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Abstract. We have investigated and calculated the distribution aftedenagnetic fields and
forces induced by a three- phase axially-symmetric systeeteatric current with six elec-
trodes in a cylinder of a finite length [1, 3]. In this paper #iternating current is fed to each
of nine discrete circular conductors-electrodes, whiegh@aced on the internal wall of the
cylinder. This new mathematical model describes a realcedyvi], which transforms electric
energy into heat.

The viscous incompressible flow of weakly electrocondectiquid-electrolyte is ob-
tained by the finite-difference method, using the monotsnactor finite difference schemes.
The average axially-symmetric motion of electrolyte andeawodistribution in a cylinder has
been considered. The dependence of electromagnetic fanckselocity distribution at the
inlet of the cylinder is investigated in the case of:

1) the vortex formation from the Lorentz force inside themgér by the electrode,

2) the vortex-breakdown from the swirl velocity at the inbéthe cylinder.
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1. Introduction

In many technological applications it is important to mixedectroconductive liquid
using various magnetic fields [4]. In this work we considenédi cylinder

Q:{(T,Z): 0<r<a 0<z<Z}
with nine metal coils-electrodes
Li:{(’f‘,Z): T‘:G,Z:Zi}, 0<2i<Z7 7;:17___’97

! This work is partly financially supported by the project Na@H30 of Latvian Science
Council.
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positioned on it's inner surface with a fixed distance oneiftbe other. Each of nine
discrete circular conductors are fed with alternatingentrwith density

Ji = jocos(wt + (i — 1)0),

herejy is the amplitudew = 27 f and f are the angular frequency and frequency
of the alternating currend, = const is the phase andis the time. Usually we use
6 =120°, f = 50H 2.

In the weakly conductive liquid—electrolyte the currergates the radiab,. and
axial B, components of the magnetic field as well as azimuthal comutai¢he in-
duced electric fieldzy, which, init's turn, creates axidl, and radialF;. components
of the electromagnetic force (due to the Lorentz force).

For calculation of the electromagnetic fields, the averggiethod over the time
interval 2w /& = 1/f is used [1]. The averaged values of forceF, >, < F, >
give rise to a motion of liquid (electrolyte), which can besdebed by the stationary
Navier-Stokes equation. At the inlet of the cylinder we hawniform velocityUy,
but the swirl velocity is taken as the induced by the rigidyoatation with angular
velocity (2.

The main aim of the work is to analyze the influence of différeonnection
schemes of nine electrodes and swirl velocity at the inletéotex formation in the
cylinder. In our previous works [1, 3] we have developed trethamatical model
for calculation of the electromagnetic field with six electes and force by using
elliptical integrals. This approach makes it possible thesideration of alternating
current connections of various type, with phase sififitnd various arrangements of
the conductors.

2. The Navier-Stokes equations

The complete system of viscous incompressible flow consiktthe continuity
equation and the Navier-Stokes equations. The axiallyrsgtric stationary Navier-
Stokes equations for vorticity functian hydrodynamic-stream function and cir-

culationV are given in the cylindrical coordinatés ¢, z) by the following system
of non-dimensional equations [2, 3]:

Re w19 40w ZWOW  ReTe< f?>

TIww) = G+ gy (1) 2R T T

Re

TJ(de W) = A*(W)v

A*(d]) = —TQLU,

2.1)
here oY ob  9b oY
J(wvb)zga—gg

is the Jacobian of the functiogsandb, whereb = w orb = W,

o< F.> O0O<UF,>

b <
<= 0z or
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is the averaged azimuthal component of the force curl vegctor

«/ 0 (10g 0%g
Ao =rg (50) + 52

is the conjugate expression for the Laplace operator oftiomeg with ¢ = ¢ or
ov,  Ov,

g=W,w=-wg, W =rvg, wg = %  or is the azimuthal component
T z T
. 10 10 . .
of the velocity curl vectorsy, = ———w, v, = ——¢ and vy are radial, axial
r 0z r or
and azimuthal components of the velocity,= U_O is the swirl numberf? is the
0
Uoro

dimensionless value of the curl of forcRe = is the Reynolds number,

Te:@( Ko )2
P

27TUO

mkg
52 A2

At the inlet of the cylinder we have the velocityy, ~ 0.1~ and the angular
velocity 2y ~ 4571

The liquid has the following parameters: kinematic vistosiz 10—5’”72, den-
sity p ~ 1000%, n = pv is the dynamic viscosity, and the electric conductivity
o~ 10002 'm~1.

The amplitude of the current densityjis = 106%. The radius: of the cylinder
is 0.05m, the lengthZ of the cylinder is0.35m.

is the Taylor numbey, = 47 10~7 is the magnetic permeability in vacuum.

