information on dangerous weather conditions. Also, the simulation analysis, especially for areas with high
FW density, can be helpful as well as a common sense when deciding on the subsequent connections of
the FWs in such areas.
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Posrasinyro mnepexayyBaHHs HeBeJHMKHX KUJIbKOCTell po3MJaBJeHHX MeTaliB, sKe
IPYHTYETbCS HAa MardiroriapoanHamMiuHomy edekTi, Ae Mar"iTHe mnoJie CTBOPIOEThCS
CHCTEeMOI0 BiANOBIIHO CKOHCTPYyiioBaHHX mocTiiiHUX MarmiTiB. Oco0.auBYy yBary npuiijieHo
KOHCTPYKIIi NMPHCTPOIO, KA BH3HAYAETHLCS 3aJI€KHO Bia iioro reomerpii i xapakTepHCTHK.
TeopeTuuHi 10CTi:KeHHS TIOCTPYIOThCSl IPUKJIAA0OM, Pe3yIbTATH IKOT0 KOMEHTYIOThCH.

The paper deals with pumping of small amounts of molten metals based on the
magnetohydrodynamic effect, where the magnetic field is generated by a system of
appropriately arranged permanent magnets. Investigated is particularly the pumping lead of
the device as a function of its geometry and field quantities. The theoretical analysis is
illustrated on an example whose results are discussed.

Introduction. The magnetohydrodynamic (MHD) effect is a well-known physical phenomenon
used in a lot of devices for transporting electrically conductive liquids (see, for example, [1-3]). The effect
is based on the interaction of mutually independent time invariable current and magnetic fields that results
in a force perpendicular to both of them. In most of these devices the current field in the liquid is generated
by a voltage or current source, while the magnetic field is produced by a system of coils (for example of
the saddle shape).

The paper deals with a minipump for transporting molten aluminum (Al), where the magnetic field
is excited by a system of appropriately arranged permanent magnets. The principal advantage of such a
device consists in its technological and operational simplicity; on the other hand the amount of the
transported liquid is affected by the parameters of available permanent magnets and cannot be expected to
be (on usual conditions) too high.
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The analysis starts from the description of the technical problem and building of its mathematical
model that is formulated as a weakly coupled electromagnetically-thermo-hydrodynamic task. This model
is then solved by appropriate (mostly FEM-based) professional codes supplemented by a number of own
scripts and procedures. The methodology is illustrated on an example demonstrating the possibilities of the
investigated MHD system.

Formulation of the technical problem. The principle of using of the MHD effect for pumping
electrically conductive liquids (among others molten metals) is obvious from Fig. 1a and 1b. The liquid
medium 1 flows in channel 2 between two nonferromagnetic (and in case of molten metals also heat-proof)

electrodesE1l andE2 that deliver direct current, whose densityJ, is a vector parallel to axix,
perpendicularly to the axis of the channel. A system of permanent maghekd8 (see Fig. 2, see [4])
produces in mediuml stationary magnetic field whose vectds,, is oriented in directiony,
perpendicular both to the axis of the channel and vettorThe field produced by the magné&td—M8
must be as strong and uniform as possibl#ne working medium is molten metal, it is also necessary to
thermally insulate the permanent magnets in order to keep their tempefggueat the prescribed
opaation level. It must hold thafl,,, < T2 Where T, is the maximum acceptable working

temperature of the magnets.
The interaction of the above current and magnetic fields gives rise to the volume Lorentz forces in

melt. Their integral value (vectoF| ) is oriented in directionz and pushes the conductive medium
upwards.

E2 1 E1

-

A \ B /
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Fig. 1a. The principle of the considered Fig. 1b. The cross-section of the MHD pump
MHD pump.E1, E2 Fire-proof (arrangementl) 1 —electrically conductive medium,
nonferromagnetic electrodes producing 2 —channel 3 —thermal insulation4 —ambient air,

E1l, E2 — heat-proof electrode#)1-M8 — permanent
magnetsF1, F2 — ferromagnetic focusators
of magnetic flux

the current fieldJ, (the system
of permanent magnets producing the
magnetic fieldB,, is depicted in Fig. 1b

The paper contains an analysis of five different versions of the working space of the MHD
minipump (see Figs. 1b and 2). Its aim is to evaluate them from the viewpoint of its pumpiry éeat
obtain a sufficient amount of data for a suitable design of the device.
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Fig. 2. Arrangements of the investigated channels

Mathematical model and its solution.The full mathematical model of the MHD minipump (with
the cross-section corresponding to Fig. 2) describes the
e stationary electric and current fielda an electrically conductive and nonferromagnetic liquid

medium1 in channel produced by the currerf flowing from a current source to electrodes

El and E2,
e stationary magnetic fieldf density B,,, in the whole working space of the pump produced by

the system of the permanent magridis-M8,
e stationary temperature field in the whole working space produced by the liquid méddium
(molten metal) of temperaturk,qy -
Provided that the cross-section of the charthisl much smaller than its length, the problem can be
considered 2D and formulated in the system of Cartesian coordixaez.

