<B>,,

where < B>, means B average in Q.
iii. For R, we compare first term in Q with one in Q
/R =0 I(B(X)—b(X))B(X)d3X/ <B>; -1/R,
whole
Integration there is over the whole channel. Azimuthal integration leads to 1D formula

b= [B(z)9,(z2)dz

subchannel

ircuit

/R, =( j(B(Z) ~b(2))B(2)dz/(< B>{ luie) =1/ Ry
whole
For real computation we use two approximations:

0,(2,)=2G(2|z-2z|/d)/d
[(B(2-b(2)B(2)dz~ [B*(2)dz+ [(B(2)-b(2))B(2)dz+0.085d(B; +B,)

whole free subchannels

In correction term 0.085 = In(2)/ 7 — O.SZ:k=1 ,,,wl/((k —0.5)7)*; By, B, are field values at

right and left insulator tips. With such assumption in uniform field R, = < as it should be.
1

G(2) =%iexp(—(k—0.5)7r| z))/(k=05)=- j'l f(x,2)dx

f(x,2)=)_ exp(~(k—0.5)7]| z|) cos((k —.5)7x)
k=1
The G(z) is a Green function because f(X,Zz) satisfies the Laplace equation. A proper

normalization of G(2) and a smoothness df (x,2)/9z,.,= 0 both are due to the identity
S sin(k—=0.5)x/(k—0.5)=7/2 for 0<x<7 [2].

4. Results
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Figure 4: Efficiency dependence on the sound frequency and insulator length.
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Figure 7: Acoustic cos¢. Figure 8: Na velocity for 1W output.

5. Conclusions

Effective circuit is fast and useful tool to analyze different generator aspects. In this paper
only ideal generator was considered. Practical things such as sodium inertia, viscosity,
loses in constructive materials etc. were omitted. No problem to include most of them
into effective circuit and rerun the code.
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Abstract :The annular linear induction pump (ALIP) with the flowrate of 30 L/min and the
developing pressure of 1 bar was designed for transportation of liquid lead which is used for
neutron target. The characteristics of design variables are analysed by electrical equivalent
circuit method taking into account hydraulic head loss in the narrow annular channel of the
ALIP. The pump was divided into two parts, which consisted of the primary one with
electromagnetic core and exciting coils, and secondary one with liquid lead flow. The design
program, which was composed by using MATLAB language, was developed to draw pump
design variables according to input requirements.

1. Introduction

Electromagnetic (EM) pumps have been employed to transport heavy liquid metals such as
mercury, lead, and so on. That arise at their application in liquid metals cooled reactors and
other plants, for example, neutron target or neutron spallation sources. Using of mechanical
pumps for heavy liquid metals for these purposes are associated with problems of providing
reliable mechanical propellers and seals operating at rather high loads and heavyduty
mentioned above operation conditions. As an alternative solution, the EM pumps (Figure 1),
which are thought to effectively overcome the disadvantages of mechanical pumps [1], are
considered. The characteristics of design variables are analyzed by electrical equivalent
circuit method taking into account hydraulic head loss in the narrow annular channel of the
ALIP. The design program, which is composed by using MATLAB language, is developed to
draw pump design variables according to input requirements of the flowrate, developing
pressure and operation temperature.

induced Current

_ Coil
Core

Figure 1: Schematic diagram of ALIP.
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2. Structure of ALIP

2.1 Electromagnetic core

Structure of ALIP is shown in Figure 2. In this illustration, electromagnetic core can be
divided into two parts, inner core and outer core which induce magnetic field to axial
direction and radial direction. So material for core must be ferromagnetic body which has
high permeability. It also maintains magnetic characteristics and mechanical strength in high
temperature and fast neutrons. For blocking loss of magnetic field and heat generation caused
by eddy current in core inside, stacking isolated ferromagnetic plane is recommended.
Especially, inner core have to be placed radial form in the duct for considering direction of
magnetic field.

Outer core is manufactured by stacking chain of E type core. And use a material silicon
steel plate coated by insulation organic matter. Outer core bunch is fixed by stainless steel
square pipe and bolts with nuts. Inner core is manufactured by stacking I type core, be placed
in the inner duct and sealed by cone for preventing contact with liquid lead [2,3].

1. Outer duct

2. Inner core pipe

/3. Inner duct
e

L. Inner care supporfer
: - 6. Upper end plate

5. Cone
8. Inner core

Temperature sensor

1. Coil support ring

Temperafure sensor

Temperature sensor

7. Outer core

12. Lower end plate

Temperature sensor

'\ 13. Pump support plate

:f \\ \‘\k 14, Pump positioner
5 Cone / \ -
\ 4. Inner core supporter

Figure 2: Structure of ALIP.

2.2 Electromagnetic coil

Materials for electromagnetic coil must have heat-resisting and low electrical resisting
properties in the environment of high temperature and neutron irradiation. In the case of
ALIP, electromagnetic coils are twined circularly and flowing electric current directly. So
insulation between coils is essential.

2.3 Insulating material

Insulating materials must block electrical contact not only gap of coils but also between coil
and outer cores. Because of filling factor, thin insulating materials are better as electrical
insulation is allowed. It must be twined circularly with electromagnetic coil, have flexibility
and heat-resisting properties.
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2.4 Structural material

Structural material means components of pump except core, coil, and insulating material.
These fix components (plates and supporters), protect from high temperature liquid lead
(duct), helps flow of liquid lead (cone) and so on. Structural material must protect pump from
high temperature lead in the aspects of heat and chemical reactivity. And it should not distort
magnetic field. So austenite stainless steel is recommended because which is nonmagnetic
material.

3. Analysis on the design parameters of ALIP

Basically ALIP changes driving power and efficiency by geometrical shape, size, and
operating variables. The driving power and efficiency function can be derived by electrical
equivalent circuit method. The pump was divided into two parts, which consisted of the
primary one with electromagnetic core and exciting coils, and secondary one with liquid lead
flow. The main geometrical variables of the pump included core length, inner diameter, flow
gap, and so on while the electromagnetic ones covered turns of coil, number of pole pairs,
input current, input frequency, and so on.

3.1 Electrical equivalent circuit method

The ALIP can be illustrated like Figure 3as electrical equivalent circuit. In the Primary
one,R1 is wire wound resistance in the coil, X1 is leakage reactance from the core, Xm is
magnetization reactance from the core, andRzis equivalent resistance of liquid metal. And
function between developed pressure AP and average flow rate Q express like below [4, 5].

i R X i
r M \m -

L Primary | Secondary |
! (Cores & Coils) ! (Liquid Na) |

Figure 3: Electrical equivalent circuit of ALIP.

_ 8% Rgil -

¢ .E‘{:f;i—,—'F 1.} 0

Equivalent resistance and equivalent reactance are knownfrom Laithwaite standard design
formula calculated by magnetic circuit composed of geometrical and operational variables.As
a result, below formula can be derived.

ap

AP = (360sft72 ([0 kyw NDI'2)/ (pgye™ (n'2 + (20,0 o5f172)012) )
From the formula (2), correlation between developed pressure and pump design variables

which are frequency, pole pairs flow gap, pole pitch, and so on can be known. Like above,
efficiency formula can be also derived.
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3.2 Characteristics of design parameters
From the developed pressure and efficiency formula by electrical equivalent circuit method,
derive relations of design parameters. These are simplified in Table 1.

Table 1: Characteristic of structure elements [3]

Structural Elements Action Characteristics
Increase * Leakage reactance increase
Size of Outer * Allowed Turns of coil increase
Core Decrease * By the decrease of leakage reactance, efficiency increase
* Allowed turns of coil decrease
Increase * For same output, need more current and efficiency decrease
Duct Width * Flow gap decrea}se .
Decrease * output and efficiency increase
* Flow gap increase
Increase * Synchronous speed increase
Pole Pitch . L.ength of Inner core and weight, size of pump increase
Decrease * Size of pump decrease
* Body force increase in same input
Number of Increase . Dispers.ion .of fluid thrust
Pole * Pump size increase :
Decrease » Leakage reactance increase (in secondary part)
Increase * Pump weight increase
Size of Inner » Area of duct increase (in same duct width)
Core Decrease * Pump weight decrease
* Area of duct decrease (in same duct width)
Number of Increase * Input current decrease in same output
Coil Decrease * Input current increase in same output

4. Design program based on MATLAB

In the MATLAB code, sections for calculation are divided into 10 sections which are
‘Required specification’, Electromagnetic variables’, Geometrical variables’, Electro-
geometrical variables’, ‘Hydro dynamical variables’, ‘Equivalent impedance’, ‘Power factor
and goodness factor’, ‘Developed pressure’, ‘Electrical input and efficiency’, ‘Design
Specification’.

In the Required specification section, input 3 main outputs of pump,pressure, temperature,
and flow rate. And the code calculates other outputs for reaching to goal of 3 main outputs. In
the electromagnetic variables section, input current, turns of coils, frequency, pole pairs,
electrical resistivity of materials based on temperature, and so on. In the geometrical variables
section, input basic size of pump like core length, flow gap, thickness of ducts, ratio of slot
width to slot pitch, and so on. Then the equipped formulas calculate the detailed sizes of
pump components. So I don’t have to do detail design for each components of pump.In the
other sections except last section, the code calculates outputs based on equipped formulas
which are derived by equivalent circuit method. Also, hydrodynamics factors are considered.
The pump input and output variables by using the code were represented in table 2.

5. Conclusions

The analysis on the design of ALIP for high temperature liquid lead transportation was
carried out by using the electrical equivalent circuit method and taking the hydraulic loss into
account. The design variables for the pump with the required flow rate and developed
pressure were analyzed from the induced formulae. The computer code based on the present
analysis was developed for the design of the small ALIP and applied to the design of pump
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for transportation of liquid leads with the flow rate of 30 L/min, the developed pressure of 1
bar and operation temperature of 500 [J. The material of the pump core, coil and structure was
determined taking into consideration of the operation environment of the high temperature of
500 [J. The design analysis of the pump and developed computer code was thought to be
effectively employed to design and manufacture the small ALIP.

Table 2: Pump variables using the MATLAB design code

Design variables Values
Flow rate [L/min] 30
Developed pressure [bar] 1.01
Temperature [O] 500
Hydrodynamic Velocity [m/sec] 0.535
Slip [%] 96.3
Reynolds number 19218
Head loss [Pa] 17471.959
Core length [mm] 480.0
Outer core diameter [mm] 524.5
Inner core diameter [mm] 37.1
Inter core gap [mm)] 12.70
Flow gap [mm] 6.10
Inner duct thickness [mm)] 2.80
Outer duct thickness [mm] 2.80
Slot width [mm)] 19.20
Slot depth [mm] 206.00
Geometrical Core depth [mm] 231.00
Core thickness [mm] 25.00
Stacked coil think mm] 186.00
Coil support ring [mm] 10.00
Space in slot depth [mm] 10.00
Tooth width [mm] 19.20
Slot pitch [mm)] 38.40
Conductor width [mm] 12.00
Conductor thickness [mm] 6.00
Insulator thickness [mm] 0.20
Input current [A] 38.0
Input voltage [V] 427
Impedance [Ohm] 11.2
Input VA [kVA] 28.1
Input power [kW] 8.5
Power factor [%] 30.1
Electrical Goodness factor 0.3
Pole pitch [em] 12.00
Number of slot [#] 12
Turns/slot [#] 60
Number of pole pairs [#] 2
Slot/phase/pole [#] 1
Hydraulic efficiency [%] 5.70
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Abstract: A disks type electromagnetic induction pump based on permanent rotating magnets
is studied numerically. The theoretical analysis of such pumps is cumbersome since the
magnetic field and, hence, the induced electromagnetic forces are distributed non-uniformly
in both radial and transverse directions. In this work, the 3D numerical model of a liquid
metal flow in a semi-circular duct between two rotating disks is being developed. A finite
element analysis is performed using ANSY'S software.

1. Introduction

Electromagnetic (EM) pumping technology is being extensively used nowadays in a variety
of industrial and research applications, including liquid metal flow control in cooling circuits.
Different types of EM pumps are being designed to generate the molten metal movement. In
EM induction pumps on permanent magnets (PMP) [1] an alternating travelling magnetic
field which induces electromagnetic driving forces in liquid metal is generated by the system
of rotating magnetic poles of alternating polarity. Theoretical analysis and experimental tests
demonstrated the significant advantages of PMPs in comparison with traditional EM pumps
based on 3-phase linear inductors, such as: simpler construction due to the absence of
windings, smaller dimensions and size, and much higher efficiency [2-4].

One of the possible modifications of the PMP is the disk-type design concept shown in
fig. 1. The active magnetic system consists of two solid ferrous disks with permanent magnets
fastened on them in the radial direction. The flat bent channel of the pump with liquid metal,
having a rectangular cross-section, is located between the disks. The main parameters
defining the efficiency of the disk-type PMP is the magnetic field strength and its distribution
in the liquid metal layer in the pump channel.

The design of reliable and more powerful EM pumps requires increasing their efficiency
and improving the output parameters (developed pressure and flowrate). However, the
experimental investigations of EM induction pumps and the disks-type PMPs in particular, are
associated with technical and economical difficulties. The theoretical prediction of disk-type
PMP parameters is also complicated since the problem is highly three-dimensional, and the
magnetic field, and consequently the electromagnetic forces are non-uniformly distributed
both in radial direction and also across liquid metal layer in the channel of the pump and in
electrically conducting walls of the channel. In this regard, the numerical simulations of the
problem seem to be an appealing alternative from both practical and financial point of view.

In this work, the numerical model of the disk-type induction pump based on rotating
permanent magnets is developed. ANSYS software is used to conduct the EM simulations of
the pump performance.
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Figure 1: Photo of a typical disk-type the EM induction pump with permanent magnets (the
second disk is removed).

2. Disk-type PMP design

The disk-type PMP 3D model created in ANSYS is illustrated in fig. 2. The pump consists of
two basic parts: rotor (two rotating disks with installed permanent magnets) and stator (C-
shape stainless steel channel carrying liquid metal).

The outer radius of magnetic system is 230 mm. The solid ferrous yoke has a thickness
of 12 mm. The permanent magnets are located in the radial direction around the disk and
fastened on the aluminium base. Each magnet has a rectangular form (60x30x20 mm®) and the
residual magnetization of Br = 1.1 T. The total of 16 magnets with sequentially altering
polarities is placed on each disk with poles facing the channel side walls (i.e. the magnetic
polarities are oriented along the rotation axis).

The pump channel with Wood's metal has a rectangular cross-section (with the liquid
metal layer of 11 mm thickness and 70 mm height), and the mean radius of the C-shape part
of the channel is 114 mm. The inner and outer steel channel walls are 3 mm thick, and the
side walls are 2.5 mm thick. The distance between the magnetic disks ranges from d = 20 mm
up to its maximal value d = 48 mm, with the air gap between both sides of the pump channel
and a disk surface changing from 2 mm up to 16 mm.

ANSYS

Figure 2: 3D model of disk-type PMP: 1 — liquid metal; 2 — pump channel (steel); 3 — ferrous
yoke; 4 — permanent magnets; 5 — steel ring; 6 — aluminium base. The air volume and the
second disk (on right image) are not shown.
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The two magnetic disks rotate simultaneously with the frequency f (rev/s) generating an
altering magnetic field, B, in the volume of the pump channel. The cross product of the
current density field, j, induced in the conducting media (both liquid metal and the steel wall),
and the magnetic field intensity, B, is a three-dimensional field of electromagnetic volumetric
forces distributed along the pump channel, Fmag:

Fmag = jxB (1)
3. Simulation procedure and results

The simulation of an EM pump requires solving both electromagnetic and fluid dynamic
equations. In most of industrial processes involving liquid metals (such as pumping) the low
magnetic Reynolds number assumption can be used. This means that the electrical current
generated by the fluid flow does not significantly affect the magnetic flux, whereas the flow
itself is strongly governed by the magnetic field [5]. Since both fields are uncoupled, the
numerical analysis and computations are significantly simplified. The Lorenz force (1)
resulting from the solution of the electromagnetic problem introduced as a source force for the
fluid-dynamic simulations.

ANSYS 14.5.7 ANSY5 14.5.7

VECTCOR

Figure 3: Distribution of (left) magnetic field intensity, B (T), and (right) total current flux
density, jt (A/m3), in the liquid metal layer; d = 40 mm, f = 8 rev/s.

This paper presents the work concerning the first step of the numerical analysis -
electromagnetic simulations and their experimental validation. The finite element method
(FEM) analysis is conducted using ANSYS 14.0 commercial software. The transient dynamic
calculations are performed simulating one full cycle (T=1/f) of the 3D magnetic system
rotating at the speed of up to f =24 rev/s. The total number of elements exceeds 1.1x10°, with
about 4x10° liquid metal elements in the pump channel.

The parameters of interest, provided by the ANSYS solutions, are: the electromagnetic
force field, magnetic field, electrical current density both in the liquid metal layer and the
steel channel wall, as well as the total Joule heat produced in them.

Fig. 3 and fig. 4 show the vector fields of magnetic intensity, B, and the total current
density, jt, both in liquid metal layer and the pump channel wall, respectively. The results are
obtained for f=8 rev/s (T=0.125 s) after one full turn of the disks separated by d = 40 mm. The
magnetic field distribution corresponds with the experimental data [4].

The operating principal of the disk-type PMP can be seen in fig. 5 where the distribution
of the driving electromagnetic force, Fmag (N), in the central plane of the liquid metal layer is
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shown. The disks are rotating counter-clockwise from the view point generating the counter-
clockwise motion of the fluid in the C-shape channel.

BANSYS 14.5.7 ANSY5 14.5.7

Figure 4: Distribution of (left) magnetic field intensity, B (T), and (right) total current flux
density, jt (A/m3), in the channel steel wall; d = 40 mm, f = 8 rev/s.

The total Joule heat dissipated in the conducting materials during one period of rotation
T is calculated by summing up the Joule heats produced in all the elements though all the time
steps. In the first approximation (no fluid motion) the value for both the liquid metal layer and
the steel channel wall is estimated to be of the order of 3x10> W.

i o '_j 'J ﬂ\'-: : l

Figure 5: Distribution of magnetic vector force field, Fmag (N), in the central plane of the
liquid metal layer; d = 40 mm, f = 8 rev/s.
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4. Conclusion

Numerical modelling is an essential and effective tool in electromagnetic induction pump
analysis, involving the design of more powerful pumps and optimization of their parameters.
In this work, the 3D numerical model of the disk-type pump on rotating permanent magnets is
developed. The finite element analysis based on using ANSYS software is employed to
simulate the dynamics of the rotating magnetic system and to calculate the induced pumping
forces. The results are consistent with the existing experimental data.

Since the problem is highly three-dimensional (due to the disk-type pump design), the
simulations are complicated and computationally expensive. Extending the numerical analysis
taking into account the fluid dynamic effects of moving liquid metal is the main goal of the
future research.
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THE VISCOUS EFFECTS ON A SMALL MHD PUMP
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Abstract : A one-dimensional MHD analysis has been performed for the viscous and end
effects on a magnetohydrodynamic pump. The calculations show that the developed pressure
difference resulted from electromagnetic and viscous forces in the liquid metal is expressed in
terms of the slip, and that the viscous loss effects are negligible compared with
electromagnetic driving forces except in the low-slip region where the pumps operate with
very high flow velocities comparable with the synchronous velocity of the electromagnetic
fields, which is not applicable to the practical MHD pumps.

1. Introduction

The linear induction MHD pumps have been employed for circulating the sodium coolant in
Liquid-Metal Reactors. The MHD pumps have the advantage over the mechanical pumps due
to the fact that they have no rotating parts, which results in simplicity and convenience of
maintenance and repair. The basic operational experiments on pilot linear induction MHD
pumps with various geometrical shapes have been carried out, and the practical applications
have been made for the other areas of research like liquid metal chemistry. The linear
induction MHD pump gets the driving power from Lorentz's forces generated by the time-
varying magnetic fields and the current induced in the electrically conductive liquid metal.
Mathematical solutions for the driving forces are obtained by solving MHD equations of
incompressible viscous flow coupled with Maxwell's equations under appropriate
assumptions. It is found that the mechanical pressure gradients developed in the pump duct
are given as a function of the slip including other pump variables. Since the pumping
pressures are developed by Lorentz's forces experiencing viscous drag forces, viscous loss
effects on the electromagnetically-developed liquid metal flow need to be investigated.
Generally, the Hartmann number given by the system scale length and magnetic field with
viscosity and electrical conductivity is used as a measurement of viscous effect [1]. In the
present work, direct comparison of the electromagnetic force with viscous force is carried out
by analytical solutions obtained from related equations. The calculated results show, at the
nominal conditions, that the pump performance can be analyzed by electromagnetic treatment
due to negligible viscous effects. In this paper, MHD flow and electromagnetic analyses on
the annular linear induction MHD pumps with flowrates of 60 L/min are carried out by
solving MHD and Maxwell's equations.

2. Analysis of viscous losses by MHD laminar flow analysis

The MHD pump is driven by Lorentz's force given by products of induced current (J} and
magnetic field (B) perpendicular to it. Electrically conductive liquid fluid also experiences
viscous forces while it is developed by Lorentz's force. In this respect, an attempt has been
made to obtain the expression for the pressure gradient mathematically by analyzing MHD
equations coupled with Maxwell's field equation. As shown in figure 1, a typical annular
linear induction MHD pump has sloted external cores in which exciting coils are inserted to
generate J 2 B force in the liquid metal flowing in the annular duct [2-4].
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Outer Core

Figure 1: Cross-sectional view of an MHD pump.

But, to simplify the problem, the real pump core shape of is turned into a smooth core face
replacing exciting coils by an equivalent current sheet to real coil arrangement as depicted in
figure 2 [5].

Sheet current

_ > =

Outer core

Z

Annular channel —»u

It

Ia

Inner core

0 > Z

Figure 2: Simplified laminar model with equivalent current sheet .

A few more assumptions are introduced as follows [5].

1)
@)
3)

(4)
()
(6)

The pump has an infinitely-long annular channel with an equivalent current sheet
replaced by discrete primary windings slotted in the outer core.

All fields in the pump are axisymmetric (% = @ ) in view of cylindrical arrangement of

the pump system.

The equivalent current sheet representing the three-phase currents (I) of continuous
primary windings of N turns having pole pairs of » and pole pitch of tis given by
Fo (i, z, £) = [ et ==& where [, = 32k, Ni/pr.

The sheet current produces traveling sinusoidal fields in the same form of J, with
angular frequency of w and wave number of k for B, E and J.

Radial magnetic field (B,) is uniform due to negligible skin effect in a narrow liquid
metal gap.

The liquid metal flow is incompressible.

To analyze the system, first of all, MHD equations are needed for expressing conservations of
fluid and momentum. The pressure gradient (¥#) arouses from the combined action of
electromagnetic driving and hydrodynamic drag forces in the conducting fluid of density p,
viscosity mn, and fluid velocity . Electromagnetic term by Lorentz's force is related with
Maxwell's equations. Besides, induced current density (J) in the Lorentz's force is represented
from Ohm's law given by electrical conductivity (o) and fields (E+ux E) induced both by

68



traveling sinusoidal magnetic fields and conductive flow movement across them. Then
governing equations are given as :

- MHD equations

Vru=0 (1)
pfZ+ (u- Vu) = ~TP+nTu+f x 8 2

In the MHD equations, in practical sense, when velocity and flowrate are indicated, they
generally mean the averaged values over time. Therefore, we will try to analyze the system
in the time-averaged point of view. The time-averaged MHD equations are resulted in two
reduced equations for flow velocity and magnetic field.

&% , 1dE 2— _ Lldf o
i i A (3)
=2 = {pye (U, +u) + /38, @)

a B2
where w® = ETP'?-, U, =

=]e

(synchronous speed).

B, can be treated as a constant since radial magnetic field does rarely change at a narrow
inter-core gap in induction machines having negligible skin effects. In general, magnetic
core materials have very large permeabilities compared with those of liquid metals, and the
differences of tangential magnetic fields between core (H;) and liquid metal (H,) regions are
given by sheet current density (K) as # X (Hy — H,) = K. Thus for the present pump model,
magnetic fields at inner and outer radius give B, {n) = kgl . B-(x ] =10. Applying no-slip
boundary conditions for velocity () at the cylindrical walls (ry, 1), i.e., flry) =f(n) =0,
The solutions were expressed for the time-averaged velocity expressed in terms of the
modified Bessel functions, lo and Ko, of zeroth order as

u(r) = (AL (ar) + BE (@) - 1} =2 - 0, ) )

ain dg

where

4= Ky(aa) — K,(ab)
Eylaa)ly(ab) — Ky (ab)i;(aa)

_ Iy (ab) — Kiy(aa)
" Eylad)ly(ab) — K, (ab)i(aq)

If an average slip (s) over the channel gap is defined by = = ﬁff(l—%]dr, the radial

magnetic field (B;) and axial pressure gradient (i—f) are obtained as function of s together with
other pump parameters.

= b
P [ ol # 7K (=, ) (6)
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The axial pressure gradient has been developed by two components, Lorentz's force and
viscous term. The first term of right-hand side, %crtfsﬂﬁ is originated from the

electromagnetic force density which is simply obtained by direct calculation of J ¥ B. The
other terms of right-hand side correspond to viscous force density. To compare the viscous
force density with electromagnetic force density, as an example, numerical values of pressure
differences versus slip (or flowrate) are represented graphically in figure 3 for a pump system
with flowrate of 40,000 L/min under a pressure difference of 15 atm. Figure 3 indicates that
viscous force density is negligible compared with electromagnetic force density through all
flowrate values except for near synchronous speed (s = 0). Practically induction pumps are
not operated at near the synchronous speed with very low slip. Due to real hydraulic load
like valve or piping system, such low slip value needs to be avoided so that the system can
generate quite realistic developing force. Since MHD pumps are generally operated at
sufficiently high slip region to generate a considerable developing force overcoming heavy
hydraulic pressure load ( more than a few atms ), the pump system analyses can be treated by
electromagnetic analysis alone neglecting viscous effects. After all, it is thought that
mechanical pressure gradient in the system can be replaced by electromagnetic force density (
I # B) alone.