We write equations (2.1) in the dimensionless form by sggdilh the lengths to
ro = a (the inlet radius of the tube), the axial velocity to U, (the uniform inlet
axial velocity), swirl velocity toW, = r¢Vp, the azimuthal velocityy to Vy =
0820, the vorticityw to wy = Up/rZ and stream functiogh to vo = Upr3.

We have the following dimensionless form of the boundaryditions:

1) in the part of the inletz = 0,0 < r < r;) the axial streams are assumed to
have a uniform velocity/,

W=w=0, =005

in the other part of the inlgtz: = 0, < r < 1) the swirl velocity profile is induced
by the rigid body rotation with the angular velocif3,

W=r? w=0, ¥=050F+p80"-r})),
2) the symmetry conditions along the akis= 0)

p—0, w=o, W_y »

or =0

=

3) the outflow boundary conditions at the outfet= 1 = Z/a)
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0% _o Ow_oW _
0z 7 0z 0z
4) the walls boundary conditior{s = 1)
W =0, ¢,=050r+p6(1-r7)), w=uwy,
wherew,, is the dimensionless wall-vorticity obtained within tharfre of the finite-
difference method from no-slip conditions [3},; are the dimensionless coordi-

nates,3 ~ 0.1 is the velocity ratio of the coaxial free stream velocity tdah jet
velocity Up.

3. The Finite-Difference Approximations

The presence of large parameters at the first order dee&tiv, Re) in the sys-
tem of differential equations (2.1) causes additional nueaé difficulties for the
application of the general finite-difference schemes (& glonvergence rate, low
precision). Thus special monotonous approximations amstoacted in [2, 5], using
functions of matrix and the exponential functions

_ €z ’ . @ o ’ _
s(z) = poy s >0, §'(x)= T < 0, s(0)=1, s'(0)=-0.5.
The Patankar approximations [6] are given in the followiag:
s(z) = max ((1 — 0.1]z()°,0) + max(—z,0), (3.1)

s'(z) = —0.5 + 0.5signum(z) (1 — max(1 — 0.1]z[,0)").
Let us consider the 1D differential equation

0 s Ou ou
—(v— b— = b>0 0 3.2
5y (75,) b5, =9, b20.0>0, (3:2)
the finite-difference equations associated with grid pgirare given in the form
By (vky1 — vg) — Ap(vr — ve—1) = gr, (3.3)
where
Vk+0.5 Vk+0.5
B = —_ h, A = — h
k hk+1hk+0.5 5( QEk40.5 k+1)7 k hkhk+0.5 S(Qk 0.5 k)a

b
hk:yk_ykfl’ Oé:;, u:wvwvwa y=r z

gk = 9(xk), pPrtos = 0.5(pk +pr+1), pP=v,oh, v = u(yy).

For the system of two differential equations (32} the vecto(w, W), y = z
and we get the vector finite-difference equations with méftrnctionsAy, By, s [5].
We consider a uniform grid:

whz{(Ti,le)l Ti=h1/2+(i—1)h1, ij(j—l)hg, i=1,...,nr,
j=1,...,n,, nyhy =1, nzhgzl}.

Subscriptgi, j) refer tor, z indices, the mesh steps in the directions aré:; and
hs, respectively. The solution of the finite—difference sclkdmcalculated by using
the under relaxation method.
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4. Numerical Results

13

The calculations are done for nine circular conducforsvhich are arranged in the
axial direction at the points

zj = |21, 22, 23, 24, 25, Z6, 27, 28, 20|, 2 =020, i=1,...

wherez; are the dimensionless coordinates.

The results of numerical experiments far F, >, < F, >, < f¢ > and
1, w, W, in the dimensionless form were obtained with the help of theguter

program MAPLE in the case of

9:277
3

797

2 hi=hy=01, r, =05, I'€[0,8], Re=500, Te=0.1, [ =3.

The numerical results show that the force fields induced tarradting current
are concentrated on the cylinder’s surface in the vicinftjhe circular electrodes.
The results depend on the arrangement of electrodes.

If the parameter is increased, a vortex appears inside the cylinder, whtaht;s
ing from I" > 4, is developing into a vortex system.
The dependence of values of averaged force$’, >, < F,. >, and curl of

forces< f¢ > on the arrangement of nine conducters = [123456789] follows
from results presented in Table 1.

Table 1. The extreme values of averaged forces and curl of forces.

