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An Analycis of the Dynamics of a Liquid-Mctal Contact

Device

- -
n Candidate of technical sciences B. L. Aliyevskiy, doctor of
o . technical sciences A. I. Bertinov, and engineer A. G. Sherstyuk
- ’ .

. The Sergo Ordzhonikidze Moscow Aviacion Institute

-
1 lV .

‘ Statement of the problem. Ligquid-metal contacts based on mercury,
fg\\ sodium-potassium alloys, gallium and oth.r low-melting-point metals aren

employed for the electrical connection of rntating and stationary parts

of direct-current and alternating-current devices. A theoretical and

cxperimental investigation was conducted with respcct to direct-current
: unipolar nachines JL¥# and clectrotechnological machine tools 27 Con-
2 tact devices of the ring type are employed for the transmission of
Y
n

hcavy currents ([unmléw #fhn&hj"VJ) &=

1n the general case various loads act on the liquic metal cf a ro-

tating ring contact (Fig. 1l): friction fo.ces and ecxtcernal pressure,

inertial forces {(centrifugal, gravitational, et al.), and als- eclectro-

magnetic (eclectrodynamic) forces. The behavior of liquid metal under

the effect of the indicated loads has been examined in a number of works
- /1-4/, however, the dynamics of a liquid-metal contact device has not

been investigatvd up to the present time in a gencral way.
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The dynamics of a slip ring has important significance, since un-
der specificv conditions, in particular in the case of impermissible

el>ctrodynaric eftects, the spilling of the liguid metal from the con-
tact zone (inter-clectrode gap) can occur, which leads to the breeaking
of the electrical circuit A similar phenomenon is also possible in the
i casec of impermissible inertial effects as a result of the movement

b with acceleration (deceleration) a{a,, a,, a,) of the rotating contact

device, for example, in electrotechnological machines tools with a nov-
ing working mcmber.

o

Fig. 1. General diagram of a loaded
liquid-metal contact.
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1n this article the dynamics of a liquid contact is investigated .
on the basis of a general Navier-Stokes equation, which is simplified
with the introduction of certain assumptions, facilitating the solution “

of the problem. The stecady state of a liquid metal is analyzed under
the effect of electrodyramic and inertial loads. It is considered in
this case, that in the steady state the ring of liquid retal in the
inter~electrode space moves, without being deformed, i. e., that the

A

resultant acceleration of the metal particles under the total effect
of all the loads is equal to cero (g%==0}

The dynamics of the continuous motion of a viscous liquid in the

Jencral case is described by a Navier-Stokes eguation /5/ and the con-
dition of continuity:

'[%+(VV)V]~”——VP+;M+ g
+(‘+’3)V(VV)+I: (1 -

2




o :
af + opv=- 0. "

Designated in (1) and (2) are:
f - thc density of the liquid mectal;

v -~ the velocity vector of an clenentary volunce of the -

metal; L
~ pressure;
the dynamic viscosity (cocefficient of internal
friction):

v ¥
]

- the "sccond" viscosity (the cocfficient of friction -

with a change in the volume of a compressible liquid);

he o el ol s o ab kA
[
'
l"
N

the volumetric density of extrancous forces (forces
of nonhydrodynamic origin).

/
We will conduct an analysis of the motion of the liquid under the )
following assumptions: a) a moving liquid metal in a contact is incompres- !

. o __ 0 . . . . .]
sible (;;~— ). since its spced is considerably less than the speed ,
of the propagation of sound in the liqguid metal; b) duce to the consider- - i,

\.' -n®

able thermal inertia the density of the liguid metal does no* depend on

(ﬂlzzo" e

time o1 c) the thermal conductivity of the metal is very et

high, th:reforc grad T=0. N

ol

!

Undcr thesce assumptions the cquation of continuity (2) takes the 1l

!

form /6/ \L.
divv =0, Sy e

IS

conscqguently, in cquation (1) f\ﬁ
/
vigvy)= graddivv=0, K
g

and it is rccorded in simplified form -

ov , _ 1 +vav4+F
ot VeIV == — -vpa . (3)
R Y
where V=:%' - the kinematic viscosity; 'Eﬁ;
\
%~
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F=% - the density vector of mass forces, having an accelceration

dimension and which takes the inertial and the ecloctro-

-
-

magnetic loads into acvount in the general case.