(o]
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n

Pressure difference (atm)
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th =)
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0.0 0.2 04 06 08 1.0

Slip (s)

Figure 3: Comparison of viscous force effects with Lorentz's ones on producing the pressure difference between
the inlet and the outlet.

Conclusion

Calculated results of the MHD flow analysis shows that the viscous loss effects on producing
pressure differences are negligible compared with electromagnetic driving forces except in the
low slip region where the pumps operate with very high flow velocities comparable with the
field synchronous speed.
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Self-calibrating phase-shift flowmeter for liquid metals
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Abstract: We present an improved phase-shift flowmeter that has a significantly reduced sensitivity
to the variation of the electrical conductivity of the liquid metal. Two simple theoretical models of
flowmeter are considered where the flow is approximated by a solid body motion of finite-thickness
conducting layer. In the first model, the applied magnetic field is represented by a harmonic stand-
ing wave. In the second model, the sending coil is approximated by a couple of straight wires
placed above the layer. We show that the effect of electrical conductivity can strongly be reduced
by using the phase shift between the sending coil and the upstream receiving coil to rescale the
measured phase shift between two receiving coils.

1 Introduction

This paper is concerned with further development of a recently invented AC induction flowmeter for
liquid metal flows based on phase shift measurements [1, 2]. The flowmeter operates by measuring
the phase disturbance caused by the flow of liquid metal in an applied ac magnetic field. The
main advantage of the phase-shift flowmeter is the robustness to external perturbations compared
to measurements of the amplitude used by conventional eddy-current flowmeters. However, the
phase disturbance depends not only on the velocity of liquid but also on its electrical conductivity.

The aim of this work is to reduce the dependence of the flow-induced phase shift measurements
on the electrical conductivity of liquid. The basic idea is that not only the liquid flow but also
the alternation of the magnetic field itself gives rise to the phase shift in the induced magnetic
field. The current version of the flowmeter employs only the former effect. The latter effect, which
gives rise to phase shifts between the sending and receiving coils, is dependant on the conductivity
of the liquid. Therefore it may be used to compensate for the effect of conductivity on the flow-
induced phase shift. The feasibility of such an approach is investigated using two simple theoretical
models of the phase-shift flowmeter, where the flow is approximated by a solid body motion of a
finite-thickness conducting layer. In the first model, the applied magnetic field is represented by
a harmonic standing wave. In the second model, the sending coil is approximated by a couple of
straight wires placed above the layer.

2 Basic Equations

Consider a medium of electrical conductivity o moving with the velocity Vv = €,V in an ac magnetic
field with the induction B alternating harmonically with the angular frequency ®. The induced elec-
tric field follows from the Maxwell- Faraday equation as E=-Vd— 0,A, where ® is the electric
potential, A is the vector potential and B = V x A. The density of the electric current induced in the
moving medium is given by Ohm’s law

J=0(E+¥xB)=0(-V®—A+¥xV xA).
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Figure 1: Model of a conducting layer of thickness 2H in the external magnetic field represented by
a standing harmonic wave (a). Phase distribution over a half-wavelength of the applied magnetic
field at various dimensionless velocities defined by Rm (b).

Assuming the ac frequency to be sufficiently low to neglect the displacement current, Ampere’s
law j = %V x B leads to the following advection-diffusion equation for the vector potential
— = — 1 —
GA+(V-V)A=—V24, (1)
Hoo
where the gauge invariance of A has been used to specify the scalar potential as & = V- A—
—V A. We now consider an applied magnetic field varying in time harmonically as Ao (7,¢) =

Ao(7) cos(ot), which allows us to search for a solution in the complex form A(7,1) = R [X(r)e"‘” } :
Equation (1) for the amplitude distribution of the vector potential takes the form

— 1 —
iwA+ (¥-V)A = —V?4A. 2)
Uoo
We focus now on a simple 2D externally applied magnetic field, which is invariant along the unit
vector €. Such a magnetic field can be specified by a single component of the vector potential

A = A which leads to the boundary conditions [A] s = [0hA]g = 0, where [f]¢ denotes the jump of

quantity f across the boundary S whered, = (7i - 6) is the derivative normal to the boundary.

We start with a simple model where the conducting medium is a layer of thickness 2H shown
in Fig. 1(a), and the applied magnetic field is a harmonic standing wave with the vector potential
amplitude given by

Ao(7,t) = Ao (7,1) = &Ao(y) cos(kx) cos(o1),
where k is the wave number in the x-direction. We choose the half-thickness H as the length scale
and introduce a dimensionless ac frequency @ = oo@wH? and the magnetic Reynolds number
Rm = ooV H. The latter represents a dimensionless velocity. It is important to note that this key
parameter depends on the product of the physical velocity and electrical conductivity. The full
derivation of a solution based on the above and its continuation to a external field generated by a
couple of straight wires is to be found in [2].
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Figure 2: The phase sensitivity (a) and the relative phase sensitivity (b) versus the dimensionless
frequency @ at various horizontal observation positions below the layer for k =1

3 Numerical Results

Single Harmonic of the magnetic field

Let us start with the original phase-shift flowmeter as a basis for the following development. Figure
1(b) shows the distribution of the phase between two nodes of the applied magnetic field along the
bottom of the layer. For the layer at rest, the phase distribution is piecewise continuous with jumps
in value at the wave nodes. These discontinuities are smoothed out by the motion of the layer and
shifted further downstream as Rm is increased. Figure 1(b) also shows an important feature of the
phase variation, that the strongest variation occurs at the right, immediately downstream of a node
whereas the variation to the left, upstream of a node, is relatively weak, especially at lower values
of Rm.

The variation of phase ¢ with Rm at low velocities can be characterized by the phase sensitivity
K=7r"0rno| rm—o - The dependence of this quantity on the dimensionless frequency @ is plotted
in Fig. 2(a) for several observation points. As @ has a similar effect to Rm the reduction can
be achieved by scaling the phase variation with the phase itself, which leads to the relative phase
sensitivity

K. =nK/¢. 3)

As seen in Fig. 2(b) with small @ this quantity tends to constant for given observation point.
Although the relative phase sensitivity is not completely independent of @ it can be seen that at
lower values of @ it varies much less than the unscaled phase sensitivity shown in 2(a). Following
this idea the effect of conductivity can be reduced by scaling the phase shift between the voltages
measured by the two receiving coils with the phase shift between the sending and receiving coils.
Since, as shown above, the phase shift upstream of a node is less affected by the motion of the
layer then downstream of a node, the upstream measurement shall be used to scale the phase shift
between the receiving coils. Rescaling the phase shift directly with the reference phase, as done for
sensitivity, is not sufficient as according to equation (3) the result still remains proportional to Rm.
Since at small @ the reference phase varies directly with @ which, similar to Rm, is proportional to
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Figure 3: Rescaled phase shift Ay¢(a) and Az, ¢ (b) between two observation points placed be-
low the layer at +x = 0.3 versus the relative velocity Rm/® for k = 1 and various dimensionless
frequencies @.

conductivity. The following scaling by the square of the reference phase will eliminate conductivity

A
dogp =07 4
where Ao = @, — ¢_is the difference between the downstream and upstream phases which are
denoted by ¢ and ¢_ respectively.

For the rescaled phase shift to be insensitive to ¢ it cannot be dependent directly on @ or Rm,
but must be a function of these control parameters such that ¢ is eliminated. We choose this to be
Rm/@® =V /(wH). Henceforth this ratio shall be referred to as the relative velocity.

Figure 3(a) shows that, when plotted against the relative velocity, the rescaled phase shift given
by Eq. (4) has a weak dependence on @ as long as @ is low. For sufficiently low relative ve-
locities, the variation of the rescaled phase shift with @ is weak up to @ ~ 1. This range of low
relative velocities depends on the locations of the observation points. The closer the observation
point to the nodes (x = 40.5) the shorter the range of relative velocities for which the rescaled
phase difference remains invariant with @. Figure 3(a) shows that far enough from the nodes the
relationship between rescaled phase difference and relative velocity is invariant for a range of di-
mensionless frequency from 0.1 to 1, which corresponds to a change of an order of magnitude to
the conductivity.

The scaling given in Eq. (4) only holds for low @ where shielding effect causes the reference
phase to vary non-linearly as ~ ®'/2. This non-linearity is compensated for by taking the reference
phase to the power of 3/2 instead of the square. It results in a second rescaled phase difference
Az @ = Ao@p / (p3/ 2 which is plotted against the relative velocity in Fig. 3(b). It can been seen
that the proportionality of the relative velocity and this rescaled phase difference is invariant for a
greater range of @.

Sending coil modelled by two straight wires

In this section we consider the case of an external magnetic field generated by a couple of straight
wires. Figure 4(a) shows that the range of @ where the phase sensitivity varies linearly is rather
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Figure 4: The phase sensitivity versus the dimensionless frequency @ at various horizontal ob-
servation positions at below the layer (a) and rescaled phase shift A3 ;¢ between two observation
points placed below the layer at +-x = 1 versus the relative velocity Rm/@® for various dimensionless
frequencies @(b) for a sending coil modelled by two straight wires.

short As above this non-linearity is compensated by the rescaled phase shift A3 ;¢ which is plotted
in Fig. 4(b) with observation points placed symmetrically at x = +1 As seen the rescaled phase
shift depends essentially on the relative velocity whilst the variation with @ is relatively weak.

4 Conclusions

We have demonstrated that the dependence of the flow induced phase shift measurements on the
electrical conductivity of the liquid can be reduced by including the phase shift between the sending
and receiving coils into the measurement scheme. It was shown that a strong reduction in the effect
of conductivity is attainable by rescaling the measured phase difference by the reference phase
shift between the sending coil and the upstream receiving coil. This rescaling is dependent on
the nature of the variation of the phase shift with the frequency. At low frequencies, where this
variation is linear, the reduction is achieved by rescaling with the square of the reference phase. At
higher frequencies, the shielding effect results in non-linear variation of the reference phase with
the frequency. This non-linearity can be compensated by a rescaling with the reference phase shift
to the power of 3/2 instead of the square.
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Abstract: The report describes the MHD PbL.i loop at IPUL, the equipment and operations.
The loop operation parameters are the maximum magnetic field 5 T, the magnet bore 30 cm,
PbLi temperature up to 400°C, the maximum PbLi flowrate with/without magnetic field 0.5/2
I/s, the maximum pressure head 0.48 MPa.

1. Introduction

Eutectic lead—lithium (PbLi) alloy has been proposed as a tritium breeder and coolant fluid in
several liquid metal blanket concepts for future fusion power plants [1],[2],[3], including self-
cooled lead-lithium (SCLL), dual-coolant lead-lithium (DCLL), helium-cooled lead—lithium
(HCLL), water-cooled lead—lithium (WCLL), and Lead-Lithium Ceramic Breeder (LLCB)
blankets. Various studies, both experimental and theoretical, were performed focusing on
various aspects of PbLi flows [4],[5],[6],[7] and associated heat and mass transfer phenomena
with and without magnetic field.

There are only a few magnetohydrodynamic (MHD) PbLi facilities currently in
operation: a loop at the Institute of Physics in Latvia, several MHD PbLi loops DRAGON I-
IV at the Institute of Plasma Physics of the Chinese Academy of Sciences, an ELLI loop at
the Korea Atomic Energy Research Institute, and an MHD PbL.i facility at UCLA (USA).

Some loop modifications were used in experiments with models of LLCB channel
units (blanket concepts for DEMO of India) performed with Indian colleagues from the
Institute of Plasma Research, Bhabha Atomic Research Center, Veermata Jijabai
Technological Institute. [8, 9, 10].

Below we are described the special feature of the MHD facilities at IPUL such as the
loop; the magnet; the pump and the flowmeter; pressure gauges; a system for measuring
pressure drops in the channel; probes to register electric potential variations on the channel
walls; loop heating and insulation; heat shielding of the magnet; a system of thermal
stabilization; a system of melting and oxide removal; the procedure of the loop filling and
pouring out; a sampling system and sampling data processing to minimize measuring errors;
supplement devices — a system of vacuuming, inert gas supply and pressure release.

2. Magnet

For an experimental study of the flows of the conducting liquids in the strong magnetic field
to order of IPUL is created the Cryogen-Free magnet system (Fig.1). The 5 Tesla Cryogen-
Free magnet system (CFM) is one of a range of cryogen-free magnet systems produced by
Cryogenic Ltd [11]. The system utilizes a single two stage cryocooler to produce temperatures
of around 4.2Kelvin at the magnet. This magnet comprises a single winding designed to
generate a homogeneous field up to 5 Tesla. The CFM has an 300 mm room temperature
bore. The whole cryostat can also be rotated through 90 degrees in 10 degree intervals from
the horizontal to the vertical position. The outer case of the CFM is manufactured from
aluminium alloy. The room temperature bore is manufactured from stainless steel. The
cryostat vacuum jacket has ports for the cryocooler, magnet current leads, magnet protection
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Figure 1: Cryogen-Free magnet system (CFM) produced by Cryogenic Ltd.

leads, instrumentation and evacuation. Radiation heat load to the magnet is minimized by
means of a high purity aluminium radiation shield connected to the first stage of the
cryocooler used in conjunction with multilayer super insulation between the room temperature
outer wall and the shield. The radiation shield is attached to the first stage of the cryocooler
and in operation cools to approximately 35-40K. The second stage is attached directly to the
magnet and has a base temperature of <4.2K. High Temperature Superconductor (HTS)
current leads are located and thermally linked (whilst electrically isolated) between the first
and second stages of the cryocooler. Electrically resistive current leads extend from room
temperature to the HTS lead sat the 1st stage. Temperature sensors are located throughout the
system to monitor various internal components during the cooldown and subsequent operation
of the system. Data from the thermometers may be displayed on a computer graphically and
stored in data files for further analysis. Carbon ceramic sensors are used throughout the
system as they are robust and have exhibit low magneto-resistance. The thermometers are
wired to an 1l pin and 16 pin Fischer connectors located on the cryocooler turret. An
overpressure valve for the cryostat is on the cryocooler turret.

3. Loop

The PbLi MHD experimental loop is a closed loop system and consists of a dump tank of
capacity ~10 [, seven expansion tanks, one electromagnetic pump for circulation of liquid
metal in the loop and one solenoidal super conducting magnet (SCM). A schematic of the
loop is shown in Fig.2. The loop is made with circular pipe of 27.3 mm ID and has a total
flow length of ~6.5 m (both way).The SCM produces an axial magnetic field within its central
hole, which is ~1000 mm long and has a diameter ~300 mm. This puts restriction on the flow
length of liquid metal in transverse magnetic field direction and hence the test section is
accordingly designed to get maximum possible flow length perpendicular to magnetic field.
The argon gas is used as a covered gas on all expansion tanks and is used to estimate the total
liquid metal pressure drops in the loop. It is also used to initially fill the loop by pressuring
the dump tank. The isothermal (T = 350°C) PBLi loop was equipped with a rotational
magnetic pump with permanent magnets [12], which is allowed to vary by wide range of the
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Figure 2: PbLi loop.

liquid metal flow rates (in both directions of the Pb17Li flow). A simplest Faraday flow meter
gauge (probe) was installed in the loop. The prism-shaped duct of the probe (its cross-section
of about 5 x 42 mm?, length 65 mm) was formed by tapering the central part of the tube of
Dinner = 28 mm of thickness 2 mm. The magnetic field B ~ 0.5 T in the probe duct was
induced by an imposed symmetric C-shaped magnetic system with permanent magnets, the
active surface of which was 60 x 60 mm?. Pins for electric potential measuring were welded
to the end walls in the middle of the prism-shaped duct.

The calibration of flowmeter is carried out on potential measurements on the walls of
channel of the test section [13].

On the system of measurement of pressure drop. Local static pressures in the PbLi loop by
the tubes of the selection of pressure are transferred to the expansion tanks, where in each
tank is located its level of the free surface of PbLi. Above the free surface of PbLi is located
inert gas argon, whose pressure is measured through the thin tubes cooled to room
temperature by gas manometers GDH of 14 AN. Identical expansion tanks are fixed at one
height, they have the identical level of filling (LF), are equipped with indicators of level of
fillings (ILF). LF is located approximately in the middle of tanks. Expansion tanks are
selected so as to in entire range of the measurements of pressures the level of free surface is
located inside them. ILF has two contact devices that switch on with contact from PbLi. The
level of the free surface of PbLi, with which operate the contact device is used for calculation
the initial gas volume above PbL.i, pressure in which is measured by pressure sensor. Two
contact sensors make possible to determine the position of the free surface of PbLi within the
limits of their levels. For achievement accuracy are necessary the following operations:

1) All valves connecting expansion tanks with the general gas-vacuum main are
opened with the filling of PbLi loop. Entire system including loop, expansion tanks and
pressure sensors is thoroughly heated to 600+620 K and is evacuated.
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2) By the pressure of inert gas by that supplied to the melting tank PbL.i is rises into
the loop and the expansion tanks to the contact only with the lower contact device of the ILF
of each tank (with the turned-off electromagnetic pump);

3) After establishing the level of the free surface of liquid metal in the tank to the LF
we know the initial volume V4 Of gas, utilized for calculating the correction for a difference in
columns in the tanks. The effective height of the initial gas column is 4, = Vig/(nR2), where R
- inside radius of tanks.

4) After the establishment of the level in all tanks at the LF overlaps the circuit leading
to the melting tank, the identical pressure of inert gas of argon simultaneously into all
measuring tanks will be given.

5) After the warming up of added argon in the expansion tanks they are disconnected
from the general gas-vacuum main, are recorded the initial pressures Pig, pump for the
warming up of the badly heat-insulated parts of the loop (channels of pump and flow meter) is
switched on and begin steps in the measurement of losses of pressure in the test section. After
the installation of with the aid of the pump of the value the requisite flowrate, a pause for
stabilization of regime are making, whereupon all values are recorded.

6) With data processing for determining the losses of pressure in test section the
formula is used

= 107 o S o D88y Pl
B9 =Patg ~Fatg + 29+ 10 {h“‘ﬁ Parg O P:.E'.E‘}
To a gas pressure difference (from pressure sensors) the correction for columns difference in
expansion tanks is added. This difference is of calculated from the pressures of gas (pressure
of sensors). The value of this correction is less than 10%.

On the accuracy of the method of measurement of pressure drop. The gas volume
above LF approximately 1 liter, 94% of volume of gas - in the expansion tank with stabilized
temperature of 600+6 K, 6% - in the thin tube leading from the expansion tank (with
temperature 600 K) to the pressure sensor (3006 K). The accuracy of temperature
stabilization in the tanks gives an error in measuring the correction of pressure on a change in
the columns of PbLi connected with a change of the volume of gas in the tanks less than 1%.
The conditions of heating expansion tanks and cooling of tubes are identical. Assuming that
the free surface of PbLi after the correct operate ILF exactly in the middle between them we
obtain the error in determination of the initial volume of gas connected with the accuracy ILF
- 3%. Thus the error in determination of the volume of gas from the deviation of temperature
and error in determination of initial volume in each tank is 4%. For a difference in the levels
error is 8%. Since the correction of pressure connected with the difference of levels is less
than 10% of the difference of gas pressures, then error connected with the computable
correction is less than 0.8%. Error of the gas manometer (GDH of 14 AN) is 0.01 bar. With
drop measurement into 1 bar the error of manometers is 2%. Accumulated error is less than
2.8%. With a pressure drop in 2 bars the error is less than 1.8%. With drop measurements of
0.2 bars the error is less than 10.8%.

4. Conclusion
The experience of the IPUL team in the design and manufacturing of EM pumps, in the
production of eutectic lead—lithium alloy as well as the skills of mechanical, electrical and
technological works makes it possible to quickly produce optimal equipment for the loops and
systems for experiments. These skills allow to properly adjusting the loop for various tasks of
the lead—lithium blankets.

In the near future, we plan to model the processes in the channels of a blanket with
ceramic inserts and prepare experiments on heat/mass transfer in the PbLi flow channel in a
strong magnetic field.
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NOVEL INDUCTION COIL SENSOR SYSTEM FOR CONTACTLESS INDUCTIVE
FLOW TOMOGRAPHY

RATAJCZAK M., WONDRAK T., TIMMEL K., STEFANI F., ECKERT S.
Helmholtz-Zentrum Dresden-Rossendorf, P.O. Box 510119, D-01314 Dresden,
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Abstract: We present preliminary results of flow measurements for two different models of
continuous casters using the contactless inductive flow tomography. In the first experiment
we used a rectangular slab caster with a dominating two-dimensional flow structure under the
influence of an electromagnetic brake. For the second experiment a round caster was used in
which a magnetic stirrer around the submerged entry nozzle should create an unstable three-
dimensional swirling flow.

1. Introduction

More than 95% of the world’s steel is produced by means of continuous casting [1]. The steel
flows from a tundish through a submerged entry nozzle (SEN) into the copper mould. The
mould is cooled from the outside, so that the steel starts to solidify. A strand of steel with a
liquid core is pulled continuously out of bottom of the mould. The flow structures in the
mould are subject to many investigations, since they have a huge impact on the quality of the
steel. The flow pattern in the melt can be influenced, e.g. by DC electromagnetic brakes
(EMBr). The opaqueness and high temperature of the melt pose a huge problem to existing
techniques for flow measurement. It is desirable to have a contactless method for measuring
the structure of the velocity field of the melt. Contactless inductive flow tomography (CIFT)
achieves this by reconstructing the flow in the mould from measurements outside the mould
of the flow induced perturbations to an applied magnetic field [2].

In section 2 we give a short overview of the mathematical background for CIFT. After pre-
senting the experimental setup in section 3 we show preliminary results for CIFT-
reconstructed flows in the presence of a DC-magnetic braking field for a model of a slab
caster in section 4. In part 5 we present preliminary results from experiments with a 3D-flow
in a round caster.

2. Mathematical Background
A magnetic excitation field Be is applied to the melt. From Ohm’s law for moving conductors

with the velocity v and electrical conductivity o, one can calculate the induced magnetic field
b at positions outside of the container using Biot-Savart’s law. [2]
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The measurement of the electric potential ¢ would require a direct electrical contact with the
melt. This can be overcome by calculation of the potential from Poisson’s law for divergence
free current distributions.
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In the integral equations (1) and (2), B is the superposition of the induced magnetic field b
and the applied magnetic field Be . In metallurgical applications the magnetic Reynolds num-

ber Rm is much smaller than one, therefore the influence of b on B is negligible and we get a
linear relation between v and b. The calculation of v from b is an ill-posed linear inverse
problem, which can be solved using Tikhonov’s regularization [2]. In our applications, the
excitation field Be is typically in the order of 2 mT at the position of the mould. The induced
magnetic field b is in the order of 100 nT, but can be as small as a few Nanotesla. For the re-
construction of a mainly two-dimensional flow, like in a slab-caster, a single magnetic field is
sufficient. For the reconstruction of a three-dimensional flow two magnetic fields in different
directions need to be applied.

3. Experimental setup

0At the Helmholtz-Zentrum Dresden-Rossendorf a model of a continuous caster was created,
called Mini-LIMMCAST (Mini Liquid Metal Model of Continuous Casting), see Figure 1 [3].
The eutectic alloy GalnSn is used instead of liquid steel. The GalnSn is pumped from a
stainless steel catchment tank to the tundish. The stopper in the tundish is lifted and the
GalnSn flows through an SEN into the mould. After passing a weir, which controls the posi-
tion of the meniscus in the mould, the liquid metal flows back into the catchment tank. The
flow rate can be adjusted by the position of the stopper rod. The mould and the SEN can be
exchanged easily. We conducted experiments with rectangular slab caster and a round caster.

pole shoes
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4. CIFT for a rectangular slab caster under the influence of an electromagnetic brake

Experiments were conducted with a slab caster mould with a rectangular cross section of 140
x 35 mm? and a height of 350 mm. The SEN had two oval shaped ports, pointing to the nar-
row faces of the mould [4]. In contrast to the previous measurements with Fluxgate probes,
the induced magnetic field was measured with 2 % 7 cylindrical induction coils positioned to
the narrow sides of the caster. Each induction coil has 340,000 windings with a conductor
diameter of 25 pm. The signals from the coils were amplified between by 20 dB by differen-
tial amplifiers made by FEMTO before being digitalized by an AdWin 18-bit-Analog-Digital-
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Converter system (ADC). Since the induction coils pick up the superposition of the excitation
field and the induced field, it is crucial to have a highly linear signal processing system.

A ruler-type brake as depicted in Figure 0 (b) was used to generate a DC magnetic field with a
field strength of up to 300 mT perpendicular to the wide faces of the mould and hence to the
main flow direction. In this configuration the ferromagnetic parts (pole shoes) of the EMBr
modify the applied and the induced magnetic field. Therefore, we measured the induced mag-
netic field in the presence of the pole shoes and reconstructed the velocity, before we
switched on the DC magnetic field of the brake, as seen in Figure 1(b). It shows a typical
double roll in accordance to previous measurements [4]. From UDV measurements [5], it is
known that under influence of the brake the jet is moved upward and flows horizontally to-
wards the narrow face of the mould. This can also be seen in the measurement of the induced
magnetic field. The next task will be the reconstruction of the velocity for an active brake.
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Figure 1: (a) Comparison of b along the left narrow face for active and non-active EMBT. (b)
Reconstructed velocity field for non-active EMBTr, showing a clear double-roll structure. The
grey bar shows the position of the pole shoes.