2
S

nj

< F. >

< Fr. >

< o>

©CoO~NOOOUDWNPE

[123456789]
[135792468]
[147258369]
[761835924]
[531642789]
[478591623]
[963852741]
[258147369]
[369147258]
[159263748]
[192837465]
[847362951]
[217635894]
[815246379]
[159246837]
[135468792]
[197286354]
[197365284]

[-17.7;1.10]
[-1.10;17.7]
[-69.0;3.50]
[-51.1;46.6]
[-28.3;47.5]
[-31.4;15.4]
[-3.50;69.0]
[-69.0;3.50]
[-69.0;3.50]
[-4.30;8.50]
[-15.0;18.4]
[-8.50;4.30]
[-37.1;20.0]
[-20.1;36.6]
[-59.8;24.0]
[-1.10;17.7]
[-23.7;62.7]
[-18.2;58.1]

[-11.9;11.9]
[-11.9;11.9]
[-50.5;50.5]
[-36.8;40.6]
[-21.8;26.3]
[-20.3;20.3]
[-50.5;50.5]
[-50.5;50.5]
[-50.5;50.5]
[-27.3;27.3]
[-12.4;20.8]
[-27.3;27.3]
[-39.5;28.2]
[-29.2;25.1]
[-41.7;35.5]
[-11.9;11.9]
[-40.6;35.6]
[-49.3;42.6]

[-1.4;122]
[-122;0.6]
[-49.;200]
[-247:132]
[-193;195]
[-59.;188]
[-200;49.]
[-49.:200]
[-49.;200]
[-215;88.]
[-127:126]
[-88.;215]
[-59.:170]
[-122;215]
[-58.:164]
[-122;0.6]
[-233;99.]
[-210;36.]
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In Fig. 1-16 we can see the vortex and vortex-breakdown fooman the cylin-
der depending on the arrangement of electrodes and the etdm The labels on
the coordinates axis are given bgr and10z, wherer € (0,1),z € (0,1) are the
dimensionless coordinates.

The dependence of dimensionless valygs,.., Wiaz, w € [Wmin, Wmaz) ON
different connections of electrodes and the param@isrinvestigated fofl'e = 0.1.
The following results were obtained:

Figure 1. The stream functions fonj = Figure 2. The stream functions fonj =
[123456789], ¢ € (0.00,0.20), " = 0. [123456789], ¢ € (0.00,0.17), " = 4.

Figure 3. The stream functions fonj = Figure 4. The stream functions fonj =
[135792468], ¢ € (0.00,0.16), I" = 0. [135792468], ¢ € (0.00,0.16), I" = 4.

1. Conductors are connected in series, one after aneter, [123456789] (see
the line No.1 in Table 1):

a) " =0, Pmar = 0.20, w € [—1.1,6.9]. Fig. 1 shows that a small vortex is
developed at the electrode on the surface of the cylindeighwis induced by the
Lorentz force;
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b) I' = 4, Yy = 0.17, w € [—15,6], Wi = 0.58. Fig. 2 shows that
vortex, induced by the electrode, vanishes and at the ifteeacylinder streamlines
deform, i. e., the vortex-breakdown from the swirling je¢velops [3].

2. Conductors are connected to each other skipping one of, tteisn; =
[135792468] (see the line No.2 in Table 1):

a) ' =0, Ymar = 0.16, w € [—10, 4]. Fig. 3 shows that the flow is uniform in
the cylinder without vortex;

b) I' =4, Yy = 0.16, w € [—14,8], Wia = 0.54. Fig. 4 shows that the
streamlines are pressed at the wall of the cylinder.

3. Conductors are connected to each other skipping two of ttree ends of three
wires are at the begin of electrodeg, = [147258369] (see the line No.3 in Table 1):

a)l =0, Ymar = 0.38, w € [-9.0,70]. Fig. 5 shows a large vortex at the last
electrodes, induced by the Lorentz force;

b)I' = 2, ¥pae = 0.36, w € [—10,72], W4 = 0.68. The vortex decreases
at the electrodes, Fig. 16 shows the distribution of cirdoitel” in the cylinder;

€)' =8, Ymar = 0.29, w € [—16,80], Wyna = 0.72. Fig. 6 shows that this
vortex decreases and at the inlet of the cylinder and thexditeakdown develops
from the swirling jets. The distribution of circulatianis similar.

hydr. stream funct. j=[147268369] Gamma=0 hydr. sream funct. n=[147258369] Gamma=8.
5
K -
tecflode bt flode
3 7 3 ] 1 0 3 7 3 ] 1

Figure 5. The stream functions fonj = Figure 6. The stream functions fonj =
[147258369], ¢ € (0.00,0.38),I" = 0. [147258369], ¢ € (0.00,0.29), " = 8.

4.Two conductors are connected to wires in following fotn= [761835924]
(see the line No.4 in Table 1J7 = 0, ¥4, = 0.17, w € [—23,5]. Fig. 7 shows a
small vortex at the middle electrodes, induced by the Laréorce.