The definition area.The definition area of all three fields is obvious from Figs. 1b and 2. In case of
the magnetic field it may be (from the physical viewpoint) considered unbounded, but with respect to the

consequent numerical solution it has to be bounded by an artificial bouhgargee further paragraphs)
placed at a sufficient distance from the system of maduhetd8.

The differential equationsThe stationary electric field may be described (see [5, 6]) by the electric
potentialp satisfying the Laplace equation

Ap=0 1)
In the area of the channel 2 filled by an electrically conductive liquid this electric field produces the current
field given as

Je=—7¢ gradp 2)
where y,, is the electrical conductivity of the liquid medium adg the vector of the current density that
has generally two componentd, =i-J, (% y)+j- J,( X Y.

The stationary magnetic field may be described in terms of the magnetic vector pdte(gee [4, 5])
with only one nonzero componem(=i-0+]j - 0+k -AZ(X, y) ). This potential satisfies general equation

curl(1 curIA—HCj =0, (3)
y7]

where H. denotes the coercive force and occurs only in the region of the magnetg aadthe

permeability that corresponds to the particular subregions in the solved domain. The magnetic flux density
in the whole area is then given aB=curlA and has two nonzero components:

B =i-By(x y)+i-B (%Y.
The resultant Lorentz forc& =i-0+j-0+k -F_, acting on the liquid medium in the working

space 1 of volumé&/, = Sl in channel 2 can be determined from integral

I:L:_[/O(‘]eXBm)'dV 4)
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where S, is the area of the channel cross-sectignjts active length and the pumping Iehgl is given
by relation

fy =Lt (5)
P9

where p, is the specific mass of melt.
The stationary temperature field in the system can be described by equation [7]

div(4; -gradT)= 0 (6)
where A7 the thermal conductivity. The Joule losses in melt are very low and can be neglected without
any significant error.

The boundary conditions.The boundary conditions for the electric and magnetic field are

exclusively of the first and second kind and are obvious from the physical context of the problem. In case
of the temperature field the condition of the first kind occurs along the interface between the transported

mediuml (molten metal of the temperatufg,,,, ) and internal wall of the chann2lor electrode&1 and

E2 (see Fig. 2), while the external walls of the system of permanent maifhei#8 are characterized by
the condition of the heat convection between the system and surrounding air.

The computer model and accuracy of the resultsThe presented model was solved by the FEM-
based code QuickField 5 [8] supplemented with a number of procedures and scripts developed and written
by the authors. Particular attention was paid to both position of the fictitious artificial boungaaynd

numerical convergence of the results. The discretization mesh satisfying the demands on accuracy of three
valid digits contained 120000 — 150000 nodes, in the dependence of the arrangement solved (see Fig. 2).
An illustration of possibilities of the numerical solution is presented in Fig. 3 containing the distribution

of the calculated equipotential lines and vectdgsof the current field for the arrangement No. 2 (Fig. 2)
and Fig. 4 showing the calculated distribution of the magnetic force lines in the same arrangement. It is

obvious that such maps of both fields provide a sufficient amount of information about suitability of
particular arrangements of the MHD pumps: the more uniform are the fields and denser both systems of

isolines, the greater will be the Lorentz fofeg and pumping Ieadhp of the device.

1, E2

Fig. 3. The calculated distribution of the equipotential lines and veclgrs

of the current field in the cross-section of the pump for the arrangement No. 2, in Fjg=20.02m
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Analogously, Fig. 5 shows the distribution of the steady-state temperature field for the arrangements 2
(Fig. 2) of the pump. It is obvious that this arrangement 2 satisfies a sufficient reduction of the temperature
inside relatively uniform thermal insulation 3.

Fig. 5. Distribution of the stationary temperature
field — arrangement No. 2

(the step between the individual isotherh§ =100°C)

Fig. 4. The calculated distribution of the magnetic f
orce lines in the cross-section of the pump
for the arrangement No. 2

[llustrative example. The aim of the presented example is to evaluate the considered arrangements
of the MHD pump (see Fig. 2) from the viewpoint of the pumping Ile@@nd to analyze various aspects

that may exhibit some influence on this quantity.