5. CIFT for a round caster under the influence of a magnetic SEN-stirrer

In our cylindrical mould with a height of 800 mm and diameter of 80 mm, combined with a
SEN with a downward faced outlet, a widening of the downstream and a poloidal upstream is
expected. To influence the flow pattern we used a magnetic stirrer with two permanent mag-
nets rotating around the SEN with a variable rotation rate of up to 50 Hz. The rotating mag-
netic field in the order of 500 mT gives rise to azimuthal velocity components in the SEN,
which should create an unstable helical flow in the mould.
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To reconstruct a three-dimensional flow, two magnetic fields in different directions are
needed [2]. For a cylindrical mould, these can be a transversal and an axial field, Bx and Bz,
respectively. In contrast to the previous measurements on the demonstration facility [2], we
are now able to measure the induced magnetic field for both applied magnetic fields simulta-
neously by choosing two different AC frequencies. For an adequate separation we used for Bx
7 Hz, and for Bz 3 Hz, thus avoiding the undesirable skin effect.

OWe used 15 induction coils to measure the magnetic field. The induction coils were facing

tundish

b/ nT
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the surface of the mould and are placed in three 12.5 cm spaced z-positions close to the mould
at the imaginary corners of a pentagon (see Figure 1). In addition to the induction coils used
in the experiments with the EMBr, we are now able to use gradiometric coils which are meas-
uring the radial gradient of the induced magnetic field due to the new 24-bit ADC system
from LTT Tasler. As expected, gradiometric coils are much more robust to distortions of the
environmental magnetic field, e.g. generated by the magnetic stirrer around the SEN.
Nevertheless, after digitizing the induced voltage from the pickup coils with 10 kS/s, digital
filtering was needed if the stirrer was switched on. In this case a Chebyshev-inverse low pass
filter of degree 5 was applied, before the amplitude of the sinusoidal signal was extracted us-
ing the quadrature demodulation (QDT). If the rotation rate of the stirrer was close to the fre-
quency of the applied magnetic field, additional filtering in form of a moving Gaussian filter
was required.

In order to evaluate the new measurement system for a cylindrical mould, we applied only Bx
and measured the induced magnetic field for the experiments with active and non-active stir-
rer around the SEN. The recorded magnetic field at the uppermost sensor array is shown in
Figure 4 for those experiments. In comparison to the measurement without stirrer (Figure 4a),
the induced magnetic field in the case of an active stirrer is much more fluctuating which can
be attributed to a more unstable flow in the mould (Figure 4b). The next task will be the im-
plementation of the inversion algorithm for calculation of v.

6. Discussion and outlook

In this paper, we showed that CIFT is able to measure the induced magnetic field b of 100 nT
in the presence of a 300 mT DC-magnetic braking field and ferromagnetic materials at a lig-
uid metal model of a slab caster. Significant differences in b can be measured if the EMBr is
used, indicating a changed flow pattern.

In addition we showed that measurement of b is possible when the flow in a round caster is
influenced by a magnetic SEN stirrer. When the stirrer is switched on, the measured magnetic
field shows increased variations, indicating fluctuations in the flow. The reconstruction of the
velocity field and data analysis for two applied magnetic fields, needed for a full 3D-
reconstruction, are yet to be done.
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Abstract: Within the context of the Electromagnetic Processing of Materials, this paper
addresses experimentally the electromagnetic stirring of a liquid metal. The analyzed problem
consists in the flow of a shallow liquid metal layer (GalnSn) driven by an array of small
rotating permanent magnets located at the bottom of a cylindrical Plexiglas container. The
explored magnet arrays vary from one single magnet up to five magnets eccentrically located
at a distance of 42.2 mm from the rotation axis. The radial velocity component was recorded
using Ultrasound Doppler Velocimetry (UDV).

1. Introduction

The main idea behind electromagnetic stirring is to create a rotational Lorentz force in a
conducting fluid by the interaction of electric currents with an external magnetic field [1, 2].
Electric currents can be produced by applying a potential difference between electrodes in
contact with the fluid or can be induced in the fluid by time-varying magnetic fields. In
metallurgical applications the use of AC magnetic fields at frequencies smaller than 60 Hz is
more common. These fields can be produced by applying an AC current through specially
located arrays of coils that result in different magnetic field distributions. Depending on the
position in which coils are arranged and/or the way in which current is injected, we may
obtain a Traveling Magnetic Field (TMF) [3], a Rotating Magnetic Field (RMF) [4] or a
combination of both. The possibility of creating a Lorentz force that stirs the fluid in a
nonintrusive way is very important for many technological applications. For instance, the
quality of the ingots in the metallurgical industry greatly depends on the solidification
process. The homogeneity in the distribution of elements in the melt plays an important role
in the physical and chemical properties of the alloy. During solidification, segregation of
elements occurs, that is, conglomeration of elements at the interfaces, namely, the free
surfaces or the walls. Segregation can be avoided by using pulsed magnetic fields [5] where
the understanding of spin-up flows is very important. We refer as spin-up flow to the transient
flow produced by an increment in the velocity of a fluid initially at rest or in steady state. In
this case, the increment in velocity is induced by an AC magnetic field. Experimental and
numerical results [6, 7] show that these fields are able to generate vortices that avoid
segregation at the boundary layers by throwing elements from the interfaces to the center of
the container, enhancing the mixing process.

The principal disadvantage of magnetic fields produced through AC or DC current in
coils is the high consumption of electric energy. An interesting alternative is the use of
magnetic fields generated by compact and efficient magnet arrays requiring no continuous
energy expenditure [8]. Permanent magnets can be fully competitive with electromagnets for
applications in which magnetic fields are up to 2 T [9]. Although magnet arrays can give rise
to static or variable, and uniform or non-uniform magnetic fields, fields with rapid spatial
variation cannot be achieved using permanent magnets. Their limited operation temperature is
also a drawback; however, advances in material science have produced magnets that can work
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up to 500 °C [10, 11] and cryogenic technology could be used to increase this operating
temperature limit as well as the magnetic field within a cryogenic temperature range [12]. The
use of magnet arrays for electromagnetic stirring applications has been barely investigated
[13, 14] and, in part, this is one of the motivations of the present work. We experimentally
analyze the stirring of a liquid metal (eutectic alloy GalnSn) in a cylindrical container,
achieved through the rotation of permanent magnets that are small compared with radius of
the container, and located close to its bottom.

2. Experimental setup

An experimental device, whose detailed description can be found in Ref. [15], was designed
to investigate the influence of different magnet arrays on the electromagnetic stirring of a
liguid metal in a cylindrical configuration. The setup consists in an acrylic cylindrical
container with an inner diameter of 197.2 mm filled with the ternary alloy GalnSn up to a
height 13 mm. At the bottom of the cylinder, different arrays that vary from one single
magnet up to five Neodymium magnets (12.7 mm diameter) are placed in a rotating external
acrylic disc driven by an electrical motor. The magnets are located equidistantly from each
other on a circumference of a fixed radius (42.2 mm) centered on the rotation axis. The
supporting base is attached to a synchronous pulley and mounted over a bearing. This
subsystem is coupled by a timing belt to a smaller synchronous pulley mounted in a motor.
Figure 1 shows a sketch of the electromagnetic stirrer. The rotation frequencies of the
magnets vary from 0.4 to 7.3 Hz and in all cases presented here the rotation is in clockwise
direction. The strength of the magnetic field at the bottom of the GalnSn layer is 0.065 T. In
order to diminish the oxidation rate of the liquid metal, a 4 mm layer of hydrochloric acid
solution was poured above it. The experiment consists in rotating a given array of small
permanent magnets so that the time-varying magnetic field induces Lorentz forces that are
able to stir the liquid metal. It is of particular interest to determine if small disturbances
produced by the rotation of localized magnets originate a global stirring of the liquid metal.
The flow was characterized using the UDV technique, placing the ultrasound transducer
outside the cylinder perpendicular to the container’s wall so that the transducer axis points
radially to the center of the cylinder at a height of 5 mm from the bottom of the GalnSn layer,
and allows to measure the radial velocity component as function of space and time.

Figure 1: Sketch of the electromagnetic stirrer in cylindrical configuration.
3. Results
The measured signal of velocity shows repetitive patterns and, under certain conditions (i.e.

characteristic rotation frequencies) oscillations of the free surface appear. In order to
determine the characteristic frequencies of such phenomena, the Fast Fourier Transform
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(FFT) analysis was applied to the velocity signal at every measured point. With these results
we were able to find not only the characteristic frequencies, but also to discern approximately
the global flow patterns. Although not presented here, the observed patterns indicate that
during some time intervals the flow goes to the center of the cylinder and in a later time
interval the fluid is driven to the cylinder walls [15]. Figure 2 shows the maximum value of
the power spectra for all the analyzed penetration depths (i.e. positions along the ultrasound
beam) corresponding to the flow generated by two magnets located at 42.2 mm from the
cylinder axis, rotating at a frequency of 1.75 Hz. In this figure, the results of five different
experiments are superposed so we can assure experimental reproducibility. A similar behavior
was observed for the different magnet arrays and rotation frequencies explored. It is important
to mention that experiments 4 and 5 in Figure 2 were performed without the hydrochloric acid
solution layer. We observe that this layer does not affect significantly the dynamics of the
flow. The experiments for all the explored magnet configurations and rotation frequencies
show velocity patterns whose characteristic frequencies are always smaller than 0.6 Hz. In
addition, it was observed that under certain experimental conditions the system resonates and
its surface begins to oscillate at frequencies higher than 1 Hz. In order to distinguish all the
characteristic frequencies of the flow, the plots were divided in two sections: one from 0 to
0.65 Hz approximately, where the bulk flow frequency (BFF) and its harmonics appear, and
from 0.65 to 7 Hz, corresponding to the free surface oscillation (FSO) frequency. In Figure 2,
the first peak corresponds to the bulk flow frequency while the second one represents its first
harmonic. In turn, the peak in the second section of the plot (frequencies > 0.5 Hz)
corresponds to the free surface oscillation frequency (FSOF). As we are only showing the
maximum of the power spectrum along the whole penetration depth, it must be pointed out
that the bulk flow frequency is not observed nor in the central region of the container (80 -
120 mm) neither close to the cylinder walls (0-30 mm and 170-200 mm); while the FSOF is
observed all along the measured line since a backward and forward movement is produced.

Fapy = 1.75 Hz

10 Exp#1

Exp #2
| Exp #3

Exp#4 —

6 h T Exp#5

st |

!

|
| I
9?&5"{ -vﬂé{iﬁr‘a‘-ﬁﬁ?«ff}yﬁ.ﬁmm ae J—

0 01 02 03 04 051 2 3 4 5 6

Magnet rotation frequency [Hz]
Figure 2: Maximum values of power spectra for the experiments performed with two
magnets rotating at a frequency of 1.75 Hz. Note that the frequency axis was shrunk in
order to show the peak at 3.8 Hz.

Figure 3 shows the bulk flow frequency and free surface oscillation frequency as a function
of the magnet rotation frequency for all experiments with all magnet arrays when magnets are
placed at 42.2 mm from axis. We observe an increase in the characteristic bulk flow
frequencies as the magnet rotation speed is increased. We notice that as we increase the
number of magnets the BFF does not grow linearly. This can be seen by defining the
normalized frequency as the BFF divided by the number of magnets. For a magnet rotation
frequency (MRF) of 6.06 Hz and one magnet, the normalized frequency is 0.115 Hz, and it
decrease for two magnets to 0.093 Hz. This value increases to 0.136 Hz when three magnets
are used and diminishes up to 0.105 Hz for five magnets. Then for an array of two magnets,
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we have a local minimum and for three magnets a maximum. The latter can be considered as
a global maximum due to the fact that if we increase the number of magnets and all of them
have the same orientation, the distribution of the total magnetic field will tend to diminish the
inhomogeneities in the direction of rotation of the array (the resulting magnetic field will tend
to that produced by a ring shaped magnet) and eventually a more homogeneous and less
intense motion will be produced. We should remember that the maximum number of magnets
that we can use is limited by the shape, size and arrangement of the magnets, as well as the
rotation radius. Finally, if we use a disordered array of magnets (that is, with not equidistant
location and unsorted magnetic pole orientation), the resulting bulk flow frequencies will be
smaller than the corresponding values obtained with an ordered array. In addition, if the
magnets are close to each other the resulting effect will be similar to the produced by a
smaller number of magnets. When we look at the FSO frequencies produced by this
disordered array, we observe that depending on the MRF the free surface oscillates at
frequencies that follow the tendency lines of other ordered arrays, in this case arrays of 1, 2 or
4 magnets (see Figure 3).

2 3 4 5 6 7
Magnet rotation frequency [Hz]

Figure 3: Bulk flow frequency (BFF) and free surface oscillation frequency (FSOF) as a

function of magnet rotation frequency for all magnets arrays rotating at 42.2 mm from
the axis. The notation (Dis) corresponds to the disordered array of 5 magnets.
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Figure 4: Normalized free surface oscillation (FSO) as function of magnet rotation
frequency. Linear fitting lines correspond to y = mx, and y = 2mx, where m = 1.06 is the
slope of the fitted line.

Figure 4 shows the normalized FSOF as a function of the magnet rotation frequency. We
observe that the majority of the normalized frequencies corresponding to ordered arrays,
adjust to a linear fitting with a slope m = 1.06. Additionally, it is found that for the explored
rotation radius of 42.2 mm only one harmonic appears when one magnet is used. It is
important to notice that as the number of magnets is increased the maximum MRF at which
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FSO occurs decrease. So, in general we can say that as MRF is increased, the characteristic
bulk frequencies also grow. But bulk frequencies do not grow linearly as the majority of the
FSOFs do. From Fig. 4, we may conclude that most of the experiments in which oscillations
of the free surface occur have a linear behavior in the sense that when we plot the normalized
FSOF of all experiments, if exist, they fit to the same tendency line.

4. Conclusion

The experimental analysis of an electromagnetic stirring device based on a rotating localized
magnetic field was carried out. The flow takes place in a cylindrical container where a
shallow liquid metal layer is driven by Lorentz forces induced in the fluid by the rotation of
different arrays of small permanent magnets. The goal of this study was, on the one hand, to
explore if small perturbations produced by the rotation of localized magnetic fields can
produce a global stirring of the liquid metal and, on the other, to characterize the flow
quantitatively. Fast Fourier Transform analysis of the velocity signals obtained with the UDV
along a diameter of the cylindrical container was used to determine characteristic frequencies
of the flow structures. These experiments showed that the motion of localized magnetic fields
in different configurations is able to produce a global perturbation on the bulk and free
surface of the liquid metal. Future work will be focused on the characterization of the flow
patterns produced by the different arrays of magnets and to determine the characteristic flow
regions where energy is mainly transferred.
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5. References

[1] Davidson, P. A. : An introduction to magnetohydrodynamics. UK, Cambridge University Press (2001).

[2] Moffatt, H. K.: Electromagnetic stirring. Phys. Fluids A, 3 (1991), 1336-1343

[3] Lantzsch, R.; Galindo, V.; Grants, I.; Zhang, C.; Patzold, O.; Gerbeth, G.; Stelter M.: Experimental and
numerical results on the fluid flow driven by a traveling magnetic field. J. Crystal Growth, 305 (2007), 249-256.
[4] Grants, I.; Gerbeth, G.: Experimental study of non-normal nonlinear transition to turbulence in a rotating
magnetic field driven flow. Phys. Fluids, 15 (2003), 2803-2809.

[5] Eckert, S.; Nikrityuk, P.A.; Rabiger, D.; Eckert, K.; Gerbeth, G.: Efficient melt stirring using pulse sequences
of a rotating magnetic field: Part I. Flow field in a liquid metal column. Metall. Mat. Trans. B, vol. 38 (2007),
977-988.

[6] Ungarish, M.; The spin-up of liquid metal driven by a rotating magnetic field. J. Fluid Mech., 347 (1997),
105-118.

[7] Nikrityuk, P. A.; Eckert, S.; Eckert, K.: Spin-up and spin-down dynamics of a liquid metal driven by a single
rotating magnetic field pulse. European J. Mech. B/Fluids, 27 (2008), 177-201.

[8] Miller, K.-H.; Krabbes, G.; Fink, J.; Gruss, S.; Kirchner, A.; Fuchs, G.; Schultz, L.: New permanent
magnets. J. Magnetism Magnetic Mat., 226-230 Part 2 (2001), 1370-1376.

[9] Coey, J.M.D.: Permanent magnet applications. J. Magnetism Magnetic Mat., 248 (2002), 441-456.

[10] Liu, J. F.; Ding, Y.; Zhang, Y.; Dimitar, D.; Zhang, F.; Hadjipanayis, G. C.: New rare-earth permanent
magnets with an intrinsic coercivity of 10 kOe at 500 °C. J. Appl. Phys., 85 (1999), 5660-5662.

[11] Peng, L.; Yeng, Q.; Zhang, H.; Xu, G.; Zhang, M.; Wang J.: Rare earth permanent magnets Sm, (Co, Fe,
Cu, Zr),7 for high temperature applications. J. Rare Earths, 26 (2008), 378 382.

[12] Benabderrahmane, C. et al: Development of a 2 m Pr,Fe;,B Cryogenic Permanent Magnet Undulator at
SOLEIL, Journal of Physics: Conference Series 425 (2013)

[13] Wang, X.D.; Li, T.J.; Fautrelle, Y.; Dupouy, M.D.; Jin, J.Z.: Two kinds of magnetic fields induced by one
pair of rotating permanent magnets and their application in stirring and controlling molten metal flows. J. Crystal
Growth, 275 (2005), e1473 e1479.

[14] Bojarevics, A.; Beinerts, T.: Experiments on liquid metal flow induced by a rotating magnetic dipole.
Magnetohydrodynamics, 46 (2012), 333-338.

[15] Rivero, M.: Experimental study of flows in electromagnetic stirring and pumping devices. PhD Thesis,
National Autonomous University of Mexico, 2012.

90



APPLICATION OF MAGNETICALLY DRIVEN TORNADO-LIKE
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Abstract: A tornado-like vortex is driven by magnetic body forces. A continuously
applied rotating magnetic field provides source of the angular momentum. A pulse of a
much stronger travelling magnetic field drives a converging flow that temporarily focuses
this angular momentum towards the axis of the container. A highly concentrated vortex
forms that produces a funnel-shaped surface depression. The ability of this vortex to
entrain floating unwetted particles in liquid metal is investigated experimentally.

1 Introduction

The magnetic bar stirrer is a useful piece of standard laboratory equipment. It creates a
whirlpool that somewhat resembles a tornado [1] and efficiently entrains floating powder
into the liquid. The mechanics of such a flow is largely based on a simple principle.
Due to angular momentum conservation the circular motion of a fluid accelerates towards
the center of a converging flow. Such converging and spinning liquid metal flow may be
generated by alternating magnetic fields in a fully contact-less way. A converging flow
may be created by the travelling magnetic field (TMF). The angular momentum, in turn,
can be injected by the rotating magnetic field (RMF). To avoid interference of both fields
their frequencies should be considerably different [2]. At certain conditions when the TMF
induced magnetic force is about 100 times stronger than the RMF force, this combination
produces a quasi-steady concentrated vortex [2] that somewhat resembles atmospheric
vortices. This vortex, however, remains blurred and does not develop a pronounced
funnel on the surface. It appears not nearly as effective in entraining floating particles as
the magnetic bar stirrer vortex. During the spin-up phase, however, a reproducible sharp
deep vortex funnel is observed. The difference from the established flow is explained by a
relatively low level of turbulence during the spin-up [3] that enables a much higher degree
of vortex concentration.

Aim of the current experiment is to assess suitability of such transient flow for the
purpose of stirring floating particles into the melt. If successful, such approach may be
used in the technology of metal matrix composite casting.

2 Background

2.1 Magnetic forces

Let us consider a cylinder of liquid metal with constant electric conductivity o, kinematic
viscosity v and density p inserted in uniform rotating and traveling magnetic fields with
flux densities Br r and angular frequencies wg 7, respectively. The axial wave number of
TMF is k. Under the common low-frequency and low-induction conditions the RMF and

91



TMF induce magnetic body forces with well-known distribution [2]. The RMF induces a
purely azimuthal force whose time-averaged value is given by

Fqﬁ = UWRB?%Tf(Ta Z)a (1>

where f(r,z) is a dimensionless shape function. This force drives a rotating flow with
secondary meridional circulation [4]. The dimensionless force magnitude is given by the
magnetic Taylor number Ta = cwrB%R;/(pr?). The TMF creates an axially directed
force whose time averaged value is given by [2]

F, = 0.250wr Bk, (2)

Depending on the direction of the TMF wave vector, the liquid metal at the outer part
of the container is pushed up- or downwards that drives an axi-symmetric flow torus.
The dimensionless magnitude of this force is F' = cwrBAkRy/(2pv?). The magnetic flux
density of both magnetic fields Bg and Br in equation (1) and (2), respectively, is given
in terms of the root mean square value. The magnetic force expressions (1,2) assume a
low frequency of the respective alternating magnetic field. This is true if the shielding
factor S = pgowrR2 < 3, where pg is the magnetic permeability [4]. This is fulfilled in
our experiment.

2.2 Properties of transient tornado-like vortex

A pulse of a strong upwards directed TMF initiates a converging flow at the top surface.
Because of the angular momentum conservation the azimuthal velocity attains a oc 1/r
profile in the outer inviscid part of this converging flow. Being strong enough the flow
produces a surface deformation on the metal surface. Depending on the RMF strength
the deformation has the shape of a single sharp funnel or multiple smaller depressions
rotating about a common centre (Fig. 1). This flow pattern is robust and reproducible
during the initial spin-up only. As flow matures, the funnel breaks down. The initial
spin-up typically lasts a few seconds [3]. There are two distinct regimes controlled by the
strength of the RMF. For a weak RMF the peak swirl is much weaker than the TMF
driven meridional flow and it increases with T'a while the vortex width stays invariant.
For a strong RMF the peak swirl intensity stays nearly constant approaching that of the
meridional flow velocity while the vortex diameter increases with T'a. The maximum
swirl concentration is, thus, reached on the border between those regimes at a certain
“optimum” RMF strength T'a;.. This threshold value is a function of the TMF intensity
F and it depends strongly on the type of boundary conditions at the top surface. For a
free top surface Tay,./F oc F~%6% while for a solid cover Tay,./F o< F~%* (Fig. 12b in [3]).

3 Experiment

3.1 Magnetic system

The inductor of combined magnetic fields KOMMA [5] has been used. At the bottom
of the inductor bore there is a built-in cooling plate for directional solidification. The
inductor is designed for the generation of rotating magnetic fields (RMF) and axially
travelling magnetic fields (TMF) whereby the field parameters Bg, Br,wg and wr can be
controlled independently. The generation of the RMF is realized by a radial arrangement
of six coils, whereby opposing coils are connected as pole-pairs. The TMF is generated
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Figure 1: Snapshot of the free surface of GalnSn in a 170 mm container with a magneti-
cally driven tornado-like vortex at t = 1.5 s [3]. The TMF strength is F' = 6.6 x 10?; the
relative RMF strength is T'a/F = 10, 14, 25 and 50 x 10~* for (a—d), respectively.

inside a line-up of six coils at an equal distance of h = 0.035 m, yielding a wave number
of k = 2w/6h = 30 m~!. The frequency of the RMF is fixed to wp/27 = 50 Hz and
the TMF frequency is wr /27 = 100 Hz in this study. Diameter of the inductor’s bore
is 70 mm. The TMF coils are fed by three-phase alternating current from three power
amplifiers coupled to high current transformers. That allows to minimize the ramp-up
time of the TMF pulse.

3.2 Particle insertion procedure

Tin is molten and overheated to 320 °C in a stainless steel mould of 50 mm diameter.
Height of the molten metal is about 50 mm. Oxides and other impurities are mechanically
removed from the surface. The mould is then inserted in the inductor with the RMF
continuously running. After about 30 s the TMF pulse is applied and simultaneously the
particles (45 pum diameter Al,Os spheres) are dropped on the surface. Duration of the
TMF pulse is 10 s. After the pulse the TMF induction is reduced by a factor of 1/3. The
metal is then solidified under continuous RMF and TMF.

3.3 Estimates of the magnetic field strength

Formation of a sharp surface depression has been observed [3] for a value of the dimen-
sionless parameter

FoowrBil b gV

2(pgs)'/? gh.Rj

where h. = (v/pg)*/? ~ 2.5 mm is the capillary length, g is the gravity acceleration and
v is the surface tension. To be on the safe side, let us require F = 10 that produces
F ~ 1.6 x 10® for tin. The magnetic field induction can now be estimated as By = 75
mT at wr/27 = 100 Hz for a 2Ry = 50 mm mould. The following physical properties of
liquid tin are assumed: p =7 x 103 kg/m?, 0 = 2 x 10° S/m, v = 107% m?/s and v = 0.5
N/m. Depending on the boundary conditions on the top surface, the calculated optimum
RMF strength Tay, varies between 0.7 x 10° (B ~ 1.4 mT) for free-slip and 0.53 x 10°

(Br ~ 3.9 mT) for no-slip [3].

3 (3)

1/2
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Figure 2: Microscopic views of polished tin samples with AlyOg3 inclusions. Frame area is
12.5 mm?.

4 Results and discussion

The oxide layer quickly formed on the surface of the molten tin creating an uncertainty in
the boundary conditions, which strongly influence the optimum RMF induction. There-
fore, we first observed the surface deformation without adding particles. The oxide layer
turned out to be rigid enough to resist the initial RMF driven flow. Though, the layer was
broken by the spin-up vortex shortly after the beginning of the TMF pulse. The pulse
only caused a significant surface deformation, when the RMF strength was at the upper
limit of estimates Br ~ 4 mT corresponding to the “optimum” for the no-slip boundary
conditions. That shows that the boundary conditions influence the spin-up vortex basi-
cally through the initial conditions. In case of free-slip the upper layer of the initial flow
caries considerably more angular momentum than in case of no-slip. Role of the boundary
conditions appears limited to the initial state, since the shift to nearly free-slip conditions
during the spin-up phase did not reduce the “optimum” RMF.

