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Preface 

The International Workshop on "Measuring Techniques in Liquid Meta1 Flows" (MTLM 
Workshop) was organised in fi-ame of the Dresden "Innovationskolleg Magnetofluiddynamik". The 
subject of the MTLM Workshop was limited to methods to determine physical flow quantities such 
as velocity. pressure, void fraction, inclusion properties, crystaliisation fronts etc. The present 
proceedings contain abstracts and viewgraphs of the oral presentations. 
During the last decades numerical simulations have become an important tool in industry and 
research to study the structure of flows and the properties of heat and mass transfer. However, in 
case of liquid metal flows there exists a significant problem to validate the codes with experimental 
data due to the lack of available measuring techniques. Due to the material properties (opaque, hot, 
chemical aggressive) the measurement of flow quantities is much more delicate in liquid metals 
compared to ordinary water flows. The generalisation of results obtained by means of water models 
to real liquid metal flows has often to be considered as difficult due to the problems to meet the 
actual values of non-dimensional flow Parameters (Re, Pr, Gr, Ha, etc.). Moreover, a strong need 
has to be noted to make measuring techniques available to monitor and to control flow processes in 
real industrial facilitbes. 
The objectives of the MTLM Workshop were to: 

Review of existing information on available techniques and experiences about the use in liquid 
metal flows, 
Initiate a discussion between developers and potential users with respect to the actual need of 
information about the flow structure as well as the capabilities of existing and developing 
measuring techniques, 
Explore opportunities for CO-operative R&D projects to expedite new developments and results, 
to share expertise and resources. 

The MTLM Workshop brought together scientists and engineers from universities, research 
institutes and the industry. The high response indicated by the large number of participants from a 
multiplicity of backgrounds and disciplines demonstrates the importance of the workshop subject. 
The spectrum of measuring techniques presented at the workshop was broad. It covers local 
invasive probes such as electric potential or resistivity probes, mechano-optical probes etc. and non- 
invasive techniques which need to have a direct contact with the fluid container (ultrasonic 
methods) or being able to work fully contactless (X-ray radiography. velocity reconstruction from 
magnetic field measurements). Capabilities and restnctions of the particular methods and principles 
were discussed intensively. 
In view of the large interest, the high number of interesting presentations. the Guitful discussions 
during the workshop as well as the new contacts between the participants the MTLM Workshop can 
be assessed as very successful. 

written by Gunter Gerbeth, Sven Eckert Dresden, November 1999 
(Forsehungszentrum Rossendorf e.V.) 



Scientific Programme 

October 11,1999 (Monday) 

Morning Session 

9.30 Welcome and Opening 
Prof. F.-P. Weiß (FZ Rossendorf), Prof. R. Grundmann (TU Dresden) 

10.00 Invited Lecture 
J. Koster (University of Colorado at Boulder, USA) 
In-situ solidification and metallic flow visualisations with X-rays 

10.45 T. Azami, S. Nakamura, T. Hibiva, K. Mukai (NEC Corporation, Japan) 
The effect of oxygen partial pressure of arnbient atmosphere on mode and velocity 
of Marangoni convection in molten silicon column 

11 -05 Coffee break 

1 1.35 C. Salvi, J.P. Garandet, A. Borgis und E. Rolland (CEA Grenoble, France) 
High precision resistance measurement in directional solidification 

1 1.55 B. Drevet, P. Lehmann (EPM-MADYLAM Grenoble, France) 
Seebeck effect as an in-situ detection technique in solidification of metallic alloys 



In-situ solidification and metallic flow visualizations with X-rays 

University of Colorado at Boulder, USA 

Manufacturers of high performance metallic alloys and electronic crystals need to understand 
solidification from alloyed melts in order to improve processes. Predictive liquid metal modelling 
was considered necessary to improve material quality. The international microgravity programs 
heightened awareness of the impact the fluid flow in the melt has during solidification processing 
on properties of the solid. Numerical codes were developed for most processing systerns. 
Validation was done by comparative benchrnark problem solving and experiments with transparent 
model melts, without completely understanding its appropriateness. For a long time research on 
liquid metal fluid dynarnics has been hampered by lack of flow and density visualization in the melt 
phase. 

This presentation describes a radioscopic flow visualization technique. It will be shown that real- 
time liquid metal flow visualization and in-situ observation during solidificatiod melting 
processing are very powerful and deliver results that need to be clarified. These include 
gravitational segregation in the melt, actual dissolution state of the melt above liquidus, a th;eshold 
in natural convective flow, and double diffusive flow patterns. So far, many experiments challenge 
some of the conjectures made in numerical simulations. 













X-rau setup 

1 Testcell w i t h  Liquid metal 7 Lead chamber 
2 Thermodes 8 X-ray source 
3 Waterbath temperature c o n t r o l  9 CCD arid I~~~~ processor 
4 Thermocouples 
5 Tem~erature data 10 PC #2 

aqhisition system 
6 PC #I 

11  Cesium lodiode screen 
12 Grid 







Pool. RE., Koster. J.N., M. J. Heat r2f~xs Trzrilsfit* 37 (199-1.): 2583. 
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Hot Side 
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si al Trails in Germ 
Bardsley, W., Hurle, DTJ, Hart, M., Lang, A.R., J. Cyst. Growth 49 (1980), 612 

Ga-doped Germanium In-doped Germanium 
Dislocations and solute trails (-50 prn wide). Vertical solute trails ending + 

Ca-ificfusia.nzi at end of trails with In-inclusions. 

Koster 



Freckles around peri hery of cylin 

Giamei, A. F., and Kear, B. H., Metall. Trans. 1 (1970), 21 85 







T tional Segre 
l--'------- 

.-.. =-- 

! R.T. DeHoff, Thermodynamics in Materials Science, McGraw Hill, 1993. 
I 

J.N. Koster and R. Derebail, Heat und Mass Transfer 32 (1997), p.489. 
t 

d/dz {In X(z)) = (g/RT)(M - M,) 
+ X- 3,113 

X/(l -X) = ((Xo/ 1 -Xo)} exp (g/RT (M,-M,)(z-z,)) 

C = m3$(1n3, + inCT 38 ) = 

+LW (3.5 cm) = 2 X 10-5 at%, or AC = 3 X 10-5 wt% Indium 

* which is negligible! + Boussinesq fluids 

* AC too small to be visualized by X-ray technique! 











A E R O S P A C E  E N G I N E E R I N G  S C I E N C E S  

AT = 5.6 K, Gr,=2.4 X 106 

Develoj'm t o f  full coiwection in Ga-%. 
A tlii-eshol xists for onset of eon~~ection! 

AT = 5.8 K, Gr, = 2.6 x 106 

AT= 6.0 K, Grl= 3.3 X 106 
AT = 7.3 K, Gr, = 4.2 x 106 

Koster 











Quasi-steady heating 
0.06 Wmin 

Transient heating 
1 Wmin 



Melt 

Compariso Theory -Experiment 

Thompson, M.E. and Szekeley, J., 
J. Fluid Mech., 187 (1988), 409-433. 



(ATh = 9.5 K); 
'F . r & r r . -  

(ATh = 11.6 t K); 

H) Gr = 2.05 X 106 
(ATh = 4.7 K); 





D) Gru = 8.33 X 106 
(ATh = 16.4 K); 

E) Gru = 5.86 X 106 
(ATh = 17.9 K); 

Formation of partially imrniscible double-diffusive convection layers (liquation) 















reparation of AI-2.4 wt.% Sn alloy 



irectional coIi cation and formation 
regation 
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Campbell, T.A., andKoster, J.N., "L iwriiItAmtaitun c~f  Liq~ild Solid Itirerhet Moipholrrgics in Gallium Cd?ject to Natural Coiivection," J, Crystal Growth, 
140,1994,414425. 
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The Effect of Oxygen Partial Pressure of Ambient Atmosphere 
on Mode and Velocity of Marangoni Convection 

in Molten Silicon Column 

7: ~zami' ,  S. ~akamura', 7: ~ i b i ~ a '  and K. ~ u k a i ~  

'~undamental Research Laboratories, NEC Corporation, 
34 Miyukigaoka, Tsukuba 305-8501, Japan 

' ~ e ~ a r t m e n t  of Materials Science and Engineering, Kyushu Institute of Technology, 
I - I ,  Sensui-cho, Tobata-ku, Kita-Kyushu 804-8550, Japan 

Crystal growth of semiconductor silicon is controlled by a heat and mass transfer 
process at the crystal-melt interface. The Marangoni effect at the fiee surface is 
considered to play a significant role in this process. Moreover, Niu et al. reported that 
surface tension and its temperature coefficient of molten silicon are sensitive to oxygen 
partial pressure of ambient atmosphere [I]. However, there have been few reports on 
these subjects. The mode of temperature oscillation of a half-zone molten silicon 
column 5-mm high and 5-mm in diameter changed with increasing oxygen partial 
pressure of ambient atmosphere: oscillation with multiple fi-equencies (at Po2 = 3.5 X 

1oP7 MPa) changed to that with single fiequency (at Po2 = 1.8 X 1 0 - ~  MPa ). Also, 
velocity of the Marangoni fiow, which was revealed by X-Ray radiography with a 
tracer particle under microgravity, decreased with increasing oxygen partial pressure. 
These experimental results can be explained by dependence of temperature coefficient 
of surface tension of molten silicon on oxygen partial pressure of ambient atrnosphere: 
adsorbed oxygen atoms at the silicon melt surface significantly affect surface tension 
and its temperature coefficient. 

[I] 2.-G. Niu, K. Mukai, Y. Shiraishi, T. Hibiya, K. Kakimoto, and M. Koyama, J. Jpn. 
Assoc. Crystal Growth, 24 (1997) 369, 

This study was funded by a part of "Ground Research for Space Utilization" prornoted 
by NASDA and Japan Space Forum. 
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High precision resistance measurements in directional solidification 

C. Salvi, J.P. Garandet, A. Borgis and E. Rolland 

Commissariat 2 lfEnergie Atomique 
DTA/CEREM/DEM/SPCM/LSP 

CEA - Grenoble, 17 rue des Mariyrs, F - 38054 Grenoble Cedex 9 

The interest of using in situ diagnostics to monitor direetional solidification processes has 
long been recognized, e.g. by space agencies. In this communication, we shall present a novel 
differential resistance measurement technique that allows to track the position of the 
solidlliquid interface with an accuracy in the micrometer range in metallic alloys. By 
comparing prescribed and actual growth velocities, the thermal lag-time of the fumace can be 
characterized. More precisely, we were able to identify the transfer fimction of the furnace 
with a low pass filter. Another possible field of research is the detection of convective 
instabilities. The technique is also expected to be applicable to the case of semiconducting 
alloys. 



HlGH PRECISION BSISTANCE MEASUREMENTS IN 

DIRECTIONAL SOLIDIFICATION 

C. Salvi, J.P. Garandet, A. Borgis and E. Rollund 

CEREM, CEA - Grenoblq with support fiom CNES 



SOLZDZFZCATZON DZAGNOSTICS 

Diagnostics allow a better control and an increase of scientific return, 
specially for microgravity experiments. Important feature for Space 
Station experimentation. 

+ Twenty years of experience in our laboratory in the field of electrical 
(resistance) and thermoelectrical (Seebeck) diagnostics : Mephisto 
program. 



* Frame : Mephisto space program, double gradient configuration 



EXPERIMENTAL PROCEDURE 

Objective : characterisation of interface kinetics and furnace thermal 
behaviour in initial solidification transients. 

Materials investigated : pure tin and tin based alloys (AR = 1 @ AL 
= 20 P). 

Sudden variations of puliing velocity (indicial response) : exponential 
like behaviour, identification of base frequency. 

Harmonic variations of pulling velocity : identification of higher order 
frequencies. 







-- 

aain du second ordre 



TENTATIVE INTERPRETATION 

Heat transfer kinetics may be limited either by propagation of 
temperature disturbance or heat flux extraction. 

Propagation kinetics : T - / a, L characteristic length, a thermal 
diffusivity. In all cases, radial transfers are expected to be very fast, 
but longitudinal transfers may be much larger. 

Extraction kinetics : T - AQ / cp, AQ amount of heat to be extracted, cp 
heat fiux. Choice of phenomenological expression for cp may be 
difficult. 

In directional solidification of alloys, the construction of the solutal 
boundary layer ahead of the growth front may also interfere with 
interface kinetics. 



CONCLUSIONS AND PERSPECTIVES 

s Accurate resistance measurements allow to characterise the position, 
velocity, and acceleration of a directional solidification interface. 

s Adaptation to classieal single gradient furnaces (cartridge 
configuration) is being carried out with ESA support. 

+ Application to other directional solidification problems, such as 
microstructure formation, is under investigation. 



Seebeck effect 
as an in-situ detection technique 

in solidification 
of metallic alloys. 

A review. 

BI. Drevet*, P. Lehmannhh 
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Seebeck effect as an in-situ detection technique 
in solidification of metallic alloys 

B. Drevet and P. Lehmann 

EPM MADYLAM, ENSHMG, BP 95, 38402 St Martin dlHeres Cedex, France 

During the solidification of a metallic alloy, the interface between the solid and the liquid can be 
looked upon as a thermocouple junction, provided that the two phases show a difference of 
thermoelectric power. Several experimental devices (Mephisto, Rarnses, Efaistos) have been 
realised to rneasure the voltage generated by the interface. Experiments have been performed both 
on earth and under microgravity conditions (i.e. with and without convection), with different 
solidification regimes such as planar, cellular, dendritic or eutectic front. 
When the interface is planar, the measured signal is directly proportional to the temperature 
interface. However, when the interface is no longer isothermal (e.g. dendritic) or when the alloy is 
multiphase (e.g. eutectic), a local current density appears due to the coupling between 
thermoelectric effects and ternperature gradient. This voltage drop must also be taken into account, 
and more information about the interface morphology can be obtained. 
We propose to give here a review about the information (undercooling, segregation, microstructure 
transition ...) that can be expected fiom this kind of measurements in most solidification conditions. 
Practical aspects and technical problems will also be discussed. 



Contents 

1 - Principle of Seebeck measurements. 

2 -"Isothermal interfaces" : crystal growth and eutectic 
solidification. 

3 - Transitions : planar/cellular, planar/eutectic. 

4 - Dendritic growth. Freckles and segregations. 

5 - What configurations can Seebeck measurements 
by applied to? Technical constraints. 

6 - Conclusions 



Principle 

the thermocouple.. . 

AV = (VA  - ~ J B ) A T  

. . . to solidification. 

Moving fumace Fixed furnace 



Crystal growth / Isothermal interface 

The measured voltage is proportional to the concentration. 

Measurement of striations due to convection.(SnBi 0.5 %at) (Rouzaud 
et al, 1993) 



Effects of P-iitters on s e g e  ation (Sn-Bi. V=1.6 u ~ / s >  

I ium 
diagnostic 

Nuclear 
rnicroprobe 

0 5000 10000 15000 20000 25000 

distance (microns) 



Eutectic undercooling : AT„ = K V'" [Jackson and Hunt 
model] 

Seebeck voltage : 

ATeut (K) 

+ experimental 

- calculated (Jackson and Hunt) 

0 20 40 60 $0 100 

V Growth rate (pmls) 



Transitions 
Morphological instability 

-Microgravity experiment USMP 1 
-Measurements at different velocities (SnBiO.Sat%) 

0 5 10 15 20 25 30 
Pulling rate (um/.) 

Test with the Mullins and Sekerka theory. 



Hypoeutectic solidification 

Sn-0.8 wt.% Cu, V = 1 p d s  

Seebeck voltage 
(X 10 PV) . 

beginning 
of pulling 

end of pulling 

I I planar-eutectic transition I 



Non isothermal interface (dendrites, cells,. . .) 

Coupling between ternperature gradient an d ifference 
of thermoelectric power : thermoelectric current density. 



Differente of co position in the 
solid: 

Thermoelectric currents 

Liquid 

The voltage will depend on 

liquid fkaction between the dendrites 
(fkeckles) 

composition of the solid phase 
(segregation) 



Freckle detection (SnBi 25%mass 

Seebeck ('V) 

Not analysed yet 

Seebeck 

--+ Time (sec) 



Segregation measurements 
i 25%mass) 

Bncrease of the incorporation of Bi with the pulling rate 



Solidification configuration and technical constraints. 

o now : Bridgmann solidification. (directio 

Moving h a c e  FPxed furnace 

* Create a reference hterface 
Stabilize the copper-meta1 junction 



Conclusions 

Seebeck effect allows an in situ diagnostic in solidification 

It allows to measure : concentrations, undercooling, 
transitions, perturbations . . . 

Some technical constraints. . . . 
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Afternoon Session 

Invited Lecture 
E. Julius (AMEPA Aachen, G e m n y )  
Flow velocity and two phase flow measurement in steel production 

F. Stefani. 6. Gerbeth (FZRossendoiS, Germany) 
An inverse problem approach to velocity reconstruction from measurements of 
electromagnetic fields 

E. Baake, A. Mühlbauer (University of Hannover, G e m y )  
Experimental determination of turbulent flow characteristics, temperature and 
electromagnetic force density fields in the melt of induction furnaces 

Coffee break 

S. Eckert, W. Witke, G. Gerbeth (E Rossender$ Gemny) ,  L. Pisseloup 
(ENSHMG, France) 
Local velocity measurements in high temperature liquid metals by means of 
mechano-optical probes 

A. Mühe, 0. Gräbner (Fraunhofer IIS-B Erlangen, Germany), G. Miiller (University 
Erlangen, Germany), E. Tomzig, W. V. Amnwn (Wacker Siltronic Burghausen) 
Determination of flow velocity in Silicon Melt during an Industrial 
Czochralski Process 

I. Platnieks (Institute of Physics Riga, Lutvia) 
Heat transfer investigation by specially designed heat emitting surfaces 

V. Ghilin, Y. Ivochkin, N. Razuvanov, L Genin, A. Ustinov, V. Igumov 
(Instituge of High Temperatures Moscow, Russia) 
V .  Sviridov, E. Sviridov (Moscow Power Engineering Instime, Russia) 
The automated complex for investigating hydrodynamics md heat transfer for a liquid 
meta1 flow under magnetic field with an opportunity of the remote access 



Flow velocity and two phase flow measurement 
in steel production 

E. Julius 

AMEPA GmbH, Jülicher Straße 320,D-52070 Aachen 

Steel is and remains one of the most important manufacturing materials. The requirements 
regarding material characteristics and purity are constantly rising. The steel production process 
requires therefore an increasing effort regarding process control. Flow related influences on quality 
- positive and negative - have become a topic of great interest in the last years. 

During the Course of steel production the steel is poured several times fiom one vessel into another. 
But the slag which arises during each step of the process must not be transferred into the next 
vessel. Here electromagnetic slag detection systems have been successfully implemented. Equipped 
with high temperature sensors they detect the entrainment of slag into the discharged steel strearn 
accurate and with high sensitivity. The arnount sf carried over slag is significantly reduced. 

In the case of continuous casting the molten steel is poured fiom a tundish into a water cooled 
copper mould. The steel flow in the mould has an important influence on steel cleanliness. A lot of 
water model studies and computer simulations dealt with this problem. During the last years also 
several flow measuring techniques were developed and tested to determine the steel flow under 
production conditions. Most of them use a kind of a cerarnic probe that is immersed into the steel. 

A system that is able to monitor the flow velocity under production conditions was tested at 
Thyssen Krupp Stahl in Dortrnund as well as in other steel plants. The electromagnetic sensors are 
mounted behind the walls of the mould. They consist of permanent magnets and sensitive receiver 
probes. 

Meta1 flow measurements were canied out at a laboratory mould model using a kind of Woods 
meta1 and it was shown that the flow velocities were in close correspondence with results achieved 
with a conventional flow meter. 

The steel plant operation of this flow monitoring system has shown significant correlation between 
casting parameters and mould flow pattern. Especially the influence of submerged nozzle position, 
nozzle outlet angle and argon rate have been investigated and the inclusion rate in a series of cold 
rolled strips has been correlated with the monitored mould flow pattern. 

The results led to suggestions for improvements of the casting equipment. 
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An inverse problems approach to velocity reconstruction 
from measurements of electromagnetic fields 

Frank Stefani and Gunter Gerbeth 

Forschungszentrum Rossendo$(FZR), P. 0. Box 51 01 19,D-01314 Dresden, Germany 

If a moving electrically conducting fluid is exposed to an external magnetic field electncal currents 
are induced. These currents give rise to an additional magnetic field which can be measured outside 
the fluid volume and to an electnc potential measurable at the fluid boundary. From the viewpoint 
of inverse problems, we consider the possibility of velocity reconstruction fi-om the measured 
electromagnetic fields. Possible applications for a contactless measuring technique are delineated. 