Technical data and discussion of the result§he arrangements and basic dimensions of all
versions of the MHD pump are obvious from Figs. 1a, 1b and 2.
The cross-section of the working channel 2 is

e for arrangements 1-4, =7 r02, for basic radiugy =0.02m & =1.257- 10°m?,

o for arrangement 5§, = ab, for a=0.04m andb=0.0314 §, =1.257- 10%m”.

Equality of both cross-sections allows an objective comparison of both arrangements. The working
length of the pump (length of the working chan2dlled in by the transported mediulnaffected by both
electric and magnetic field and consequent Lorentz féfce see Fig. lajy =0.1m and this quantity

corresponds to the valug, in integral (4).

The physical parameters of materials used for the construction of the MHD pump are listed in Tab. 1.
The table, however, also contains quantities that cannot be described by a single value, such as the
temperature dependencies of the electrical and thermal conductivities or the magnetization characteristic of
the permanent magnet4l-M8 and focusator§l, F2. These dependencies (in Tab. 1 denotechas)
were taken over from the given references.

The most important quantitative results are listed in Tabs. 2 and 3. From the viewpoint of the

pumping IeadhID the most advantageous is the version 5 with the rectangular channel or the version 2 with

the circular channel (see Fig. 2). But version 5 is somewhat worse from the viewpoint of the temperature
rise of the permanent magnets. Even when their average temperature is higher by only 16° C (compared
with the version 2) there may appear worse conditions of flow connected with higher hydrodynamic
friction in the rectangular channel.

43

Lviv Polytechnic National University Institutional Repository http://ena.lp.edu.ua



The physical parameters of materials used in the pump

Table 1

element Material parameter value unit
working medium molten Al [9], [10], [11] melting temperature T, 660.32 °C
1 working temperature T, 700 °C
specific mass Prm 2.375-10 | kg/n?’
electrical conductivity y, 9.709-16 | S/m
thermal conductivity A; 229 W/mK
working channel a) EUCOR [12] thermal conductivity A; char.
2 max. working temp. T ax 1000 °C
b™) Zro, [13] thermal conductivity A 2 W/mK
electrical conductivity 7, <10™ S/m
max. working temp. T, 1500 °C
thermal insulation | glass wool [9] thermal conductivity A; 0.03-0.05 | W/mK
3
permanent magnets N_27SH [14] coercive force H, 780 kKA/m
M1-M8 remanence B, 1.11 T
permeability Uy 1.132 -
thermal conductivity A; 8.972 W/mK
electrical conductivity y, 69.44 S/m
max. working temp. T, 150 °C
electrodes austenitic heat-proof steel permeability 7 1 -
ELE2 [15], CSN 17 241 electrical conductivity 7, 1.5.16 Sim
thermal conductivity A; char. W/mK
max. working temp. T, 1100 °C
focusators of mag- carbon steel characteristic char.
netic flux F1, F2 [15], CSN 12 040 thermal conductivity A char. W/mK
At the working temperatur@,,,,, = 700°C.
Circular channel, arrangements 1-4.
Rectangular channel, arrangement 5.
Table 2
Final results — the influence of the shape of the channel cross-section (see Fig. 2)
arrangement of the pump By.avg Jxavg Tm.avg FLz ki
M (A/m?) (°C) (N) (m)
1. 1 0.61705 - 89 - -
2. | 0.62633 2.632:16 100 20.72 0.710
3. 1 0.59054 - 101 - -
4. 1 0.64516 - 331 - -
5. 0 0.63818 3.183:18 116 25.51 0.872

both cross-sections are equal.

)  circular cross-section of the working channel.
") rectangular cross-section of the working channel
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Table 3
The final results — the influence of radiusr, of the circular channel

fo By avg Jy.avg FL, hy

(m) (M (A/m?) (N) (m)
0.01 0.78067 5.265-10 12.91 1.764
0.015 0.69128 3.509-10 17.15 1.041
0.2 0.62633 2.632-%0 20.72 0.71

ConclusionThe paper shows that the investigated MHD minipumps for transporting electrically
conductive, nonferromagnetic liquid medium (molten metals, various conductive liquids such as
electrolytes) represent relatively prospective and technically quite real devices. The presented methodology
of their numerical modeling allows their optimization from the viewpoint of both the pumping lead and
technological aspects (the shape of the working channel, electrodes etc.). It is also necessary to remind that
the pumping lead could substantially be increased by connection of several pumps of this kind into series
(from the hydraulic viewpoint) with one working channel.

The design of the device requires a considerable attention concerning the thermal insulation of the
permanent magnets, whose working temperature limits the final arrangement of the minipump.

Next work in the field will be aimed at the experimental validation of the conclusions following
from the presented computational results.
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