The spin-up funnel had an estimated depth of 2 to 3 cm and a duration of about two
seconds. That was enough to entrain a volume of about 3 ml of particles dropped on the
surface at the beginning of the pulse. This volume, however, survived the submergence
and popped out of the metal immediately after the TMF pulse. This behavior may
have been caused by an oxide film that enwraps the particles. Another cause could be
relatively small size of the mould resulting in an insufficient level of turbulence and a too
bulky funnel tip as compared to the entire flow. A better dispersion may be expected in
a larger mould.

The oxide film may be prevented by an appropriate flux. The flux, however, will
wet the particles and, thus, hold them trapped. This may be avoided by the following
approach. In another attempt to stir the particles into the melt we alloyed them me-
chanically with tin into pellets. For this purpose we mixed one part of aluminum oxide
particles with five parts by mass of tin powder (45um). The powder mixture was then
mechanically pressed into 8 mm thick discs. Density of these disks was 5.2 kg/m? that
implies porosity of about 20%. The disks were cut into pieces of a characteristic size 4
mm. The pellets (30 g) were dropped on the surface of the melt at the beginning of the
TMF pulse. The spin-up vortex entrained and kept them submerged for the entire dura-
tion of the pulse. A lesser part of the pellets appeared on the surface after the pulse. The
sample was solidified under a continuous TMF of By = 25 mT and an RMF of B = 6
mT. Some of the submerged pellets were found at the side edge of the solidified ingot.
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Apparently, they have been held attached to the mould wall by surface tension forces.
Figure 2 shows two microscopic views of a section of the obtained ingot. By counting
individual particles in these figures the average inter-particle distance is estimated as 0.45
mm. That corresponds to a particle volume fraction of 0.05%, at most. Thus, no more
than 5% of the particles initially in the pellets were mixed into the metal. This poor
performance is likely connected to the persistence of pellets even when continuously sub-
merged. The melting time of a pellet with radius 7, is estimated as r2pA/(ATA) < 10
s, where A = 59 kJ/kg is the heat of fusion and A ~ 50 W/Km the heat conductivity
of tin. Thus, the metal contained in pellets should have been molten during the TMF
pulse. Apparently, the pellets were held together by capillary forces forming a mixture of
microscopic liquid tin droplets, aluminium oxide particles and gas voids. That would not
happen if each separate particle was fully enveloped by metal. Thus, a reduced porosity
and increased metal volume fraction in pellets may facilitate their disintegration.

5 Summary

Floating oxide particles are submerged into liquid metal by a spin-up vortex. Though, the
particle pocket survives the high velocity flow in our experiment with a relatively small
melt volume. Initial mechanical alloying with the metal facilitates particle dispersion
which still remains poor in the current test. It is suggested that surface protection by flux
and use of denser pellets with a lower oxide particle content may improve the efficiency
of their dispersion.
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Abstract: The paper is devoted to simulation of vortex flows in the DC electric arc furnaces
with different temperature and positions of the bottom electrode. The electromagnetic, tem-
perature and hydrodynamic distribution parameters are obtained. The shear stress on the fettle
area is offered as a criterion for the estimation of vortex flows influence on the increased
wearing of the fettle. It is shown that the bottom electrode lifting above the surface at the
electrode radius leads to the decrease of shear stress on the fettle area by 30% and cooling
down the bottom electrode to the melting metal temperature — by 15%.

1. Introduction

The DC electric arc furnaces (EAFs) with the bottom electrode in the industrial practice has
shown higher efficiency, low heat loss, lower components wear and higher quality of steel
produced [1]. The exploitation of these furnaces has shown a high rate of fettle wear near the
bottom electrode that connected with electrovortex flow [2]. Electrically vortical flows
(EVF), appearing under electromagnetic forces as a result of non-homogeneous distribution
of the current density through the liquid conductor, can be observed in many technological
processes: electro slag remelting process (including DC and AC EAFs, electrolysis cells and
submerged-resistor induction furnaces), arc welding, processes of semiconductor crystals
growing, electro vortex engines etc [3]. The present paper deals with the electrically vortical
flows in numerous model tasks for DC EAFs with different parameters of bottom electrode.

2. Presentation of the problem

The operation period of DC EAFs with the bottom electrode can be divided into the following
stages: melting of the burden; liquid period when steel is produced; tapping. The time of lig-
uid period ranges from 15 % to 60 % of all operation period depending on the steel type that
is produced and on the quality of starting raw material [1]. It is essential that the processes in
DC EAFs during the liquid period should be estimated.

In this type of furnaces the vortex flow of liquid metal is the result of spatial uneven-
ness of the current with the absence of outer magnetic field. The current in the liquid creates a
magnetic field of its own, which causes vortex movement of the liquid.

Convection flows make its own contribution to the vortex flow and appear under un-
even distribution of the temperature throughout the liquid volume. It is shown in the work [3]
that heat convection in electrovortex flow with axial symmetry appears when the radial gradi-
ent exists (0T/or # 0). The direction of convection depends on increase or decrease of tem-

perature value with the increase of the distance from the axis of symmetry.

To build the mathematical model of EVF the magneto hydrodynamic model is adopted
with the following assumptions: the medium is considered non-magnetic and a good conduc-
tor, convective current can be neglected, physical characteristics of the medium are assumed
to be homogeneous and isotropic and depend on temperature.

During the liquid period the temperature difference throughout the metal volume can
range depending on the mode of furnace operation. Thus, when the arc works at full power
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the temperature ranges from 3773 K in the arc area at the cathode to 1923 K in the bottom
electrode area and along the fettle surface. At the low power of the arc the temperature differ-
ence throughout the metal volume does not exceed 50 K. It should be noted that the metal at
this period is liquid.

The velocity of the liquid that appears under electromagnetic force can be estimated as
u, = joLa/ty/p = 0.3m/s[3]. The Grashof number that defines the ratio of relative intensity

of convection depending on the temperature range and electrovortex flow in the furnace is
ranged in different periods from Gr=0.5<1 (with the low power of the arc) to

Gr= ﬂATgL/ uo2 ~ 18.5 > 1 (with the full power of the arc), that corresponds to the insignifi-

cant or essential contribution of the convection to the general vortex flow [3]. According to
the preliminary estimation during the full arc power period it is necessary to take convection
into account, but convection can be neglected at the period of low arc power.

The relative power of Joule heating as compared with another heat source (heat from
joL

—%~ __~107 << 1. This means the arc heat is more intense than joule
opcu AT

the arc) is low Q =

heating [3]. Peclet heat number that defines the ratio of the free heat convection transfer to the
molecule heat conduction equals Pe =u,L/y ~107 << 1 that means the domination of mol-

ecule heat conduction over free heat convection [3].
The magnetic Reynolds number is a part of the magnetic induction equation. The mag-
netic Reynolds number is low in this problem (Re , = y,0u,L =~ 0.4 <1), meaning that the

movement of liquid conductor does not change the magnetic field and the calculation can be
carried out in non-induction approximation [3].

The processes in the DC EAFs during metal smelting are not steady. However, they are
rather slow and can be described in quasisteady or just steady formulation. For steady state-
ment the molten metal movement in the furnace can be described by the system of equations
for magnetic, heat transfer and hydrodynamic processes.

The electromagnetic processes in liquid metal can be described by Maxwell's equations

VxB=p,j,V-B=0, (1)
VxE=0,V E=£:, 2)
)
Ohm's law for fluid in motion
j=ol(E+ixB) 3)
and charge conservation law
V-j=0, 4

where ] — current density, p, — charge density, B — magnetic induction intensity vector,
E — electrical field intensity, o — specific conductance, p, — permeability of free apace,
&, — permittivity of free space, u — liquid velocity.
The heat parameters are calculated by heat transfer equation
pCu-VT=V-((a+a,)V)+j’ /o, (5)
where p — density, C, — specific heat , T — temperature, a — heat conduction coefficient,

a, — turbulent heat conduction coefficient, j*/o — Joule heats source.
The hydrodynamic processes in the liquid can be described by Navier-Stokes equation
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pii Vi =V - (=pl+ (7 + 77, \Vii + (Vi)' )- (2/3)V @)+ pg + jxB:  (6)

and equation of continuity
V- (pii)=0, (7)
where p — pressure, g — gravitation, v — dynamic-viscosity coefficient, 7 = v/p — coeffi-

cient of kinematics viscosity, I — identity operator for points on the boundary. The following
forces are considered in the equation (6): —V -p — pressure force; V- (77 + 7, ) (Vi +(Vi)") —

force of viscous friction; jx B — Lorentz electromagnetic force.
According to the preliminary estimation the Reynolds number under the movement in
DC EAF is Re=u,L/v ~10°, which is equivalent to the developed turbulent flow that can

be described within Kk — ¢ turbulence model.

To build a model of the processes in liquid metal the parameters of the industrial DC
EAF with the bottom electrode are taken into account [4]. The geometrical arrangement of the
furnace has been shown in Fig. 1
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Figure 1: 1 The arrangement of cylindrical DC EAF
(1 — fettle, 2 — liquid metal, 3 — electrodes, 4 — slag).

The main parts of the configuration in Fig. 1 are 1 — fettle, 2 — liquid metal, 3 — top and
bottom electrodes, 4 — slag. The axial symmetry allows calculating the half of the cross-
section area. Its main parameters are: furnace capacity — 100 t, direct current load 80-100 kA,
the mainlines voltage is 500-1000 V, power of current consumption 40-100 MW, polarity —
«+» on bottom electrode.

The formulated problem was solved with the corresponding boundary conditions that
are defined in fig. 3 as B;-By. Electromagnetic conditions: B;, Bs, B¢, By current density on
the boundary with normal cross-section of electrode j =j,=1I/S, where S - cross section of

electrode; Bsg, B; current insulation j, =0; Be, B7, Bs, By the conditions of continuity of elec-
tric and magnetic fields E, =E, ,D, =D and B, =B, , B, =B, . Heat conditions: By

— constant temperature of electric arc T; = 3300 K; B¢ — constant temperature on bottom elec-
trode T, = 1980 K; Bg — constant temperature on boundary with slag T3 = 1900 K; B; — con-
stant temperature on boundary with fettle T3 = 1900 K. Hydrodynamic conditions: B¢ B7, Bs,
By the no-slip boundary condition on all boundaries of liquid was used, both on the boundary
of the liquid with the fettle and the boundary of liquid with slag. The last approximation is
based on the fact that slag viscosity is much higher than liquid viscosity and it can be consid-
ered as no-slip condition.

Some results of simulation the processes proceeding in liquid steel are given below.
Fig. 2a demonstrates the vector and contour fields of the Lorentz force near the bottom elec-
trode (anode) and Fig. 2b hydrodynamic fields of velocity vector, contour and streamlines,
where 1 — fettle, 2 — liquid metal, 3 — bottom electrode. The value of Lorentz force ranged and
comprised about 30 % of volumetric gravity force. The figure demonstrates that the higher
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intensity of vortex flows appears in liquid metal volume. The convection flows are in the line
with electrovortex flows and vortex flows increases. The maximum value of the vortex flow
velocity was located on the axis of symmetry and reaches 0.5 m/s. The vortex flow velocity
value in close to the bottom electrode and the fettle comprises about 0.3 m/s
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Figure 2: a) the vector and contour field of Lorentz force near the bottom electrode; b) the
vector, contour field and streamlines of velocity with convection.

The change of the bottom electrode position and temperature are two of the possible
ways to reduce the negative influence of the liquid metal vortex flow on the increased fettle
wearing. To estimate this effect some simulation of hydrodynamic processes at different posi-

tions and temperature of bottom electrode has been done.
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Figure 3: Comparison of the shear stress on fettle surface at different bottom position and
temperatures on the distance to the axis of symmetry (7, = 120 Pa, R, = 0.25 m).

Fig. 3 are shown comparison graphs of the values of the shear stress as a function of
distance from the axis of symmetry for different bottom electrode position and temperature.
Graph shows the magnitude of the shear stress in dimensionless coordinates. As the scale of
the shear stress is taken the characteristic value of this quantity for the standard electrode

(7, = 120 Pa) on the distance, expressed in electrode radius (R, = 0.25 m).

It is shown that lifting the bottom electrode above the surface of the fettle by the elec-

trode radius value leads to the decrease of the shear stress on the fettle area by 30 %, while
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putting the bottom electrode lower than the fettle surface by the electrode radius value and
expending the bottom electrode to the electrode radius value reduce the stress by 10 % [5].

To reduce the negative impact of the melt vortex movement to the bottom electrode and
fettle near it, a series of numerical experiments with different bottom electrode temperature
are carry out. The decrease of temperature bottom electrode has little effect on the general
character and speed of the melt, but significantly affects to the velocity of the melt near the
bottom electrode. Thus, when the temperature of bottom electrode comes to the melting point
the metal velocity at shear sublayer is reduced by 20 %, while the value of the shear stress —
by 15 % [6].

To verify the obtained results all calculations were done in ANSYS and COMSOL. At
every stage the obtained results were compared with the known theoretical and experimental
data and calculations received with the help of other software packages. The coincidence of
the calculations done by different methods with analytical assumptions and experimental data
in terms of all EVF characteristics under different conditions and with different installations
proves the reliability of the methods and significance of the results [5-6].

3. Conclusion

The magnetohydrodynamic model for modelling EVF in different technological installations
was adopted in the work. The research is carried out by computer modelling methods and
software packages.

The processes in numerous laboratory and industrial installations, such as a laboratory
installation with hemispherical volume filled with eutectic liquid and a DC EAFs with the
bottom electrode, were simulated numerically. The specific features and laws of EVFs
occurrence and course in these installations are determined.

The new criteria for the estimation of EVFs influence on the increased wearing of the
bottom electrode and the fettle near it are offered: a rotor of the Lorenz force and shear stress
on the fettle area. These criteria allow estimating the influence of the moving liquid on the
fettle area. The criteria adequacy is confirmed by the theoretical researches and the good
correlation with a number of experimental data.

The work offers the ways of EVFs control in the DC arc furnace with the bottom
electrode by changing the bottom electrode position and temperature decrease at the bottom
electrode of the furnace bath in order to increase the stability of the fettle wearing near the
bottom electrode.

It is shown that the bottom electrode lifting above the surface at the electrode radius
leads to decrease of shear stress on the fettle area by 30 % and cooling down the bottom
electrode to the melting metal temperature — by 15 %.

The technique of EVFs control in the DC arc furnace with the bottom electrode is
developed, allowing to reduce the fettle wearing and to optimize the furnace work.

4. References

[1] Nekhamin, S.M., Lunin, A.G., Krutyanskii, M.M., Filippov, A.K.: DC arc melting furnaces. Refractories and
Industrial Ceramics, vol. 46 (2005), no. 1, 37-39.

[2] Zaycev, V.A., Medovar, L.B.: Bottom electrodes of DC arc furnace, SEM, 2009, No 2, pp. 3-8 (in Russ.).

[3] Bojarevics, V., Freibergs, J., Shilova, E., Shcherbinin, E.V.: Electrically Induced Vortical Flows, Riga:
Zinatne, 1985, 315 p. (in Russ.).

[4] Michielan, A, Lavaroni, G, Fior, A: The Danieli Danarc TM furnace, ABS Rev. Met., France, 2000, no. 6, pp
745-752.

[5] Kazak, O.: Modelling of vortex flows in DC electric arc furnace with different bottom electrode positions,
Metallurgical and Materials Transactions B, vol. 44 (2013), no 5, p. 1243-1250.

[6] Kazak, O.: Numerical modelling of electrovortex and heat flows in DC electric arc furnace with cooling
bottom electrode, Heat and Mass Transfer 2013, DOI: 10.1007/s00231-013-1265-1.

100



APPLICATION OF MHD TECHNOLOGY IN NON-FERROUSMETALLURGY
IN SIBERIA

TIMOFEEV'? V., KHATSAYUK'? M., LYBZIKOV'*? G., AVDULOV ' A.

'LLC “RPC Magnetohydrodynamics”, 26A Akademika Kirenskogo str., Room 302,
660074, Krasnoyarsk, Russia

*Department of Electrotechnology and Electrotechnics, Siberian Federal University,
79/10 Svobodny pr., Room P7-04, 660041 Krasnoyarsk, Russia

E-mail address of corresponding author: viktortim0807@mail.ru , maxhac@ya.ru

Abstract: The present article reviews a number of the research works carried out by the staff
of the specialized department “Electrotechnology and Electrotechnics” of the SFU in
cooperation with a scientific and engineering company “NPC Magnetohydrodynamics™ LLC,
which aim is to solve the problems of MHD stirring of melts in furnaces and stirrers for
melting-casting production of aluminum alloys.

1. Introduction.
Production of primary aluminum is a very energy-consuming process. Therefore electrolytic
plants are usually built in the areas rich in energy resources. Eastern Siberia possesses good
sources of power supply including the hydropower electric stations of Kans-Achinsk coal
basin. Cheap energy in the region has contributed greatly to appearance of powerful
production facilities both for primary aluminum and aluminum-based alloys. While preparing
multi-component alloys it is essential to mix the melt in furnaces and stirrers in order to even
its chemical composition and the temperature along the bath volume.

The present article describes the results of our team’s research work connected with
the problems of the location, form of the electric current and character of the inductor
magnetic flux aimed to solve the problems of MGD stirring of a melt in furnaces and stirrers.

2. Stirring of amelt in furnacesand stirrers.

Magnetohydrodynamic (MHD) stirring technologies have lately become quite widespread.
Stirring is considered to be effective if it leads to elimination of all the inhomogeneities in a
melt and creates a homogenous structure along the bath volume. Inhomogeneities are divided
into macroscopic and microscopic. In order to eliminate those inhomogeneities, MHD-stirrers
should induce excitement of large-scale laminar and coherent vortex movements combined
with small-scale pulsations in order to form associative formations in the melt [1].

The peculiarity of metal heating in gas or electric furnaces and stirrers is that the
energy is normally transferred to the melt by radiating. Therefore, the temperature drop
between the upper and lower melt layers reaches 100° C when heated for a long time. The
upper layer high temperature helps increase the oxidation speed and saturation of the melt
with hydrogen. When MHD-stirrers are turned on, the temperature between the layers is
evened [2].

Let us consider two ways of installation of an MHD stirrer regarding the melt bath.
The first way is as follows: the source of the running magnetic field is installed from the bath
side wall. The second way: the inductor is placed under the bath bottom. Fig. 1 shows a
sketch of the furnace with an MHD-stirrer inductor placed from the furnace side wall. Such an
installation is more preferable in case when the installation of the inductor under the bottom
will cause additional works to change the furnace foundation. However, recently metallurgical
and aluminum factories have started using tilting furnaces.
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Figure 1: Sketches of static and tilting furnaces with MHD stirrers.

Fig. 1 shows the static and tilting furnaces with an inductor installed at the side wall of the
furnace and under the bottom correspondingly.

To solve a problem of electromagnetic stirring of the melt in the furnace, a numerical
model has been developed which has enabled to carry out the correct computation of the
electromagnetic and thermal and hydrodynamic fields in a three-dimension setting taking into
account the main peculiarities of the furnace and MHD-stirrer inductor [3, 4]. A mathematical
model consists of two main parts: a mathematical model to analyze the electromagnetic field
based on a Maxwell equation, which enables to define the distribution of the bulk force in the
aluminum melt; and a mathematical model based on the Navier-Stokes equations, which
enables to define the velocity field in the melt and the distribution of temperatures in the melt,
the refractory lining and on the furnace surface both with and without the application of an
MHD stirrer.

As a result of the numerical analysis of the hydrodynamic field on the melt, the
pictures of the velocity field and motion trajectory have been received, an estimation of the
turbulent movement has been made and the integral parameters of the system “inductor-melt”
have been defined.

The distribution of the velocity field with the established melt movement (¢ = 180 s)
with the inductor installed under the bath bottom is shown in Fig. 2a.

A significant factor influencing the kinetics of the alloy solution is the presence of the
developed turbulent movement in the area of the distribution of the alloying elements. The
area with the significant turbulent movement and the dynamics of its change can be presented
with a change of the iso-volume with the kinetic energy of the turbulent pulsations £ > 0.001
m’/s’ at the moments of time 20 s and 90 s in Fig. 5. From the figure, it is clear that the
increase of the turbulent movement happens rather slowly and the main area with the

Velocity
0.76

Figure 2: Velocity field in the melt (a) and the energies of turbulent pulsations (k> 0.001
m’c?) at the time moments 20 s (b) and 90 s (c).
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Temperatire Temperature

Figure 3: The dynaimics of the temperéture distribution of the melt surface.

developed turbulence is only observed at the outlet of the inductor (Fig. 2b). The developed
turbulent movement at the moment of time 90 s nearly coincides with the area of the main
motion trajectories (Fig. 2¢) and takes 2/3 of the melt bath volume.

Apart from accelerated solution of the alloys, MHD-stirring leads to evening the
temperature in the melt. The temperature distribution on the melt surface at different moments
of time is shown in Fig. 3.

The temperature analysis shows that in the central part of the bath there is a significant
heat-and-mass transfer thanks to the ascending currents leading to quick evening of the
temperature above the inductor. Besides, it follows from the temperature distributions that in
the area in front of the inductor (inlet of the inductor) there is a zone of the melt stagnation
which is stirred badly. The presence of the area with the melt stagnation speaks for the
necessity to reverse the running magnetic field.

MHD stirrers used at the present time are normally fed with sinusoidal currents, have
low efficiency and the power coefficients. An MHD-stirrer, fed with non-sinusoidal
periodical currents, having certain inductor parameters and power source operation modes,
has a distinct advantage over MHD-stirrers with sinusoidal feeding, while presence of pulsing
electromagnetic forces leads to elimination of micro-inhomogeneities in multi-component
melts [5]. Let us suppose, that for each phase of the inductor winding there is a periodic strain
of a rectangular shape u(?) (Fig. 4). As each phase has an active resistance R and inductivity L,
there is a transition process whenever the voltage polarity changes. The length of the
transition processes ¢, depends on the parameters of the inductor R and L, and is defined with
the time constant 7,. Taking into account the law of commutation and the character of the
transition processes the electric current form i(#) will also have the form shown in Fig. 4.
Upon the completion of the transition process there is a stage in the winding with the length ¢,
during which the current does not change. The electromagnetic field will repeat the form of
the currents.

Provisionally the process of the interaction of such fields shape with the bath liquid
metal can be divided into two stages. The first one — when the field does not change (time #,),
and has a maximally deep penetration into the metal thickness, and the second one when the
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Figure 4: Voltage and current in the Figure 5: Comparison of the computational and
inductor phases. experimental data (on the right).
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P e field changes with the course of time with
3 a high speed (time #,), and there are ring
(vortex) currents appearing in the metal
thickness. The currents interact with the
field and create a force that brings metal
into motion. For effective stirring of liquid
metal in the bath, it is reasonable to
influence the melt with the running
electromagnetic field. For this there are
. two and more windings installed in the
0 inductor that are fed with the source with
! 02 o 00 08 T the voltage equal in form and frequency
Figure 6: Components of the electromagnetic ~ but with the voltages shifted in phase. For
force with different parameters of the impulse  example, for a two-phase inductor the
relative the sinusoidal feeding. phase shift between the voltages can be

7/4 (Fig. 4).

In order to determine the electromagnetic characteristics of MHD-stirring with non-
sinusoidal periodical feeding with different values of a relative parameter ¢,* = 2¢/7, a
mathematical model of transition electromagnetic processes was developed. To check the
developed mathematical model an experimental device consisting of a two-phase inductor
with impulse power supply source was developed and constructed. The frequency of inductor
supply is 3+0.3 Hz. The similar parameters were used to carry out the numerical modeling
with the application of the developed mathematical model [6], as a result of which the
dynamics of the electromagnetic field was obtained. The comparison chart for the data
obtained is shown in Fig. 5. The mentioned charts show that the mathematical model correctly
simulates the character of the magnetic field shape and can be used to analyze
electromagnetic process in MHD-stirrers with non-sinusoidal periodical currents.

Fig. 6 shows computational dependencies of the electromagnetic force components on
the relative parameter 21,/T. The values of the electromagnetic forces are shown relatively to
the force with non-sinusoidal feeding of the similar frequency.

As it follows from the charts shown, with 2#,/T > 0.4 the values of the both tangential
and normal components of the electromagnetic force with non-sinusoidal feeding of the
inductor winding exceed the similar values of the inductor windings fed with sinusoidal
currents. In addition, the computations and measuring taken at the physical modeling have
shown that in general the consumption of the reacting power decreases in comparison with an
option when the inductor winding is fed with a sinusoidal current.

One of the problems of MHD-stirrers, installed from the bath side, is their low
operational efficiency when the metal level in the bath is less than 0.3m. To solve this
problem, it is proposed to use a stirrer with a transversal magnetic flux (Fig. 7b) [7].

2.5 1

=]

Figure 7: MHD stirrer with longitudinal and transversal magnetic fluxes.
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To evaluate the operational efficiency of a
MHD-stirrer with a transversal magnetic
flux (Fig. 7b), numerical modeling of
electromagnetic processes was made. For
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0,60 - . . .
o5 | comparison, a MHD-stirrer with a
oo | longitudinal magnetic flux was chosen

(Fig. 7a). Size, weight and power
parameters of the stirrer with a transversal
magnetic flux were similar to a MHD
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0.00 . stirrer with a longitudinal magnetic flux.
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H, M Fig. 8 shows the obtained integral
—F_eyw nponommaiit MIZJIL — F_cym nonepeammai MU force values, created by the operation of
(T mporomsuuli MIZIL = T_tas nonepesusiti MU the MHD-stirrer with longitudinal and
Figure 8: integral force values created by the  {ransversal magnetic fluxes. There is a
electromagnetic field in the melt metal level in the bath along the axis of

abscissas. There are force values in
relative units along the axis of ordinates; the effort developed by the MHD stirrer with a
longitudinal magnetic flux in the melt with the level of 0.8 m is taken as 100%.