1 Introduction 

Several measuring techniques for velocity determination i 
non-transparent fluids (ultrasonic and X-ray methods, h< 
wires, mechano-optical probes, magnetic probes, . . . .) 
Question: 1s it possible to find a non-intrusive metho 

to reconstruct (at least the global structure of) the velocit 
field in a conducting medium (exposed to an applied magnt 
tic field) from the induced magnetic field in the outer spac 
and the induced electric field at the fluid boundary? 

Preliminary work: 
- Baumgartl, Hubert , Müller (1993); Berkov, Gorn 

(1995); Kasuga, Fukai, Amano, Kumoyama . 
(1993) : Concentration on crystal growth applica- 
tions, Import ant disadvant age: crucial in- 
fluence of the electric potential at the fluid 
boundary on the magnetic field was not conside- 
red, Example: Becomponent for purely toroidal 
flow 

- Extensive work in biophysics, especially Ma- 
gnet oencephalography : electric potential 
is correctly taken into account, many con- 
sidarations about uniqueness, stabilitly and 
regularizat ion 

- Huge literature on inverse problems and 
r egularizat ion 

Aim of the present work: to apply the methods from m 
toencephalography to the MHD-case 



Scetch of a planned experiment 

asuring 

Numerical 7 U 
velocity I 
reconstruction ' \ 



2 Forward problem 

Starting point: Induction equation for the magnetic field: 

Apply a steady magnetic field Bo(r) and look for the defor 
mation b(r, t): 

Two restrictions for the following work: 

1. Steady (or slowly varying) flow : -+ 0 
2. Rm = pavL < 1 -+ Convective term V X (V X b) 

can be neglected 

Then: Poisson equation for the field b(r): 

Solution of the Poisson equation given in preliminary Paper: 

is not general enough. It is only valid in an unbounded me- 
dium or for the special case V - (V X Bo) = 0. 



Total current is: 

Biot-Savart law for b has to take into account the total cur 
rent : 

The total magnetic field distortion is a sum of a volume tern 
and a surface term (coming from so-called "secondary cur 
rents'' ) 
Electric potential must be computed additionally. Poisso~ 

equation for cp from continuity equation: 

Boundary conditions for cp: current must not leave the volu- 
nie 



If we are interested only in the potential at the boundar: 
we can avoid the solution of the Poisson equation by usini 
Greens identity. 

+ Integral equation for cp (for s at the boundary) 

- - 

General scheme 

Pv + PS 

for the forward problem 

Three examples of the forward problem: Poloidal, toroidal 
and mixed flow 



Total current is: 

Biot-Savart law for b has to take into account the total cur- 
rent : 

The total magnetic field distortion is a sum of a volume term 
and a surface term (coming from so-called " secondary cur- 

a Electric potential must be computed additionally. Poisson 
eyuation for p from continuity equation: 

a Boundary conditions for cp: current must not leave the volu- 
me 



If we are interested only in the potential at the boundar: 
we can avoid the solution of the Poisson equation by usin~ 
Greens identity. 

+- Integral equation for cp (for s at the boundary) 

General scheme for the forward problem 

Three examples of the forward problem: Poloidal: toroidal 
and mixed flow 



Example 1: Purely poloida flow 



Example 2: Purely toroidal flow 



Example 3: Addition of toroidal and ~oloidal flow 



3 Inverse Problem 

1. Magnetic field and electric potential are both measurec 
values. Both are linearly dependent on the velocity field. Bui 
this dependence is complicated by means of the integral equa- 
tion for cp at the surface and the dependence of b on 9. 

2. Problems of uniqueness and stability are typical for a widc 
class of inverse problems. A lot of different velocity fields pro- 
vides (nearly) the Same electric and magnetic field outside. 
Naive inversion yields unst able and unphysical solut ions 

1. Problem: What are the quantities the residual error of which 
can be minimized most easily? These are not the directly 
measurable quantities b and cp but bv(r) and cpv(r) for r 
outside the fluid volume. 



2. Problem: For reasons of instabilities, it is not enough to 
minimize only the rms of the bv(r) and cpv(r). Regulari- 
zation is needed in order to avoid unphysical solutions for V. 
Examples for possible regularizing functionals: mean squared 
of the quantity itself, mean squared of the curvature. 

Total functional to be minimized: 

wit h 

Standard codes to solve the normal equations 

Scaling oien, a curve 

can be plotted (Tikhonov's L-curve). A reasonable solution 
V is found at the point with the highest curvature of the L- 
curve. This can be checked by controlling the mean velocity 
and the empirical correlation coefficient 

T =  
NV out- NV Vin- C Vin >)12 

J=.E~=~ [(v~ voUt >)12 JzkZl [( 



Examde 1: Purely poloidal flow 

L-Curve: 
Squared re- 
sidual norm 

Empirical 
correlation 
CO efficient 

Mean velo- 
city of the 
solution and 
real mean 
velocity 

Penalty function: log(p) 

Y 
-9 -8 -7 -6 -5 -4 -3 -2 -1 

Penalty function log(p) 

-9 -8 -7 -6 -5 -4 -3 -2 -1 

Penalty function log(p1 



Example 2: Purely toroidal flow 

E 
L-Curve: L V 

PI 
0 - 
(U Squared re- E 

0 sidual norm 

Empirical L = z 
U correlation -- 5 

coefficient U O 

Penalty function: log(p) 

1 ,  

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

- 
- 
- 
- 
- 

- 
- 
- 
- 

0.5 

city of the 2 0.4 .- 
0 
0 solution and g 0.3 
C 

-8 -7 -6 -5 -4 -3 -2 
Penalty function log(p) 

- 

- 
1- 

/i - 
- 

real mean g 0.2 ./ 

velocity 

0 - 
-8 -7 -6 -5 -4 -3 -2 

Penalty function log(p) 



Example 3: Addition of 1 and 2 

LCurve: 
Squared re- 
sidual norm 

Empirical 
correlation 
coefficient 

Mean velo- 

-8 -7 -6 -5 -4 -3 -2 -1 

Penalty funcüon: log(p) 

-8 -7 -6 -5 -4 -3 -2 -1 

Penalty function log(p) 

city of the .g 
0 

solution and 3 

Penalty function log(p) 



4 Uniqueness considerat ions 

e Restriction to spherical geometry, B. = Boe, 
- with spherical harmonics: Representation of b„ cp 

Representation of the velocity field in terms of defining sca- 
lars for the poloidal and the toroidal part: 

Information: two scalars in 2D, Desired quantities: two sca- 
lars in 3D + Non-uniqueness 
Resulting coupling equations for the quantities: 

R 
- m  a 

R 
bm'a 1+1 + plm,a z = Ez Jdrr tz / d r r z s ~ ~  ( T )  

0 0 
R 

-m a (DY@ = Gz d Z t ( )  with some prefactors E, F, G 
0 

Using regularization (wit h kinet ic energy as regularizing func- 
tional) a unique solution can be constructed: 

with some factors E,  F, G 



5 References and outlook 

Basic facts and numerical results: 
Stefani, F., Gerbeth, G.: 1999, Velocity reconstruction in conducting 

fluid from magnetic field und electrzc potential measurements, Inver- 

se Problems, 15, 771-786 

Uniqueness considerations: 
Stefani, F., Gerbeth, G.: 1999, O n  the uniqueness of velocity recon- 
struction in conducting flzlids from measurements of induced electro- 
magnetic fields, Inverse Problems, submitted 

Planned experiment with In-Ga-Sn, cylindrical vessel, 32 Hall 
Sensors and potential probes 

A lot of remainine: ~roblems: 
Generalization for non-stationary flows 
Conducting walls 
Generalization to higher Rm + Inverse dynamo 
theory 
Can we go beyond regularization in order to 
get reliable information about the radial depen- 
dence? + Presumably yes, measuring decay ti- 
mes for different modes. 



Experimental determination of turbulent flow characteristics, temperature and 
electromagnetic force density fields in the melt of induction furnaces 

Dr.-Ing. Egbert Baake 
Prof. Dr.-Ing. Dr. h.c. Alfred Mühlbauer 

Institute for Electroheat, University of Hannover 

Abstract: 
The experimental deterrnination of electromagnetic, hydrodynamic and thermal fields is 
indispensable for the evaluation of Computer Simulation results. Fore more than ten years the 
Institute for Electroheat, University of Hannover, has experience in the development and 
application of different measurement techniques for turbulent meta1 flows in induction 
furnaces. This paper describes the used measurement Systems and presents various results 
along with selected examples of the determination of particular fluctuation rates and time 
averaged flow velocities, temperature and electromagnetic force density distributions in the 
melt of different induction furnaces, e.g. induction channel and induction crucible furnaces. 

Wood's metal, which has a melting point of 72°C is used as a model melt. The hydrodynamic 
studies are carried out using permanent magnetic sensors [I]. The velocity sensors are 
calibrated with a self developed rotating channel. Due to the detected decrease of the 
magnetization of the permanent magnets by the influence of temperature and strong 
alternating magnetic fields in the melt, a remagnetization of the permanent magnet sensors is 
necessary. Therefore a self constructed remagnetization device is used and the magnetization 
is checked using a Hall-sensor. The use of two types of sensors allows three-dimensional 
investigations. The fluctuation rates are measured with a scanning rate of 20 Hz in order to 
determine the characteristics of the turbulence: the turbulent kinetic energy, the dissipation 
rate and the turbulent viscosity. The autocorrelation analysis of the local flow velocity 
components in different zones in the melt of the induction furnaces are investigated and show 
low frequency fluctuations with different, position dependent oscillation frequencies in the 
range of lower than 10 Hz. 

In addition to the mainly used Wood's metal, local flow velocity measurements in the melt of 
Aluminium are carried out. Due to the high temperature level of 700°C, permanent magnet 
sensors are unsuitable. Therefore the velocity measurements in liquid aluminium are realized 
using a self developed electromagnetic Sensor [2]. 

In parallel to the local flow velocities the temperature distribution in the melt is in~estigüted 
using embedded thermocouples. By this way the correlation tinalysis between the locül flow 
velocity and the local temperature fluctuations is carried out in order to zinalyse the heüt anci 
mass transfer in the melt. 

The local current density and the magnetic flux density in the melt of induction furnaces rire 
measured with a scanning rate of 10 kHz in order to deterrnine the electromagnetic force 
density distribution. For this the phase angle between current density ünd magnetic flus 
density has to be defined by simultaneously measuring of the inductor current with zi 

Rogowski belt. 

References: 
[ I  J Ricou, R,, Vives, C.: Local Velocity and Mass Transfer Measurements in Moften Metals 

using an incorporated Magnet Probe. Int. Jo. Heat Transfer, Vof. 25, 1982, No. 10, pp. 
1579-1 588. 

[2] Baake, E.: Grenzleistungs- und Aufkohlungsverhaiten von Induktions-Tiegelöfen. VDi- 
Verlag, Düsseldorf, 1994,42 pp. 
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Material properties of Cast iron, aluminium and Wood's-metal 

cast iron aluminium Wood"s- 
metal 

density [ I  O3 kg/m3] 6.8 2.3 9.4 
(1700°C) (900 "C) (85 " C) 

melting point ["C] 660 74 

electric conductivity 
[I OB I /(D m)] 

dynamic viscosity 
[I O" Nslm2] 

kinematic viscosity 
-6 2 [ I  0 m /SI 

I specific heat 11 775 1 1133 1 

EWH 
- -  

Material properties of selected metal melts 



Permanent magnet sensor (Vives) 

I 
I AZ 
I 

&V permanent magnet\ : 

electrodes / 

stainless-steel cas 

I 
1 

-C 
X 

I 

t y  

Features of the permanent rnagnet sensor: 

type of magnet: Alnico 450 

calibrated with rotating channel 

use in W o o d S  meta1 up to 150°C 

decrease  of magnetization by temperature 

and magnetic field 

remagnetization by self constructed special 

DG-high current coil 
checking of magnetization using Ha/!-sensor 

weil established, high reliability 

relatively e a s y  to handie 



Electro magnet sensor 

stainless- 
steel case 

\ 

stainless- 
steel holder 

magnet core 

electrodes 

Features of the electro magnet sensor: 

- self constructed and well tested 

- coil feeded by DC current of 10 A 

- sensitivity four times lower than the 

permanent magnet sensor 

- used in Aluminium up to 750°C 

- lifetime in a range of 15 ... 30 min due 

to the aggresive aluminium melt 

- not so easy to handle 

Electro magnet sensor 



I trap y o d u ~  

active filter L 

S o f t w a r e  
meaurement data visualication 

processing 



Chronological plot of the melt flow velocity 

time [s] 

Spectrum of the melt flow veiociy 

1 .o 10.0 

frequency [Hz] 

EWH Analysis of the melt f~ow velocity 1019 - 60 



Maximium of the meausurement error in dependence on the time averaged flow velocity 

time averaged melt flow velocity [cm/s] 

Measurement accuracy 



Determination of the electromagnetic force density 
in the melt of induction furnaces 

magnetic flux density 
- small measuring coils 
- scanning rate 10 kHz 

current density 
- potential Sensor 
- scanning rate 10 kHz =,F$ ____t , ' \ 

/ '  
* 1-d- I *' 

inductor current 
- magnetic voltage 

meter 
( Rogo wski-belt) 

Electromagnetic force density 



furnace model 1 furnace model2 

D c =  170 mm 
H c =  383 mm 
Hi = 235 mm 
V = 5.3 dm3 
m = 53 kg 
F&,.= 1600 kW/t 

wood's metal 

coil 

stainless-steel 
crucible 

water-cooled 
jacket 

polypropylene 
jacket 

power range : P = 10 - 100 kW 

frequency range: f = 300 - 4000 Hz 
W = 20 - 900 

4 ModeIs of inductor cruoible furnaces 1 0/9 - 40 



I - 
CO- 
0 - - 
I - 
00- 
0 - 

rn 

I - 
-4- 
0 - - 
I - 
a- 
0 - - 
I - 
0- 
0 - - 
I - 
P- 
O - - 

I - 



Autocorrelation analysis of the experimentally determined axial component 
of the local flow velocities in different regions of the melt 





$ -10- 
C - - 
O -20- Q " B  

- 

E -30: - 
5 -40- .- H wood-metal (PM-sensor) 
X - 

-50- 0 wood-metal (EM-sensor) - 
-60- aluminium (transfered) 

- CSEJ aluminium (PM-sensor) 
-70 I I I 

z-coordinate in the centre of the crucible in mm 

EWH Transfer of the measurement results 



EWH Measured melt flow velocity distribution in a 
I O/g 90 single-loop induction channel furnace 





Wood's meta 
a 

furnace vessel 

-ansition r 

cruci ble 

Experimental set-up 

power: up to 100 kW 
frequency: 280 Hz.. .2 kHz 

EWH~I Model crucible inductor furnace / 519 - 04 



Max. U = 42 cmls 





temperature scale ["C] 





Measured temperature field 

5 kg aluminium-melt 

not full 

NiCr-Ni thermo couple 

g) Measured values averaged over 30 sec. 
106 measurement points, 
measurement grid: 1 cm 

1 

Example of a temperature field in the aluminium melt 
of a cold crucible induction furnace 





Local velocity measurements in high temperature liquid metals 
by means of mechano-optical probes 

S. Ecker6 K Witke, 'L. Pisseloup and G. Gerbeth 

Forschungszentrum Rossendorf (FZR), P. 0. Box 51 01 19,D-01314 Dresden, Gemzany 
ENSHMG, BP 95, 38402 St Martin dlHeres Cedex, France 

Model experiments are an important tool to understand the details of the flow structure and the 
transport properties of flows occurring in real-scale metallurgical facilities as well as to validate the 
multitude of numencal codes for flow simulation. Generally, water experiments are often 
performed to characterise the flow. Nevertheless, due to the large differences of material properties 
like density, heat conductivity, surface tension or electrical conductivity the use of liquid metals has 
clearly to be preferred if heat transfer phenomena, two-phase flows or the influence of 
electromagnetic fields on the flow should be investigated. The application of suitable alloys with 
low melting points, for instance PbBi (T, = 125 "C) or InGaSn (T, = 5...10 'C), makes such kind 
of experiments very flexible and offers the ability to measure the essential flow quantities like 
velocity, pressure or void fraction. 

In this lecture we want to discuss a novel sensor which has been developed by the Rossendorf 
group to measure the local velocities in opaque liquid flows. The measuring principle is based on 
the separation of a direct mechanical interaction between flow and sensor tip and the optical 
acquisition and processing of the signal. In principle, this fact allows the extension of fhe range of 
applicability to higher temperatures. Furthermore, the insensitivity of the system to electrical noise 
and extemal magnetic fields can be considered as an important advantage. Until now, the sensor 
has been tested in metallic melts up to temperatures of about 350 "C . In principle, an extension of 
the range of application up to temperatures of about 1 100 "C should be possible by the utilisation of 
quartz glass as material for the sensitive sensor tips. The first Sensors have been manufactured and 
tested with low temperature melts. 

We present measurements of the local velocity obtained in an eutectic InGaSn melt driven by a 
rotating magnetic field. The interest is focussed on geometry and parameters relevant for crystal 
growth technologies and mixing processes in metallurgical applications, respectively. Measured 
profiles of the azimuthal velocity have been obtained at different frequencies and Geld amplitudes. 
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Local velocity measurements in 
liquid met als 

Difficult ies 

rn opaque 

high temperatures 

chemical aggressive 

electromagnetic fields 

Methods 

invasive 
Pitot-tube 

Hot-wire anernometer 
Permanent niagnet probe 

Potential probe 
Karman vortex probe 

Mechano-op t ical probe 

non-invasive 
Radiation techniques 
Ultrasonic Doppler techn 
Velocity reconstruction 
from b-fieid measurement 



Rest rict ions 

not available at high temperatures 

0 material properties (density, heat conductivity, . . .) 

interfacial effects (wetting, impurities) 

poor accuracy, spatial and temporal resolution 

0 electromagnetic fields 

0 perturbation of the flow 

Wishes 

0 suitable for local velocity measurements in opaque 
fluids at high temperatures 

0-  signal should not be affected by electrical noise and 
external electromagnetic fields 

0 perturbation of the flow due to the Sensor presence 
should be as small as possible 

0 wide velocity range should be covered 

1 reasonable costs 



Measuring Principle 

force on a flexible body 

srnall elongations -+ deformation = f(v) 

* signal acquisition by optical methods 

digital signal processing 



Photographs obtained by rneans of a stereo 

microscope showing a probe tip with and 
wit hout attached spherical body 



Version for high temperature 
applicat ions 

coolant flow covqing pipe gradient index long lense 
* , . 

sensor \. 

sleeve optical system 

a surrounding temperature about 300° C 

penetration depth up to about 250 mrn (500 mm) 

quartz glass sensor -+ go ahead up to .temperatures of 
absut 700° C should be possible 



Theoret ical considerat ions 

0 rod element with length 1 is affected by torque M, 

=$ deformation 
(stret ching, compressing) 

'neutral' fiber 
with curvature r j  

1 l + d l  
~eometrical  relations: - - - 

Y 
0 Hooke's law: o, = E - (E - elastic modulus) 

rl 

E 
torque M. = I:/ o z y d d  = E 11 0 2 d A  = I .  

A 
r j  V 

0 moment of inertia I, = JJ y 2 d ~ ,  
A 

4 cylinder I ,  = I - - r  
Y - 4  



h(z) - displacement of the 'neutral' fiber 

s m a l  
d h  

- - 
d h  

1 elongations: - = tana N a << 1 
L d z  

d2  h 
E, I constant j M = E I -  

d z 2  

BC: fixed at  z=0: h(0) = d h ( 0 )  = 0 
d z  

free at  z=1: F(l)=M(l)=O 



Bending of a cylinder affected by a 
flow 

drag force f = F/ l  = 

moment of inert 

0 Aow of eutectic InGaSn 

1 = 15 rnrn, r = 0.1 rnrn, s = 0.025 mrn 
E = 6.18-10~'~/m'  (borosilicate glass) 
pl = 6360 kg/m3, v = 0.2 m/s 
C ,  = f(Re), Re = 60 i C, = 1.5 



Sensor calibrat ion 

ccd-camera s 
lens system 

jl 
monitor 

frequency measurement motor 

gear unit 
controling unit 

o rotating channel: V = W - R 

fluids: water, InGaSn (room temperature) 
PbBi, SnBi, SnPb (up to 350°C) 



Calibrat ion curves 

80, 
I I 

70 i calibtation data in InGaSn 

00 1 A calil>ration data in water 



Model experiment : 
Flow driven by a 

rotating magnetic field 

probe 

eutectic InGa Sn melt, volume about 0.31 
(R = 4cm, H = 5cm) 

b-field up to 

frequency between 10 and 400 Hz 



Radial profiles of the azimuthal 
velocity 



probe at a fixed position r /R = 0.75 

3 
nondirn. frequency K = ,UDWR~ = 2 ( T )  

2 1 
skin depth 6 = (- ) 3 

paw 



Evaluation of the method 

0 Applicability at  high temperatures (about 700°C) 

0 not influenced by electric noise or electromagnetic 
fields 

0 Problems: - invasive method 
- spatial resolution along the sensor axis 
- influence of free surfaces 
- measurement of fluctuations 



Determination of Flow - Velocity in Silicon Melt 
during an Industrial Czochralski Process 

A. Mühe, 0. Gräbner, G. Müller, E. Tomzig, W. V .  Ammon 

Fraunhofer IIS-B, Schottkystr. lO,D-glO58 Erlangen, Germany 

In the industrial growth of Silicon single crystals by the Czochralski process melt sizes of up to 300 
kg are used. Due to the low Prandtl-number of liquid Silicon and the strong influence of buoyancy 
convection, the flow in the Czochralski melts is usually 3-dimensional, time dependent and tends to 
become more and more turbulent with increasing melt sizes. 