5. The first six conductors are connected to each other sigppne of them,
but the last three are connected in series,= [531642789] (see the line No.5 in
Table 1):

a)I" =0, ¢ € [-0.13,0.18], w € [—35, 7]. Fig. 8 shows a big vortex at the first
electrode, induced by the Lorentz force;

b)I' =4, v € [-0.05,0.18], w € [—47,12], W,na = 0.53. Fig. 9 shows that
the vortex decreases at the electrode and streamlineswatdhe inlet;
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5 7 ; 5 7 ; 3 1

Figure 7. The stream functions fonj = Figure 8. The stream functions fonj =
[761835924], v € (0.00,0.17), " = 0. (531642789, v € (—0.13,0.18), ' = 0.

/Q/
Figure 9. The stream functions fonj = Figure 10.The stream functions fazj =
[531642789], v € (—0.05,0.18), " = 4. (531642789, v € (—0.17,0.17), ' = 8.

c) =8, ¢ € [-0.17,0.17], w € [—78,132], Wya» = 0.56. Fig. 10 shows
that this vortex induced by the Lorentz force decreases amdvortice develops at
the inlet;

d)I'=7 Te=0, Pmar = 0.16, w € [-19,7], Wi = 0.53. Fig. 15 shows
that at the inlet the vortex-breakdown develops from thelswijets.

6. The ends of 3 wires are in the middle of electrodgs—= [478591623] (see
the line No.6 in Table 1):

a)l’ =0, ¢ € [0,0.26], w € [-5,36]. Fig. 11 shows a vortex at the last
electrode, induced by the Lorentz force;

b) ' =4, ¢ € [0,0.22], w € [-12,39], Wa = 0.62. Fig. 12 shows two
vortexes in the cylinder: the first vortex is due to the Lozeiorce and the second
one is due to vortex-breakdown from the swirling jets.

7. The ends of three wires are at the end of electrodgs; [963852741] (see
the line No.7 in Table 1):

a)l' =0, v € [-0.32,0.16], w € [-107, 32]. Fig. 13 shows a big vortex at the
first electrode, induced by the Lorentz force;
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hydr. stream funct,

Figure 11.The stream functions fotj =
[478591623], v € (0.00,0.26), I" = 0.

hydr. stream funct,

Figure 13.The stream functions fotj =
[963852741], 9 € (—0.32,0.16), I" = 0.

Figure 15. The stream functions foy €
(0,0.16), ' =7,Te = 0.

17

hydr. stream funct,

0

Figure 12.The stream functions fatj =
[478591623], v € (0.00,0.22), I" = 4.

hydr. stream funct.

Figure 14.The stream functions fazj =
[963852741], ¢ € (—0.43,0.17), " = 1.

hydr. rotation func.

Figure 16.The rotation functions fonj =
[147258369], Winaz = 0.68, " = 2.

b)I' =1, ¢ € [-0.43,0.17], w € [-108,41], Wi = 0.53. Fig. 14 shows
that the vortex at the electrodes is deformed and moves up.
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5. Conclusion

Squirt motion of weakly electrically conducting fluid influeed by alternating elec-
tromagnetic field in a finite cylinder is investigated. A reatiable approach is used
to describe time—averaged electromagnetic forces andsfiglduced by alternat-
ing current, which is fed to every of 9 discrete circular cocirs. An original
monotonous difference scheme for approximation of thishexatatical model is de-
veloped. The reported results of the numerical experimeitks9 circular conduc-
tors can give some new physical conclusions about the floahehin the cylinder.
The averaged values of the electric field, electromagneties and the azimuthal
component of the curl of forces vector are calculated fdied#nt arrangement of
the electrodes. Using monotone finite-difference schewresaiculations the vortex
formation from the Lorentz force inside the cylinder andibgex-breakdown at the
inlet of the cylinder are obtained. The distribution of teeperature is depending of
the vortex formation in the cylinder [1, 3].
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S'ukurio sudarymas horizontaliame baigtiniame cilindre kntama elektros srove
A. Buikis, H. Kalis

Straipsnyje yra nagrijamas skysto elektrolito jefimas baigtiniame cilindre, veikiamas kin-
tartio elektromagnetinio lauko. Panaudojant savo aiskssukurta metoda suvidurkinty laike
elektromagnetiniygguy reikSmiy gavimui, autoriai formuluoja stacionaravier-Stokso uz-
davinj klampiam nesp udZiam elektrolito égknui aprasyti. Sukurto matematinio modelio
skaitiniam sprendimui yra pasiuloma originali monoteniraigtiniy skirtumy schema. Yra
pateikiami skaitiniy eksperimenty rezultatai su 9 zigals laidininkais-elektrolitais, tolygiai
paskirstytais vidiniame cilindro pavirSiuje. Autoriaiaizuoja gaunamus cilindre srautus prik-
lausomai nuo elektromagnetiniegy pasiskirstymo (skirtingos elektrody pajungimo scbg)

ir s'ukurinio grdiio cilindro jejime. Labiausiai autorius domina salygos, kada cilindduije
susidaro s'ukuriai.