As we see from the charts, when the furnace is fully filled with the melt, the stirrer
with a longitudinal magnetic flux creates a great effort. However starting from the metal level
of 0.6 meters the stirrer with a transversal flux is more efficient. When the metal level is less
than 0.2 meters from the rated value, the stirrer with a transversal magnetic flux has a better
operational efficiency. MHD-stirrers with a transversal magnetic flux installed on the furnace
side wall are better to be used to provide efficient stirring in static melting furnaces with a low
melt level (less than 0.3 m). In this case, the size, weight and power parameters will be similar
to the existing devices.

3. Conclusion

1. In order to obtain the homogenizing melt in the whole volume of the furnace-stirrer bath it
is necessary to carry out MHD stirring with reversing of the melt motion trajectory.

2. An MHD-stirrer with non-sinusoidal periodical currents carries out stirring of liquid metals
in a more efficient way, at that the power coefficient increases and stirring time decreases.

3. For efficient stirring in static furnaces and stirrers with the melt level less than 0.3 meters it
is reasonable to use MHD-stirrers with a transversal magnetic flux, installed from the side
wall.
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Abstract: Results of investigations of high current discharges formation under liquid metal
free surface deforming due to interaction of passing through it electric current with current’s
own magnetic field are described in the paper. Discharge characteristics and parameters of its
ignition are presented here. Visualization pictures of free surface deformation and electrical
discharge formation are shown in the paper. Processes taking place in the system are
considered. Mechanism of formation of the discharge over the liquid metal surface is
discussed.

1. Introduction

The significance of these investigations is in solving of the fundamental problems of
magneto-hydrodynamics and discharge physics and also in solving of the application
problems related to improving the performance of technical devices in power engineering and
industry. The investigations are relevant and caused by the need to create energy-efficient
technologies. The electrical discharge under the liquid metal surface appears in different
technological processes. One of the applications of research results is in metallurgy. With the
use of magneto-hydrodynamics methods of control [1, 2] of electrical discharges and electro-
vortex flows it is possible to successfully improve many electrometallurgical processes —
welding, melting, melt purification. Another important application of the received results is in
nuclear and thermonuclear power engineering for intencification of mixing of plumbum and
lithium for creation of eutectic alloy [3] planed to be used as a heat transfer agent. The
investigations of processes in current-carrying fluids with high current electrical discharges
under free surface of liquid metals are of fundamental interest.

Two types of liquids were use for experiments in the work — plumbum (Pb) and eutectic alloy
indium-gallium-tin (In-Ga-Sn) (weight content: Ga — 67%, In — 20.55%, Sn — 12.5%,
+10.5C). Pb and eutectic alloy plumbum-lithium are planned to be the heat transfer agent in
modern reactors on fast neutrons. Whereas In-Ga-Sn are sutable for modeling of the system
under interest due to low melting point and no hazard to health. The investigated processes
are complex and comprise deformation of the free surface of the liquid metall, electrical
discharge ignition and electro-vortex flows formation. Deformation of the free surface and
formation of electro-vortex flows are caused by interaction of electric current running through
the electro-conductive liquid with current's own magnetic field. Then the electrical discharge
ignites influencing hydrodynamics and heat-exchange processes in the system.

Tasks of current work are: to reveal causes and conditions of electrical discharge ignition; to
determine parameters of the electrical discharge.
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2. Presentation of the problem

The base element of the experimental setup is a test section (fig 1) that is a steel or copper rod
electrode with hemispherical edge (diameter — 20mm or 5mm) and a cylindrical or
hemispherical [4] container (diameter — 10cm and height — Scm or diameter — 18.8cm) filled
with the melted metal (plumbum Pb or eutectic alloy In-Ga-Sn) playing role of another
electrode. The rode electrode is dipped initially into the melted metal. Electric current in the
circuit is organized by accumulator power source or three phase power source with open
circuit voltage U, up to 13V or 20V correspondingly.

( Tn

Figure 1. Scheme of the experimental setup. 1 — rod electrode, 2 — cylindrical or
hemispherical container, 3 — accumulator power source or three phase power source, 4 —
oscillograph, 5 — electric current shunt, 6 — high speed digital photo camera.

Synchronization scheme gives required time sequence and time intervals between switching
on of electric current and triggering of recording equipment. Electric current runs an
oscillograph generating pulse signal to trigger video camera. The oscillograph and camera
record processes before and after electric current switching on.

Electrical parameters, circuit current I and voltage U measured between the electrode and the
free surface of the liquid metal, are registered with four-channel digital recording ocsillograph
Tektronix TDS 2014.

Electric current is defined through voltage drop on current shunt (0.2mOhm or 0.05 mOhm).
Processes visualization is performed with high speed digital photo camera Citius Imaging C10
of following specification: maximum matrix resolution — 652x496, pixel size — 10mkm,
maximum registration rate — 10000 frames per second, time of exposure — from 6mks,
synchronization accuracy — 1mks.

Experiments were carried out in air and argon at P — 1 Atm.

3. Results and discussion

Fig 2 and fig 3 represent processes in the system through voltage U measured between the
electrode and the liquid metal and voltage drop measured on the current shunt that reflects
electric current I in the circuit in experiments with melted Pb [5].

It is seen that at initial stage after switching on of electric current U ~ 2V and I ~ 500A and
there is no any discharge in the system. Then U and I start to rise and falls correspondingly
due to free surface deformation under action of electro-motive body force that is a result of
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interaction of passing through the liquid metal electric current with its own magnetic field.
After that there is rapid increase of U getting its maximal value in the experiment that reflects
reduction of contact area between the electrode and the liquid metal. Following oscillogram
ranges demonstrate ignition and evolution of the electrical discharge in the system with
parameters: Uy ~ 10V, I ~ 100 — 200A (fig 4).
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Figure 2. Voltage U measured between the electrode and the cylindrical container with melted
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Figure 3. Voltage drop measured on the current shunt that reflects electric current I in the
circuit in the experiments with melted Pb.

Figure 4. Image of the electrical discharge in the experiments with Pb.
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High-speed videos confirm the picture of processes development described above. Free
surface deformation and discharge ignition repeat during the run of the experiment with
following parameters: frequency of discharge ignition due to deformation of the free surface ~
30Hz, time of discharge evolution ~ 7ms, and frequency of discharge pulsations ~ 0.5ms. As
the rod electrode is an anode the pulsations of the discharge reflects movement of a discharge
attachment point to the electrode along it [6, 7].

Estimations of breakdown voltages approve that the cause of discharge ignition is
deformation of the free surface due to action of electro-motive body force.

High-speed video frames of the experiments with In-Ga-Sn demonstrate deformation of the
contact surface, its detachment from the rod electrode (fig 5 a) and ignition of the electrical
discharge (fig 5 b).

b
Figure 5. a) Deformation of the contact surface, its detachment from the rod electrode, b)
ignition of the electrical discharge in the experiments with In-Ga-Sn.

Character of the processes in the experiments with Pb and In-Ga-Sn are the same
qualitatively. Fig 6 represents voltage drop measured on the current shunt that reflects electric
current I in the circuit in the experiments with In-Ga-Sn. Electrical discharge paramrters for
the case are: Uy, ~ 0.24V, L. ~ 520A.
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Figure 6. Voltage drop measured on the current shunt that reflects electric current I in the
circuit in the experiments with In-Ga-Sn.
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4. Conclusion

Experimental studies of formation of the electrical discharges over the surface of the liquid
metal were carried out. Discharge characteristics and parameters of its ignition were
determined. Wave form, free surface deformation and discharge evolution were visualized. It
was confirmed that the cause of discharge ignition is deformation of the free surface due to
action of electro-motive body force. The results will be used for investigations and
estimations of influence of pinch-effect on vortex structure and velocity field in liquid metals
at MHD method application for intensification of mixing and heat transfer in technical
devices.
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Abstract: There are determined the factors, which affecting the work efficiency of casting magneto-
dynamic installations (MDI) for aluminium alloys. It is shown, that basic reserve for rise of technical
parameters of MDI is related with reduction of magnetic fields dispersion and raises its concentration
in T-shaped working area (WA) of MDI, and also with the decreasing of negative influence of vortex
structures on borders of working area. It is developed the (3D) measuring method of magnetic fields
distribution. It is defined the ways for optimization of systems for generating of electromagnetic fields
and its superposition in working area of MDI.

1. Introduction
The magnetodynamic installation for aluminium alloys a long time and successfully is used in
foundry for alloys treatment and making of castings. Presently for used in casting technolo-
gies melting-dosaging equipment the requirements about providing of energy-saving (accord-
ing to useful mass on an aluminium no more than 0.08 kW*h/kg) and rising of range of tech-
nical descriptions became tougher. Its related to development of technologies and expansion
of nomenclature of products on the brands of alloys, size of casting, its weights and geometry,
for example, for the processes of casting under pressure, semicontinuous and continuous
pouring. In particular, its necessary to provide more wide possibilities of magnetodynamic
equipment on the value of the created pressure (from 30 kPa to 50 kPa), realization of the
modes of the intensive heating (from 3°C/min to 10°C/min) and stirring of melt (with speed
from 1 to 10 m/sec), and also expansion of range of realized at pouring mass flow rate — both
toward the increase (from 3 kg/sec to 10 kg/sec), and reductions (from 0.3 to 0.05 kg/sec).
Analysis of results of performed before researches of MHD-processes on boards and
in the working area MDI, and also estimation of factors lowering efficiency of work of MDI
for aluminium alloys [1] showed that basic reserve of the pressure rise and expense descrip-
tions are related to reduction of dispersion and concentration rise in working area (WA) lines
of magnetic field created by an electromagnet, by the decline of the negative influencing of
vortical structures, appearing on the boards of WA as a result of slump of the magnetic field,
and also neutralization of effect of intaking of liquid metal in WA, the conditioned by co-
interaction of magnetic field of current in a liquid-metal explorer with the magnetic field of
electromagnet.

2. Presentation of the problem

For expansion of views of machineries of origin of magnetohydrodynamic effects in channels
and working area MDI, which negatively affecting on hydraulic and operating descriptions of
such installation, electromagnetic processes in T-shaped WA were researched at different
working modes of MDI.

On the first stage of researches studied influencing of construction elements (metallic casing
of channel) MDI (fig.1) on distributing (distortion, dispersion, absorption) of the magnetic
field created by the external electromagnet. On the second stage the features of distributing of
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the magnetic fields in T-shaped WA were researched, at imitation of presence metal by loca-
tion on the horizontal cavity of the W-shaped channel aluminium plate (fig 1), which are re-
peating rounding the environs T-shaped WA, at the passing of alternating currents was pro-
vided by the own electromagnetic systems (inductors). For systematization of experimental
data of distributing of magnetic induction and construction of its topographies a vertical co-
ordinate matrix is used a point measuring of induction of the magnetic field in T-shaped WA
of MDI (fig 1).

Aluminium alloy Inductors Cable

) W-shaped
Direction of melt n moving Crucible channel

Inductors

Windings of
electromagnet

W-shaped

sctiical cuir channel Matrix

8 duction R torce Elect ; [ |
) ectromagne

T-shaped i 9 Removable Imitator (aluminium plate)

working area (WA) a) down cover b)

Figure 1: Scheme of MDI (a) and W-shaped channel of MDI (b) and method of magnetic induction
distributing researching in the imitation mode.

Pole

With the purpose of the detailed study of the «spatial distributing» of the magnetic field (in-
duction is to 1.0 T) in T-shaped WA of MDI and record of instantaneous values of the vec-
toral component of magnetic induction by 3D-sensor allowing to realize the continuous meas-
uring of normal (Z) and two tangential components (X, Y) of induction was developed. The
dispersions of fields (distributing of normal and tangential components of magnetic field) not
far from T-shaped WA was determined by apparatus, which providing the simultaneous three-
vectoral measuring of parameters of the magnetic field in the set point of space. 3D induction
sensor consists of six sensors of Hall, mounted as a cube with a rib 6 mm, three output signals
(Ux, Uy, Uz) giving out, variable voltage on which proportionally intensity of the magnetic
field in the three mutually perpendicular directions in the point of sensor location.

Researches of distributing of magnetic induction, dispersions and influencing of ele-
ments of construction of channel in WA and systems of electric currents inductions and its
intercommunication, was produced in three stages: at the switched electromagnet MDI; at the
switched electromagnet and set in a channel aluminium plate; at the switched electromagnet,
set in a channel to the aluminium plate with passing the electric current, inducted by the in-
ductors. The results of experimental researches showed that in areas (fig. 2a) proper 1 and 2
of plane in relation to the pole of electromagnet, there is distortion of distributing of lines of
the magnetic field as a result of interaction with material of channel casing. The area of maxi-
mal normal values of magnetic induction is found in neighbouring of projection of pole of
electromagnet, and in relation to the plane T-shaped WA of MDI closeness of induction (by
the value not below 0.05 T), is distributed on 35+40% to its area, where and electromagnetic
pressure is created. The maximal value of magnetic induction corresponds to the center of
pole of electromagnet.

The analysis of the distribution of the magnetic induction topographies at presence of
«imitator» (fig. 2b) (imitator — aluminium the plate from the aluminium alloy with thickness 8
mm, the form of which corresponded to geometry of horizontal area of the W-shaped channel
of MDI) showed characteristic for the mode of imitation «deflection» of normal component of
magnetic induction for vertical lines and narrowing on a horizontal line (a white line corre-
sponds to the size equal 20% from the basic value of magnetic induction). This phenomenon
is caused by the interaction of the external magnetic field with appearing in current conduc-
tive aluminium the vortical electrical currents and its contours, which raise the reactive resis-
tance to magnetic field.
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Figure 2: Distributing of normal components of induction in T-shaped WA MDI in the imitation
mode: a) at the electromagnet switched (B #0; | = 0); b) with “imitator” (B #0; | = 0); c) at placed on
the horizontal area T-shaped WA “imitator” with the current (B #0; | #0).

At research of influencing of MHD-processes in the working area MDI on operating descrip-
tions in the imitation mode at passing through the aluminium plate the inducted current and
superposition of the external magnetic field, was it is shown, that concentration of normal
component of magnetic induction in area of the discharge to pipe of WA to increases on 25%,
and in down part of WA to decrease on 15% (fig. 2¢). Thus the effective square of WA, where
are the electromagnetic forces are created, makes no more than 60% its actual value.

The graphic image of algebraic difference of redistribution of the normal component
magnetic induction, conditioned by influencing of the magnetic field of current, passed on a
metallic conductor in WA, is shown in fig. 3.

Figure 3: Topography of redistribution of normal component of induction of the magnetic
field in T-shaped WA of MDI in the imitation mode.

Determinate MHD-effect (fig. 2¢ and fig. 3) is classified as a reaction of “anchor” in WA of
MDI [3], as a result of interaction between the external alternating magnetic field, generated
by an electromagnet and alternating magnetic field, created in liquid-metal conductor by the
horizontal area of the W-shaped channel, which having meeting direction in relation to the
external magnetic field in lower part of WA and accordant direction in overhead part.
Influencing of «anchor» reaction increases with the increase of current density j in WA and
stipulates the unevenness of distributing of induction, that results to decline of electromag-
netic interaction efficiency and appearing the areas of the differentiated distributing, both by a
electromagnetic forces Fem and electromagnetic pressure Pem.

In the applied sense, at the analysis of the pressure descriptions MDI, in depending
from parameters of inductors work and electromagnet [4, 5] (fig. 4a), its shown, that with the
increase of the voltage on inductors, the angle of slope of pressure descriptions decreasing
and dependence of coefficient of pressure loses linear.

By other important aspect, which determining influence of MHD-processes on operat-
ing descriptions of the MDI, there is influencing of electromagnetic processes of co-operation
of the magnetic fields of currents in a liquid-metal conductor in channel with the core (yoke)
of electromagnet. This influence is characterized by the appearing of «involvement» effect as
a result of negative vector of electromagnetic pressure in WA, the size of which makes
20+25% from pressure descriptions MDI (fig. 4b). Thus, the electromagnetic pressure created
in MDU, corresponds 30+35 kPa, and the loss of pressure due to inducing in the disconnected
coils of electromagnet makes from 6.0 to 8.75 kPa.
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Figure 4: Dependence pressure descriptions and negative component of the electromagnetic force from
voltage on inductors.

Along with this, research tangential component induction in this case (fig. 1) on the Y-axis
corresponding to the component of the magnetic field induced in a T-shaped WA by alternat-
ing current, which passing through the aluminum plate has demonstrated the existence density
of the maximum concentration induction in the lower parts of WA (fig. 4), and presence of
the phase angle between alternating magnetic fields from 23°+43° (0.18m+0.287), which re-
duces the electromagnetic pressure on 1.5+4.5 kPa (70+180 mm pressure by liquid aluminum
alloy column).
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Figure 5: Frontal topography and distribution graph of the tangential (axial) component of the mag-
netic field induced in the T-shaped WA by AC passing through the aluminum plate.

Distribution represented by the magnetic field created by the alternating electric current
(fig.5) obtained experimentally in simulated work MDI mostly its mode "pump", the picture
quality predetermines the redistribution component of the current density j in the WA and its
surroundings as a result of interaction with an external magnetic field of the electromagnet
and is characterized by displacement (pushing) the flow lines in the area remote from the pro-
jection of the poles of an electromagnet. A characteristic feature of the effect on the perform-
ance of education MDI is significant differential values of the normal component of the mag-
netic induction in the WA, resulting in the formation of pressure fluctuations and the magni-
tude of the electromagnetic volume electromagnetic forces therein. Analysis of topography
(fig. 3c) shows that at a distance of 50-60 mm from the edge of the vertical projection on the
horizontal pole of the electromagnet takes place decrease the absolute value of the normal
component of the magnetic induction of up to 50%, and up to 80 mm - 80%. Recession induc-
tion vertically in WA from bottom edge electromagnet pole distance of 50 mm is over 85%.
The result of this differential induction in two-dimensional plane WA determines the differ-
ence value and the volume of the electromagnetic forces of the electromagnetic pressure in T-
shaped WA, in which there is rotate on 90° the melt flow and dynamic vortex structures for-
mation.

These vortex structures have a wide range of impacts on the hydraulic characteristics
of the MDI and hydrodynamic processes in channels and the working area installation, and at
speeds of melt channels MDI (up to 1 m/sec) and high current densities in the channels has
been increasing dynamic pressure oscillations and electromagnetic pressure (10+20% from its
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nominal value at a frequency from 1 Hz up to 3Hz), and at the transition to the metal with
medium speeds (over 1 m/sec ) at high current densities , due to the turbulence of flow in WA
and the output therefrom is stabilized oscillation pressure characteristics, which do not to ex-
ceed 10-15 %. However, the oscillation frequency becomes one or two additional (2nd and
3rd) harmonics - 0.4+0.8 Hz, 2.5+3 Hz, 3.4+4 Hz [6].

Among the most promising areas for further research is to optimize the processes of
redistribution of the normal component of the magnetic induction in the WA and its surround-
ings, with a view to a more rational use of working volume WA to create volumetric electro-
magnetic forces, optimization of magnetohydrodynamic processes in it, stabilize and improve
the operational and technical characteristics of magnetohydrodynamic systems.

To eliminate the harmful influence of the "anchor effect" pole electromagnet geometry
and its projection on the working area can be transformed from a parallelepiped with width
100% for width of WA and height 70 % from height of WA, to trapezoidal form with the
width of the upper base of the trapezoid - 40+50 %, the lower base - of 120+200% and 90-
100% about height of WA. This will ensure a forced change (rotate on 90° angle) direction of
the streamlines in the flow of melt moving through T-shaped WA, reduce friction loss, pre-
vent the formation of stable vortex structures.

Increasing pressure characteristics MDI can be achieved by increasing the depth of the
base WA by 50+60% by performing indentations in the bottom part of the W-shaped channel.
Estimated growth promoted by electromagnetic pressure, while maintaining constant values
of the current density and the magnetic flow is up to = 50+60%. To eliminate the effect of
retracting melt by creating a negative vector of the electromagnetic force in the working area,
a special design of the electromagnetic system MDI as two U-shaped electromagnets, not con-
nected to a common yoke, with two windings, which is included in the counter mode. The
proposed solution avoids interaction of magnetic core of an electromagnet with induced in the
liquid metal coil electrical current and increase the pressure and flow characteristics by
15+25%.

3. Conclusion

The factors that reduce the efficiency of the operating magnetohydrodynamic units (MDI) for
aluminum alloys its shown, that the main reserve increased performance MDI associated with
reduced dispersion and increase in the concentration of magnetic fields in T-shaped WA, as
well as reducing the negative influencing of vortex structures on its borders. Experimental
studies aimed at researching the magnetohydrodynamic processes in MDI allowed to specify
the representation of the role of the particular geometry of WA, the location and geometry of
the C-shaped poles of an electromagnet, and the redistribution component of the current den-
sity j and the normal component of the external magnetic field in the projection of T-shaped
WA. An assessment of the impact of MHD-effects in T-shaped WA on efficiency, technical
and operational characteristics of MDI.
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THE INFLUENCE OF PROCESSING PARAMETERS ON FLUID FLOW
IN CONTINUOUS CASTING OF MOULD WITH VERTICAL
ELECTROMAGNETIC BRAKE

WANG ENGANG, LI FEI
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Abstract: Some traditional kinds of the electromagnetic brake (EMBr) such as EMBr Ruler
and FC-Mould are widely used in the continuous casting process, which generally have the
patterns of level magnetic poles in the wide side of the mould. However, these magnetic poles
are fixed in a certain height level of the mould, which generally could not fit the intermittently
change of the depth and angle of submerged entry nozzle (SEN) during the casting process.
That will reduce the effect of EMBr and even bring some negative effect such as impeding
bubble floating.

In this papers, a new pattern of EMBr was proposed, which magnetic poles are
vertically installed on the narrow sides of the mould from the meniscus to the impinge point
of melt from the outlet of SEN, it is named as vertical EMBr (V-EMBr). The remarkable
characteristic of V-EMBr is that their control effect is not affected by the change of melt
surface level, the outlet position and angle of SEN. Moreover, the covered region of V-EMBr
is the key region of initial solidifying shell in the mould, which generally brings subsurface
defects in slab owing to the bubbles and inclusions are captured by initial solidifying shell.

The numerical simulation and physical experiment on the control of fluid flow,
bubbles and inclusions under V-EMBr was investigated according to casting speed,
immersion depth of nozzle and magnetic flux density. The results show that the impinging
velocity of melts from SEN on the narrow sides of mold is obviously reduced. Meanwhile, the
free surface velocity and turbulence energy are also obviously decreased, so that it is helpful
to reduce the capture of the non-metal inclusions and bubbles by the initial solidifying shell
and the meniscus near the narrow side of the mould. The magnetic flux density of 0.3~0.4T
with the V-EMBr is enough to control the fluctuation of meniscus and the impinging of melt
from SEN to the narrow sides of mould. It prove the V-EMBTr could control the fluctuation of
free surface and the impinging on the narrow sides of mold with the reasonable magnetic field
parameters, and it especially can satisfy the change of immersion depth and outlet angle of the
SEN during a long time continuous casting process.
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THERMO-ELECTRIC MAGNETIC EFFECT DURING SOLIDIFICATION:
IN SITU OBSERVATION AND THEORETICAL INTERPRETATION

FAUTRELLE! Y., REINHART? G., BUDENKOVA! O., NGUYEN THI? H., WANG* J.
! SIMAP laboratory, Grenoble Institute of Technology, France
2 IM2NP, Marseille, France

Abstract: In the case of application of permanent magnetic field on liquid metals, some recent results
revealed a dual effect on the liquid metal flow. Firstly, the magnetic field has a selective damping
action on the flow at the scale of the crucible, due to the breaking part of the Lorentz forces. Secondly,
the interaction of thermo-electro-electric currents near the solid-liquid interface (planar or dendritic
front) with the applied magnetic field leads to the generation of electromagnetic forces (Thermo-
Electric Magnetic effect), which act both on the liquid and on the solid at the scale of the meso-
microstructures. We have investigated the TEM effect both theoretically, numerically and
experimentally. The TEM forces may generate significant liquid motions, both in the bulk as well as in
the mushy zone. This has been clearly shown by some theoretical investigations and numerical
modeling using COMSOL software. It is also shown that TEM forces exist in the solid phase. We
have been able also to calculate analytically the TEM forces acting on solid particles, e.g., sphere,
cylinders. More complex shapes were dealt with numerical modeling. We have performed
experimental investigation of the influence of a permanent magnetic field applied during the columnar
and equiaxed solidification of Al-4wt%Cu. In situ visualization was carried out by means of
synchrotron X-ray radiography. The TE forces when they are not curl-free, generate fluid flows both
in the liquid bulk and in the mushy region. The latter effect was confirmed by the in situ experiments.
Significant segregations and channeling effects were observed in the mushy zone. The experimental
results also show that the TEM forces on the solid may lead to dendrite fragmentation as well as grain
motions. It is shown that the TEM forces are responsible for a motion of dendritic/equiaxed particles,
perpendicular to the direction of gravity. A heuristic analysis allowed us to estimate the fluid velocities
and the velocities of the solid particles. A good agreement was found with the experimental data.
Similar observations were also made during equiaxed growth in a temperature gradient. The in situ
observation of the grain trajectories for various values of the temperature gradient demonstrated that
gravity and TEM forces were the driving forces which controlled the grain motion (see figure below).