Fluctuations of the temperature and of the concentration of dissolved oxygen are detrimental to the 
quality of the devices made fiom the single crystal. However, the optimization of the process 
parameters like crucible- and crystal rotation rates or magnetic fields suffers from the lack of 
measurement techniques for the melt flow velocity. 

At the high temperature of molten silicon (typically 1700 - 1750K) most mechanical approaches for 
velocity measurement are not applicable, while tracer methods in combination with X-ray cameras 
cannot be applied to the melt sizes of actual interest. The determination of flow velocity by the 
correlation of temperature Signals from multiple thermocouple arrangements was successfully used 
for the analysis of baroclinic instabilities in Czochralski melts. The developrnent of an optical fiber 
thermometer with high spatial and time resolution for the application under industrial silicon 
Czochralski conditions will be shown. Experimental results of flow evaluation in industrial size and 
laboratory scale silicon Czochralski melts will be shown. The combination of 3 or more 
temperature Sensors for the 2- and 3-dimensional detection of the melt flow vector is dicussed. 



Determination of Flow - Velocity 
in Slicon Melt during an 

Ind ustrial Czoc hr alski Process 

A. Mühe, 0. Grabner, G Müiier 
Fraunhofer IIS-B, Erfangai 

E Tdg, W. V. Amrnon 
Wacker Siltrmic AQ Bupusm 

Outline 

Growth of Silicon Single Crystals by the 
Czochralski Methud 

Determination of Flow - Velocity by the Correlation 
of Multiple Temperature Signals 

2nd special case: Analysis of flow beneath the 
Gruwing Crystal 



Growth of Silicon Single Crystals 
by the Czochralski - Method 

strong buoyancy 
convectiun 

buqrancy convectiun 

matangoni convection 

Grashof nurnbers up tu 10') mdt temperature > 1700 K 



Determin ation of Flow - Velocity 
by the Correlation 

of Multiple Tem per ature Signals 
assumption: 
heat transfer by conduction can be neglected 
+temperature dstfibutim moves with the medium 

wiW a mail p d a n  of space and tim 

Temperature is recorded at pusitions T 1 and T2, 
which are sepat-dted by the distance vectorx of length d. 
..e, v describes the motionof the medium at velucity V. 
I$. 

V T is the t emperature gradient in the region whem 
the temperature recmdings are cankd out. 

=es: 
+ +  s . vll AZVT V= d / time can be detected 



Analysis of Baroclinic Insta bilities 

wavy temperntun 
pattern causes periodic 
temperahrei oscillations 

azirnuthczl flow velo city 
can be caldded by using 
frequency and phme shft 
k m  foUJ;irsr analy sis 

+ vl l~l ld~ v=f *d /d ,  

120 time 13' 



Analysis of Flow beneath the Growing 

a 

assump tim: flow pattem and t emperature distribution 
have rotational symmetry in time average +m the axis 
of svmmetrv onlv z-comwnent is relevant 



j=- ,q 

where C is the amelation, 
T is the time delay, ~i,' and 
x2 are di saete values firn 

between a pair of temperature 

de tenipaaturemeanirement -U -10 4 o 5 10 15 

atpositionsl and2 andbiis iime dehy [s] 
the total mmber of temperature vahres taken iuto accouit. 

2) Use of optical waveguide thermometry fm temperatwe 
meainvernert at high spacial and time resolutiun 



Discussion of the A pplicability as 
3D Flow Sensor 



Proposed Proceeding 
for 3DMeasurement of 

Time Averaged FIow Velocity 

* record tempei.atues at positions 
P 1 through P4 

+ caculate time averaged temperahise 
gradient 

* calculate aveqed time delays 
between P 1 P2, P1/P3 and PllP4 
using cmelation function 

calculate time awraged flcw 
velocity in the k c t i o n  of the 
time averag ed temperatwe gradient 

The generalizatim of the method for 3D flow 
measmment depends on the negiegibility of heat 
U f e r  by cazdtlctim and can ody be canied crut 
in time aveqed ptities. 



Heat transfer investigation by specially designed heat 
emitting surfaces 

lotvian Academy of Science. Institute of Physcs, Mieta iela LV-2169 Salbpik. Latvia 

Heat b i t t i n g  5mperature Sensing Surtace - 
HETSS 

Content of the presentaüon. 

1 ) HETSS idea 

2) Technical designs 

3) Examples of use 

4) Elaboration of the technique for the SINQ target experiment 

5) Conclusions 
I 



Heat transfer investigation by specially designed heat emitting surfaces 

I. Platnieks 

Latvian Acaderny of Science, Institute of Physics, Miera iela, L V-21 69 Salaspils, Latvia ~ 
The new technique was developed in Institute of Physics of Latvian University. It is possible to use 
the technique in two different versions. 

1) To fix a definite heat flux distribution fi-om wall into the cooling flow and gain 
simultaneously the resulting temperature distribution on the wall. 

2) To fix a definite temperature distribution on the wall with a simultaneous registration 
of the heat flux distribution which is necessary for keeping this temperature. 

The technique provides direct local heat transfer coefficient measurements with definite spatial and 
time resolution. 

The local temperature registration at definite heat flux distribution is of great importance, for 
example, in situation when a thin wall is heated by radiation from one side and has contact with the 
cooling flow fi-om other side. The situation is typical for high power facilities. Exploitation of the 1 

facilities at temperatures close to critical from material destruction point of view determines the 
temperature distribution as the item of the first importance. Presence of dead zones in cooling flow 
or other failures in cooling conditions will have indication in measured by the new method values. 

The technique has demonstrated its usefulness in measurements of heat transfer at the beam 
window in a mockup target for SINQ (reported at 14th Meeting of the International Collaboration 
on Advanced Neutron Sources, Starved Rock Lodge, Utica Ill., USA June 14-19, 1998.) 



General design of IiETCS 

heat emitter F~OW area 



Situations the HETSS simulate 

Heat radiation 

thin, thermaly 
inertialess wall 

____) 

Flow - 
U * I =  COS~; T - R -  U/I = ? 

Flow 



HETSS unit design 



ve loc i ty measurements 



50 r AT 
X - without frone 50 AT 

* .  

40 1 - with frane l0 k 



Suppression of thermal convection by magnetic field 

Velocity cmls 







To calciilate the numbr of sqmcnts per meandcr length unit the following Parameters wcrc takcn in account: 
2 P licat flux density -7 wlcm can provide suitablc Tor clectronics signal levels without rcaching tcmpcraturcs 

dangcroiis for insiilation materials (from prcvious cxperienec); Q = 70000 wlm 2 

the coppcr folly thickness on commercially availablc shccts for thc ctching lechniquc is 30ym; t = 0.00003 m 
thc distance betwccn bcnts equals thc longest side of thc HETSS unit - 4 cm; I = 0.04m 
area factor of current lcad on HETSS surface; k = 0.9 
desiriibie output signal voltage per meandcr ribbon h g t h  unit suitablc for elcctronics is in range 0.5 * 3 
vlcin; U = 50 s 300 Vlm 
The maximal currcnt - 10 A (it is difficult to make an electrical conncction to the vcry [hin coppcr folly for 
highcr currents); I = 10 A 

If wc are afraid about thc level on measuremcnt systcm input, for thc calculütion trl'ths numhcr of .qmcrils pcr 
mcander length unii n, we use the fonnula: 

t2 = Y ./E, wlicrc p is thc dwtricai resistivity ofcopper. 

IF wc ürc afraid to excecd somc current Icve1 we usc iiw then c:ilcul;ition 

rcsistnncc oF all the currcnt lead) 

The second formula givcs 10.65 scgtwnts p r  I cn\ fivr thi: 10 A cleclrical ciirrcitt. Ushg Itt  \cgi~.ieei\ Sc? h ; ~  
space I min far each. Having the arm factor ofcurrcnt lctd on NETSS wrthcck = tl?) tbc g:ip Swrwvcctn i ntii.ttt 
leads will be 0. I min It is difficult for thi: ctching tschniqnc to tli;ikc ruch gqrr. Qlrily ll.2 nint +rl' t .tn ctnflie 
reliablc elcctrical .wparation. Calculatioii of cuncnt Tor 0.8 tiim wi& ciirretit 1c:id an4 4 1 2  miii $.%p Iwt*w~rt ihw 
givcs the 10 A, the maxiinum wc. hitvt alrtady ~icccptiid. "fhc v&;rge %in e,icli eiii {rsti e,wlt H l J f i  nirrrr I s r ' ~ r ~ i i i c * *  

2.8 V and is acceptabk tuo. 



2 
The quantity to be determined for each HETSS unit is the temperature nse pcr unit heat flux, h (in W(W/cm )), which is 
inverse of the heat transfer coefticient: 

The temperature increase on the surface is calculated as 

AT, = kaf(ATCu - 4 - d ,  / A)i, 

when ATcu - temperature of the coppcr foil forming the HETSS. k4 is the arca factor of copper in the HETSS iayout (0.8 

in the present case) , di is the thickness of insulation between copper and mercury ( 75 W), 4. is the heat conductance of the 

insulation (0.39 W\mKO for giass textolite as used). 
The heat flux density is caiculated as 

where Q denotes the electrical power supplied to the HETSS unit (=28 W in the present experiment), S is the arca of the 

2 
HETSS unit (4 cm ). 
The copper temperature increast then obtaincd as 

where R is the electncal resistance of the heated W S S  unit at full power, I is the electrical resistance of the Same element 
at the temperature of the incoming fluid, U' is the temperature coefficient of resistance for copper (0.0044 ll°K J. 

Both the values of R and r for each HETSS unit n were calculated as a ratio of potential difference on the given to the cumnt 
in the comsponding section. This cumnt was obtained by means of measunng the potential difference on an instrumental shunt 

includcd in the cumnt paih. The shunt coefticient q u a k  km =0.0075 V/ A. 

with n = 1 .... 21, m = 1 .... 3. . 

The elccüical resistance of HETSS unit at the temperature of the incoming flow was obtained at the beginning of the 
2 

experiment applying an elecirical power which causes a negligible temperature increase (0.0015 W/ cm ). The changes in the 
incoming flow temperature arc takcn into account by means of continuos measurement of the voltage drop on a Special copper 
resistor. This resistor was connecttd to stabilized cumnt source and fixed on the outer pipe of the Mockup where the incoming 
flow temperature can be detcrmined. The ratio of the actual voltage drop on the resistor to that measured at the beginning of the 

experiment Pr / pro was used in computer evaluations as a comction coefficient. (The temperature of the incoming flow was 

in range 18 I 1 Co during the experiments.) 

Heat flux from single HETSS element is 

The final formula for computer calculations is then 

Inserting the fixed quantities for the present experiment, we have 



Data processing M a d e  by A l e x e i  F l e r o v  
" T e s t  p o i n t "  
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Exper itnent 
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Effect of temperature distribution on heat flux distribution 



Local thermal resistivity distribution 
along 21 HETSS elernents 

Measuring unit K-cmWi 

Orientation 0" according Fig.1. 
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THE AUTOZMATED COMPLEX WITH REMOTE COMPUTER ACCESS FOR TEE INVESTIGATIONS 
OF LIQUID METAL MHD HEAT TRANSFER 

V.G. Ghilin, * V.G. Sviridov, Yu.P. Ivotchkin, N.G. Rmvanov, 
* L.G. Genin, * E.V. Sviridov, * A.V. Ustinov, V.S. Igumnov, 

(IIHT - Incorporated Institute of High Temperatures of the Russian Academy of Science, 
13/19 Igorskaya str., Moscow) 

(*MPEI - Moscow Power Engineering Institute, 14 Krasnokazarmennaya str., Moscow) 

The joint experimental complex are put into practice as a result of scientific cooperation 
between IMI and MPEI. The comlex make it possible to begin with joint program of MHD liquid 
meta1 (LM) heat transfer investigations applied to fusion TOKAMAK reactor. The complex 
consists of two experimental MHD facilities. The first one installed at MPEI is a LM (mercury) 
loop for investigations of hydrodynarnics and heat transfer affected by LONGITUDINAL magnetic 
field (W). The second facility at IIHI is generally the Same LM loop in TRANSVERSE MF. Both 
facilities are automated. The specific feature of joint automated System: on the base of "Virtual 
Instruments" technology it enables the user to make experiments both directly at the facility or 
reportedly under conditions of remote Computer access via LAN or Internet. We consider this 
approach to give wider opportunities for international scientific cooperation. 

Various sensors and transdusers were used at different stages of works, namely. 
rnicrothermocouples, special film thermoanemometers for LM, optical fiber probes, correlation- 
type velocity Sensor, electromagnetic velocity sensors. Two- and three-dimensional local 
measurements in LM flow are available. 

The current experimental program deals with temperature fields, local and averaged heat transfer 
intensities in a horizontal heated tube both in longitudinal and transverse MF applied to 
TOKAMAK reactor. The following reginies of lieating are considered: 

1) uniform wail heat flux distribution along the tube perimeter: ql = q 2 =  const; 
2) non-uniform heating - heat flux on the lefi half of the tube is larger than on the right one 
91 > 92,  

3)  one-side heating - only one half of the tube is heated: ql7: 0; q2= 0 
The Reynolds, Hartman and Rayleigh cnteria were as follows: Re = 5000s120000; H a  = 0+500, 
Ra = 0 i 3 - 1  06. 
Some results of these current experiments are presented below: 
The thermogravitational convection (TGC) affects LM heat transfer in a tube Depending on the 
MHD-configuration, MF can enhance or weaken this effect (Fig. 1 $. As a result of T K  affcct 
local heat transfer intensity changes significantly along the tube perimeter. The zones with 
enhanced (at a bottom of a tube) and poorer (at a top) heat transfer intensities arise The 
longitudinal MF makes this non-uniformity larger, while the transverse MF - smaller 
The TGC affect results in the appearance of secondary motion. The direct verticai cornponents 
of the velocity measurements (Fig. 2) show the existence of one or two secondary vortices with 
axes parallel to main flow direction. Longitudinal MF makes these vortices more stable Due to 
secondary motion the perimeter-averaged heat transfer intensity in UF can be even larger then 
without a MF. 

. Depending on the combination of efectromagnetic and buoyancy forces acting on the flow, the 
turbulent velocity or temperature fluctuations (Fig.3) can be suppressed or increased In some 
MHD configurations the regimes were found with abnomally high temperature fluctuations in a 
near-wall region. These fluctuations can be dangerous: on penetration into tht: they can 
cause high thermal Stresses and fatigue failure of the wdI material. 



a) Without a magnetic field; b) in longitudinal M ' ;  C) in transverse MF 
Fig. 1. Mean temperatures in a cross-section of horizontal pipe. Uniform heating: qi = q 2 .  

Fig.2 Secondary motion -vertical 
velocity profiles (V - vertical 

velocity, U - mean longitudinal 
velocity). 

Re=3 500, Ha=450 
Heating regimes: 

q l =  const = 3 5 kw/m2: 
1) 9 2  = 3 5 kw/m2, 
2) 9 2  = 15 kw/m2, 
3) 9 2  = 0 kw/m2, 

Fig. 3 Ternperature intensity in tube cross-section (non-uniform heat fiux q, = 35 kw/mZ2 
B= 15 kw/m2; Re = 24000): a) Ha=O, b) Ha=300. 
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V. G. Sviridov, L. G. Genin, E. V. Sviridov, A. V. Ustinov, 

* V. G. Ghilin, * Yu. P. ~votchkin, * N. G. Razuvanov, * V.S. Igumnov 

Moscow Power Engineering Institute (MPEI) 

(1 4 Krasnokazarmennaya str., 1 1 12% Moscow, Russia) 

* Incorporated Institute of High Temperatures 

of the Russian Academy of Science (IIHT RAS) 
a 

(1 311 9 Igorskaya str., 1274 12 Moscow. Ruscia) 



Experimental Facility at MPEI 

LM Loop for Investigations in LONGITUDINAL MF 

1 - Test-section, 2 - Solenoid, 3 - Differential manometer, 4 - Venturi tube, 

5 - Valve, 6 - Cooler, 7 - Pump, 8 - Constant level tank, 

9 - Stabilizer, 10 - Autotransformer, 11 - Data acquisition System, 

12 - Computer. 



Experimental Facility at IIHI 

LM Loop for Investigations in TRANSVERCE MF 

1 - Test-section, 2 - Probe, 3 - Ventun tube, 4 - Differential inanometer, 

5,7 - Cooler, 6 - Electromagnetic pump, 8 - Mercury tank, 

9 - Electromagnet, 10 - Met themocouples, I I - Outlet themocouples, 

12 - Heater, 13 - Data acquisition system, 14 - Computer . 





SENSORS USED: 

Thermocouples, Microthermocouples 

Electromagnetic Velocity Sensor 

Opto-mechanical Velocity Sensor 

Correlation Velocity Sensor 

Special Thermoanemometer for LMs 

EXPERIMENTAL CONDITIONS 

IIHT MPEI 
(transverse MF) (longitudinal MF) 



Probe configurations 

/ 
Microthermocouple Sensors 

\ 
COMB - TYPE 

LEVER - TYPE 

correlation velocity sensor 
LONGITUDINAL 

WITH 
ASYMMETRTC BAR 



Electromagnetic velocity sensor 
with temperature compensation 

Thermocouvle 

Electromagnetic 
sensor electrodes 

Opto-mechanical Velocity Sensors 
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Flow configurations 

Horizontal heated tube 

Longitudinal 
magnetic field 

Transverse 
magnetic field 

Vertical heated tube 

Different cases of heating 

ql = 9 2  = const 41 > 42 q 2 =  0 
1) Unifom heating 2) Non-unifom heating 3) One-side heating 



The velocity correlation measurement results 

Experimental velocity profile ,(points) and theoretical Reichardt's profile 
(liquid line): Re = 2-1 o4 

The experimental velocity profile (points) in the vertical heated tube under 
longitudinal magnetic field: ~ e = 1  04; a) - Ha=O, b) - 300; 1 - ~ r / R e ~ = 0 . 1 2 ,  
2 - 0.25. Liquid line -Reichardt's profife. 

L- 



Flow configuration. 
Different heating regimes. 

Secondary motion -vertical velocity profiles 
(V  - vertical velocity, U - mean longitudinal velocity). 

Re=3500, 

Ha=450 

Wealting regimes: - const = 35 kWlm 

1 )  (lz = 35 k ~ m ' ,  

2) y2 = 15 kW m'. 

3 ) q 2  = U  k ~ : r n ~ ,  



Velocity fluctuations intensity at the center of the liquid meta1 
flow in vertical heated tube under longitudinal magnetic field 

Velocity fluctuations intensity distribution alone the tube 

solenoid 





Temperature rofiles in horisontal (a) 
and vertical 6)  flanes, local NU num- 
bers (C) for iden ical Re numbers and 
heat fluxes and different Ha numbers 



Temperature rofiles in horisontal (a) 
and vertical $) lanes. local Nu num- 

h B bers C )  for iden ical Re numbers and 
heat uxes and different Ha numbers -_ 

0. - Ha = 0 
A - Ha = 750 - Ha = 300 
+ - Ha = 450 -- Lion'a profile for Re = 50000 



Mean heat trader intansity (Nussek's number) along the tube 

a) uniform heat flux 

b) non-uniform heat flux 

C) heat flux fiom one side only 



Non-dimentionkst will tempenturc on the top and boläom pokt of avs-wcüon dooe thc tube 
and tempcraturt f i ida  

a) q, = qz= 24 kwt/m2, Ra = 1.36 -106, Pe = 261, Ha = 0. 
1 - top and bottom pokt of tube, 2 - bulk temperature, 3 center of 
tube, 4 - udl and senter pokt of tiitie without free convdon.  

b) q, = 35 k~t lm' ,  q2= 15 k~t/tn'; Ra = 1.4 -10~;  Pe = 261; 
1 - Ha = 0 . 2  - 1M,3  - 300.4 - 450,s - buk temperature. 