Figure: Successive - time overlaying images of equiaxed grain movements showing their deflections
with different magnitude thermal gradients. (a) G = 500 K/m; (b) G = 1000K/m; (c) G = 2000K/m.
(B =-0.08T; cooling rates are 2 K/min).
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APPLICATIONS OF LORENTZ FORCE TECHNIQUES FOR FLOW RATE
CONTROL IN LIQUID METALS
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Abstract: Lorentz force velocimetry (LFV) is based on the electromagnetic induction of braking
force acting on an electrically conductive fluid, which moves through a static magnetic field.
Two such methods are presented here. First, time-of-flight LFV allows determining the flow rate
of liquid metal by two flow meters placed at a predetermined distance by finding the time delay
between their signals. Secondly, Lorentz torque velocimetry is a technique, which uses an
electromagnetic pump with a torque sensor connected to the pump’s shaft. Simultaneous
pumping and measurement of the torque allows controlling the flow rate.

1. Introduction

Flow rate measurements in aggressive and hot fluids like liquid metals is a complicated task.
Liquid metals are not transparent to allow usage of optical methods and chemical corrosion
makes it impossible to employ mechanical probes. Therefore the most promising methods for
liquid metal flow rate control are contactless techniques, a big branch of which is based on
principles of magnetohydrodynamics [1]. Lorentz force velocimetry (fig 1) is such non-contact
method based on electromagnetic principles.

Reaction force

Lorentz force

Permanent magnets

Figure 1: Electrically conductive liquid moves with velocity v through magnetic field of
permanent magnets; magnetic field penetrates moving liquid and their interaction creates eddy
currents inside the liquid, which give rise to Lorentz force Fi (“braking force”); resulting force of
reaction Fg=-F_ acts on permanent magnets and can be measured

When an electrically conducting fluid moves across magnetic field lines, which are created by a
permanent magnet, the induced eddy currents lead to a Lorentz force, which brakes the flow. The
Lorentz force density is roughly [2]:

FL~ovL’B?, )
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where ¢ is the electrical conductivity of the fluid, B is the magnitude of the magnetic field and L
is the characteristic length of system. Magnetic field B and the moving, conducting medium
interact in such a way as to restrain the relative motion of the field and the medium [3]. Magnet
system and force sensor form a so-called Lorentz force flow meter. Because the force depends
on velocity, it provides a velocity dependent signal for flow meter applications.

When Lorentz force appears within the liquid, according to Newton’s third law, reaction force
appears, which acts on the source of flow disturbance — the permanent magnet. For measuring of
the value of force Fr which is equal to Lorentz force and opposite in direction, different ways are
used. The devices that are applied to measure the Lorentz force can be constructed in two
ways [2]. They can be designed as static flow meters where the magnet system is at rest and one
measures the force acting on it. Alternatively, they can be designed as rotary flow meters where
the magnets are arranged on a rotating wheel and the torque is a measure of the flow velocity [4].
We present examples of both methods here - Time-of-flight LFV [5] and Lorentz torque
velocimetry (LTV) — flow control by the system of electromagnetic pump and torque sensor.

2. Experimental setup and results

Time-of-flight LFV (fig 2a,b) allows measurement of the flow rate in liquid metal and is
unaffected by physical properties of fluid or by outer conditions. As the time-of-flight principle
is based on cross-correlation measurements, two flow meters are mounted on a channel at a
certain distance D to each other.

Figure 2: Principle scheme of time-of-flight LFV (a) and the photo of the device (b)

A closed rectangular channel is used for the experiment. The channel with cross-section

80 mm X 10 mm is filled with the alloy GalnSn in eutectic composition. This allows conducting
of model experiment at room temperature. The magnet system consists of permanent magnets
with magnetic induction of 450 mT at the surface and two-component strain gauge sensors,
which are mounted to record the force that the fluid exerts on the magnet system. Experiment
procedure results in evaluating the transit time t (time-of-flight) of any vortex structure that is
present in the flow needed to pass through the distance D to obtain the volumetric flow rate Qy is
then given by the relation:

Qu=vA=kD/x, 2)

where A — cross-section area of the channel, k — experimental coefficient of proportionality. To
increase both the rate and the intensity of such vortex structures and likewise the rate of usable
signals, vortices can be generated by two different methods: mechanically — by immersing a
solid body in the channel, or electromagnetically — by formation of magnetic obstacles [6] within
the fluid as a result of static or time-dependent magnetic field. In other words according to time-
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of-flight LFV, velocity is estimated by measuring the traveling time t for the vortex to cross a
predefined distance D between flow meters.

Measurements of time shift T are based on obtaining a cross-correlation function of two force
signals (fig 3a,b), which are registered by magnetic measurement systems as a result of
disturbance by the passing vortex (in fluid experiment) or copper plate (in dry experiment).
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Figure 3: Raw signal of time-of-flight LFV (dry tests) with several peaks, caused by serial
copper plate movement through magnetic field of first flow meter (grey curve) and second flow
meter (black curve) (a) and normalized cross-correlation coefficient C of the signals (b)

To ensure correct working of flow meters it is necessary to provide dry tests in which solid
material — copper plate — was used instead of moving vortex. Because o of solid conductor is
about twenty times higher than o of the melt, the Lorentz force induced by its movement is
likewise twenty times higher (according to (1)) and it is possible to observe clear peaks on both
signals even without additional filtering. The main goal of dry tests is to register signals that
prove operating performance of measurement scheme. When plate is moved serially through the
magnetic field of both flow meters with a known velocity and two peaks are observed in each
trial.

Another method — LTV [7] — includes applying electromagnetic pump as flow-controlling and as
flow-measurement device simultaneously.

Figure 4a shows the principal scheme of such a pump. The pump consists of a pair of metal
disks, on each of which a total of 20 finger-type permanent magnets are mounted. The disks are
arranged on a shaft that is connected to an electrical motor. By controlling the motor power, we
can control the rotation frequency n of the shaft. The rotation of permanent magnets generates a
time-dependent magnetic field acting on liquid within the gap between the two rotating disks. In
turn, the rotary field gives rise to Lorentz force that pumps the liquid and acts on the pump shaft
as a back reaction. A strain gauge torque sensor is mounted on the shaft to measure the torque
that is exerted on liquid.

Using such an arrangement, the volumetric flow rate Qy can be estimated by the relation:

Qu=kT/(cB?LI) (3)

where T is the measured torque, | its lever, and k is the device factor. This factor depends on a
number of specific experimental parameters like the aspect ratio of the flow channel, the actual
geometric arrangement of the permanent magnets, among others. Hence, the specific value of k
has to be obtained for each experimental setup by a calibration procedure. Within our
experiment, two methods — ultrasonic Doppler velocimetry and local velocimetry by Vives-
probe [8] — were used as standards to measure velocity value; the results show strong
temperature-dependent behaviour of k, which indicates necessity of qualitative temperature
control of liquid in the experiment.
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For obtaining specific value of |, one needs to conduct simultaneous measurement of Lorentz
force F_ and torque T for various rotation frequencies in order to find the functional relation
T/FL. However, calibration of the device using liquid metal is complicated, time-consuming and
expensive. Therefore we perform a dry calibration procedure. The main idea of dry calibration is
to model the liquid by a solid electrically conducting non-magnetic material like solid aluminium
bars. In this case F_ can be measured by commercial strain gauge force sensors and the ratio of
torque to force could be easily calculated.
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Figure 4: Working principle (a) and Lorentz torque measurement result of dry calibration (b) of
LTV flow control. Electromagnetic pump pushes liquid and, hence is a subject to a reaction
torque (b) that was measured by torque sensor.

Figure 4b shows the resulting torque acting on the shaft as measured by the torque sensor. In the
graph we use a scaled representation of the measured value. The re-scaling has been performed
to eliminate the inherent dependence of the data on the width of the aluminium bars. In detail we
use the scaling:

Tsc=T(HW), 4)

where H and W denote the distance between wheels and the width of the aluminium bar,
respectively. The motivation for this re-scaling stems is explained below.

As a rule Lorentz force and produced by it torque increase with increasing of cross-section of the
conductive material because with a change of a plate’s width as a consequence two parameters
are changing: the volume of a conductive material that is influenced by magnetic field, and its
electric resistance to induced eddy current, as well as the gap between wheels of e/m pump.
Besides, magnetic field distribution in between of wheels is not homogeneous: it decreases from
walls to the middle of gap. Hence magnetic field, which passes through thick plate, has higher
value than through thin one.

The difference between scaled values of measured torque under high rotation frequency of the
e/m pump is caused mainly by change of magnetic Reynolds number Rep, (fig 5a) for aluminium
bars. An increase of width results in an increase of the magnetic Reynolds number Rey, given by
the relation by Ren=uovL, where u is the magnetic field constant. This increase is due to the
increase of the electromagnetic interaction length L. As it is known from MHD, larger values of
Ren result in stronger induced magnetic fields that fight against the applied primary field [9].
This give rise to a weakening of the overall magnetic field that contributes to the Lorentz force.
Therefore lower values for T are observed in cases of thicker plates. For liquid experiment the
obtained values of Rep, are ten times less than dry calibration results because of difference
between o of aluminium (3,5:10" S/m) and GalnSn (3,5-10° S/m). Hence the dependence
between Ren, and the scaled pump power in case of liquid is linear, while for aluminium the ratio
has curvilinear contour [9].
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According to fig 5b, the lowest reachable value of Re is proportional to 5-10°. The
experimentally registered Re is higher than its critical value for channels, hence only turbulent
flow can be provided within the experiment.
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Figure 5: Obtained by LTV values of the magnetic Reynolds number Rey, for solid (aluminium
bars) and liquid (GalnSn) materials (a), and reachable values of Reynolds number Re (b) in the
experimental channel

3. Conclusion

The model experiments described here demonstrate that time-of-flight LFV and LTV are feasible
non-contact electromagnetic techniques for measuring and control of volumetric flow rates in
turbulent liquid metal flow. The first technique is based on cross-correlating the force data
registered by the two flow meters. Due to this it is independent of any fluid properties and the
magnetic field distribution. The second method allows complete control of the flow rate of the
fluid.

The experiment shows that both methods must be properly calibrated by applying additional
measurement techniques and controlled temperature regime. The ratio between time shift and
characteristic flow time strongly depends on the separation distance of the flow meters and
presumably, on the geometry of the obstacle, which is submerged into the flow or created in
contactless way in order to produce detectable vortex structures. In addition an optimal data
processing technique for fluid time-of-flight results is necessary to obtain precise value of
volumetric flow rate within the channel.
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When studying the liquid state of the metallic systems, many researches prove that preparation of
alloys (for example, on aluminium base) goes with the formation of micro-inhomogeneities in the
melt. They are caused by metallurgical heredity of charge. At solidifying of alloys, such micro-
inhomogeneities provoke substantial declining of structure and properties. Therefore, it is necessary to
provide destruction of such formations. For decision of this problem, a new method of complex
treatment of aluminium melts has been developed. It is based on combination of homogenizing
influence on liquid metal both electromagnetic and high-power plasma effects. Plasma action is
concentrated in the local area of aluminium melt being found into macrovolume of liquid metal. At
that, liquid aluminium alloy is contained in a bath of specialized magnetodynamic installation (MDI).
The melt is heated by induction currents and thermostated at a set temperature (no more than 800 °C).
Such temperature is substantially lower than the temperature of transition of melt from the metastable
micro-inhomogeneity state to micro-homogeneity equilibrium state. So, as a result, two areas of
thermal and forced actions are formed in liquid metal: 1) via submerged plasmatron in the melt
volume; 2) via crossed electromagnetic fields in a region of direct MHD action on the melt.

The feature of the first area consists is the following. At the nozzle exit section of the
submerged plasmatron, the temperature of liquid alloy can be ca. 3000-5000 °C (it is substantially
more than the average temperature of the melt). It causes a considerable temperature gradient. There is
evaporation of alloy components in this area, and then, as moving off the area of plasma stream action,
there is condensation of components. So, it is a specific type of thermal-time processing, combining
alternation of evaporation and condensation. At that, there is realized the thermal destruction of
microgroups of clusters with negative hereditary structure.

To provide the processing of all melt volume in the MDI by direct action of plasma, it is used
the frequent moving of liquid aluminium alloy under the action of electromagnetic forces generated in
the second above-mentioned processing area. That is the feature of the MDI.

Liquid metal in its working area is processed by electromagnetic actions: alternating electric
current with density to 20x10° A/m?; alternating magnetic field by induction to 0.3 T (it is created on
the definite area of the induction channel, the so called working area of MDU). As a result of
superposition of current and field, it is generated volume electromagnetic force (to 60x10° N/m3). It
provides melt motion. Also, because of MHD-effects there are vortexes originated. Due to frequent
passing of the melt through the working area, the indicated factors substantially affect the thermal and
forced processing of liquid metal. As result, complex MHD-plasma action on liquid metal realizes
disintegration existed regions of micro-inhomogeneities. So, at relatively low overheating of all
aluminium melt volume in MDI, this melt repeatedly moves through the local area of the plasma
heating (to 5000 °C) and at one time processed by power MHD and hydrodynamic actions. It causes
disintegration regions of microinhomogeneities, removes negative metallurgical heredity, and
promotes liquid alloy homogeneity. As result, it is achieved the improvement of structure and rise of
properties of solid alloys and castings.
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The precise measurement of the thermo-physical properties of molten metals such as
electrical conductivity, density, and viscosity are of great importance for industrial
applications, in particular, for MHD flow control in high-tech production processes. We term
the technique “Lorentz force sigmometry” as deriving from the Greek letter sigma often used
to denote the electrical conductivity. In previous measurements techniques a resistance of
vessel with two electrodes for measuring electrical conductivity of molten metal has been
used [1]. For chemically aggressive hot liquids, there is no suitable material for electrodes. In
our technique, we apply non-homogeneous magnetic field acting on a moving conducting
fluid in which according to Ohm’s law the eddy currents are induced. These eddy currents
produce a secondary magnetic field. In consequence, the interaction of the applied magnetic
field with induced eddy currents generates a Lorentz force that breaks the motion of the fluid.
At the interaction of secondary and applied magnetic fields, the same force acts on magnet
system [2]. By measured this force and the mass of fluid flowing through the magnetic system
we calculate the electrical conductivity of the fluid. The results of two series of measurements
are presented, one with solid bars made of copper and aluminum to find the calibration factor
of the setup then we use this calibration factor to calculate the electrical conductivity of a
third solid bar made of brass. Our results compared with working of a commercial device,
called by SigmaTest, give the error less than 0.5%. The other measurements are with liquid
metal alloy in the composition of Ga671n20.5Sn12.5 at room temperature in order to find the
calibration factor which will be used to measure the electrical conductivity of ferrous and
non-ferrous molten metals at high temperature in industrial conditions.
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Abstract: While a piece of pure Copper on a ceramic substrate was inductively melted by 9
to 18 kHz AC magnetic field with axial magnetic DC field superimposed, the liquid metal
stably semi-levitated in the expected “conical” free surface shape. The diameter of the liquid
metal at the basis was 30 mm, the volume — more than 20 cm’. Replacing the ceramic
substrate with a Glassy Carbon, which was not wetted by the molten Copper, caused
instability of the semi-levitated Copper droplet. In the absence of the DC field severe chaotic
instabilities of the liquid metal shape occurred, causing splashes and uncontrolled contact
with crucible walls. When axial DC magnetic field with induction 0.35 T was superimposed
the liquid metal droplet exhibited harmonic azimuthal wave deformation of the free surface.
Higher frequencies lead to smaller characteristic wavelength. Transverse DC magnetic field
direction suppressed the travelling wave deformations of the droplet shape. Stabilizing effect
of the DC magnetic field during induction melting has been shown for axial, transverse and
45 degree direction magnetic field. These results experimentally demonstrate the possibilities
to improve the stability of levitated metal volumes by superimposed DC magnetic field.

High frequency magnetic field induction melting of metals is a well-known technique in
crystal growth and advanced metallurgy. An overview of the technologies was given by A.
Miihlbauer [1]. One of the techniques is the cold crucible semi-levitation induction melting,
while liquid metal is supported by a water cooled substrate from below [2]. Here we report
some curious observations while developing a small scale experimental setup for high
melting point liquid metal electromagnetic processing during HF AC semi-levitation with
superimposed DC magnetic field. A schematic of the initial experimental setup and the stably
semi-levitated pure liquid Copper region are shown on the Figure 1. The AC field frequency
range was from 9 to 18 kHz, maximum induction up to 0.09 Tesla. The DC magnetic field
with maximum induction 0.35 Tesla was delivered by a permanent magnet assembly,
permitting to apply quite uniform field over the sample region in the direction range from
axial to horizontal. Under the impact of the axial DC field the semi-levitated liquid Copper
free surface was very stable up to the overheat level when the boiling of the Copper in
vacuum happened at approximately 1650 °C. The magnitude of the DC field was not
sufficient to considerably damp the flow in the liquid metal, but was sufficient to suppress
turbulence in the semi-levitated liquid metal. In the absence of the DC field and sufficiently
high dimensionless frequency Q the magnitude of the flow velocity Uy may be estimated
from the balance of the electromagnetic forcing in the skin-layer and the inertia force and the
balance of magnetic and hydrostatic pressure on the surface of the melt:
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Figure 1. A schematic of the setup on the left
] | | and the semi-levitated Copper in axial 10 kHz
AC field and DC field on the right.
where is the density of the liquid metal, — conductivity, — angular frequency of the

AC field, B — the induction of the AC field at the bottom rim of the semi-levitated region, & —
the skin-depth, R — the radius of the substrate, H — the height of the semi-levitated region.
The dimensionless frequency magnitude was Q = 160 in liquid Copper at 18 kHz AC field.
When DC field is superimposed, the flow in the core region inside the skin-depth would be
damped to U, if MHD interaction parameter N >> 1:

HD N HBE}:R E'BEFR'
N P Uy pgH

=

where Bp is the induction of the DC magnetic field. During the reported experimental tests,
assuming liquid Copper physical properties, N = 2 at maximum AC and DC field inductions.

Obviously the direction of the DC field would be important, how the flow and
turbulence is damped. What type of conducting fluid flow would be damped? The flow
interacting with the DC field should induce the electrical current circulation; otherwise there
would not be any damping impact. Applying a curl operation on Ohm’s law delivers
necessary condition for electrical current circulation, assuming zero divergence of magnetic
field and velocity:

U 8B,

i .
Vx—={iBp Vi - (UVIB Vx -u
x= (Bp VMW — {UVIBp or 23, 2,

126



Figure 3. 18 kHz AC field, transverse DC
field.

Figure 4. 18 kHz AC field, no DC field.

Figure 2. 18 kHz AC field, axial DC field.

where j is the current density. The former
equation may be interpreted, that the motion
of a conductor in magnetic field produces
electrical current only, if the magnetic field
varies along the direction of the velocity
and/or if there is a variation of velocity along
the direction of the magnetic field. Or, if DC
field is uniform, there is no induced current, if
velocity of the melt does not vary in in the
direction of the field and no interaction with
the flow.

The unexpected happened when the
ceramics support was replaced by a Glassy
Carbon. During impact by the superimposed
axial AC and DC fields a highly organized
azimuthal wave pattern of the molten Copper
droplet shape were observed. If the melt has
zero velocity at the interface with the
substrate, nothing like observed should ever
happen! The only obvious experimental
observation was that above the temperature
1200 C° the Glassy Carbon was not wetted by
the Copper melt. It was obvious that the
phenomenon resembles well known behavior
of the fully levitated liquid droplets [3, 4]. In
the current experiment there was no full
levitation, the droplet was supported by the
Glassy Carbon substrate. Similar behavior is
known, the historical priority being the
unstable droplet of the water on a well heated
substrate due to Leidenfrost effect, when
similar azimuthal waves are also observed.
Experimental observations of such type of
instability has been reported [5, 6], but the
former cases include substantial difference
from the current one — during cited
experiments there have been a layer of an
encapsulating, substrate wetting,
nonconducting fluid between the oscillating
fluid and the substrate. In our case the vacuum
surrounding pressure eliminates any vapor
cushion beneath the semi-levitated molten
metal. The only questionable suspect
regarding the fluid interface may be the
Copper oxide, which becomes liquid at
temperature above 1200 C°. But, on the other
hand, Copper oxide decomposes in vacuum at
the temperature above the 1200 C°. It was
obvious that no-slip boundary condition on
the bottom was not valid.

The axial DC magnetic field did not suppress any waves with fluid motion not varying in the
field direction, but the flow became highly ordered, with 6-mode azimuthal wave travelling
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anticlockwise. The axial DC field has damped most of the azimuthal flow produced
turbulence due to the AC field induced flow in the core of the melt region, which has a
pronounced variation along axial magnetic field, but did not suppress the wavy motion,
which has no variation along the DC field.

The transverse DC magnetic field eliminated azimuthal wave motion, but did not
suppress the flow in the core of the droplet as efficiently as the axial direction. The free
surface deformations of the droplet were quite chaotic and fast. The general shape of the
droplet became slightly extended along the direction of DC magnetic field — from top to
bottom on the Figure 3. The free surface is rippled by a capillary waves with a wavelength
comparable with skin-depth, approximately 2 mm. It may be suggested that higher induction
of the DC field at N >> 1 would achieve damping of the flow and surface deformations.

The Copper droplet became extremely unstable, when DC magnetic field was
removed. The chaotic shape of the droplet was changing very fastly, video recording with 50
frames per second deliver evidence, that during the period of 20 ms the shape was completely
transformed. Turbulent flow in the core of the droplet, azimuthal wave instability and
capillary surface rippling add up to unstable state of the droplet, saved from complete
destruction only by the walls of the Glassy Carbon crucible, from which the droplet bounces
back.

Reduction of the frequency of the AC magnetic field two times to 9 kHz, increased
the skin-depth. In general the droplet behaved similarly as described above, but became
considerably more unstable. In axial DC field the azimuthal wave exhibited 5 and 6 mode
numbers, the amplitude of the wave was higher. Without DC field small diameter jets were
splashed out quite often, as may be seen on the right side of Figure 7.

Figure 5. 9 kHz AC field, Figure 6. 9 kHz AC field, Figure 2. 9 kHz AC field,
axial DC field. transverse DC field. no DC field.

The orientation of the DC magnetic field at 45 degree angle to the axis was also aplied
during melting, displaying similar stabilizing effect as the transverse direction field.

Conclusion

The reported unstable behavior of the semi-levitated droplet crucially depends on the wetting
of the substrate. Only if there is no wetting and probably the no-slip boundary condition the
behavior becomes acceptable. The azimuthal wave type instability is observed both in
absence of the DC magnetic field and in axial magnetic field. The DC field delivers
substantial stabilization of the droplet, even if the MHD-interaction parameter is not too
large. The direction of a DC field with a considerable transverse component seems most
promising for stabilization. It may be suggested that in AC field configuration for full
levitation of the molten metal, the correct choice of the magnitude and direction of the DC
magnetic field may allow stable levitation of the large drops of liquid metal even during very
high magnitude of the high frequency AC magnetic field.
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Abstract: The introduction of magnetic field in the solidification process is one of the
effective methods to improve the microstructure and mechanical performance of alloys (by
controlling the defects as freckles or segregated channels). At SIMaP-EPM laboratory, we
have proposed to control the fluid flow with a travelling magnetic field (TMF). With this kind
of electromagnetic field the control of the intensity and the direction of Lorentz force are easy
(by changing the order of electric phases). Since ten years, EPM team developed some
experiments and models around the TMF. The present work deals with a experimental and
numerical studies of solidification process under forced convection induced by a travelling
magnetic field (TMF). The impact of TMF and gravity on segregations of a Tin-Lead alloy
has been examined.
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Abstract: Component segregation during solidification of a multicomponent alloy is an
important practical problem. Segregation can be caused by gravity field or melt flow in the
crucible. Applied magnetic field during solidification creates thermoelectromagnetic convection
(TEMC). Magnetic field creates Lorentz force if electric current is applied. Secondly, magnetic
field damps large scale melt convection thus limiting heat and solute exchange. These two
mechanisms allow us to modify net melt convection and segregation in the crucible by applying
electric current and magnetic field during solidification of a metallic alloys.

1. Introduction

Electric current may appear near solidification front due to thermoelectric effect between solid
and liquid phases, caused by temperature gradient and differential thermoelectric power between
solid and liquid phases [1, 2]. However direction and magnitude of this current is mainly defined
by the material properties and interface morphology, and temperature gradient at the interface,
which are difficult to control and maximum intensity of this current is limited. If transverse
magnetic field is applied to directionally solidifying alloy, then macrosegregation in the crucible
scale perpendicular to magnetic field direction is observed as a consequence of
thermoelectromagnetic convection (TEMC) [3]. Electric current may also be applied externally,
thus creating Lorentz force and convection flow of the liquid melt. Directional solidification
under applied electric current and magnetic field has been studied by several authors [4, 5]. If
direct electric current is applied through the solidification front, then current component which is
perpendicular to the magnetic field interacts with it and melt convection is caused by this force.
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Figure 1: Conduction current redistribution at the dendritic interface due to different
conductivities of solid and liquid phases: a) current distribution at the interface between two
media with different conductivities; b) current component when axial current in the bulk of the
liquid is subtracted.
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Electrical conductivities of solid and liquid phases can differ several times for metals and
metallic alloys, thus at the dendritic solidification interface electric current redistribution takes
place. In the bulk of the solid and liquid domains current density is uniform and Lorentz force
caused by homogeneous magnetic field is irrotational. If this current component is neglected then
we obtain current pattern at the interface similar to TE current as shown in Fig. 1.

In this work Sn-Pb alloy is directionally solidified under 0.5 T static transverse magnetic
field and applied electric current through the solidification interface. Macrosegregation caused by
current and magnetic field interaction caused electromagnetic convection is experimentally
investigated in this work. Study has been focused on investigation of simultaneous action of
electromagnetic convection and thermoelectromagnetic convection. Possibilities to control
macrosegregation by applied electric current and magnetic field during directional solidification
has been experimentally and theoretically analyzed and possibilities to eliminate or enhance
effect on the solidified structure caused by TEMC has been verified.