EXPERIMENTAL RESULTS ON HEAT TRANSFER INTENSITY 
ALONG THE TUBE 

25 T NU - - 
2o :o - - 
15 1 e b b  

- - 2 .O" V *  b % r .  

- & 0 0A 

10 1 - NuT - - 
5 7 - - - 1 /Pe xld 
0 I  l ~ l ~ l ~ l ~ l ~ l ~ l ~ ~  

Mean heat transfer intensity (Nusselt's number) along the tube 
(uniform heat flux ql = 9 2  = 35 k ~ t / d ,  Pe = 243, Ra = 1.36 -10~). 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.1 

(4 - Wa=O, A - 150, o -300, - 450 

Nul = 4.36 NuT - Lyon equation 

Non-dimentionless waH temperature at the top (cp =n) and bottom (cp =0) 
point of cms-section along the tube (non-uniform heat flux: 

ql = 35 k ~ t / m z ,  q2= 0 k ~ t / m z ;  Fe = 261; Ra = 0.96 -10~). 



Temperature intensity in tube cross-section 
(non-uniform heat fiux) 

a) without M '  b) in longitudlnaf MF 
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Morning Session 

9-30 Invited Lecture 
M. Iguchi (Hokkuido University, Japan) 
Measurement methods of bubble and molten metal flow characteristics in materials 
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Measurement methods of bubble and molten metal flow characteristics 
in materials processing 

Hokkaido University, Division of Materials Science and Engineering, 
Graduate School of Engineering, Hokkaido, 060-8628, Japan 

In many materials refining processes gas is injected into the molten metal bath of the processes to 
agitate the bath, and hence, homogenize the bath temperature and chemical compositions. The 
dispersion of bubbles and molten metal flow induced by the bubbles are responsible for the 
efficiency of the processes. An electroresistivity probe is usually used to measure the bubble 
characteristics represented by bubble frequency, gas holdup (void fi-action), mean bubble rising 
velocity and mean chord length. This kind of probe is applicable to molten metal baths of a 
temperature up to 1873 K. On the other hand, it is very difficult to measure the mean velocities and 
turbulence components of molten metal flow at very high temperatures. The mean velocities of 
molten metal flows can be measured using a reaction probe or a Karman vortex probe even if the 
molten metal temperature is 1873 K as long as the surface flow on the bath is concemed. However, 
there exists no reliable velocimeter capable of measuring the twbulence components of-molten 
meta1 flows at a temperature above 400 K. Below 400 K the Vives probe, i.e., magnet probe is 
aidely used. In this paper some experimental results of the bubble and molten metal flow 
characteristics in a cylindrical bath agitated by bottom gas injection are introduced. The bath is 
filled with mercury, Wood's metal, molten copper or molten pig iron. Also, X-ray fluoroscopic 
observation of bubbles in a molten pig iron bath is discussed. 





Iron ore 

Ironmaking and Steelmaking Process 

. 

Heated air 

0% 

nozzle 



1 Current processes 

Energy consumption is huge. 

CO2 emission 

Enhancement of efficiency of current processes 

Development of new processes 

Fluid flow phenomena of molten steel - 

No reliable Sensor for the measurement of the 
fluid flow phenomena in practical applications 



Flow in Materials Processing 

(1) Multiphase flow 
(2) Highly turbulent Tu ) 10 o% 
(3) High temperature / b  oa 'C 



Water model experiments 

Numerical simulation 

Purpouse 

Development of Sensors applicable . . 

in actual processes 



Measurement of bubble characteristics 
in bottom injection reactor 

Measurement of molten steel flow 
in continuous casting mold 



1. Effects of gas injection 

(2) Removal of impurities 
(3) Removal of nonmetalic inclusions 
(4) Enhancement of melting rate of 

scrap 

; Bubbling jet 

region 



Classification of flow pattern 

Bubbling 
Mach number 
M < 1  

Jetting 
Mach number 



Rotary sloshing Coan d a 
effect 

Fig . 

Sha1lo.w water Deep water 
( H ~ / D c 0 . 3 )  (0.3s HL/Ds I )  i 2 < HL/D) 

F i r s t  k i n d  S e c o n d  kind 

Fig. Classification of the swid motions of bubbling jet in 
a cylindrical vcssel. 

Schematic illustration of swirl motion 
caused by gas injection through an immerced 
top lance. 





Measurements of bubble 
characteristics 

(1) Gas holdup 
(2) Bubble frequency 
(3) Bubble rising velocity 
(4) Bubble chord length 
(5) Bubble shape 

Bubble 
Transparent liquid 

(a) Still camera 
(b) High speed video camera 
(C) Electroresistivity prove 
(d) Image processing 

-- - 

X ray fluoroscopic observation 



i 
Detector 

D e t  ec tor - P 

0 2 

0 0.2 - 
s.s.wire 

Figure Schematic of the two-element electro-risistivity probe. 

n 
I I 

4' 
Gas 

4 Heasuemewt t i m e  T (sec) 
> 

Fig. Definition of masuring bubble  
characterist ics .  



0 400 800 1200 1600 
Temperature T 'C 

Fg. 1 -Resistivity for various refractory materials at high temper- 
ature. 



/ 
, L ~ C ~ O ;  (+0.3), Zr02 (90.3) Pt wire 

Fig. 2-Electmresistivity probe for measuring bubbles in molten imn 
bath: (a) pmbe applicable to 1250 'C (mrn) arid (b) pmbe applicable 
to 1600 'C (mm). 



. I Personal 1 
I computer I 

Qg k 50-100cm3/s 
at the bath temperafure 

Fig . 3 -Experimental apparatus for rneasuring biubble characteristics 
, in molten iron bath (mm). 

Fig. 4-Shap of bonorn blowing nozzle aMi mea~ufc:mcnt position 
of argon gas kmperature (mm). 



' F  I Fe-Ar (1 600°C) 
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Axial position z mm 
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- 

Fig. 7-Axial distzibutions of bubblc fkequencyf, On &c cuituüne 
of moltcn imn b& W* botkm blowing. 
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Fig. 6-Axiai distributiona of gas holdup ad on the centerline of 
molten iron bath with bottom blowing. 



Fe-Ar (1 600°C) 

Y lguchi et als 4, 

Axial position ' z mm 
Fig. 8-Axial distributions of bubble nsing velocity ÜBsd on the cen- 
terline of molten iron bath with bottom blowing. 

E - Fe-Ar (1 600°C) 
C 

Fig. 9-Axial äistributions of bubblc diamtttr On the mfcrlinc 
of moit, imn with bottom blovhg. 



I zmm 

lguchi et al. 4, 

Radial posiüon ' r mm 
Fig. 10-Radial profles of gas holdup a at different axial positions 
in molten iron bath with bottom blowing. 

I Fe-Ar (1 600°C) I zmm 

Radial position r mrn 
Pg. 11-Radial pmnlca of bubblc frequency f. at different axial 
positions in molten ima bath with bottom blowing. 



l zmm 

- 
lguchi et aL4) 

0 L I I I 1 I I 1 I I I 
20 10 0 10 20 

Radial position r mm 
Fig. 12-Radial profiles of bubble rising velocity üB at different axial 
positions in molten iron bath with bottorn blowing. 

-. - 

Radial position r mm 
Rg. 13-Rasiial prof1Ics of bubble diamctcr & at diffmnt axial p i -  
tions in molten imn bath with botlom blowing. 



Empirical equations for bubble 
characteristics derived for low 
temperature molten metal baths were 
found to be applicable for very high 
temperature molten metal baths. 



Bubble shape measurement 

Converter .W 
Computer 

video camera 
, Fig. 1-Experimental apparatus for water-air System. 



Fig. 3-Schematic of multineede electroresistivity probe. 



Water " Acrylic resin 

Stalliless steel wire 

Wood's meta1 (100 "C) 

Stainless steel wire .. Alp3 &be 

Fig. 2-Schematic of electrode needle: (U) water-lilt. systmi find (4 
Wood's metai-He system. 



r=o 
U P P ~ ~  

needle 
\ 

r=O 

r=o 
Lower needle 

Lower 
needle 

Fig. 4-Measurement mcthcxi of bubble shape. 

1 .  



Fig. 12-Measured bubbie shape for water-air System: (U) high-speed 
video carnera and (b) multineedle electroresistivity probe, 





Reynolds number Re 
Fig. 15-Classification of bubble shapes (~ater-airJI".~~~JO] glyceline + 
~ater-air,t'~] Fe-MJsJ61 Cu-Ar~~171 Hg-airJ121 Woodys metal-N„V."j 
present Hg-He, Hg-N„ Wood's metal-N„ and Wood's metal-He systems 
are also included.) 



Measurements of molten meta1 flow 

(1) Mean velocity components 
(2) Turblence components 

4 time 

time- 

Urms - - J L Y / N  i= 1 

N ; number of sampling data ( > 5 0.0 0 0 ) - 
U ; mean value of axial velocity component - 
V ; mean value of radial velocity component - 

U 'V ' ; Reynolds shear Stress 
U ;ms ; root mean square value of axial fluctuating component 

V ;ms root mean square value of radial fluctuating component 



(a) Pitot tube 
(b) Hot wire / film anemometer 
(C) Laser Doppler velocimeter 
(d) Reaction probe 

(Measurement of drag force) 
(e) Vives probe 
(f) Mass transfer probe 
(g) Karman's vortex probe 



(a) Pitot tube 

Laser beam 

( C )  LDV 

Hot film 

FD F' : Drag force 

(d) Reaction probe 

@) Hot film 
anernorneter 

(e) Mass transfer probe 



Vives probe ( Magnet probe ) 

Steel vessel 

Heater & insulator 

Magnet probe ' $::ocoupk 
1 Gas 

Fig. 1-Experimental apparatus. 



Rare-earth permanent magnet 

m 

\ Stainless steel jackel. 

___t 

B: magnetic field direction 

Fig. 2-Schematic illustration of magnet probe. 

Time (2Ornsfdev) 
Distinction of gas 
arid liquid from Ez Uquid ,Gas, Liquid ,Gas, Liquid 
and dEz/dt I 

. i 
i 

Distinction of gas 
and liquid from Er [ 
and dErldt 

1 
Employed data 1 
region for 
calcufation 

' I 4  

Fig. 3-Disrrimination of gas arid liquid s i d .  



Fig. 14-Axial mean velocity and the nns values of turbulencc 
components on the centeriine as functions of axid distance. 

Fig. 15-Relation between half-valw radius and mid dis$nce. 



Fig. >Radial distribution of gas holdup at z = 0.040 m. 

Gaussian 

lcn 
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-- 

Fig. 7-al distriiution of nondimensionalized rms values of axial 
turbulente component U'-/&. 

- Gaussian - -Wabrwabr  

3 
€ f- = 

He-Wood's meta1 
-> 0.4 --.-------- ..... ----. -.. --. . --. -.. 
0.2 - *.. --- -. 

Fig. 8-Radial distribution of nondimcmionaIized nns vafucs of radial 
turt,ulence component v',J& 
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r& 
Fig. 17-CompariSaa of radial distriiutions of ii betwcen Wood's 
metal-He and water-air sysknm 

Particle 
Hetsroni (1989) 

Fig. Ig-Radial distriio11~ of the rms valuw of axial and radial 
turbdesce Co-& 



r/b , 
Fig. 19-Radial distributions of thc m-values of thc axiai turbulmce 
component. 
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. Qg=. 6 0 krn3/s * Wood's rnetal-i-ie 
z = ~ . O C ~  + Water-Air 

(41 .4Ncm3/s) 
- .  

- Wygnanski -- Panchapakesan 
and Fiedler and Lurnley 
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Pig. 20-Radial distnbutio? of thc m i ~  valuca o f  Lhc radial nirbuinicc 
component. 
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- Qg= 60 ~ c r n ~ / s  . 0 Wood's rnetal-He 

z = ~ . O C ~  0 Water-Air 
' (41.4Ncrn3/s) 

- Wygnanski -- Panchapakesan 
and Fiedler and Lumlev 
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Fig. 21-Radial distributions of the Reynolds shear stress. 



interaction 

Sweep 

Ejection . 

U" 
lnward 
interaction 

3 

interaction 
\ (u'<O, v'>O) 

interaction 
(uT>0, v1<0) 

Fig. IO-Ciass~cation of turbulent motions. 



Fig. 1 1-Relative occurrence fkquency N,. 

Fig. 13-Con~iutions of four turbuIent motions to the axial hirbuience 
kinetic energy. 





N arm an vortex probe 

Continuous casting mold 



Re: R e y n o l d s  n u m b e r  
V: f l o w  veloc'ity 
D: d i o m e t e r  o f  cYl i n d e r  
P: k i n e a a t i c  v i s c o s i t y  of f l u i d  

Fig .2  K6rm6nVs v o r t e x  s t r e e t .  





* Re: R e y n o l d s  n m b e r  
V: f l o w  v e l o c i t y  
D: d i a m e t e r  o f  t h e  c y l  i n d e r  
'V: - k i n e m a t i c  v i s c o s i t y  of f l u i d  

St: S t r o u h a l  number 
f :  t h e  s h e d d i n g  frequency 

o f  Kirmon's vortex street  
D: t h e  d i o m e t e r  of t h e  c y l  inder 
V: f l o w  v e l o c i t y  

- 
4 . 2  Schematic of t h e  Karm6n9s v o r t e x  street .  
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F i g . 6  E x p e r i m e n t a l  a p p a r a t u s .  





0 Time s e c  4 

F1g.7 O u t p u t  s l g n a l  o f  s t r a i n  rneter 

k : t h e  p r o p o r t l o n a l i t y  c o n s t i n t  





Time s e c  4 

Fig .9  O u t p u t  s i g n a l  o f  s train m e t e r  
a n d  i t s  Power s p e c t r u m  
for 



Mol t e n  meta1 v e l o c i  t y  V / c a i ~ - ~  

F ig .10  R e l a t l o n  between m o l t e n  metol velocity 
a n d  t h e  product o f  s h e d d i n g  t r e g v e n c y  
a n d  cylinder diameter. 

(Compar icon between W o o d ' s  metol doto 
a n d  r n o l i e n  s t e e l  d o t o )  
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-e- 
Fig. 12-Schcmatic view of measurement of meniscus flow velocity. 



Flow velocity below 
meniscus, ms-' 
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1 -  

Reaction probe 

P : D e n s i t y  

A : Frontal a r e a  c x p o s e d  b y  a b o d y  

to the f l o u  d l r e c t i o n  

F i g .  1 D e f i n i t i o n  o f  d r a g  coe f f  i c i en t  CD 

C D  = f ( R e ,  T u ,  U D )  

Re: Reynolds number 

T: Turbulence intensity 

h: Turbulence scale 



, 4 1 L (a) Pressure measuremen t 

Strain gage 

(b) Drag force measurernent 

Fig. Test sphere for determining C,. 
.(a) Pressure measurement 
(b) Drag force measurement 



Fi g. (a) I n s i d e  view of t h e  t e s t  
s e c t i o n  u p s t r e a m  of a ,  
t e s t  s p h e r e  

Fi g. (b) I n s i d e  view of t h e  t e s t  
s e c t i o n  d o w n s t r e a m  of a  
t e s t  s p h e r e  
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Fig. Pressure coefficient around the sphere for various Tu. 

, S t a n d a r d  I 
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Reynolds number Re 

Fig. Drag coefficient bf sphere as a function of Re and Tu. 
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Turbulente intensity Tu ( % I  

Fig. Diagram showing the present experimental conditions. 

Fig. Relation between üs and üLDv for water jet. 
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Gas flow rate Qs (cm3/s) 

Fig. Relation between Q, and ü for water-air bubbling 
jet. . 

0.1 
10 50 100 

Gas flow rate Qg km3Js) 

Fig. Relation bctween Q, and ü, for Hg-air bubbling jet, 



Particle imaging velocimetry ( PIV ) 

I I 

Smoke 
Generator 

Fig. Schematic display of experimental appa- 
ratus. 





Q = z ~ ~ / s  h1270mm 
(n) Instantaneous velocity distributions 
f b)  Time averaged velocity distrbutions 

Fig. Two kinds of velocity 
distributions measured by PTV 
image analysis. 
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Future study 

(1) Development of electroresistivity probe 
applicable in practical applications 

(2) Development of velocimetry capable of 
measuring turbulence components in 
practical applications 



Measurement of multiphase fiow in metallurgy 

I.J. Opstelten 

Hoogovens R&D, P. 0. Box 10000, 1970 CA IJmuiden, The Netherlands 

In many stages during the manufacturing process of steel and alurninium, flow of molten metal, 
slags and gases is important. In these cases multiphase flow (gas through liquid metal and/or slag 
on liquid metal) determines the impact of phenomena such as mixing and heat transfer. In the 
academic world a great deal of research has been done on multiphase flow. The research has, by its 
focus over the past few years, led to enhanced insight and development tools mainly for application 
in the petro-chemical industry. The question is still Open in how far this insight and these tools 
(relying on substantial empirical data obtained for the petro-chemical practice) can be translated 
into multiphase flow in metallurgical processes. It was the main reason for starting the project 
"multiphase flow in metallurgy", conducted in CO-operation between Hoogovens R&D and the 
University of Twente. 

One of the main contributions of Hoogovens R&D is supplying experimental data on multiphase 
flow in molten metals for validation of numerical models developed at the University of Twente. 
This initiated the investigation into and development of tools to assess these phenomena. A review 
of the existing tools will be given as well as the first results of two tools to characterise important 
factors of a vertical plume of gas in a vessel of molten metal. 
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Investigation of liquid metal two phase flow characteristics 
by means of local resistivity probes and X-ray screening technique 

S. ~ckert' ,  G. ~erbeth', B. ~uttekz,  H. ~techernesse? 
and ~ . ~ i e l a u s i s ~  

Forschungszentrum Rossendorf (FZR), P. 0. Box 51 01 19,D-Ol314 Dresden, Gerrnany 
2 Forschungszentrurn Jülich (FZT), 0-52425 Jülich, Gerrnany 

Latvian Acaderny of Science, Institute of Physics, Miera iela, LV-2169 Salaspils, Latvia 

In many technologies such as the refinement of metallic melts the injection of gas bubbles is used 
to drive some liquid motion, enhance transport processes or to control the rate of chemical 
reactions. The resulting flow structure strongly depends on two phase flow parameters such as 
bubble size, bubble distribution or the local void fi-action. Magnetic fields can be used to control the 
characteristics of a liquid metal bubbly flow. 

We present experimental investigations of the bubble formation in heavy liquid metals as well as 
the influence of extemal magnetic fields on the turbulent dispersion of gas bubbles and the slip 
ratio in liquid metal bubbly flows, respectively. 

a) Bubbie formation 

If gas bubbles are injected into a liquid metal characterised by a large surface tension one should be 
care to get a good wetting between the fluid and the surface of the gas injector, Othenvise, the gas 
would try to spread out along this interface to form gas layers. A control of the bubble size and 
formation rate becomes difficult. The comparison between experiment and theoretical models 
describing bubble formation processes requires an ideal wetted gas injector. 

The bubble formation in mercury and the eutectic alloy InGaSn has been studied by means of 
several methods of gas injection, for instance through single orifices or injectors made from 
sintered metals with a mean porosity of a few microns. X-ray measurements have been used to 
directly observe the resulting gas bubbles nsing in the liquid metal. In the case of an single orifce 
the influence of electromagnetic forces on the bubble frequency has been demonstrated. 

b) Turbulent bubble dispersion, slip ratio 

The transport properties of small argon bubbles have been studied in turbulent upwards channel 
flows of sodium and mercury. The bubbles were injected by a single orifice located in the centre of 
the channel Cross section. After a distinct distance the local void fraction and the bubble velocity 
has been measured by means of electrical resistivity probes. The flow has been exposed to extemal 
magnetic fields directed transverse or longitudinal to the mean flow direction. 

We will present and discuss measuring results showing the effect of the magnetic field strength and 
direction on the horizontal gas distribution and the ratio between gas and liquid velocity. 
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Liquid meta1 two phase flow 

metallurgical/chemical industry: 

- mixing and homogeneization 
- melt refinement 
- control reaction kinetics 
- reduce clogging in tundish nozzles 

liquid meta11 targets for neutron spallation sources 

MHD generator 

Measuring quant it ies 

void fraction 

bubble size, interfacial area 

bubble velocity 



Fields of interest 

Influence of an external magnetic field on the 

properties of liquid meta1 two-phase flows 

(void fraction distribution, slip ratio) 

Formation process of gas bubbles in liquid 

met als 

Methods 

single- and double wire resistivity probes 

@'ZR) 

X-ray screening technique (FZJ) 



Measuring Principle 
Resistivity Probe 

sensor U 

x - g e n e r a t a r  

1 - , one-wire probe r7 
/V I 

CrINi-wire 
gias body 

double-wire probe 



Experiment: Liquid Meta1 MHD 
Two-Phase Flow 

in a rectangular channel 

a) transverse magnetic field b) longitudinal magnetic f k d  



Local void fraction distribution 
(transverse magnet ic field) 



Local void fract ion distribut ion 
(longitudinal magnet ic field) 

10 

h l r  



Measuring Principle 
X-ray Radiography 

High-voltage X-ray tube (450kV, 12mA) 

Fluid inside a Plexiglass container H = lOcm, 
D = 6mm (rnercury, 450kV), lOmm (InGaSn, 147kV) 

Flow is depicted by a flouroscope 



Fluid container with gas injector 
(porous material) 



Gas injection through a porous plate 

0 high surface tension + process of bubble detachment is 
very sensitive on the wetting conditions 

0 nonwetted injector 
+- formation of gas layers around the injector 
-+ detachment of large bubbles 

0 wetted injector 
+- detachment of small gas bubbles (m 1-2 rnm) 



MHD injector 
in a vertical channel 

Supplementary force to promote an early bubble 
detachment 

Idea: to  control the bubble size or the volumetric gas 
flow rate 

Tuning parameter: arnplitude of the electric current 



Influence of an electromagnetic force 
on the bubble formation 

MHD-injector placed inside a container filled with 

InGaSn 

Injection of single bubbles a t  constant gas flow rate 

Measurement of the bubble frequency by means of 
ressitivitv probes 

electric current I [Al 



Evaluation of the methods 

Resistivity probe 

0 simple and robust 

clear signals 

Problems: - invasive method 
- detection of small bubbles 
- stability of insulating materials 

X-ray Radiography 

0 non-invasive 

visualisation of the flow 

Problems: - limitation of the fluid domain 
- detection of small bubbles 
- observation of rapid transient phenornena 

- large technical effort 



Void Profile Studies in Vertical Upward Co-Current Churn 
Mercury-Nitrogen Flows 

P. satyamurthyl, N. S. ~ i x i t ' ,  A. M. ~uraishi' and N venhtrarnani2 

' Laser and Plasma Technology Division, Bhabha Atomic Research Centre, 
Mumbai-400085, India 

' Department of Ph-ysics Aligarh Muslim University, Aligarh-202002, India 

Liquid Meta1 Magnetohydrodynamic (LMMHD) power converters of gravity type have been 
proposed for various heat sources [I]. In these systems, two-phase flows consisting of steam and 
high density liquid metal (lead, lead-bismuth alloys etc.) take place in the riser and liquid metal 
flows in the downcomer containing MHD generator. 

In general, the flow consists of multibubble, chum and slug as void fiaction vanes from around 0.1 
to 0.8. Due to large diameter of the riser and high gas flow rates, significant length of the riser will 
have churn flow. The parameters of two-phase flow critically decide the overall efficiency of 
conversion. This requires detailed knowledge of void distribution across the cross-section. 

Neal and Bankoff have studied void profiles for slug flow and developed an empirical relation for 
void fraction as a function of ratio of volumetric flux and Froude number of the liquid metal flow 
[2]. In this Paper, void profiles for chum flows are studied. Empirical relations simi1ar to that of 
Neal and Bankoff are developed. 

Experiments have been carried out in a nitrogen-mercury simulation LMMHD loop operating at 
ambient temperature. The system consists of mixer, riser pipe, separator, downcomer and MHD 
flow meter. Nitrogen is introduced through the mixer and a two-phase mixture is established in the 
riser. This gives rise to density difference between the riser and downcomer and leads to the 
circulation of liquid metal in the loop. Nitrogen is separated and is let out to the ambient. Mercury 
flows through the downcomer. Gamma ray attenuation method has been employed for determining 
radial yoid profile using 60Co of activity 2775 MBq at two locations in the riser [3]. 

For low flow rates, the flow was bubbly and the void exhibited oscillating profile as a function of 
radial CO-ordinate [4]. However, for gas flow rates above 4.7 gis, the flow was churn 151 and the 
void profile exhibited monotonic variation with maximum value at the center. 

Void fraction profile (() for churn flow has been expressed as a function of power law as follous: 
E MBED Equation.2 (1) 

lvhere r is the radial distance from entrance. R is the intemal radius of the pipe. p is given by 
E MBED Equation.2 (4 

C1 and C2 are constants determined based on the best fitted p value. (, Nfr are the fraction 
of the volumetric flow rate of the gas and Froude number of the liquid meta1 respectively. 

Best fitted p values for the experimental data varied from 2.75 to 4.75 for different flow rates. For 
slug flow this value is in the range of 10.9 and 12.7. The smaller values for p indicate that void 
fraction profiles for chum flows are less steep than those of slug flou7 near the walls, 

The difference in the profile shape can be attributed to the difference in the flow structure between 
slug and chum. The slug flow consists of large bullet shaped voids extending right up to the walls 
of the pipe followed by bubbles distributed across the cross section. Because uf the bullet shaped 



void, the time averaged void fiaction near the walls will be larger than that for churn, making the 
profiles steeper. 

Both C1 and C2 have been separately varied to fit with experimental values. C1 varied in the 
narrow range of 3.5 to 4.5. On the other hand, C2 varied fiom 1.19 to 2.11 for the entire flow 
conditions and locations. These values are five times or more as compared to those for slug flow. 
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I - I0 = photon munts per unit time at üie twtmm 
10 of the material 

I = photon anints per unit time at oxit of üie 
material 

p =  U + T + K  where 
G = Qmpton mllision, r = Phato electric 
interaction K = Pair production 



I op view 

RS L B S D  PA 
Movable 
Platform 

Front View 

RS - Radioactive Source LB - Lead Block 
SD - Scintillation Detector PA - Pre-Amplifier 

Void Fraction Measurement System 



. V  

lntensity Measurement 
at various chords 

Scheme for the measurement of a-profile 

beam In the flow 



Phenomena Associated With Void Fraction 
Measurements by Radiation Attenuation Method 

1) System Configuration 

2)  Appropriate Radio Active Source Selection 
- 
- Photon Energy 

C 

- Intensity of the Souree 
- 
- Beam diameter 

3) Number of counts Tor each measurement ( Poisson's 
Corruption ) 

4) Background Counts 

5) Geometry 

6) Dynarnic Void Fraction Fluctuations 

7) Cylindrical Symmetry Assumption ( Full! 
in tbe pipes ) 

developed fli OWS 

9) Detector Eniciency, Dead-time, Summation Effects etc.. 



co60 radio-active source 

1)High gamma ray energy ( 1.332 MeV ) suitable 
for 80 mm mercury path length 

3) Relatively smaher Iead shielding for 60 - 100 
mCi source 

4) Half-Iife is 5.26 years 



BUILDUP 

HEXE, THE DETECTOR WILL RESPOND T 0  THE GAMMA RAYS DIRECTLY FROM 
THE SOURCE, T0 THE GAMMA RAYS AFTER HAVING SCATTERED IN THE 
ABSORBER OR T 0  OTHER TYl'E OF SECONDIARY PHOTONS SO THE MEASUREMENT 
DETECTOR SIGNAL WILL BE LARGER THAN THAT RECORDED UNDER 
EQUIVALENT GOOD GEXXWXRY CONDITIONS. TMS STATE CAN BE~LLED AS 
BROAD BEAM OR BAD GEOMETY MEASUREMENT. IN THIS CASE WE WILL HAVE : 

/".-, 
SOURCE 

Z 

I - _ - B (t, €Je- ' 
' 0  

DETEKTOR 

WHERE, THE FACTOR B(t, EI ) 1s CXLLED THE BUILDUP FACTOR. 



Dynarnic Flyetuation Effect 

Time and Path Averaged Void Fraction is given by 

- 
I is the number of attenuated photon counts per unit 
time 

However since 

We always have 

We require detailed fluctuation pattern for 
determining actual void fraction from rneasured one 



Computer Tomography 

What we measure by gamma ray attenuation is time and 
line averaged void fraction P. 

In order to obtain void fraction distribution (a), we 
require tomograghic algorithms. 

.- 
Non-Cylindrical Symmetrie Distribution ( a  (r,O)), we 

have . - 
- ART (Algebraic Reconstruction Techniq ues) 

- MART (Multiplicative Algebraic Reconstruction 
Techniques) 

Cylindrical Symmetrie Distribution (u(r)) 

-Chord Segment Inversion Techniques 

-Least Square Solution Techniques 

-Radial Polynomial Techniques 

-Bessel Function Algorithms 



a at 1.1 m frgm mixer .. 

1 -Mixer 2-Riser 3-Separator 4-Downcorner 

5-Transitional pieces 6-MHD generator & Magnet 
7-Dump tank 8-Niimgen t$nders 9-Flow rneter 

Schematic of the nitrogen-rnercury LMMHD Facility 



Details of the  Mixer 



Syrn. Nitrogen flow rate 
( g/s 1 
0.6 

+ 1.3 + 2.5 

Measured void fraction profiles for iow gas flow rates at Wo locatlon in Ihe riser 
( a ) z = i . i m  (b )z=2 .8m 



Sym. Nitrogen flow rate Mercury flow rate 
( g/s ) ( W s  ) 

Measured void fraction prafiles for higher flow rates at two locations 
in the riser ( s ) z  = lArn ( = 14,0) ( b )  z = 2.8 rn ( = 35.9) 



Void-profile is expressed as; 

For Slug flows Neal and Bankoff have obtained the following 
relation for m: 

C1=15 and CpQ.25 

r is radial coordinate and R is tbe radius of the nser pipc. ur 
is the superficial liquid veloeity, g is the acceleration duc to 
gravity and r is the gas flow volumetric conrentration. 



Comparison of non-dimensionalized experimental void fraction 
profile with Neal and Bankoff relation and profiles based on 
different p values. ( m = 4.7 g / s ) 

9 



Comparison of non-dimensionalized experimental void fmction profile with 
Neai and Bankoff and profiles based on different p values. ( mg= 11.0 g!s ) 



' p ' values 

Table - 1 

match with experimental data 

Nitrogen 
flaw rate 
( W s  ) 

4.73 
4.73 
9.0 
9.0 

11.07 
11.07 

Mercury 
flow rate 
( g/s ) 

Distance 
from the 

mixer (m) 
" A n d ( c )  

P, 

43.0 
43.0 
54.8 
S . 8  

pex 
( value which f 
with exp. data 

10.9 
11.8 
11.5 
12.7 

1.1 ( 14.0 ) 
2.8 ( 35.9 ) 
i : l (  14.0 ) 
2.8 ( 35.9 ) 

3.25 
2.75 
3.25 
3.75 
4.75 
2.75 

58.6 
58.6 

1.1 ( 14.0 ) 
2.8 ( 35.9 ) 

11.2 
12.0 



Table - 2 

Required Cl to fit experimental ' p 'value (for C2 = 0.25) 

Table - 3 

Required Cz to fit experimental p ' value (for CI = 15) 



Slug Flow Churn Flow 

Structure of slug and 
churn-turbulent flow. 



Conclusions 

Empirical relation developed by Neal and Bankoff 

for slug flows has been extended for CO-current, upward 

churn flows. The void profile was less steep for churn 

flow near the walls. Experimental values were fitted 

with Neal and ~ a n k o f f  equation by modifying the 

coefficients. These modified coefficients substantially 

deviated from that of slug flow indicating signifieant 

difference in void fraction distribution along the radial 

direction in circular pipes. 



ULTRASONIC MEASUREMENTS OF THE MOTION OF GAS BUBBLES 
RISING IN A LIQUID METAL 

B. Hofmann', S. Eckert2, G. Gerbeth' and E, Kaiser1 

' Technische Universität Dresden, Institute of Energiemaschinen und Maschinenlabor, 
0-01 062 Dresden, Germany 

' Forsclzungszentrunz Rossendorf e. V., Institute of Safety Research, D-01314 Dresden, Germany 

The ultrasonic detection of argon bubbles rising in a liquid metal caused by buoyancy forces is 
the topic of this Paper. The metal is an eutectic alloy of In, Ga and Sn having a melting point of 
about 283,7"K (+10,5"C). Therefore, it is liquid at normal laboratory temperatures. Bubbles can 
be generated by different sparkling facilities on the bottom of circular-cylindrical vessels 
consisting of stainless steel, mineral or plastical glass. 

The aim of the investigations is the determination of the bubble detaching frequencies and the 
estimation of the void and bubble size distributions over the Cross section of the vessels at 
different levels above the vessel bottom as functions of the typ of the sparkling facility. 

For the experimental determination of these two-phase flow parameters the ultrasonic pulse-echo 
method well known from the non-destructive material testing technology is used. A piezoceramic 
narrow band straight-beam probe having an ultrasonic resonance fi-equency of 15 MHz transmits 
short bursts with regular intervalls of about 2 kHz and receives the echoes. The probe is clamped 
outside of the vessel by means of a special assembling device allowing a comfortable installation 
of the probe at different positions on the vessel wall. The ultrasonic waves penetrate the wall and 
the liquid metal as a slim sonic cone perpendicularely to the inner wall of the vessel and will be 
reflected by the phase boundary between liquid metal and a gas bubble moving inside the sound 
cone. The detectibility of the bubbles is limited by their minimal size, by the sound attenuation in 
the liquid metal, by the unavoidable signal noise and other effects. 

The. ultrasonic probe is triggered by an electronic device generating the transmitting pulses as 
well as receiving and amplifying the sonic echo waves reflected by the bubbles. The amplitude 
and the time of flight of the sonic echoes will be transfered into two analogue electric voltage 
signals. These signals can be pre-storaged and recorded as functions of time by a digital Storage 
oscilloscope (DSO). 

For further data processing using the software tool FAMOS and final stonng the measured signal 
data are transfered to a PC using the sofhvare code TMNSITION. By means of different 
FAMOS functions like HISTOGRAM, FFT and others the distribution of the echo amplitudes of 
bubbles, the detaching frequencies at the bubble generating process and the bubble distances 
from the vessel wall can be determined. From this results, to the relative bubble sizes, bubble 
shapes, bubble velocities, local bubble positions and void distributions in the vessel can be 
concluded. 
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B. Hofmann , S. Eckert, G. Gerbelh and E. Kaiser 

ULTRASONIC MEASUREMENTS OF THE MOTION OF GAS 
BUBBLES RlSlNG IN A LIQUID METAL 

The ultrasonic detection of argon bubbles rising in a liquid metal 

caused by buoyancy forces is the topic of thic Paper. The metal is an 

eutectic alloy of indium (In), gallium (Ga) and tin (Sn) which is liquid at 

normal laboratory temperatures. Bubbles are generated by different 

sparkling facilities on the bottom of circular-cylindrical charnbers 

consisting of stainless steel, ceramic or plastical gtass. 

The aim of the investigations is the determination of the bubble 

detaching frequencies and the estimation of the void and bubble size 

distributions over the cross section of the chambers at different levels 

above the chambers bottom as functions of the type of the sparkling 

facility. 
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I ; ultrasonic probe 
rising bubbles 
backwall 

liquid 
(H20 or liquid metal) 

ultrasonic field 
(effective diam.: Dss) 
testing chamber wall 

initial pulse 

backwali echo 
ua 

monitor (gate) 
phasit boundary echa 

I (bubble echo) 
t (time); 

CL - sound velocity in the Irquid cro - far freld angle 
LO - near field length U, - electnc outpiat vottage 
t~ = ~ ~ B L / C L  ~ R W  = 2 d e k ~  

The principle of the ultrasonic pulse-echo technique 
for two-phase fiow meacurementc 
(a - schematic diagram, b - ech0grap.h) 



1 - testing chamber 2 - liquid 
3 - rising argon bubbles 4 - noules 
5 - pressure supply and 6 - sparkling unit (containing one of 

distribution equipment the bubble generators of type 
G 1 -G7) 

7 - ultrasonic probe (transmitter 8 - eledronic distance measuring 
and receiver) window (gate, monitor) 

Experimental Setup 



chamber wall 

ULTRASONIC 
MEASURING DEVICE 

USIP20 

DIGITAL STORAGE 
OSZILLOSKOP 

(DSO GOULD 400) 

I PERSONAL 

TRANSITION, FAMOS: Software toob 

Experimental Setup: 
Block diagram of the measuring and data procescing 

equipment 



Ga 67,0% I mass parts I 
REMARKS PROPERTIES 

Compounds (eutectical): 

VALUES 
In 20,5% 

delivered by the common supply conduit system, free of gas and particles 
nearly, laboratory temperature (= +23"C) 

9=20°C 

9=20°C 

Melting temperature 1 "C 
Boiling temperature 1 "C 
Density 1 kg mS , Sound velocity I m T' 

Reference liquid (water "I): 

The Liquid Metal: 
Properties of the Alloy In Ga Sn used with the 

experiments 

Sn 12,5 % 

+I 0,5B, 1 
> +2000 

6363 

= 2747 

REMARKS 

9=20°C 

9=20°C 

PROPERTIES 
Density 1 kg m" 
Sound velocity I m S-' 

VALUES 
= 1000 
C 1482 



Acoustic transmission factor (pulse-echo method): 

wtiere 
Z - Acoustic impedance of a material in general: 

Z = p * C (p - density, C - sound velocity) 

ZL - Acoustic impedance of the Zs - Awustic impedance of the 
liquid to be tested wall materlaf (solid) 

TT - Transmission factor „THERE" Te - Transmission factor „BACK" 

COMBINATION H20-V2A H20-PLG FLM-V2A FLM-PLG FLM-GLA 
MATERIAL-LIQUID (reference) 

FLM - liquid metal (In Ga Sn) GLA - giacc 
H20 - water PLG - plastrcaf glass 
V2A - stainless steel 

Acoustic properties of different combinations of charnber wall 
materials arid liquids 



Measuring time fM / s 

Verticat Coordinates UJV are proportional: 
chan I: to the amplifude  AB^, 

chan 2: to time of flighf t~ of the bubble echoes, where: 
I. tF is a measure for the disfance a s ~  between a bubble and the vessel 

watl. 
I. äe~t, asu, a ~ ~ 3  : smalf bubbles in fmnt of CaBL?, aBw) and behind ( aB4  

the noule. 

The principle of the evaluation of ultrasonie echo signals of 
a sequence of argon bubbles in liquid InGaSn 



i The amplitude of the ultrasonic echo signal (sound pressure) is 
proportional to the bubble diameter in principle: 

2. By means of a special ultrasonic measurement device the amplitude of 
the ultrasonic echo pressure can be transmitted into an eiectric 
voltage in the range of (0 ... 5)VDC e.g. : 

Determination of the relative bub 
(t: measuring time) 



1. Bubble velocity: 

lnfluence is neqligible. 
The reason is the large quotient of sound and bubble velocities in the liquid 
(CL/CBL > 700). 

2. Bubble shape: 

With increasing size and velocity the bubbles become more and more oblate (see 
R. CLlFT et al, e.g.). That means, bending radius r~ at the reflecting point and. 
consequently, sonic echo amplitude of the bubble changes with the bubble shape 
Models to describe this effect are not known so far. 

3. Bubble distance: 

With increasing distance ~ B L  between probe and bubble its size seems to become 
smaller. because the sonic echo amplitude decreases by sound attenuation 
proportionally to raising distance (influence reducable by „distance-amplitude- 

4. Bubbie position: 

In case a bubble passes the sound beam laterally. the amplitude of sonic echo 
reaching the probe agam decreases Therefore the bubble size seems to be 
reduced. 

5. Bubble coveting: 

At a homogeneous bubble distribution. the medium probability w~ of the covering 
of two bubble columns increases with bubble diameter dgL and frequency fB, 
(through a nozzle) and decreases with bubble velocity C B ~  -P--- wnn 2 fsL*dBL/ 

(Example~ For dB,=4mm. c~~=0.3m/s and fBL =10Hz follows wM = 13Oh.)  

Geometrie influences disturbing the ultrasonic deterrnination 
of the bubble size 



U, aBL - 40.--1.0 Distance: - (error = +0,5mm) 
mm V 

CBL Z Velocity: - - (error .s i0,15 ms*') 

From these equations follows 

aeL = 33,O mm ~ B L  = 43,8 mm 
tBLl X 10,8 ms tBL2 = 8,8 m§ 

CBL = 0,37 ms-' CBL z 0,46 ms-' 

Evaluation. 