2. Presentation of the problem

High purity tin and lead (99.99%) was used to prepare Sn-10%wt.Pb alloy, which was then
casted into the alumina799 crucible (L=110mm, /D=6mm, OD=10mm). Samples were then
remelted and solidified under intense electromagnetic stirring to ensure good homogeneity of
initial samples, which are later directionally solidified in a Bridgman setup at controlled growth
velocity and temperature gradient. In these experiments growth velocities from 2 pm/s to 10 pm/s
was used. Temperature gradient at the interface was 6=8 K/mm in all experimental sessions of
this work. Upper part of the sample is melted by the resistive furnace around the crucible while
bottom part is kept solid by water cooled copper ring. Furnace and water cooled ring are
stationary while crucible is lowered by a programmable pulling system. Solidification front is
always located between heater and cooler at the same location. Thus, the actual solidification
velocity was assumed to be equal to the pulling velocity of the crucible. Transverse magnetic
field of 0.5 T was created by a permanent magnet system. For optical microscopy analysis
samples were polished to 1 um surface roughness and then chemically etched with 4% nitric acid
ethanol solution, which darkened the lead-rich fraction. Electric current is introduced in liquid
part through 4 mm diameter stainless steel electrode as shown in Fig.2.

Magnetic field

@ d}j E|ectr0de (stainless steel)
d=4 mm

+

Grad(T)

Figure 2. Experimental scheme for directional solidification with an applied electric current
and magnetic field.
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Estimation of TEMC magnitude is given in Ref.[3, 6] by solving simplified Navier-Stokes
equation. According to these estimations for given materials and solidification conditions
characteristic velocity is about 0.25 mm/s. Electric current density which would allow to achieve
same convection velocity can be estimated. Electric current density component, which is
perpendicular to magnetic field, depends on ratio of electric conductivities of alloy at solid and
liquid states, and ratio between vertical and horizontal structure lengths as illustrated in Fig.1.
Expression relating these quantities is given by Equation 1, which is only valid if conductivities
and sizes are of the same order of magnitudes.

j _j(l_ajh (1)
T =

The order of magnitude of TE current can be estimated as given in Ref [3].

= co0(Sr-Sy) = 1.1-10* )
A/m

If h = d, then j = 2j7z and necessary electric current to achieve similar convection as TEMC
is approximately 2:10* A/m” or 0.5 A current through 6 mm diameter sample.

Table 1: Physical properties of Sn-10%wt.Pb alloy used in estimations. Physical properties
are given for melting temperature (Tm = 220 °C)

Quantity Symbol Value Unit
Density p 6974 kg/m’
Electric conductivity o 2-10° sim/m
Dynamic viscosity u 0.0021 Pa-s
Absolute thermoelectric power (s) S -2:10° V/K
Absolute thermoelectric power (1) S -1-10° V/K
Differential thermoelectric power P 1-10° V/K
Temperature gradient at the front ) 3 K/mm
Crucible radius R 3 mm
Volumetric thermal expansion B 6.8:10” 1/K
Free fall acceleration g 9.81 m/s”
Form constant Cc 0.5

In our case, the temperature gradient is directed along the axis of the crucible from bottom
to the top. This means that applied current from bottom of the sample enhances TEMC, while the
current from the top creates convection opposite to TEMC. Several solidification experiments
were performed to verify this hypothesis. Experimental results are summarized in Fig.3 and
Fig.4. Fig. 3 shows directionally solidified 6 mm-diameter Sn-10%wt.Pb sample at velocity 3
um/s with different electric current values. Fig. 3(b) shows solidified sample without magnetic
field and electric current. Fig.3a shows solidification structure with applied transverse magnetic
field of 0.5 T, segregation in this case is caused solely by TEMC. Note that in the latter case the
TEM force produces a transverse flow in the direction perpendicular to the magnetic field from
right to left in Fig. 3(a). Accordingly, a large segregation normally appears on the left part of the
ingot as confirmed by Fig. 3(a). Fig.3(c) shows how segregation can be enhanced by the
application of electric current from the bottom of the sample. Fig.3d shows structure of solidified
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sample if current is applied from the top of the sample. In this case according to the estimations
electromagnetic convection acts opposite to TEMC with the same magnitude. As can be seen in
this case segregation is significantly weaker. Fig.3(e) shows the case when electromagnetic
convection is two times stronger than TEMC and acts opposite to it, it is observed that
segregation direction is reversed compared to Fig.3(a) where TEMC only is present.Fig.4 shows
solidification structure of Sn-10%wt.Pb alloy solidified at 10 um/s. It can be seen that in this case
macrosegregation is less distinct which agrees to our expectations, because in all works
describing TEMC it is concluded that TEMC effects can be better observed if solidification
velocity is low. Indeed, segregation formation requires a certain time which is linked to the
amplitude of TEMC. Conversely, the latter case indicates that TEM velocities are less or equal at
most to 10 um/s, what is consistent with the theoretical estimates.

1=0 =0, B=0 2 mm
g7 ey b Y
! | R

Figure 3: Directionally solidified Sn-10%wt.Pb alloy at v =3 um/s under static transverse
magnetic field 0.5 T and electric current: ) [=0,B=0.5T; b)I=0,B=0;¢c)[=05A,B=
0.5T;d)I=-05A,B=0.5T;e)I=-1 A,B=0.5T.
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Figure 4: Directionally solidified Sn-10%wt.Pb alloy at v =10 pm/s under static transverse
magnetic field 0.5 T and electric current: a) [=0,B=0;b) [=0,B=0.5T;c)[=1A,B=05T.

3. Conclusion

It is experimentally demonstrated that direct current through the sample can be used to control
macrosegregation during directional solidification of the metallic alloy. Theoretical analysis and
numerical simulation show that transverse magnetic field and applied electric current produce
force distribution similar to thermoelectric force density. Thus this method allows enhancing or
suppressing the macrosegregation caused by thermoelectromagnetic convection. Experimental
work presented in this paper confirms this hypothesis that by choosing appropriate electric
current value, segregation caused by thermoelectromagnetic convection can be fully
compensated, enhanced or reversed by electromagnetic convection.
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Abstract : We discuss the problem of spectral analysis of signals from electromagnetic
probes operating in turbulent MHD flow, provided by strong magnetic field. Using a wavelet
based technique for cross-correlation signal analysis and filtrating we show that at frequencies
lower than the frequency of applied magnetic field the spectral properties of the velocity field
can be clearly seen in spite of the fact that the measured fields are much weaker than the
driving rotating (or travelling) magnetic field.

1. Introduction

External alternating electromagnetic fields (for example rotating or/and travelling magnetic
fields) are widely used in various areas of science and technology for liquid metal flow
generation. Arising flows are characterized by sufficiently strong turbulence. Turbulence
affects the processes of heat and mass transfer in liquid metals, and its study is an important
applied (and scientific) problem.

However, direct measurement of turbulent fluctuations in the considered flows is problematic.
This is due to the fact that the measurement of the turbulent flow characteristics are made by
sensors which are located in the metal forced by the external alternating electromagnetic field.
In this case, weak currents and their fluctuations measured by sensors contain information not
only about the turbulent flow characteristics, but also about fluctuations of the external
electromagnetic fields. Hence, there is a problem of separation of the useful signal in such
experiments from interference caused by external fields.

We study the possibility to separate the pulsations caused by the liquid metal flow from the
direct and indirect influence of the applied magnetic field. In our studies, we used one of the
most common methods for measuring velocity in MHD flows based on the conductive probes.
For processing the obtained data, we have developed a method based on the wavelet analysis.

2. Presentation of the problem

We study the liquid metal flow generated in a cylindrical vessel by the electromagnetic stirrer
(fig. 1). The stirrer is a set of a ferromagnetic core (magnetic circuit) and copper coils which
generate variable magnetic field inside the cylinder volume. A cooling system of tubes, in
which water is circulating, prevents the coils overheating. The stirrer includes two
independent coil systems which allow to generate the rotating flow (by rotating magnetic
field, RMF) and the poloidal flow (by travelling magnetic field, TMF) [1, 2].

The velocity measurement were carried out using 2 conductive probes, mounted on the side
wall of the vessel on the distance of 10 mm from the wall (fig.1). We use 2-axis local probes
designed to provide a good dynamical resolution of rotating and poloidal motions. A small
permanent magnet imposes locally a strong magnetic field and nearby electrodes are used to
measure the induced difference of electric potentials, linked to the local velocity of the fluid.
Each conductive probe consists of two pairs of electrodes 1 placed around the magnet 2 (the
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sizes of the magnets are 10 x 2 x 2 mm), magnetic field induction on the magnet is ~20mT on
the distance of 3 mm. Diameter of the sensor housing 3 is 6 mm. The probe measures the
axial and azimuthal velocity components. The instrumentation preamplifier 4 is INA128
(Texas Instruments, bandwidth 20 KGz, common-mode rejection ratio above 120dB with gain
30dB). The data acquisition system comprises an 24-bit analog-to-digital converter (ADC) NI
9227 with a sampling rate of 5 kHz. Also, we are recording the signal from the current loop,
located on one of the phases of the power supply and the signal from the Hall sensor PM
placed outside the vessel inside the stirrer (fig.1).
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Figure 1: Scheme of sensors position.

Analyzing signals, we have recognized a strong dominance of harmonic (and nonharmonic)
oscillations caused by the applied magnetic fields. This dominance makes questionable even
the possibility to recover some reliable information concerning the properties of small-scale
(turbulent) velocity oscillations. The signal show that the vertical (as well as the azimuthal)
component of the velocity oscillates (and change directions) together with the magnetic field.
The measured signals are well correlated and we cannot determine what do sensors measure:
fluctuations of the velocity, magnetic fields or both.

To separate the useful signal against external noises, we developed a scale-by-scale
correlations analysis filtering method, created on the base of wavelet analysis. The method
allows us to define the range of frequencies for which the signal oscillations are strongly
provided by the turbulence and not by the electromagnetic noise.

In the frame of the problem under discussion of special interest is the wavelet cross-
correlation, which allows us to look for the scale-by-scale (or frequency-by frequency) cross-
correlation of two signals [3]. The choice of the analyzing wavelet is very important. In the
case of signals which contain a number of isolated events (pulses) of different duration (scale)
and one would like to analyze the correlation of this events in both signals scale-by-scale, the
wavelet with a good space resolution is required.

3. Results

The modulus of the wavelet cross-correlation function between vertical component of
velocity from probe P2 and the magnetic field, measured by the Hall probe at position PM
(see fig.1), is shown in fig.2 for the case of applied RMF with different value of frequency.
The strong correlated interval shifts to higher frequencies. It is related with the fact that the
influence of the magnetic field occurs on the carrier frequency and multiples thereof. Hence,
at frequencies below the carrier one the cross-correlation becomes small. Then, the measured
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spectrum should be determined in this frequency range by the flow fluctuations and not by the
RMF. Thus, below the carrier frequency of RMF the potential probe is weakly affected by the
strong external magnetic field and can be used for analysis of turbulence in the flow.
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Figure 2: Cross-correlations for different frequency of applied magnetic field.

Rotating magnetic field leads to the formation of helical Taylor—Gertler vortices in the wall
region. The size of the vortices depends on the velocity (Hartmann). Since different vortices
have different direction of rotation, the traveling magnetic field acts on neighboring vortexes
differently. Some vortices must be amplified, while others weaken. Sensors in the experiment
located at a distance 10mm from the wall. As shown in [4], just as the sensors are located in
vortex area. Therefore, we can assess the impact of both fields on the flow from the measured
data. The figure N shows the change in the turbulence intensity measured by the probe P2.
Clearly seen that the injection energy on the main scale (and therefore the entire spectrum)
decreases with increasing amplitude of the traveling field. In addition, from the behavior of
the spectra we can see, that structure of a turbulent field is changed too. Thus, we arrive at the
possibility to control the intensity of turbulence near the wall, which is very important in
many metallurgical applications.
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Figure 3: Spectra of azimuthal component of velocity; (a) - ltme = 7A, (b)
(Irme = 1.6 A, 50 Hz, probe P2, dotted line is the Kolmogorov's spectra -5/3).
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Figure 4: Spectra of axial component of velocity; (a) - ltme =7 A, (b)
(Irmr = 1.6 A, 50 Hz, probe P2, dotted line is the Kolmogorov's spectra -5/3).

3. Conclusion

Thus, we propose a method of purification and analysis of turbulent MHD experimental data.
The developed method of processing these data, based on the study of scale-by-scale wavelet
cross - correlations. We studied the possibility of separation between the signals from MHD
turbulent flow pulsations and the direct or/and indirect influence of an external magnetic field.
On the basis of wavelet cross-correlation analysis we show that it is possible to allocate a
range of frequency in the measured spectra which characterizes the pulsations of the velocity
field. Further development of this method will allow us to analyze the turbulence in the flow
under the study and obtain its performance in different conditions of exposure to
electromagnetic fields.
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Abstract: The experimental Bridgman type furnace combined with travelling magnetic field
Bitter coil mixing arrangement is used to investigate the solidification structure and the
additive particle distribution dynamics. Supporting numerical models combine time
dependent fields, developing turbulent flow fields, moving free surface, solidification front
and the Lagrangian dynamic particle tracking.

1. Introduction

In order to enhance the mechanical properties of the material the transition from columnar to
equiaxed grains should be promoted and the grain size reduced. For this purpose, the use of
inoculants such as TiB, microparticles as grain refiners is very efficient [1-3]. The
introduction and distribution of the particles inside the material represents always a challenge
especially when the particle size is decreased. Different methods have been developed such as
mechanical stirring, pulse magnetic fields or ultrasound. The advantage of using magnetic
field is the completely contactless influence on the liquid metal. In the case of a traveling
magnetic field (TMF) the flow direction and its intensity can be easily controlled to produce
required distribution of the inoculant particles within the matrix material. The TMF can be
used to increase the number of nucleation points which will enhance the reduction of grain
size in the alloy [4,5] and to homogenize the temperature of the melt. The electromagnetic
mixing helps to produce equiaxed dendrites and prevent the growth of cellular dendrites [6,7].
Melting light metal alloys (Al, Mg, etc) in the presence of electromagnetic (EM) field can
help to diffuse inclusions of various sizes in the liquid volume or oppositely concentrate these
on the surface of the solidified melt. Barnard et al. [8] demonstrated experimentally that
melting in a high frequency AC field indeed brings particles to selected locations on the
surface of consequently solidified metallic sample. Bubbles and inclusions are observed to
move selectively in the presence of EM field during the steel casting [9]. Materials of special
properties, like an increased concentration of additive particles near the surface, are produced
in the presence of the imposed electromagnetic field [10]. Numerically the particle paths can
be predicted [11,12] accounting for the added -electromagnetic force effects. The
electromagnetic force acts directly only on electrically conducting inclusions, however the
electromagnetic force in the surrounding fluid creates a gradient of pressure giving additional
integral force even on the non-conducting inclusions of various sizes and composition. The
gravity induced buoyancy acts vertically, but the EM ‘buoyancy’ acts in the direction opposite
to the EM force. In addition to this, the large scale electromagnetically driven flow circulation
exerts a drag force, torque and shear, which contribute to the particulate transport. The paper
presents results obtained using a TMF of low intensity during the melting of aluminum alloy
357 with TiB, microparticles added with the purpose of grain refining.

2. Experimental procedures

Experiments were carried out using a Bridgman furnace equipped with a bitter coil. The
furnace VB2 (Vertical Bridgman 2 inches) manufactured by Cybestar is characterized by a
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zone of a controlled temperature gradient. The hot and cold end zones are equipped with
graphite resistors for heating. This bitter coil provides a traveling magnetic field of 10 mT and
frequency of 50 Hz. The phase shift is set as 60 degrees between the coil sections.

The material used as matrix material was Aluminum 357. This alloy is commonly used in
casting of aerospace structures. TiB, microparticles were selected to be mixed with aluminum
357. The diameter of the particles was 8.6um and its density 4.52 g/cm® .The percentage in
weight added to the aluminum alloy was 0.85 %. The final weight of the specimen is 730 g.
The material is introduced in the furnace inside a crucible made of quartz which is supported
by a graphite container. Microparticles and aluminium are introduced at the same time in the
furnace. A block of the filling material was made using a stack of the plates filled with the
TiB, microparticles (Figure 1). The amount of material of the specified weight permits to
obtain a final specimen 15 cm high and 5 cm in diameter.

Crucible

¥

| Aluminum
I’; / pieces

Hole in luminum piece
filled with
microparticles

UpperResmtori Bitter Coil

§ _—Lower Resistor

g S

Figure 1: Crucible filling and the furnace cross-section of the experimental device with the
Bitter coil at SIMAP, Grenaoble.

Crucible

The aluminum has a very high reactivity with the oxygen and forms aluminum oxide in
milliseconds. In order to avoid an oxide layer over the surface of the crucible, the furnace is
subjected to vacuum conditions, of 10 mbar at the beginning of the experiment. Afterwards,
an open cycle of argon flow of 2.3 I / min is maintained during the totality of the experiment.
The pressure inside the furnace is maintained in this way at 1200 mbar.

The aluminum alloy was heated to a temperature of 800°C imposed in upper and lower
resistors. This temperature was maintained during 1.5 hours. Electromagnetic stirring started
when this temperature was attained. Upwards and downwards TMF was alternated every 10
minutes and set to upwards direction during the cooling period until the solidification of the
material. The temperature of the lower resistor was brought to 700 °C creating a gradient of
660 K/m which was kept until the end of the cooling. The rapid cooling would enhance the
reduction of the grain size, therefore, the cooling rate selected was 0.25 K/s.

3. The mathematical model and results

The mathematical basis of the present model is the time-dependent Navier-Stokes and
continuity equations for an incompressible fluid, and the thermal energy conservation
equations with the Joule heating term for the fluid and solid zones of the metal charge [14].
The turbulent viscosity and the effective thermal diffusivity is the subject of the turbulence
model accounting for the EM effects. The numerical solution of the coupled problem is
obtained using the pseudo-spectral collocation method, employing the continuous co-ordinate
transformation for the shape tracking. The time-dependent fluid flow problem is set with
appropriate boundary conditions: at the free surface of the liquid the normal hydrodynamic
stress is compensated by the surface tension, whilst at the solid walls the no-slip condition is
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applied to the velocity wherever there is a contact at any given time. The free surface contact
position moves as determined by the force balance and the kinematic conditions. During the
melting or solidification, the solid-liquid interface is traced automatically as the solidus
temperature surface T = Ts moves with the coupled effects of the solid fraction-modified
specific heat function. The temperature field corresponds to the thermally insulating side wall
and the linearly decreasing in time hot top/cold bottom condition. The EM mixing and the
additive particle distribution is investigated using the numerical models combining the time
dependent EM fields, developing flow fields, the moving free surface and solidification front.
The EM mixing is achieved by the Bitter type coil arranged in separate sections with a
prescribed phase shift. The device schematic is shown in the Figure 1 and the numerical
model with a computed velocity field - in the Figure 3.

Magnetic force and electric current Magnetic force and electric current
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Figure 2: Upwards (left) and downwards (right) travelling magnetic field electric current and
force distribution in the aluminium sample.
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Figure 3: The velocity field in aluminium samples due to the upward (left) and downward
(right) travelling magnetic field.

The AC phase shift permits to create the travelling magnetic field either upward or downward

(Figure 2 shows the time average EM force distribution), which permits a variety of the
mixing patterns affecting the solidification front and various scenarios of the particle motion.
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The particles of micro to nano-size are added at desired locations in order to follow their paths
and concentration, following their distribution in the gradually solidified metal ingot. Larger
particles (> 10 um) are the most sensitive to the buoyancy and the EM force effects, while
smaller size particles follow closely the fluid flow pattern, only deviating in the regions of the
higher EM force density and being entrapped when reaching the solidification front. The
choice of flow pattern ensures the desired distribution of the particles. The upward EM field
favors the fast entrapment of the particles at the bottom solidification front (Figure 4, left). On
the contrary, the downward traveling field creates the flow, shown in the right of the Figure 3,
leads to enhanced particle concentration at the top part of the melt (Figure 4, right), thus
delaying or even preventing the additive supply to the solidification front.
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Figure 4: Various size particle trajectories in aluminium melt for the upward (left) and the
downward (right) travelling magnetic field.

The results presented are preliminary and a full experimental verification is expected. The
numerical model show areas in which the magnetic field is more intense and the optimum
flow direction for the particle dispersion to the solidified metal matrix. The highest intensity
of the magnetic field is located at the middle of the bitter coil area. In consequence, the
particles would be more effectively dispersed if they are positioned there at the beginning of
the experiment.

4. Experimental results and discussion

The microscopic study of the solidified specimens revealed an apparently good dispersion of
the particles. Agglomeration and settling can easily occur due to the difference in density
between aluminum and TiB2. The images obtained from the analysis of material from the
lower part of the crucible showed no signs of agglomeration. The extraction of the particles
could have been the result of the polishing performed on the samples. The upper part of the
specimen showed different results. The number of particles found during the optical
inspection was higher than on the lower part. Signs of possible TiB, agglomerates were
found. The characterization of the specimens is still in process and the number of particles
will be determined accurately in future work. The following images were taken from samples
of the lower part of the specimen. The images show equiaxial grains at distances of less than 1
cm from the wall of the crucible. There are clear signs of refining the aluminum 357 stirred
with the TiB additive (Figure 5, left) and the aluminum 357 solidified without refining (right).
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Flgure 5 Mlcr-(‘)'g"r.épr)\s of ti’kle.SO“dlfled. samples (left) alumlnum 357 stlrredW|ththe TiB
additive. (Right) Equiaxial dendrites and signs of porosity without refining.

5. Conclusions

Intense mixing can be achieved using both upwards and downward travelling magnetic field.
The melt front shape is strongly affected by the flow direction and the type of side wall
thermal conditions. The particle paths and the concentration can be optimised to the desired
outcome manipulating the EM field. The combined use of grain refiner and low intensity
traveling magnetic field has shown positive results in the refining of the material.
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Abstract : The results of studies on the influence of magnetohydrodynamic effect (MHD),
paramagnetic and magnetic field gradient force on properties of an electrochemically
synthesized Co-Pd alloys. The electrolysis was performed at constant current conditions. An
attention was mainly dedicated to the influence of the magnetic field on the process
efficiency, composition, structure and morphology of the synthesized Co-Pd alloys.

1. Introduction

External magnetic field during deposition of an alloy causes additional convection at the
electrode surface coming from magnetohydrodynamic effect (MHD), paramagnetic force and
magnetic field gradient force. The additional convection results in changes of the alloy
composition, structure and morphology and by this way on the further properties of obtained
alloys. In the literature there can be found that Pd-Co alloys are characterized by better
electrocatalytic properties for ORR than pure palladium [1]. In catalysers composed of two
metals, of which one has poorly occupied (Co) and the second (Pd) completely occupied d
orbitals, the result of their interactions might be lowering of Gibbs free energy for the process
of electrons transport [2].

The properties of Co — Pd alloys deposited in the magnetic field of parallel and
perpendicular orientation of the magnetic field forces lines vs working electrode were
described. Particular attention was focused on the influence of current density, direction and
value of magnetic field induction vector on composition, structure and morphology of Co —
Pd alloys.

2. Results

The composition of electrodeposited alloys depends on many factors, including the
concentration of individual components of electrolyte, presence of complexing agents, pH,
temperature, a substrate material as well as the WE potential or the value of applied cathodic
current density. The first step of the tests was performed to determine the value of cathodic
current density enabling deposition of coatings well adhesive to the substrate. The electrolysis
was performed in different times depending on applied current density. Coatings were
deposited for 120 min for i = 10, 20 [mA/cm?], and 60 min for i = 50, 100, 250 [mA/cm?]
from the electrolyte containing 0.01 M Pd(NHj3)4Cl, and 0.005 M CoCl, 6H,0. Significant
differences were noticed in the composition of alloy coatings and in cathodic current
efficiency depending on the applied current intensity (Fig. 1). The lowest content of Co (28 at.
%) was featured by an alloy obtained at i = 50 [mA/cm’], for which the highest current
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efficiency (6.4 %) was achieved simultaneously. However, the coating was characterized by
high internal stresses manifested by micro cracks and lack of cohesion of deposits with the
material of substrate. Therefore, the further alloys deposition was performed at current
intensity of 10 [mA/cm?].
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Figure 1: Influence of cathodic current density on Co content in alloys (Xc,) and current
efﬁciency (nCo+Pd) (001 M Pd(NH3)4C12, 0.005 M COC12 6H20, 1.68 M NH4C1, pH = 9.5,
T =25°C).

Electrolysis performed at different concentrations of Pd(NH3)4Cl, allowed
determination of the bath composition effect on Pd content in the obtained alloys (Tab). The
highest current efficiency was achieved for 0.1 M Pd(NHj3)4Cl, and it is connected with an
increase of rate of the [Pd(NH;)]*" complex reduction reaction. The electrolyte of such
concentration of Pd(NH3)4Cl, was used for tests on the MF influence. The increase of
Pd(NH3)4Cl, concentration from 0.01M to 0.1M caused an increase of current efficiency from
4.8 % to 75.2 % as it can be seen in Table 1.

Table 1. Alloys composition and cathodic current efficiency depending on the content of
Pd(NH3)4Cl; in electrolyte (0.005 M CoCl, 6H»0, 1.68 M NH4Cl, pH=9.5, T = 25 °C).

Pd(NH3)4C12 XCo Xpd Nco Mpd TCo+pPd,
[mol/dm’] [%at.] [% at]. [%] [%] [%]
0.001 949 51 63 02 65
0.01 521 479 32 16 438

0.1 2.5 975 33 719 752

Further studies were performed at different orientation of MF lines: parallel and
perpendicular. Parallel orientation was applied to induce additional convection following the
Lorentz force action. Whereas, perpendicular orientation aimed to generate paramagnetic
force action and magnetic field gradient force. As it is visible in Fig. 2, the applied MF,
regardless of its configuration, caused significant lowering of current efficiency in relation to
alloys deposited without a MF and an increase of cobalt content in the obtained coatings.