Left bubble is generated by the front nozzle. rlght by the rnedfurn one 
The medium velocity of both bubble 1s about 0 42 ms" 

Estimation of the bubble distance a ~ t  from the inner vessel 
wall as well as the bubble veiocity c s ~  

(Combination vessel material - liquid: V2A - H20. measurrng trme t~ effectrve 
diameter of the sonic cone (on bubble positron) Dss+4rnrn heqh? ~f ?+-E 
ultrasonic probe above the bubbfe generator (type G2 3 nazzles) h. E 5Omm I 



Bubble 2 

a) h, = IOmm 

Bubble 1 

Bubble 3 Bubble 4 
5 - - - . - . - - - - - . - - -  

Ultrasonic echo signals of single bubbles of a bubble stream 
(Combination vessel material - liquid. PLG - FLM. measuring time tM 

h, herght of the ultrason~c probe above the bubble generator type G6 1 sintered 
ceramic plate. Pore wdth 2pm; argon flow Q=31/h) 



Ultrasonic echo signals of single bubbles of a bubble strearn 

- Results of the measurements in liquid metal InGaSn - 

In case of increasing hl results in accordence with theory: 

bubble diameter (echo amplitude AB$ increases 
bubble shape changes from spherica! to ellipsoidical 
(amplitude echoes becomes rnore narrow) 
bubble strearn position (distance aeL) does not change 
nearly 
bubble velocrtyceL increases (echo width decreases) 

Parameters of these measurements: 
- Combination vessel material - liquid: PLG - FLM 
- argon flow Qs311h 
- h,: height of the ultrasonic probe above the bubble genera- 

tor type G6 / sintered ceramic plate, pore width 2pm 



a) Bubble generator G2 and measurernent positions P of ultrasonic probe 

P3 3 noules 00,3mm 

b) Comparison of the results of measurement positions P1 and P3 

I PARAMETER 1 P1 (0") P3 (1 80") I 

1 main size ranges (relative) 1 2,2 - 2,5 1 0,8 - 1,2 and 3,2 - 4,2 1 

bubble main frequency fsL I Hz 

harmonicsv / Hz 

bubble size range (relative) 

I bubble distance2) range a e ~  I mm I 30 -34 1 17,5 - 22,5 1 
I main distance2' asL / mm 

8 L 

I 30 20 I 

6 2  
- 

0,9 - 3,O 

') in the range (I -1 1)Hz; 2' measured from the inner vessel wall 

3,6 - 

7,O and 10,6 

0,8 - 4,2 

Cornparison of the experimental results of ultrasonic 
watching of two argon bubble streams generated by the 
bubble generator G2 rising in the liquid meta1 InGaSn 

(Vessel material: plastical glass; probe height hl 4 Omm above the bubble 
generator; measuring time: b=5s; argon gas flow Q 4511h) 



a) Sequence of the bubble echoes (upper plot: bubble sizes, lower: distances) 

b) FAMOS-FFT of the bubble echoes sequence (~BL: bubble sequence frequency) 

FAMOS-histogram of the bubble echo amplitudes bL (distnbution of the 
bubble sizes) 

d) FAMOS-histogram of the times of flrght tF of the bubble echoes rdistnbutton of 
the bubble distances aB, from the inner vessel walll 

25 
20 

Z 15 - 

10 
5- - 

Analysis of an argon bubble strearn rising in liquid metal 
InGaSn using ultrasonic pulse-echo rnethod (probe pos. PI) 
(Combination vessel material - liquid: PLG - FLM. measuring trrne tv -5s ~rlsbe 
hefght h, =10mrn above the bubble generator type G2 J 3 noztks . -0 3mm 
probe circumference position: P I =Oo: argon gas flow Q a i 5lih : 



a) Sequence of the bubble echoes (upper plot: bubble sizes, lower. distances) 

L FAMOS-FFT ot rhe ~ ~ D b l e  ecnoes sequence (tB, b u b ~ l e  seyuerice frequer::) 
i SO 

? 00 
U, . - 

mV) 50 

9 
1 5 7 0 fz,/Hz 5 10 6 

G, FAMOS-histogram of the bubble echo amplitudes ABL (distnbut~on of the buDD!E 

(: FAMOS-histogram of rhe times of flight t~ of the bubble echoes (distribution ot 
the bubble distances am from the inner vessel wall) 

L s 

Analysis of an argon bubble stream rising in liquid metal 
InGaSn using ultrasonic pulse-echo method (probe pos. P3) 
Combination vesse! material - liquid. PLG - FLM. rneasurrng time tt,: =5s p-?L:- 

r;ze,at n. =iOmm amve the bubbfe generator type G2 / 3 nozzles ,'G 
cgrcwmfererice posrtron P 3 1  80". argon yas flow Q =I  511hl 



B. Hofmann I), S. ~ckert 'I, G. Gerbeth ') and E. Kaiser I) 

ULTRASONIC MEASUREMENTS OF THE MOTION OF GAS BUB- 
BLES RlSlNG IN A LIQUID METAL 

- CONCLUSIONS - 

The tests have shown that argon bubbles rising in a liquid can be detected in 

water as well as in the liquid metal InGaSn with a sufficient time and local resolu- 

tion. 

The distribution of the bubble echo amplitudes and of the bubble distances over 

the cross-section of the testing chamber were estimated by means of the histo- 

gram function of the software tool FAMOS. 

The bubble detaching frequencies from the different sparkling units was deter- 

mined by means of the FFT-function of FAMOS. 

From these results conclusions w r e  drawn to the relative bubble size, the bubble 

shape and velocity as well as to the positions of the bubbles and to the local void 

distributions inside the testing chamber. 

The detectibility of the bubbles is limited by their minimal size, the sound attenua- 

tion in the liquid metal and an unavoidable signaf noise. 

The reason of an additional damping of the sonic echoes in the liquid metal could 

not been found out so far. This can be caused possibly by crystallizing effects as 

well as gaseous or oxide layers in the liquid alloy. 

' Technische Universität Dresden, lntiiute of Energiernaschinen und Maschinenlabor, Chair of 
Measurement and Automation Technology, P01062 Dresden, Germany 

L' Forschungszentrurn Rossendoif e.V., Intiiute of Safety Research, D01314 Dresden, Germany 



Wltrasonic measuring techniques suitable for high temperature melts 
for Doppler imaging, for the determination of densities and temperatures 

and for the growth rate of the solidified fraction 

Wolfgang Grill, Michael Schmachtl, Jens Jahny 

Institut für Experimentelle Physik II der Universität Leipzig 

Linnestraße 5,D-04103 Leipzig, Germany 

Ultrasonic detection schemes based on phase sensitive detection respectively correlation 

techniques have been developed for the spatially resolved characterization of solidiQing 

melts. With the aid of guided ultrasonic waves, the position of the solid-liquid interface of 

metallic alloys has been detected with high resolution under directional solidification 

conditions. Detection schemes based on focusing transducers suitable for Doppler imaging at 

100 MHz with a resolution of the fluid velocity of typically 1 rnmls are demonstrated. Special 

probe configurations suitable for the detection of the density and the temperature of the liquid 

fractian and possible applications of synthetic aperture techniques for spatially resolved 

detection are discussed. The presentation of a variety of novel ultrasonic detection schemes 

has the aim to identiQ possible applications demanded for the processing of semiconductors, 

metals respectively alloys and other optically non-transparent media. 



Ultrasonic measuring techniques suitable for high temperature melts 
(for Doppler imaging, for the determination of densities and 
temperatures, and for the growth rate of solidified fiactions) 

Wolfgang Grill, Michael Schmachtl, Jens Jahny 
Institut für Experimentelle Physik 11 
Universität Leipzig 
Linnkstr. 5 Tel.: 0341 / 97-32681 
D 04 1 03 Leipzig Fax : 0341 / 97-32699 
Germany E-mail: grill@physik.uni-leipzig.de 

Experimental demonstration of Doppler-imaging and the obtainable resolution 

The measurements are performed in water with alurninium particles (typically 10 pm flakes 

with a rather large variation of the size) as reflecting tracers. Observation is restricted to the 

focal region of a focusing transducer. The observation is conducted in reflection. The centre 

fiequency of the ultrasonic pulses is 100 MHz. 

The measurement conceming the resolution is conducted for a fixed position with 

movements of the fluid introduced simply by stirring. Imaging demonstrated here for one 

dimensional scanning can also be based on two- or three-dimensional scanning. 

The spatial resolution is detennined by the size of the focal volurne (ellipsoid, Gaussian 

point spread function) of about 20 pm diarneter (FWHM) and a length of about 30 pm which 

beside of geometrical conditions has also been restricted by temporal gating. 

0 1 2 3 4 5 6 7 8 9 10 

Time 1 ms 

Figure 1: Time dependence of the observed amplitude (normalised to the maxianum) of 
ultrasonic waves reflected from a silver flake accidentally crossing the focal volume. 



The velocity resolution is demonstrated by the position versus time graph (figure 2) for a 

particle accidentally crossing the focal volume. The arnplitude for this event is demonstrated 

on identical times in the normalised amplitude versus time graph (figure 1). The velocity can 

simply be derived fiom the maximum slope of the position versus time graph (about 

1.1 pmlms = 10-3 m/s). The resolution for the velocity (equivalent to the minimum detectable 

velocity) is at least + 104 m/s. 

10 

4 5 6 

Time / ms 

Figure 2: Position in axial direction derived by Doppler detection for the Same particle 
respectively event observed also with respect to the arnplitude in figure 1 (the vertical lines in 
the graph are an artefact of the representation and should be ignored) 

Depending on the methods used for signal processing and bandwidth of the transducers a 

maximum velocity of 100 m/s is at least (for the actual existing and available system) 

detectable. This leads to a dynamic range for the detectable velocities of at least 106 (104 m / s  

to 100 mk) 
Depending on the speed of scanning, three dimensional images can be collected with a 

minimum acquisition time per voxel of about 2 ms (see graphs). 

Non-avoidable limits on the working distance respectively depth of the three dimensional 

volume are caused only by the absorption of the actual fluid used (assumed that adequate 

focusing transducers are manufactured). This is typically at least 10 mm if not 100 mrn for 

liquid metals at a frequency of 100 MHz (similar to the fiequency used here for demonstration 

in water). 
A graph (figure 3) demonstrating the results obtained for a one dimensional scan across the 

fiow emitted from a valve is included to demonstrate that spatial resolution can be obtained. A 

three dimensional scan would deliver the respective data for each voxel of the volume under 

observation. The expected resolution can not be demonstrated with the data presented here for 



a line scan, since the opening of the (currently) available valve (diarneter: 0.5 mm) is too large 

to probe the expected resolution. 

Position 1 rnm 

Figure 3: linear scan for a localised flow emitted by a valve. The dots represent velocities 
derived fiom single or multiple events as demonstrated in figures 1 and 2 for each position of 
the scan. 

0.5 1 .O 1.5 2.0 
Positon l mrn 

Figure 4: Histograrn for the number of events contnbuting to the de~rrnination of the 
velocities at each pixel of the scan. In regions with small velocities the number of events 
observed per unit time is also small (as to be expected under the given conditiuns). 

The observed variation (scatter) of the velocity is probabiy eaused by a turbulent 
respectively fluctuating flow. It may also be influeiced by the depmdence of the inertial 



forces of the particles on their size (the aluminium flakes used in the experiment have a large 
variation concerning the distribution of the individual sizes). A Gaussian profile has been 

fitted to the data (figure 3) to demonstrate the time averaged velocity under the assumption 

that the flow can be represented by such a profile, which seems to be adequate for the 
measurement. The number of events (number of particles crossing the focal volurne) used to 

determine the velocity for any position of the line-scan is demonstrated in figure 4. 

Directional Solidification 

Applications involving the monitoring of directional solidification and related applications 
at temperatures up to 1500 'C as well as a description of the developed technologies are 
accessible in the publications listed below: 

Ultrasonic Detection of the Solid-Liquid Interface in High Temperature Solidification 
Experiments 
G. Zimmermann, A. Schievenbusch, W. Grill, M. Schmachtl, A. Lundström, M. Braun 
Experimental Methods for Microgravity Materials Science. eds. R. A. Schifhann, 
J. B. Andrews, The Minerals and Material Society, 27-3 1 (1994) 

Bestimmung der Erstarrungsrate bei der gerichteten Erstarrung mittels Ultraschall 
G. Zimmermann, A. Schievenbusch, A. Drevermann, W. Grill, M. Schmachtl 
Herausgeber: F. Aldiger, H. Mughrabi, Werkstoffwoche '96, Band 7, 167 (1997) 

Bestimmung der Position und der Geschwindigkeit der Erstarrungsfiont bei der gerichteten 
Erstarrung durch die Emission von Ultraschall an der Fest-Flüssig-Phasengrenze 
G. Zimmermann, A. Schievenbusch, W. Grill, M. Schmachtl 
1 1. Kolloquium Schallemission, Band 58,2 1-28 (1 997) 

Determination of elastic moduli for high temperature materials by an ultrasonic method 
W. Grill, T. J. Kim, M. Schmachtl, P. Busse, A. Schievenbusch 
Proc. of the 5th European Conference on Advanced Materials, Processes and Applications, 
Vol. 4, 279 (1997) 

Determination of the crystallization rate during directional solidification by ultrasound 
G. Zimmermann, A. Schievenbusch, A. Drevermann, W. Grill, M. Schmachtl 
Proc. of the 5th European Conference on Advanced Materials, Processes and Applications, 
Vol. 4, 155 (1 997) 

Determination of the Position and Velocity of the Solid-Liquid Interface During Directional 
Solidification of Metals based on Guided Ultrasonic Waves 
T. J. Kim, M. Schmachtl, W. Grill, A. Schievenbusch, G. Zimmermann 
J. Acoust. Soc. Korea 17,79-83 (1998) 

Crystallization process control during directional solidification in a high-temperature-gradient 
h a c e  by guided ultrasonic waves and real-time Signal evaluation 
M. Schmachtl, A. Schievenbusch, G. Zimmermann, W. Grill 
Ultrasonies 36,29 1 (1 998) 
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Position and velocity of the interface during the 

onset of solidification 

time / s 

time / s 

(straight line - furnace velocity) 



Position and velocity of the interface during the 

change of the furnace velocity 

time / s 

time / s 

(straight line - furnace velocity) 



Determination of the interface position 

. without furnace movement , 

-1 

t / s  

constant furnace velocity 
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Ultrasonic Doppler method for velocity profile measurements: 
Application to the mercury flow 

Y.  Takeda (Paul-Scherrer-Institute, Switzerland) 

The Ultrasonic Doppler method for flow measurement has been developed at PSI, especially aiming 
at its application to liquid metal flow. This method has three major advantages over the 
conventional measuring techniques : 

( 1) Spatio-temporal information about the flow field can be obtained. 
(2) It cain be applied to opaque liquids, as well as for opaque container materials. 
(3) As a line measurement, measurement is efficient for obtaining spatial information and thus 

flow mapping is practically performed. 

The principle and practice of this method will be presented, together with results of a variety of 
confirmation experiments. 

The mercury flow in the SINQ target geometry has been fully investigated using this method at 
Riga, Latvia. The flow was studied by measuring average flow fields with different geometries as 
well as for various flow rates. in the form of vector field. The investigation was extended to obtain 
the time dependent vector fields. 
These results will be presented to show the this method might be a powerful tiwl f0r tlow 
investigation of liquid metal. 



International Workshop on Measuring Techniques 
for Liquid Metal Flows (MTLM) 

Dresden, October 11-13,1999 

Ultrasonic Doppler method for velocity profile measurements 
- Application to mercury flow 

Y,Takeda 
Paul Scherrer Institute, Switzerland 

I : UVP 

* Advantages * Application limit 
Accuracy 

I1 : Applications 

* Flow Mapping * Mercury flow 
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Ultrasonic Doppler velocity measurements in liquid gallium 

D. Brito, H-C. NataJ) 0. Szydlo and Ph. Cardin 

Universite J. Fourier, LGIT-CNRS, Bat IRTGM, BP 53, 38041 Grenoble Cedex 9, France 

We have developed methods to measure flow velocities in metallic liquid gallium. We use the DOP 
1000 ultrasonic Doppler apparatus from Signal Processing. Our test configuration consists in a 
cylinder filled with gallium. The cylinder is 80 rnm in diameter and 130 rnm high. A 40 mm- 
diameter crenelated disk spins at the top of the cylinder, with angular velocities up to 3000 rpm. 8 
rnrn-diameter ultrasonic transducers are placed on the outside walls of the cylinder, on flat portions 
machined at some angle fiom tangent. We therefore retrieve profiles of the velocity along a line of 
sight that is a cord of the cylinder. 

We have obtained very nice such profiles for various disk velocities. The observed bell-shaped 
profile is consistent with the expected flow pattern. The maximum measured velocity is 
proportional to the disk velocity. The profiles are perfectly superposable with profiles measured 
with water in the Same cylinder. A comparison with velocities denved from streak photographs in 
water shows very good agreement. 

In order to obtain profiles in liquid gallium, we have had to overcome a number of technical 
problems. The main problem is due to the very fast oxidation of gallium. Apparently, oxides tend to 
cluster on the walls of the container, thereby making it impossible for 4 MHz ultrasonic waves to 
probe the inside. The first step to overcome this problem is to clean the gallium with an HC1- 
ethanol misture. However, once oxides stick to the walls, it is very difficult to get nd of them. We 
therefore had to give up using polycarbonate, nylon, and copper for the cylinder. Good and lasting 
results Lvere obtained using copper coated with a cataphoretic black deposit. 

\Ve \vill report on our latest results and recipes. 
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Radial component of the magnetic field at the surface of the 
Earth 
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\i~loc~ity ficltl at the top of tIhe Earth's Core deduced from 
t liv w c . i  ilar wriatiooii of the mapetic field 
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Tlit~iiictl c:oiivectioii of water in a rot,atine. snllery. 
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Rotating Tabte (4) 
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t = PRF 
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Velocity profiles in WATER 
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Angular velocity in WATER 

.\ 0.9 . 
'\\ - odirL=300 

-+\\ \\\ 0.8 .- 
0,,„=500 

?,J 
\\ \\ 

- ---- w„,=1000 

. 

0 5 10 15 20 25 30 35 40 45 

Radius (mrn) 

Angular velocity in GALLIUM 
1 .o 

q,,,,=300 
0.9 w,,,,=700 

0.8 
w,,,,,=1200 

. o„,,L=¿OoO . 

0.7 L =3000 

0.0 ~. .~ . "  
0 

3 
5 10 15 20 25 30 35 2 

Radius (mm) 

-4TG I -LAI3 1-ELOC'ISY J r 1 I 1  SI-IE \ Y  >llTES 



MTLhl 1999 Dresden, G15odyi~amo/LGIT/Grei~oble/Frai~ce 

Comparison of angular velocity in WATER and GALLIUM 
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Velocity profiles in SODIUM 
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Ultrasonic Doppler Velocimetry applied to high temperature liquids 

Jean-Claude Willernetz 

Signal Processing Lausanne, Switzerland 

Application of ultrasonic Doppler velocimetry to high temperature liquid is today limited by some 
technological aspects, like the availability of high temperature ultrasonic transducers, but by also 
some physical aspects, like crossing wall, influences of high temperature gradient, injection of US 
energy into the analysed medium, type and sizes of ultrasonic reflectors. A good knowledge of the 
ultrasonic field is also an important aspect. 

In order to profit from the main advantage of pulsed ultrasonic Doppler velocimetry, which is a 
depth resolution, it is of utmost importance to have a good understanding of these physical 
limitation. The aim of my talk is not to give solution to these problems, but to point out some of the 
challenges that have to be solved in order to apply high temperature ultrasonic Doppler velocimetry 
to real industrial applications. 



Ultrasonic field 

6 = 2 X arcsin (0.61 L-) 

a = radius of tits transducer 

h = wave lenght 



'IBble 1: Near field value in mm 
(c=1500 mls) 

Transducer diarneter in mrn 

Bble 2: Directivity in degrees (half-angle) 
(c=1500 mls) 

Mhz 

1 

2 

Transducer diameter in min 

2 

0.6 

1.3 

3 

1.5 

3.0 

4 

2.6 

5.3 

16 

42.7 

85.3 

5 

4.1 

8.3 

10 

16.6 

33.3 

8 

10.6 

21.3 

12 

24.0 

48.0 



S I G N A L  
P R O C . E S S I N Q  

Medium 2 
Refracted wave 

C = Sound velocity 
refraction angle - Y = asin 

Z = Acoustic impedance 
IZ= pc) 

Critical angle a ( p90° ) 

Plexiglas: 33' Aluminium: 14' Steel: 15' 

:z2cosa - zl cosy' 2 
Reflexion coefficient = R = j ? 

\ z2c0sa+z1 Cosj' 
L - 

4z, z2cosucos6 
Refraction coefficient = D = 

(z2COsa 6 Z1 COSY) 2 

Exarnplcs: (medium 1 = water) 

Piexrglas: a-30" y-66' R- 0.42 D4.58 %„-33' 
a - 2 7  y=5G0 RU 0.30 D-0.69 
a-25' p50° R- 0.26 0-0.74 
a=20° y-38' R- 0.20 D-0.80 
a 4 S 0  p18' R= 6.;5 D-0.85 



4 I 
S I G N A L 
P R O C ' E S S I N G  

I I I  

Wall effects 

veloci ty 

B 



Velocity profile in a tube 
Plexiglas tube: wall thickness 13 mm, 4 MHz , high Doppler angle (33 degrees) 

I 

- 

FFT of one channel placed in the middle 

I 
A S I G N  L 

P R O C E S S I N Q  
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Resolution 
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I- B: Cursor O n / O f  f 



Rotating cyiinder, 8 MHz 
lnfluence of an external perturbation 

FFT of one channel placed at the locatioii of the perturbation 



Conclusions 

1 1  

I 

- Measurements through walls are possible but a careful analysis 
of the measurement have to be realized 

A S I G N  L 
P R O C E S S I N G  

- A good understanding of the ultrasonic in field is a required 

- Advance real-time processing capabilities of the measuring sn- 
strument allows to detect and analyze artifacts 

- New real-time processing technic would allows tu extend the ca- 
pabilities of the ultrasonic Doppler velocimeter 
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Electromagnetic detection and optical visualization techniques 
for non-metallic inclusions in molten meta11 

Sergey Makarov, Reinhold ~ u d w i ~ ' ,  and Diran Apelia? 

Meta1 Processing Institute, Depavtment of Mechanical Engineering, 
'~lectrical and Computer Engineering Departmen f, 

Worcester Polytechnic'lnstitute, Worcester, MA 01 609-2280. 

The role of detecting non-metallic and weakly-conducting inclusions in hot melts is of major 
importance during the manufactunng process in that every aspect of quality is affected by the 
presence of secondary phases. However, the weak link is how one quantitatively determines the 
level of inclusions. In this Paper, we present a theoretical model and preliminary experimental 
results for a magnetic force-based detection system to monitor small inclusions of micron-size. The 
idea is to force these non-conducting inclusions to a detection location (the fiee melt surface) by 
electromagnetic Archimedes forces. Further, an optical imaging system can then be applied to 
detect them visually. The theoretical modeling efforts include the force model, the surface 
concentration model, and the escape model of the submerged inclusions. 
The developed technique potentially has the best resolution perfonnance when compared to other 
on-line methods. The application area includes hot melts of metals and other high-conductive non- 
transparent fluids. Low-temperature experimentation with liquid gallium has been conducted to 
prove this nondestructive measurement concept. 









Sensor concept - Close-up view 

force area 

Lorentz force density is created by a DC current and 
a su~er-im~osed maqnetic flux density vector field 



a;, 
U 







Sensor concept - Particle escape (a) 

Surface tencion hinders escape 

I 

Al (800 "C) 1 0.850 

Lorentz force density is too 
small to guarantee escape: 

Surface tension force + 

Electromagnetic force 
XI 0-3 



Sensor concept - Particle escape (b) 

Additional mechanism is necessary to enable 
particle escape on the free surface 

Stretchina the lia 

Mechanical breakdown 

Shaking the liquid surface (16-30 Hz) 
Acouctic breakdown 







lectromag netic 

lations (Green's 
ionapproach,FEM) VVq=O, S :  aqlan 

urrenvforce density appears nearly uniform in 
the central section 

Current(force) density - side view 
I 

Current(force) density - top view 





Experimental setup: General comments 

Low-temperature modeling: liquid gallium with a melting 
point of 30° C 

Total current is 120 A; current density in the sensing 
domain of 0.5 cm2 cross-section is 2.4~106 A/m2 

Lorentz force density in the sencing do ain is 6x105 N/m3 

Magnetic fiux density in the sensing domain is .25 Tesla 











Measurements results - General 

* Particles: SiC of different sizes: 5-160 Pm. 

* Clusters: gallium oxide Ga&), , air dust, 
unknown oxides, together with embedded 
SiC particles 

The estimated concentration: 10- 1000 SiC 
icles and foreign inclusions per cubic 

I centimeter. 
I F~OW o g per minute 







Measurements results - Cluster 
appearance (a) 



Measurements results - Cluster 
appearance (b) 





Measurements results - Clustered particle 
(below) and sludge duster (above) (a) 



Measurements results - Clustered particle 
(below) and sludge duster (above) (b) 



Measurementc results Clustered particle 
(below) and sludge duster (above) (C) 











Discussion - Advantages of Sensor 

Current resolution performance: 4 0  pm large particles 

I Ability to discriminate between particles and clusters 

Ability to explore clusters 

Identify gas bubbles: small bubbles are not counted 

Possible ability to identify chemical content of particles 





Future work - Low-tem~erature 
modeling (a) 

Increase Sensor capacity (Lorentz force density) by a 
factor of at  least 10. Requirements: - 

PM magnet of 1.0-1.3 Tesla (Alnico 5, 5cc) 
DC power supply of 300-700 A 

* Switched power supply 

* Implement self-pumping concept (an electromagnetic 
pump) with variable velocity rate 

Eledrode asymmetry creates the pumping force component 
Velocity rate is proportion to the asymmetry magnitude 





Temperature and velocity analysis in vertical melt cylinders 
under the influence of rotating magnetic fields 

and buoyant convection 

B. Fischer, U Hilburger, J. ~riedrich* and G.Müller 

Cystal Growth Lab, Dept. of Material Science WW6, University of Erlangen-Nurnberg, 
Martensstr. 7,D-91058 Erlangen, Germany 

* C w t a l  Growth Lab, Fraunhofer Institute IIS-B, Schottkystraße 10, D-91058 Erlangen, Germany 

Rotating magnetic fields (RMFs) offer an efficient possibility to control the convective heat and 
mass transport in electrically conducting fluids, in metallurgy as well as in the field of 
semiconductor crystal growth. In this study we report on the influence of the magnetic induction 
and frequency of a RMF on the flow in cylindncal Rayleigh-Benard configurations for various 
System parameters (thermal boundary conditions, aspect ratio). Both experiments and numerical 
simulations were camed out. 

Cylindncal test cells with diameter D = 34 rnm and different heights H or aspect ratios H/D = 0.5, 
1.0, 2.0, respectively, are completely filled with liquid gallium (melting point at 30 'C). The test 
cells consist of a plexiglas tube as the vertical cylinder wall. Copper plates on top and bottom of the 
cylinder (each connected to a thermostat water circuit) are establishing the thermal boundary 
conditions, in the case of this study a type of Rayleigh-Benard temperature profile with hot bottom 
and cold top. NTC temperature sensors are fixed at various positions in the vertical cylinder wall, 

1 3 
reaching about 4 mm into the melt. A senes of three sensors at the Same height (-H and " H ,  

3 3 
respectively), which are azimuthally separated by 90°, allows to determine thc azimuthal phase 
shift of the recorded temperature signals. The RMF is generated by a 3-phase Stator {number of 
pole pairs p = 2) with an inner diameter of 16 cm and a height of 17 cm, where the fest cells are 
centered coaxially. 

The behaviour of the flow is analysed by using the frequency, amplitudc and phase chift oF the 
time-dependent temperature signals at the different positions near the cylinder wall. The cllosen 
parameters are: temperature difference AT = 2, 5, 10, 20 K, frequency G! 2x -7.5. 25, 511. 10U Hz, 
and the magnetic induction was varied from 0 to 10 mT. In addition to thc experiments we carried 
out three-dimensional time-dependent numerical simulations. The combiiicd results of rsperiments 
and simulations give a clear picture of the flow regimcs, flow patterns, vclocities, rotation 
frequencies, and time-dependent behaviour. 

We find hybrid flow pattems which are significantly influenced by both buoyancy and RMF with 
different wave numbers, preceeding in the Same azimuthal direction as the R'LIF. For dominütfng 
RMF a nearly asisymmetric rotational motion of the fluid with fiattened isothern~s results in an 
axial heat transport similar to the case of pure diffusion. 

This study is supported by the german space agency, DLR, 
contract 50 WM9455. 



Temperat ure and Velocity Analysis in 
Vertical Melt Cylinders under the Influence 

of Rotating Magnetic Fields and Buoyant 
Convect ion 

B. Fischer, U. Hilburger , J. Friedrich* , G. Müller 

Crystal Growth Lab, Dept. of Material Science WW6, 
University of Erlangen-Nürnberg, Germany 

* Crystal Growth Lab, Fraunhofer Institute for Integrated 
Circuits 11s-B, Erlangen, Germany 



Introduct ion 

Topic: 

Influence of rotating magnetic fields on the flow in 

cylindrical Rayleigh-Benard-like configurations 

Motivation: 

Basic understanding of interaction of buoyant and 

electromagnet ically driven flow 

+ model experiments in simplified configurations 

+- variation of system parameters 

+ variation of container shape -+ aspect ratio 

How to get information on the flow? 

Flow analysis with temperature sensors 

j absolute temperature values 

+ amplitudes/frequencies of T-fluctuations 

Arrangements of temperature sensors 

+ phase shifts between temperature signals 

j flow velocities 

+- wavenumbers of velocity and temperature fields 

Aiialysis of experimental temperature signals 

i- 

N-urnericaf sirnulat ion 

Understariding of the flow 



Experimental Setup 

I NTC 
temperature 

, , insulating 

t I I 
Sensors * \  

layer 
! 

perspex 411" I 
I I tube . , 

I water circuit bottom ("hot") 

Sensor 2 

from above: Sensor 

rotating magnetic field (p = 2) generated by stator 
of an electric motor: 

B=O . . .  10mT, = 7.5, 25, 50: 100 HZ 
2.rrp 

test cells filled with liquid gallium 

cylindrical cavities with radius R = 17 mrn arid 

heights H = 17, 34, 68 mrn 
H - H - 0.5, 1.0, 2.0 + aspect ratios D = 

* temperature difference between hot bottoni and 
cold top AT = 2, 5, 10, 20K 



Theory 

Assumptions: 

-+ neglect influence of melt flow on magnetic field 

-+ neglect skin effect 

Externally applied rotating magnetic field: 

Current density I from Ohm's law: 

Time-averaged Lorentz force density 

(0 = (;X B) = (f,) oc B ~ W  

r! y ,  z:  cylindrical coordinates 

t : time 

B: amplitude of rotating magnetic field at r = R 
W .  

SZ-p ' 
frequency of rotating magnetic field 

p: number of pole pairs 

@: scalar electric potential 

-T: rnagnetic vector potential, B = f? x A 
cr: electrical conductivity 



Characterization of the System 
V Prandtl number Pr = - 
K; 

Grashof number 

Magnet ic Taylor number 

2 4 

Ta, = 
B R aw 

2 P 2 p  

Interaction parameter 

height of t he cylinder 
radius of the cylinder 
kinematic viscosity 

thermal diffusivity 

thermal expansion coefficient 

density 
electrical conductivity 

gravit ational acceleration 
AT: ternperature difference between hat bottom 

and cold top 
p: number of pole pairs 

W . frequency of rotating magnetic fie 
~ T P  



T - ( T )  in K 
I I I I I '  ' 

I P P P P P P  
\ 

c n o - - u m  

U 



N rot 

Amplitude of 
temperat ure 
fluct uat ions 

measure for amplitude: 

average deviation A, 
normalized by AT: 

interaction parameter: 

different thermal 

boundary conditions 

A T  distinguished by 

colour 

vertical dashed lines: 
steep decrease 
of amplitude 

+ flow transition 



Frequency of 
temperature 

fluct uat ions 

dominating frequency 

f determined from 

Fourier spectra 

interaction parameter: 

different thermal 

boundary conditions 

A T  distinguished by 

colour 

change of slope 

at flow transition: 

velocity of temperature 

field precession + 
velocity of fluid flow 



Earlier Studies for 5 = 1.0: 

Friedrich et al., Physics of Fluids 11 (1999) 853 

0 
0 

0 0 

o exp: 5K 
D exp: 10K 
o exp: 20K 

num: 5K 
i m:10K 

transition in Friedrich et al. 

(different test cell) 

transition for aspect ratio 1.0 
in this work 

+ results reproducible 

=+ numerical simulations reliable 



Simulation of 3D Time-Dependent 
Convective Phenomena in Melt Cylinders 

by STHAMAS 3D 

0 finite volunie 
method 

0 equations for 
heat and mass 
transport 

0 equations for 
rotating mag- 
netic field 

nunierical grid: 

0 block- 
structured 

0 130.000 control 
volurnes 

0 aspect ratio 

thermal boundar~.  
conditions: 

t"op/bot toni: 
fixed tenipera- 
tures 

0 vertical wall: 
adiabatic 



Nurnerical 

Sirnulat ion 

velocity and isotherms 

(spacing: 1.1 K) in 

vertical cross section 

horizontal cross 
H section at z = 

h l  t,0111: 

temperature signals, 
H Sensors a t  z = T ,  

T =  R - 4 m m ,  

azimuthal spacing: 90' 

temperature f at 3 monitor points 



Nurnerical 
Simulation 

'Tq , : 
velocity and isotherms 

(spacing: 1.1 K) in 

vertical cross section 

temperature T a t  3 monitor points 
rt=H,3. r=R-4mm. azimuthal spamgr 90 degrees) 

?C! 
f 
i 

1 

Sensor 1 1 Sensor 2 
Sensor 3 h  .- i 

horizontal cross 
H section at z = - 
3 

1301 t 0 1 1 1 :  

temperature signals, 
H Sensors a t  z = 

r = R - 4 m m ,  

azimuthal spacing: 90' 



Conclusions 

experimental and numerical variat ion of system 
parameters and aspect ratio 

t emperat ure signals analyzed concerning amplitude 

and frequency 

efficient damping of temperature fluctuations by 
suitable rotating magnetic field 

flow regimes investigated in detail 



Spatio-Temporal Temperature Measurement 
in Liquid Meta1 of a Rotating System 

Y.-S. ~ e e )  Ch.-H. Chun 

Pohang University of Science and Technologq, Department of Mechanical Engineering, 
San 31 Hyoja Dong, Pohang, 790-784, South Korea 

* present address: ZARM - Universiq of Bremen, 
Am Fallturm, 28359 Bremen, Germany 

Spatio-temporal temperature fluctuation measurements are carried out to investigate 
oscillatory convection of mercury melts induced by coupling of natural convection with the 
rotations of crystal disk and crucible in a Czochralski crystal growing configuration. 

Thermocouple probes rotating together with the crystal disk and crucible are used in order to 
minimize adverse effects occurred by placing fixed objects in a rotating flow. Many 
thermocouples(28) are used to study the relationship arnong the outputs, especially their phase 
relations, on the basis of which one can deduce the overall convection pattern and flow 
structure. Two slip ring assemblies are integrated to provide rotating electrical contacts. 
Thermocouple signals measured are amplified by a factor of 2201 by a linear thermocouple- 
amplifier before passing the slipring, to maximize the ratio of Signal to noise induced by a 
mechanical brush of the slip ring. Without rotation, a platinum resistance thermometer(Pt 100) 
is used to measure the temperature of a reference junction which is embedded in an isothennal 
copper block. With the rotations of disk or crucible, an electronic thermometer with juction 
compensator is used. A high resolution(<O.O2K) temperature measurement in a rotating liquid 
meta1 has been successfully accomplished. 
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Spacio-Temporal Temperature Measurement in Liquid 
Metal of a Rotating System 

You-Seop Lee and Ch.-H. Chun 
Dept. of Mech. Engg., Pohang University of Science and Technology, Korea 

Motivation: 

- Unst eady flows arising during Czochralski crystal growt h 

are not still well understood. 

- A spatio-temporal temperature data measured in a rotat- 
ing frame could be used to investigate the flow instability 

mechanism caused by the rotations of crystal and crucible. 

0 Objective: 

- To clarifi various flow regimes caused by the rotations of crys- 

tal and crucible in Czochralski crystal growth 



Fron! opening 
chomber 

\ I Seed shoft 

@-- ~ocuurn pump 

for t h e  growth  of s i k o n  crys tais .  



Description of Experiment 

1. Boundary Conditions 

Working fluid : mercury (Pr F;: 0.025) 

The crystal-disk (D= 64mm) and crucible (D= 160 mm) were 

made of aluminum and anodized in order to be electricaily 

insulated and also to prevent amalgamation with the mercury. 

The free surface of mercury (H=32-80mm) was covered with 

a water layer of 10 mm to prevent mercury evaporation. The 

iduence of the water layer on the convection of the mercury 

can be neglected, due to the large difFerence in densities. 

Two thermostat-baths are used to maintain the driving tem- 
perature differente, AT between the disk wall and the crucible 

side wall. The bottom wall of the crucible was adiabaticafly 

insulated by a honey comb base filled with polyurethane foam, 



2. Thermocouple temperature measurement 

28 copper-constantan(T type) thermocouples are used to study 

the relationship among the outputs, especially their phase re- 

lations, on the basis of which one can deduce the overall con- 

vection pattern and' flow structure. 

Traveling waves are sensed by these thermocouples, which are 

separated azimuthally by the angle of <P=& rad. The wave 

numbers and the angular velocity of the regular wave patterns 

are determined from the relative wave phases sensed by the 

adjacent probes. 

The junctions of the thermocouples were soldered and enam- 

eled with a thin coat of insulating materials. 

3. Effects of protrusions of the TC probes 

0 Geometrical change effect of the container 

An effect of increased viscosity (Fowlis, 1974) 

Use of relatively thin copper-constantan(T type) TC probes 

(0.1 mm diameter with 0.5 mm sheath diameter, OMEGA- 

CLAD) to reduce such an increased viscosity effect in connec- 

tion with a relatively large dimension of crucible diameter(l6O 

mm) . 

To investigate the effects of the thermocouples protrusion, we 

used two sets of t hermocouples underneat h t he crystal disk, 

of which protrusion depths are 1 mm and 2 mm, resp. There 

was no evidence of a signscant change in characteristics of 

the thermal wave due to the different protrusion depths. 



4. Adverse effects occurred by placing k e d  probes in a ro- 

tating flow 

Kaiser (1969) observed that as one temperature probe tra- 
versed through the fluid, the temperature of the other h e d  

probe changed by the order of 15%. 

0 Use of TC probes rotating with crucible and crystal. 

0 Rotating electrical contact : Two slipring assernblies rnade of 

brass and mechanical carbon brushes (Schleifring GmbH) 

5. Cold junction compensation method 

Use of a rotating isothermal copper block in which TC junc- 

t ion (copper-constantan) are embedded. 

0 Without rotation: the reference ternperature of the copper 

block is measured by using platinum resistance thermometer 
(Pt 100) without rotation. 

With rotation: an electronic thermometer with cold junction 

compensator (AD595, ANALOG DEVICES) is used tu mea- 
Sure the temperature of a chromel-alumel thesmocouple which 

is also embedded inside the isothermal copper block. 

6. Electrical noise induced by the  mechanical carbon brush 
of the slipring 

TC signals are arnplified by a factor of 2201 by a linear anipli- 

fier before passing the slipring, to maximize the ratio of signal 

to noise induced by a mechanical brush of the ciip ring. 



7. Probes interference 

It can be expected that a upstream probe causes to produce 

a wake, which affects a downstream probe. Supposed that 

the Reynolds number based on the probe diameter can be 

estimated to be about order of 100, the shedding frequency of 

vortex behind the probe in the present study can be estimated 

toi be greater than approximately 4 Hz. 

Typical frequency components of concern in the present study 

are less than 1 Hz. So, it can be expected that the disturbing 

effect of the probes is not so serious as to result in a misleading 

temperature fluctuation measurement . 

8. Data acquisition 

0 The amplified signals are converted into 12-bit digital signal 

by DT-2805 (DATA TRANSLATION) A/D converting board 

at a sampling fiequency of 2 Hz and stored in a personal 

computer. For each sampling, data are taken 50 times and an 

averaged value is taken. 

e The resolution of the temperature measurement was about 

0.02OC. 
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Schematic diagram(a) of the rnodel crucible and cry3aJ and 
thermocou ples a rrangement u nderneath the rnodel crystal(b) 
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Temperature signal, T. 

The standard deviation, S of the temperature fluctua- 
l /2  

tjms: S= ['F n-1 Z=I (T, - T)'] 

The frequency, f of the temperature iiuctuaxions: obtained 
by a Fourier transformation. 

The phase differente, At between the temperature signals 
of two thermocouples whch are separated by @: obtained by 
calculating a Cross spectmm between these signals. 

The phase velocity, Vp= @/At. 

The wavenumber, m= 2irf/Vp. 

Schematic View of "isotherm" on the horizontal plane 
for each wave number 



20.5 
Time [s] 

20 
L_ 

19.5 I = 19 .c-r 
Cd 
& 18.5 

18 

C 17.5 

Time [s] 

hlercury> AT= 3.63 KI  R,= 6 rpm (Re,= 5590)- [IVax-t) l~rui~;igzitioii 
uiiderneath the  disk, observed in a rotating franir): (a) HIiR= li.-4: i~ J 

H/R= 0.8. 



'Sloping convection' in a rotating fluid. 1 1 
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Semperature s i p d s  of three adjacent thermocouples Te2, T,dj md Te4, 
and the corresponding power spectra of Te2 sigpal under con itions: 
Mercury, H/R= 0.4, Clc= 0.628 rad/s. 