The diffraction patterns registered for the obtained alloy coatings are visible in Figs.
3a—d. An increase of grain size with an increase of cathodic current density was noticed. The
XRD diffraction pattern in Fig. 3a, shows, regardless of current intensity, three repetitive
peaks indicating the presence of phase CoPdy with FCC structure whose location changes
with the relation of content of Co and Pd in alloys (Fig. 3) [3-5].
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Figure 2: Influence of magnetic field induction vector on Pd content in deposited alloys and
cathodic current efficiency (0.1 M Pd(NH3)4Cl,, 0.005 M CoCl, 6H,0, 1.68 M NH4Cl,

pH=09.5, T =25 °C).
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Figure 3: XRD diffraction patterns of alloys deposited at different current density (a),
Pd(NH3)4Cl, concentration (b) and in MF of different magnetic field induction vector value
and orientation: perpendicular (c) and parallel (d).

The influences of Pd salt concentration on structural changes in the obtained alloys are
visible in Fig. 3b. XRD diffraction pattern of an alloy deposited from electrolyte containing
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0.001 M Pd(NH3)4Cl, shows three peaks coming from the Cu substrate. After increasing the
concentration of Pd(NH3)4Cl, from 0.01 M to 0.1 M, there are a visible shifts of peaks coming
from planes (111), (220) and (200) of the phase CoPdy to a location typical for the FCC
structure of pure Pd (20 = 40.12°, 20 = 46.66° and 20 = 68.12°).

The applied MF regardless of configuration did not cause, apart from an increase of
grain size with an increase of the value of magnetic induction vector, changes in the deposit
structure (Figs. 3c,d). It was observed that regardless of the orientation, an increase of the
value of magnetic induction vector resulted in an increase of the grain size. The perpendicular
MF also caused higher than for parallel one decrease of current efficiency which is manifested
by increased intensity of peaks coming from the substrate material with an increase of MF
intensity (Fig. 3¢,d).

a) h) ) ¢)

Figure 4: Microphotographs of alloys deposited form electrolytes of different Pd(NH3)4Cl»
concentration: a) 0.001 M, b) 0.01 M, ¢) 0.1 M (0.005 M CoCl, 6H,0, 1.68 M NH4CI, pH =
9.5, T =25 °C, res. 4000 X).
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Observations of alloys morphology with the use of SEM microscope showed, similarly
to XRD analysis, that the size of cathodic deposit grain increased remarkably with an increase
of Pd(NH3)4Cl, concentration which can be seen in Fig. 4.

3. Conclusion

The best adherent coatings were deposited from electrolyte containing 0.1 M Pd(NH3)4Cl, at
cathodic current intensity at i = 10 [mA/cm?]. The magnetic field, regardless of configuration,
caused a decrease of current efficiency of the electrolysis process. It can be also concluded,
based on XRD measurements that MF influencing crystallisation process. An increase of the
value of magnetic induction vector independently on MF orientation increased the deposits
grain size.
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Abstract: Chiral catalytic activities of electrode surfaces fabricated by magneto-
electrochemical etching have been theoretically examined for the two cases of macroscopic
rotation; in the first case, a tornado-like stream called vertical magnetohydrodynamic (MHD)
flow rotates the solution over the electrode, and in the second case, the whole electrode
system uniformly rotates. As a result, the following three points were clarified; 1) In the
absence of oxide layer such as passive film, the activities arise from screw dislocations of 2D
pits. 2) For the vertical MHD flow, under upward and downward magnetic fields, D- and L-
activities appear, respectively. 3) For the system rotation, only L-activity is obtained.

1. Introduction

The chemical reactivity of catalyst for some fundamental aspects such as stereoselectivity and
chirality are issues of paramount importance. Chirality is a fundamental concept in chemistry
and life science, and chiral catalysts play the most important scientific and technological roles
in modern industry with intense economic impact. In this sense, how to fabricate chiral
catalysts is still an open question with important fundamental and technical interest.

Mogi has first found the appearance of the enantiomorphic activities of electrodes deposited
in vertical magnetic fields [1,2]. Then, the following studies clarified that the chiral activities
are attributed to numerous chiral screw dislocations on 2D and 3D nuclei, which are created
with minute vortexes called micro- and nano-MHD flows arising from magnetic field and
macroscopic rotation [3,4]. The most important theoretical result concerning the catalytic
activity for enantiomorphic reagents was that the chiral symmetry is broken to L-activity side.
The fabrication process of this type catalyst under magnetic field and rotation is universal. In
view of the fact that stars and nebulae are also evolved under magnetic field and rotation,
whether such type catalysts had contributed to the molecular evolution of amino acids in the
cosmic space would be a quite interesting problem for the origin of homochirality.
Furthermore, is anodic etching also possible to bestow the same kind of catalytic activity to
electrode surfaces? According to this question, in the present paper, with regard to anodic
etching, two cases of macroscopic rotation under a magnetic field are theoretically examined;
the first case is that a tornado-like stream called vertical MHD flow rotates over the electrode
surface, and the second case is that the whole electrode system uniformly rotates.
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2. Theory

2.1 Electrochemical instabilities of 3D and 2D pits

In anodic etching, two types of pit are possible to grow; one is 3D pit with an about 1 pm
diameter, forming a deep hole. The other is 2D pit with an about 100 um diameter, forming a
shallow hole. Due to a localized large amount of metallic ions dissolved, the growth of 3D pit
is controlled by nonequilibrium fluctuation of concentration overpotential. Since a positive
overpotential is applied to a metal surface, for the pit to unstably develop with time, the
overpotential fluctuation is required negative. However, metallic dissolution always provides
a positive overpotential fluctuation, so that 3D pits are stable and cannot grow [5].

On the other hand, 2D pit formation is also under a control of concentration overpotential, i. e.,
a negative fluctuation of it is inevitable for unstable growth. In this case, since 2D pits arise
from electric double layer, the overpotential fluctuations of the electric double layer are newly
joined, making the pitting process unstable under the following condition,

e(@,)/a(e)), (@,) >0 (1)
where, (®,) and (®,) are the average potential fluctuations of the Helmholtz and diffuse
layers, respectively, and (3(®,)/ 8((1))1l is the differential potential coefficient, and the subscript
p implies that all other quantities are kept constant. From these discussions, it is concluded
that in anodic dissolution without passive films, only 2D pit can develop with time. In Fig. 1a
and 1b, Eq. (1) is represented by the potential distributions in the electric doublw layer, which
correspond to the cases of the absence and presence of specific adsorption of anion. On the
contrary to cathodic deposition [6], anodic etching can always develop in the form of 2D pits.
In addition, it shoud be noted that because of the disturbance of concentration overpotential,
fluid motion makes the pit formation less active.
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Figure 1: Potential distributions in Figure 2: Macroscopic rotations. a,
electric double layers in unstable 2D vertical MHD flow; b, system rotation.
pitting. a, without specific adsorption; b, By, the magnetic flux density; Q, the
with specific anionic adsorption. angular velocity.
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2.2 Chiral activity induced by vertical MHD flow

2D pits unstably growing on an electrode surface acquire chirality from microscopic vortexes
called micro-MHD flows under magnetic field and macroscopic rotation. Two types of
macroscopic rotations in magnetic field are represented in Fig. 2, i.e., a tornado-like rotation
over an electrode surface called vertical MHD flow and an electrode system rotation.

I L

<o0<o 0—>0—> 0—>0—> 0000 <-0&0
a b
Figure 3: Rigid and free surface formations. a, Figure 4 : lonic vacancy.

rigid surface; b, free surface; o, vacancy.

In accordance with ionic vacancies gathered and spread out, as shown in Fig. 3, upward and
downward micro-MHD flows yield free surface without friction and rigid surface with
friction, respectively. Here, ionic vacancy created during electrode reaction works as an
atomic-scale lubricant, which is shown in Fig. 4, 1. e., a free vacuum space with an about 0.1
nm diameter surrounded by ionic cloud [7]. On the rigid surface, due to friction, micro-MHD
flow disappears, and the solution is kept stationary, whereas it can rotate on the free surface
without friction. As elucidated above, the stationary solution on the rigid surface assists the
unstable growth of 2D pit, whereas the solution flow on the free surface rather suppresses it,
so that as indicated in Fig. 5, the current lines

are distorted inside and outside on the rigid
and free surfaces, respectively. In an upward
vertical magnetic field, Lorentz force thus ﬁ
induces clockwise (CW) and anticlockwise

(ACW). rotations on the r1g1d'aI.1d free surfac;s, Bo MK \\\\ N
respectively. Here, on the rigid surfaces with a

friction, the solution is kept stationary, the
vortex rotation is not transcribed to a pit
surface. Only on the free surfaces without
friction, such a transcription is possible, i. e.,
under an upward magnetic field, micro-MHD
flows with ACW rotation contribute the
fabrication of chiral screw dislocations.

Figure 5: Current lines and activated
rotations. a, rigid surface; b, free surface;
o, vacancy.

2.2.1. Positive reinforcement by Coriolis
force

In the absence of energy supply, micro-MHD
flows once activated by magnetic field dwindle
with time. Coriolis force by the vertical MHD
flow makes special contribution to sustain
them. In Fig. 6, the positive reinforcement by
the Coriolis force is exhibited; on the electrode —

surface, two layers are formed. The micro- Figure 6: Reinforcement process by the
MHD flows mentioned above are activated in vertical MHD flow. a, rotating layer; b,
the lower layer by the magnetic field, whereas stationary layer.

the Coriolis force yields other vortexes in the

CW ACW
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Figure 7: Formation of a screw dislocation. Figure 8: Mirror-image relationship
A, the rotational direction of micro-MHD between reagent and dislocation.
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Figure 9: ACW screw dislocations Figure 10: Chiral activity by vertical
calculated after 10 times pitting. MHD flow.

upper layer rotating with the vertical MHD flow. As a result, through the vortexes in the
rotating upper layer, the kinetic energy of the vertical MHD flow is supplied to the vortexes in
the lower layer.

2.2.2. Enantiomorphic activity of screw dislocation

Figure 7 illustrates a screw dislocation formed by a micro-MHF flow. Since dissolution takes
place in the same direction as that of the vortex flow, ACW screw dislocation is created from
ACW micro-MHD flow. Because enantiomorphic catalysis has a mirror-image relationship
with reagent, as shown in Fig. 8, the ACW screw dislocation is active for a D-type (CW)
reagent, i. e., having D-activity. Figure 9 shows ACW pits formed on a free surface, which is
theoretically calculated after 10 times repeated pitting. The catalytic activities in all cases of
magnetic field directions are put in order in Fig. 10, i. e., in an upward magnetic field, D-
activity emerges, whereas in a downward magnetic field, L-activity arises.

2.3. Chiral activity induced by system rotation

When an electrode system rotates under a vertical magnetic field, as shown in Fig. 11,
Coriolis force is directly imposed to the micro-MHD flows activated by magnetic field,
inducing precession of the vortexes. As a result, a cooperative effect arises between Lorentz
force and Coriolis force, so that the product of the magnetic flux density and the angular
velocity of the system rotation B)Q determines the chirality of the micro-MHD flows. The
theoretical calculation indicates that only the case of positive B,Q is allowed for vortexes on
free surfaces, and that the following physical parameter called Coriolis vorticity determines
the rotational direction of the vortexes.

@, =-AB,Q 17, (2)
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where A is a positive constant, and J, is the extended current density, which is positive in
case of anodic etching. Therefore, for a positive B2, the Coriolis vorticity o, becomes
negative, 1. e., CW rotation emerges. In accordance with the case of vertical MHD flow, this
implies L-activity for enantiomorphic reagents. For a negative B,Q2, rotational motion on a
free surface is not permitted, so that as shown in Fig. 12, chiral activity is not obtained.
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Figure 11: Precession of micro-MHD flow. Figure 12: Chiral activity by system rotation.

3. Conclusion

The following three points were concluded; in the absence of passive film, chiral activity
arises from screw dislocation of 2D pit. For vertical MHD flow, under upward and downward
magnetic fields, D- and L-activities appear, respectively. On the other hand, for system

rotation, only L-activity arises. Namely, in anodic etching also, chiral symmetry is broken to
L-activity side.
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Abstract: Chiral surface formation was found in magnetoelectrochemical etching (MEE) as
well as magnetoelectrodeposition. The MEE of copper films was conducted in galvanostatic
conditions with various etching currents under a magnetic field of 5 T perpendicular to the
electrode surfaces. The MEE film electrodes exhibited current difference in voltammograms
between alanine enantiomers, and such chiral behavior depended on the etching current and
the polarity of the magnetic field at the MEE processes.

1. Introduction

Chirality induction is one of the most attractive functionality in magnetoelectrolysis
(electrolysis under magnetic fields). Chiral surfaces of metals and minerals have potentials as
chiral catalysts, which could play wide roles in organic syntheses, pharmaceutical industry
and molecular evolution of biochemical systems. Thus, studies on chiral surface formation are
of great significance, and magnetoelectrolysis can be expected to contribute to the
development of novel technique for the preparation of chiral surfaces.

We have reported that magnetoelectrodeposition (MED) is able to produce chiral
surfaces of metal films of silver and copper [1-5]. This surface chirality could be induced by
the MHD and micro-MHD vortices arising from the Lorentz force acting on faradaic currents
[6,7]. The MED films showed chiral recognition for the enantiomers of several amino acids,
glucose and tartaric acid [1-3,8].

The micro-MHD effect was also observed in magnetoelectrochemical etching (MEE)
[9] as well as in MED. Figure 1 shows a schematic of the micro-MHD and vertical MHD
vortices excited in the MEE processes under magnetic fields perpendicular to electrode

‘? ‘?" ‘? A Vertical MHD flow

<\

Micro-MHD vortex

Figure 1: Schematic of the MHD effects in magnetoelectrochemical etching. The
magnetic field B is imposed antiparallel to the faradaic current i and perpendicularly to
the electrode surface.
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surfaces. Electrochemical etching is a non-equilibrium process, and non-equilibrium
fluctuation produces a number of pits on the etching surfaces. The micro-MHD vortices
emerge around such pits (see an inset in Figure 1), and then they form self-organized states on
the film surface. The vertical MHD flow is excited around the electrode edge and make
interference on the micro-MHD vortices. Thus MEE processes are expected to produce chiral
surfaces. In this paper, we report the experiments of MEE of Cu films with galvanostatic
conditions and the dependence of chirality of the MEE films on the etching currents and the
polarity of magnetic field.

2. Experimental of magnetoelectrochemical etching

In the electrochemical experiments, a conventional three-electrode system was employed: a
polycrystalline Pt disc working electrode with a diameter of 1.6 mm, a Cu plate counter
electrode, and a Ag | AgCl | 3 M (M = mol dm™) NaCl reference electrode. Before the etching
processes, Cu films with a thickness of approximately 300 nm were prepared by
electrodeposition on the working electrode in the absence of magnetic field. The etching of
the Cu films was conducted in galvanostatic conditions with various constant currents of 15 —
30 mA cm™ in a 50 mM CuSO,4 + 0.5 M H,SO, aqueous solution until the film thickness
decreased to approximately 150 nm. The passing charges were 0.8 C cm? at the
electrodeposition and 0.4 C cm™ at the etching. In the MEE process, the electrochemical cell
was placed at the bore center in a cryocooled superconducting magnet, and a magnetic field of
5 T was imposed perpendicularly to the electrode surface. Here, the MEE films prepared in
the magnetic field parallel and antiparallel to the faradaic currents are called +5T-film and —
5T-film, respectively.

The MEE Cu films were used as electrodes after the pretreatment of surface
oxidization from Cu to CuO, as described in our previous paper [3]. The chiral behaviors of
the MEE film electrodes were examined using the voltammetric measurements of the
enantiomers of alanine (an amino acid). The voltammograms were measured in a 20 mM
alanine + 0.1 M NaOH aqueous solution with a potential sweep rate of 10 mV s™.
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Figure 2: Electrode potential vs time during the MEE processes in +5 T at the
etching current of 5, 15 and 25 mA cm™. The passing charge was 0.4 C cm™.
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3. Results and discussion

Figure 2 shows the time dependence of
working electrode potential during the MEE
process in +5 T at the etching currents of 5,
15 and 25 mA cm. The electrode potentials
rise by ~ 5 mV for initial several seconds
and then reach constant values at any
etching currents. In such steady states, the
micro-MHD vortices and the vertical MHD
flow could form a self-organized state
[7,10]. The steady potential increased almost
linearly with increasing etching current in
the region of 5 to 30 mA cm™.

Figure 3 shows voltammograms of L-
and D-alanines on the (a) OT-film, (b) —-5T-
film and (c) +5T-film electrodes, where all
the MEE films were prepared at an etching
current of 20 mA cm™. Alanine molecules
are oxidized on the Cu electrodes around 0.7
V [11], where the voltammogram has a
current peak. The voltammograms of the
alanine enantiomers are coincident each
other on the OT-film electrode, meaning
achirality of the film surface. On the other
hand, the -5T-film electrode exhibits L-
active chirality for the enantiomers; namely,
the peak current of L-alanine is greater than
that of D-alanine. This fact demonstrates
that the MEE process induces the surface
chirality on the Cu films.

The chiral sign of the MEE films should
depend on the polarity of magnetic field at
the MEE process. The reversal of the
magnetic field direction is expected to lead
to the mirror-image chirality of the MEE
films. However, Figure 3(c) shows that the
+5T-film electrode exhibit achirality, even
though the -5T-film electrode exhibits L-
active chirality. On the contrary, when the
etching current was 25 mA cm?, the +5T-
film electrode exhibited D-active chirality,
and the -5T-film electrode exhibited
achirality.

In the case of magnetoelectrodeposition
(MED) of Ag and Cu films, the reversal of
the magnetic field direction induces the
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Figure 3: Voltammograms of L- and D-
alanines on (a) the OT-film electrode, (b) the
MEE -5T-film and (c) the +5T-film
electrodes, where the films were prepared at
the etching current of 20 mA cm™.

mirror-image chirality of the MED films [1-4]. For example, Cu MED +5T-films exhibit L-
active chirality, and the —-5T-films exhibit D-active one. This is why the direction of vertical
MHD flow is determined by the magnetic field direction and the interference of the vertical
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Figure 4: The ee ratios of +5T-film and —5T-film electrodes for alanine
enantiomers versus the etching currents at the MEE processes.

MHD flow breaks the symmetry of the micro-MHD vortices [7]. However, the results in these
MEE experiments suggest that the reversal of the magnetic field direction at the same etching
current does not lead to the mirror-image chirality but lead to achirality.

We examined the etching current dependence of the chirality of the MEE 5T-films,
and the result is shown in Figure 4, where enantiomeric excess (ee) ratios are plotted against
the etching current for both polarities of magnetic field. The ee ratio in the voltammograms
of enantiomers can be defined as ee = (i,~ — ip°) / (i,~ + ip°), where i," and i,° represent the
peak currents of L- and D-alanines, respectively. The positive sign of ee ratio represents the
L-activity, the negative sign represents the D-activity. While the -5T-film exhibits the
maximum L-activity at 20 mA cm, the +5T-film exhibits the maximum D-activity around 25
mA cm™. These results indicate that the optimal electrochemical condition for the L-active
film formation is not the same as that for the D-active film formation. As a result, the chirality
of the MEE films disappears in the films prepared in the opposite magnetic field at the same
etching current, as shown in Figures 3(b) and 3(c). The asymmetric feature in the optimal
conditions for L and D active surfaces implies symmetry breaking in the chiral surface
formation, being of great interest in connection with the homochirality in molecular evolution.
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Abstract: Applying interferometry to an aqueous solution of paramagnetic manganese ions,
subjected to an inhomogeneous magnetic field, we observe an unexpected but highly repro-
ducible change in the refractive index. This change occurs in the top layer of the solution,
closest to the magnet. The shape of the layer is in accord with the spatial distribution of the
largest component of the magnetic field gradient force. It turns out that this layer is heavier than
the underlying solution because it undergoes a Rayleigh-Taylor instability upon removal of the
magnet.

1 Introduction

Magnetic fields were proved to be a useful tool to manipulate objects according to their mag-
netic properties on macroscale, microscale and occasionally on nanoscale (1)(2). An increasing
interest is noticeable in the application of magnetic fields to manipulate of objects according
to their magnetic properties. These applications are based on the magnetic field gradient force
f;. However, the control of superparamagnetic nanoparticles in magnetic field gradients is a
formidable task because the large mean-squared displacement due to Brownian motion makes
it difficult for the magnetic field gradient force to track such small particles at all(3)(4). Thus,
with a view to the atomic scale, corresponding to paramagnetic ions, any impact of f:n was
considered even less likely. However, recent study on molecular scale also showed results un-
expected from established physical models, for example, the manipulation of single molecular
spin or phase separation in dispersion of nanorods, see references in (5).

In the present contribution, we show the opposite of what was stated above: we demonstrate
that magnetic ions in a homogeneous aqueous solution can be locally enriched by means of a
superimposed magnetic gradient field. This finding is not only of high interest from the theo-
retical point of view, but is of great importance for a variety of applications, for example, for
recycling of rare-earth metals from industrial waste water.

2 Experimental

Paramagnetic MnSO, solutions with different concentrations were prepared using analytical
grade reagents and deionized water. The total magnetic susceptibility of the solution is given
by
Xsol = Z Xmol k * Ck: (1)
k

where X0, x and Cy, refers to the molar susceptibility of the molecules and concentration of
sort k. Taking X.mol, #,0 - Cr,o0 = —9 - 107¢ into account along with the molar susceptibility of
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MnSOy, Xmol, Mnso, = 1.678 X 107" m? /mol we can derive the susceptibilities of the solutions
used. In this way, we find e.g. 1.588 x 10~* for an 1 M MnSOy solution. The homogeneous
MnSO, solution was injected into the cuboid glass cuvette with an inner side length of 10.0
mm, which was covered by a thin glass cover slip. A cylindrical NdFeB permanent magnet
with a diameter of 10.0 mm and a height of 5.0 mm was placed 0.5 mm above the cover slip,

see Fig. 1a.
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Figure 1: (a) Sketch of magnet and cell setup. (b) and (c) represent B, and B, in Tesla. (d)
shows the dominant part, Bz% in 72 /m, of the axial field gradient component according to

Eq. 3.

The resulting spatial distribution of the magnetic induction B around the magnet was simulated
by means of a Finite Element Solver (Amperes 9.0) and is axisymmetric by definition. Hence,
the azimuthal component B,, and the respective derivative, 9/0¢ cancel out in the azimuthal
direction. As a result, the following components in 7 and 2 direction remain in the field gradient
force density fm:

-, -, 0B, 0B,

[(B ’ V>B]r = BTW + Bzg (2)
- o, 0B, 0B,

(B-V)B]. = Brﬁ + Bzg (3)

To intuitively understand the plots in Fig. 1b-d, imagine the magnetic dipole, Fig. 1a. The field
lines exit at the magnet’s north pole, which immediately faces the solution. Hence, in the upper
central part of the solution, B, is the dominating component (Fig. 1b). By contrast, because
of the bending of the field lines towards the opposite south pole, B, becomes noticable along
the perimeter of the magnet, i.e. at the upper sidewalls of the cuvette, see Fig. 1c. Significant
gradients, 0B,./0r, appear only in the corners, while 0B,/0z also penetrates the upper bulk

solution. Thus, one can show that the dominant component in (Eq.2-Eq.3) is B, 863; , as plotted
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in Fig. 1d.

A Mach-Zehnder interferometer was used to study the evolving concentration distribution of
Cun2+ in the cell under the action of fm. The velocity distribution was measured using Particle
Image Velocimetry (PIV). The setup and details of both techniques were the same as in our
previous work (6). The recording was carried out for 10 seconds at a time interval of 60 seconds
for 20 minutes. All results in this paper were time-averaged over one second, i.e. 10 frames.

3 Results and discussions

The key result of this work is the observation of a highly reproducible bending of the fringes
in the interferograms directly below the magnet after the magnet is applied to the paramagnetic
solution, which is directly caused by a change of concentration in this region. This clearly indi-
cates a change in the refractive index An of the solution, which may be caused by a change in
either the concentration or the temperature of the solution. However, no physical reason is iden-
tifiable for the latter because the solution was safely prevented from being heated by the laser
or from cooling through evaporation. Thus, we processed the interferogram packages under the
assumption, that An is entirely caused by a change in the concentration, Cy/,,2+, of the Mn?*
ions.
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Figure 2: Iso-concentration contour plots of the 1 M MnSOy solution (a)600 s and (b) 1200 s
after the magnet was applied on top of the cell. The unit in the legends is the concentration
change in mM.

Fig. 2 shows the resulting contour plots representing the change in C'y;,,2+ for IM MnSOy solu-
tions at t = 600 and 1200 seconds after the magnet was applied. We observed the formation of
a convex layer close to the magnet in which C'y;,,2+ is higher than in the bulk. The enrichment
increases with time, cf. Fig. 2(a) and (b), to reach a steady state at t ~ 1200 s(Fig 2b). The larger
the amount of Cj, the stronger the concentration increase at the top, which is found to reach
2% of Cy. The convex shape of the optical inhomogeneous layer below the magnet reproduces
the convex shape of the spatial distribution of the dominant component of the magnetic field
gradient force (Fig. 1d).

The origin of this increase can be understood by zooming into the concentration contour plots
and applying PIV in parallel. Fig. 3a proves that there is a drainage from the enrichment layer
down to the bottom center of the cell. This drainage, which feeds the increase at the bottom as
visible in Fig. 2b, is associated with a downward flow visualized by the PIV measurement in
Fig. 3b. The downward flow occurs in the center of the cell, i.