Measuring position, 9 [deg.] 

Space-time plots of the traveling thermal waves in the azimuthd 
direction: H/R= 0.4, R,= 0.628 rad/s; (a) AT= 3.99 K, w w e  number 
m= 1; (b) AT= 11.59 K, wave number variations from m= 2 to m= 3 
and again to  m= 2. 
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An experimental flow regime diagrarn for the existence of reBdar and 
irregular waves. 



CONCLUSIONS 

1. A high resolution(< 0.02K) temperature measurement in a rotat- 

ing mercury melt has been successfully accomplished. 

2. A Spacio-temporal temperature fluctuation measurement is ap- 
plied to investigate oscillatory convection of the mercury melt 

induced by coupling of natural convection with the rotations of 

crystal disk and crucible in a Czochralski crystal growing config- 

uration. 

3. The generation of a regular baroclinic thermal wave and the 

t ransi t  ion t o an irregular wave are experimentally verified in 

a rotating frame when the crucible rotation is applied. 

4. It is found that a traveling thermal wave is produced when the 

rota t ion of crystal disk is applied. Three distinct Bow 
regimes are shown to exist, which are buoyancy driven Auw, 
baroclinic wave flow, and rotationally-driven flovv. 
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Flow Velocities in Liquid Gallium as a Function 
of an Applied Rotating Magnetic Field 

P. Dold and K. W. Benz 

Kristallograpkisches Institut, Universität Freiburg, Hebelstr. 25, D- 79104 Freiburg 

Rotating magnetic fields (RMF) are an effective tool to homogenize liquid metals or semi- 
conductors as well as to stabilize solidification processes and the solid-liquid interfaces. 
To determine the induced flow velocity as a function of the RMF, two different approaches 
have been applied, in both cases, gallium served as a model liquid, enclosed in cylindrical 
quartz glass containers. The range of the investigated Taylor number was 01~a14.10~, or ex- 
pressed in terms of the magnetic induction and the frequency of transverse rotating magnetic 
field it was O<Bll lmT and 51f5400Hz. 
I. Tracking of tracer particles on an oxide-free melt surface. 

The experiments have been performed under isothennal conditions at room temperature, 
the Taylor number was ~ ~ 6 . 5 - 1 0 "  The measured radial velocity profiles have been used 
to validate corresponding numerical simulations. Therefore, reliable information abo. the 
flow field was obtained not only at the surface but also in the bulk of the melt. 

11. High resolution temperature measurements in a closed cylinder. 
Up to three sapphire Sensors have been inserted into the melt, the temperature range of the 
measurements was between 700 and 900°C, and the investigated range of the Rayleigh 
number was - 1 0 ~ l ~ a l l 0 ~ .  In the case of Ra<O, the onset of Taylor instabilities was ob- 
sen.ed. For ~ a > 1 0 ~  (i.e. time dependent buoyancy convection), the velocity of the super- 
imposed fiow due to the RMF can be extracted from the time-lag of corresponding tem- 
perature signals. For a certain Ra-number, the transition point where the flow regime is 
dominated by the RMF (and where the time-dependent temperature fluctuations are sup- 
pressed to a high degree) can be described as a function of the Rayleigh-number and the 
Square roof of the Taylor-number: ~ a - d ~ a .  
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Fluid flow observation 
- free gallium surface with tracer particles 

CCD camera 

10 rnrn 



Fluid flow observation 









Measuremeiits of convective temperature fluctuations 

quartz - 
\ glass 

galliurn 

quartz - 

Gallium 
Pr=2.5 10" 
Ra between -106 and 106 
aspect ratio: 2 and 2.5 
magnetic fields: 

static axial field up to 500 mT 
rotating field with 

f between 5 and 400 Hz 
and B up to 30 mT 

glass 

20 
rnrn 

Measurement of the teniperature 
directly in tlie rnelt, eitlier witli 
tlieiiiiocouples or sapphire serisors 



Optical Fiber Thermometry 
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Limitations of permanent magnet incorporated potential difference probe 
for liquid metal flow investigations in presence of the AC magnetic Geld 

A. ~ojarevics: Y.  ~autrelle', Yu. ~ e l f g t *  

* Latvian Academy of Science, Institute of Physics, Miera iela, L V-21 69 Salaspils, Latvia 
# EPM-MAD YLAM ENSHMG BP 95 38402 St Martin d Weres Cedex, France 

The permanent magnet incorporated potential difference probes (PMP) has been tested for liquid 
metal local velocity measurements in flows driven by AC magnetic field at frequencies ranging 
fiom 5 to 50 Hz and at much higher frequency 2400 Hz. 

Magnetic force density acting on the rare earth permanent magnet in AC magnetic field rnay reach 
extremely high values. Resulting demands to mechanical properties of the probe Support should be 
regarded. 

Account should be taken of the local fluid flow perturbation generated by electromagnetic forces 
resulting from: 1) AC current interaction with permanent magnet DC magnetic field; and 2) DC 
current interaction with AC magnetic field. 

Caution should be taken with the AC signal component induced in the loop formed, on the one 
hand, by the fork of the probe electrodes and, on the other hand, closed via liquid metal, The AC 
signal component, regarded as a noise for velocity measurement, may be even for orders hisher 
than the fluid velocity information canying DC signal, Without proper signal conditioning 
procedure the signal preamplifier may become saturated by high amplitude AC signal. 

The PMP was found to be applicable for investigations of liquid metal under irnpacz of AC 
magnetic field, but only with thorough cntical analysis of probe lirnitsttions under spccific 
conditions of actual expenment. 



Limitations of permanent magnet incorporated potential difference probe 
for liquid metal flow investigations in presence of the AC magnetic field 

Andris Boiarevics*, Yves Fautrelle**, Yu. Gelfgat* 

* Institute of Physics, University of latvia, Miera st. 32, LV-2169 Salaspils, Latvia 
** EPM-MADYLAM ENSHMG BP 95 384 St Martin d ' ~ e r &  Cedex, France 

Incorporated permanent magnet velocity probe (PMP) for investigation of liquid 
metal flow has been described: 

1. R. Ricou and C. Vives. Local velocity and mass transfer measurement in molten 
metals using an incorporated magnet probe. Int. J. Heat Mass Transfer 25, 1579- 
1588 (1 982). 

2. T. von Weissenfluh. Probes for local velocity and temperature measurements in 
liquid metal JZow. Int. J. Heat Mass Transfer 28, 1563-1 574 (1 985). 

In MADYLAM the PMP was tested for applicability to measure liquid Mercury flow 
induced by low frequency (10 - 40 Hz) AC magnetic field, with induction reaching 
0.1 Tesla. 

In the Institute of Physics, Riga, the PMP was used to investigate the flow in a model 
of the 2400 Hz induction furnace. 

The PMP has been used in Riga for 12 years during many experiments on low 
temperature liquid meta1 flow investgations. 



Principle of the velocitv measurement 

During a liquid meta1 flow in presence of steadv magnetic field induction the 
electrical potential distribution in the liquid may reflect the flow velocity field: 

Assumption 

Actually it should be proved by sohing a System of equations for potential, eurrent 
density and velocity at a fixed rnagnetic field distribution. 

Permanent magnets 

Magnetic field around a rare earth permanent magnet could eusily be found, becrtusc 
magnetic perrneability of the material, magnetised in up to 5 T M d  fo saturütir~n. is 
very near to 1. With this assumption the magnetic field mu\t be calcwlated frmi the 
virtual surface current density i. which coincides with the cocrrivc f i w e  uf'thc 
rnagnet H,. 

Xd-Fe-B and Sm-Co magnets are produced from a pcnvdt-r. EaAi of t lw pirtirile3 f iwni  
a single rnagnetic dornain, which after magnetisation  LI^ to fulf sritur'iltii3n dtt rwt 
demagnetise in external field. Single dornain particles lire sirrtered imir the nc'cc'wry 
shape. while rnagnetisation field and pressure is applied. Kt-iuiting 113aterid t t r w l ~ t + ,  

of single domain particles fi-ozen in the piece of tht. nragntli. 



Scheinatic of an incorporated permanent magnet velocity probe. Diameter 4 mm, 
iieigllt 1 .2 inin. magnet - Nd-Fe-B. H% = 10" A m .  

1 .  Cylindrical pennnnent ~nagnet. I - rnagnetization vector. 
2.. 3. Signal electrodes to measure one cornponent of velocity. 
4.. 5 .  Signal electrodes to measure the second coinponent of velocity. 
6. Reference electrode. 
7. Stainless stcel capilla~y 



U*. 
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Isolines of the magnetic field induction vertical cornponent Bz 
at the end of a cylindrical magnet 





Electrodes 

- Stability of the electrode material in the liquid metal. 

- Thermoelectric power of the electrode material should match that of the 
liquid metal. Otherwise in a presence even of not too high temperature 
gradient the probe signal would be perturbed. 

Differential thermocouple electrode-melt-electrode 

T. von Weissenjluh proposed a PMP which allows measurements of 
velocity in nonisothermal conditions. Such probe was also tested in Riga. 

M a g n e t  

The double electrodes from two materials with different absolute 
tlizrm~~lectric powers Si  and S2 should be chosen so that the temperature 
signa] would be of the same order as the velocity signal. 

Measurable simultaneouslv: 
1) local temperature at 4 points; 
2) two components of velocity; 
3) two components of tempera- 

ture gradient. 



Liquid 

Fig. 1.  .4 schematic of t l x  experimciital Set-up. 
1 .  Stainless steel crucible. 
2. Dielectric jacltet. 
3. Inductor. 
4. Cooling water idet  aild outlets. 
5 .  Liquid inetal free surface profile in time averaged sclisc. 

H =  11 cin 
R = 5.5 cm 
H, = 5.5 cin 
R, = 6.5 cin 
11 = 2.75 ... 6.75 cili 
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Fiq. 20. 5Iap of velocity pulsation intensity (standard deviation in cmls) 
for tlots' at I = 150 X 



If external magnetic field B is applied so, that there is a component normal to the 
magnetization vector I, there appears a torque, acting till the magnet aligns to the 
direction of B. Where i is equivalent surface current density, and F - equivalent 
surface force density. 

F 

If the ext ial inagnetic field B has a nonuniform component paralef to I, 
then tl-iere would be a resulting force acting on the magnet. 

In an extemal AC inagnetic field both efkcrs - aligi~ing anil dXspXrtchg would 
change sign with the external AC fit-ld, The perrn;mt.x?.t yiltiglier in PhXP ir; ifsed to 
a suppol-t. These magnetic forces acting on PMP in nhe AC k l d  rewh irz 
vibrations. 



Conclusions 

PMP in external magnetic fields may be used on conditions: 

1) the magnitude of the external field is not too high (mT range); 

2) magnetisation direction of the permanent magnet is aligned as near as 
possible to the direction of the external field; 

3) PMP support design should considered regarding strength and 
resonance frequencies. 

PLIP with thermocouple electrodes is a powerful tool allowing to measure 
siinultaneously: 

1 ) two coniponents of the velocity; 

2 temperature at four points; 

3 t~vo components of the temperature gradient: 

4)  and corselation among any couple of these variables. 

PhIP strongly perturbs the fluid Ilow. Reduction of the permanent diameter and 
height up to Imin both, allows to reduce this perturbation, but leads to decreased 
scnsitiviti.. .A set of DC nanoiwlt preamplifiers are rathes costly. 
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Conclusions 

Resistive probe 
- mercury (18->70°C) and Gallium (50°C) 
- answer - linear 

- f s 6Hz 
- no thermal shift (when using Constantan) 

- dlows parallel measurements 
- used in the presence of 20 magnetic field 
- precision better on absolute level > d 5 m m  
- for fluctuations LCO. 2mm 
- cheap 

but 

- contact probe <=> size problem 
- sensitive to the presence of oxides * 
- for VebcityfieWece 2 2 0 ~ m  . S-I  direction 0 .:.... 0 ..:.:_ 

of the flow 

Purpose : 
- Shape of a rectangular free surface in the presence of 20 kH,: 
field, 
- fluctuations - spectra 



A Resistive Probe for Continuous Measurement of Electroconductive 
Liquid Level faced to Electromagnetic Fields 

B. DUMONT*, R.HAETTEL **, J. HAMBURGER **, R, BOLCATO*" and J; ETAY** 

* IRSID Voie Romaine BP 320 57214 Maizieres Iss Metz Cedex - France 
* * EPM-MADYLAM ENSHMG BP 95 38402 St Martin d1H2res Cedex - France 

We study the experimental device shown on figure 1. 

electromagnetically shaped 
free-surface of the mercury 

/ 

Figure 1 : view of the experimental device 

A rectangular tank containing a liquid meta1 is put in an alternating electron~agnetic 

field generated by an inductor. UThen the frequency of the cunent increases, the inotatianal 

part of the induced electromagnetic forces acts on the shape of the nieniscus hg repulsion 

forces. Thanks to the efforis made in research on cold cwcibles anti ladlc furnaces, this 
phenomenon was well studied in an axisymmetric configuration. 

We intend to measure the electromagnetic shaping h = kls,y,tl of a mcrcuy frcc surfkc 

in a rectangular configuration (X, y are the horizontal CO-ordinates arid t is the rlnic).Tu this 

aim, n-e developed a specific probe which measures fz continunusly at a f i x 4  point. This i s  ;I 

resistive probe. connected to a YiIheastone biidge. It was drtsigned so as to : 

- be insensitive to the periurbations of the electromagnetic environrnent. 

- allow parallel multiple measurements, 

- be insensitive to the dirtying due to the presence of niercuq. 

The probe and its electronic xviring are desciibed below. The resistive wirc is d i~r t -~ut ted  by 
the mercury. Then its resistivity and the eIectronic signal vary tt.itlt the height A. A caiibration 

of the probe is performed to find the law Ah = adf' .  



short-cut 
of the resistive 

by the mercury 

ges i s t ive  
wire 
re ae 

Cross section 

Figure 2 : Pnnciple and wiring of the level probe 



Electrovortex Flow in Flat Channels 

S.Khripchenko. S.Dmisov and KDolgikh 

Institute of Continuous Media Mechanics, Korolev 1, 61 4061, Perm, R USSIA 

While the electric current flows through the bulk of a conducting liquid the electromagnetic forces 
are generated due to the interaction between the current and its magnetic field. These forces 
comprise the potential and vortex parts. The vortex forces cause in the liquid a motion that is called 
an electrovortex flow. As known, the condition of the electrovortex flow generation is the non- 
uniformity of the electric current distribution over the bulk of the liquid. Therefore, the calculation 
work in designing a variety of technological devices reduces to a solution of a problern, how a 
conducting liquid flows in a flat layer or channel with the electric current. In the flat geornetry the 
conditions of the electrovortex flow onset differ fiom those for the three-dimensional case. 

The electrovortex flow in a flat layer with a ferromagnetic core has its peculiarities. On the ane 
hand, it might set out even when the current distribution over the layer is uniform. On the other 
hand, it might be absent despite the current distribution is non-uniform. 

In our talk we describe several new effects predicted theoretically and verified experimentally for 
the electrovortex flow in a flat MHD channel. These effects could turn out to be useful in the 
metallurgical device design. 



S. Denisov, V. Dolgih, S. Khripchenko. 
Institute of Continuous Media Mechanics 

Ural Branch of RAS 

ELECTROVORTEX FLOW IN FLAT CHANNEL. 

It is a well-known fact that an electric current passing through conducting liquids 
generates electromagnetic forces. These forces are provoked by the interaction betwee~ 
the electric current and its magnetic field. At no homogeneous volume distribution of 
current density the electromagnetic force has a vortex component. 

The vortex force produces the liquid motion named ELECTROVORTEX FLOW 
or E.V.F. 

There are technological MHD-problerns, which can be reduced to the problern of 
the flow of a conducting liquid in a flat channel. It is different from the 3D case when 
the electric current passes through the volume of a conducting liquid. For instance, 
E.V.F. can appear at constant density of a current in a plane layer. 

Let us consider the plane layer of a conducting liquid placed in the gap between 
two ferromagnetic blocks (Fig. 1). In this case the electric current passes in plan of the 
layer and his magnetic field has one transverse component only, which is constant 
across the gap. 

The gap averaged Maxwell equation can be written as 
rot B = j d/6, where d is the layer thickness, and 6 is the gap thickness. 
In this case the electromagnetic force rotor consists of one component. 

rotzfern = (Bz/po)[ dBJ* d( 6/d)/ax - dBJdx a(G/d)/Cy] 
It is Seen that if 6/d is constant, then the rotor of the electromagnetic force is Zero 

and no electrovortex flow can appear. Here the magnetic field is constant along the 
electric current line. 

rotzfm = - j, aB@y - j,dBJdx = 0. 
To produce the vortex force, 6/d need to be changed along the current line. 
Now let us consider a conducting liquid thin layer with a current. This layer is 

surrounded by solid boundaries. Ferromagnetic plates (Fig.2) occupy some part of the 
channel. So, the gap near the edges of these plates increases greatlyJ which causes the 
appearance of the vortex force. Thus, the ferromagnetic plate edges generate the vortex 
flow. This effect is very important because it can be used for stirring castings in 
metallurgy. 

The induction frees approximation for thin layers placed between ferrornagnetic 
blocks differ from the ordinary case. 

The gap-averaged equation of magnetic field diffusion can be written as 
V, Wz/dx + V, aBz/i3y = ~t -'A[ B 6/d 1, where Bt = opov, 

v/d..the velocity scale, and a is the channel size in plan. 
Therefore, for V„ V- << 8/(Bt a) we can ignore the convection members of this 
equation. 
This means that the conducting liquid motion daes not inauence 
the magnetic field. 



This is possible when . V„ V,, << 64Bt a) or Re, << 6/a. 
So, the induction free approximation for electrovortex flows in thin layers is 

stricter than that for ordinary case. Our statement is supported by the phenomena of 
isothermal MHD-instability predicted by Zimin and Khripchenko and experimentally 
verified by Barannikov. 

As an example of this phenomenon let us consider a conducting liquid rectangular 
thin layer surrounded by solid boundaries. An electric current of constant cross- 
sectional density passes through the layer located in the wedge-like gap. The vector of 
current density is directed normally to the gap change direction. 6/d is constant along 
the electric current line. The layer electromagnetic forces are potential. When 
perturbation'appears in the form of a plane vortex motion, it distorts electric current 
lines. Thereafter the current density component directed along the gap change appears. 
This is the condition for existence of the vortex electromagnetic force. This force 
intensifies perturbation. 

Thus, at vortex perturbation the potential electromagnetic force becomes the vortex 
force, the isothermal MHD-instability can be realised in a layer, and the induction free 
approximation is not valid. 

Let us consider the other case of instability of a conducting liquid thin layer, that 
is, when the electric current passes in plan 

through the layer located in a plane-parallel gap. The layer surface is fi-ee. We 
assume that the small surface layer perturbationC, takes place. In this case, the current 
density is the function of perturbation C. So, as the surface perturbation appears, the 
vortex forces appear to. These forces generate the electrovortex flow, which can 
intensify the surface layer perturbation. 

Our numerical experiments showed that the layer surface instability could take 
place in some cases. 

The interaction between the electric current and its magnetic field is the basic 
principle of "windingless" MHD pumps for liquid metals. These pumps usually 
represent a piece of stainless pipe with rectangular cross-section. A ferromagnetic core 
(Fig.5) surrounds it. 

The electromagnetic force induced by the interaction of the electric current and its 
rnagnetic field influences the liquid metal. 

But for purnping the metal, the electromagnetic forces need to be directed along 
the streamline of a liquid in the channel. For this, the electricity current line must cross 
the streamline of the metal, which can be usually achieved by injecting the electric 
current through the channel walls by special copper conductors. 

We discovered a new effect and called it a "skin layer mechanism" This effect 
allows us not to use the traditional current conductors any more and to supply the 
electric current by the pump pipe. Let us ilfustrate this effect. The flat channel with a 
liquid metal is placed in the wedge-shaped gap. The channel axis is directed along the 
gap change. 

The lines of an altemating current are distorted and forced out from the region 
covered with ferromagnetic plates (Fig.6). The transverse component appears in the 
channel. The interaction between the current transverse component and its magnetic 



field produces the electromagnetic force, which is directed along the channel axis. We 
believe this effect can be used in different technological processes. 

Let us consider the last case. A permanent electric current runs along the 
"metalloconductor" of the pump. In this case the electric current line and the liquid met; 
streamline usually coincide and the electromagnetic force component directed along the 
streamline is absent. However, when the electrovortex flow exists in the channel, it 
distorts the streamline. Thereafter the electromagnetic force component directed along 
the streamline may appear (Fig.7). 

We have designed several constnictions of MHD-pumps based on the principle of 
interaction of the electric current and its magnetic field. These pumps were tested for 
liquid magnesium at mvtallurgical plant. 



Fig. l 

Fig. 2. 
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