.
»
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.

. Estimution of the elcctromagnctic loads. Let us represent egquation A

. e

‘} {3) in the form of a system of two cquations \\,

-!—-‘ N "

) ov . 4
{‘3 .‘7‘—+(VV)V=—~—';VPI+\'A.I+FI' (4) oo

! .
{5) -

A - 0=~ —:—VP;+F3. h_\\ -

{ _;
‘; where t;\

3 t t Y

) Fa=3: Fo=21 vhtvp=vpi k,\

;Ar'

v : ~!

) fellasfaye i) - 15 the volumetric density vector of the inertial }**]
: !

J . forces; zcmé
X Ve "’a
r!‘f ; a7 0%}54
ﬂ A 'cUn-/u-hJ==7f<=UB] - the volumetric density vector of the cle- Ly
S tromagnctic forces; L{ §

3 - the current density in the liguid motal; RS

g ﬂ B -~ the magnetic induction in the contact zonc, K

N s
4: caused by the current ficld, occurring Iﬂ'.i

through the contact, and by other fields; 13

] ‘ L]
| dT, - the elementary eclectromagnetic force, “jj»
L Ly
l{ acting on element dV of the volume of the ML
j'l metal; f?"
~#ﬁ p“ and p3 - pressures of mechanohydravlic and electro- X_.
. T

4 magnetic nature, vyn
e X

- ,
B

System of equations (4), (5} was written under the condition, that

Q;N the velocity field is determined by the inertial loads, then it is neces- _i:}
sary to examine equation (5) as an equation of perturl . ng effects, gf’

| N4
}h- For simplifying the anulysis we will assume, that intcernal friction .
is absent in the contact liqu:d, i, e., v=0. Actually lossecs to fric- i,‘}

}’I tion occur even at relatively iow speeds in the liquid metal. Under :7*¥
- the assumption that v=0 we will take the perrmitted error into account \Jﬂ&

~ ’

.gw L I A L AT I TR LI
PO PP A SUNOUAN N PORONL Y



by intreoducing in the ring contact instcad of the actual velocity field
and acceleration field the average angular velocity for the core of the
meta) flow ﬁ=¢i. where @ - the angular velocity of the i1otating elc
trodc and § >1 /7/.

For the stecady (cquilibrium) state of the liguid metal, for ex-
ample, when the ring of liquid metal of the de-encrgized contact is
formed by the inertial loads, the following eguation is valid

+(vy)v=0. (6)

In this case equation (4) is transformed into an Euler equation
for the steady-statc motion of an ideal incompressible liquid:

grad py =1, =pF,. (7)
The stcady~-state regime is also not disrupted in this case, if

|grad pa| = grad p, ). (8)

since !grad pI serves as a measure of the operation of the resultant
of the inertial forces fe=pFa. and 'grad p,‘ - of the 2lectromag-
netic forces.

In the steady-state regime inequality (8) should be satisfied for
the entire volume of the liguid metal of the contact, thus taking (5)
and (7) into acccunt the maximum inequality should also be valid

0.5

10F s ) 4 (PFuy) + (pF us) iy 0> o mane- (9)

With disruption of condition (9), i. e., when £, > £, the metal flcws out
of the contact.

The obtained inequality (9) is applicable for the calculation of
the magnitude of the permissible current (current-carrying cavacity)

in the contact device with a horizontal axis of rotation (Fig. 2) in

the abscnce of its displacement., For maximum evaluation we will consi-

der, that accelerations in the axial dircction arc absent, i. c., Fa=0,

PRV IR TR AF RS R T e T TR T T e e e
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and the remaining relationships have the form:

Fay=Py:
__ Beivl it
,0"" h-Bl FYs) =7:‘D.Dp

Here EHO.SU) , Since with dimensions characteristics for the contacts
it is possible to consider g 2 /1, 8/;

jk - the current density in thc contact;

B, - the magnetic induction of current field 1, flowing in

! 5
the circuit with the rotating contact; o
D1 -~ the diamecter of the free surface of the liquid metal;
." ~~ﬁ
Dk - the diameter of the rotating contact. .
* 4
4
Since liquid-metal mo.ing contacts arc employed, as a rule, in
devices with relatively large current values, then in comparison with .
B1 it is possibie to disregard the ot&er fields. For high-speced con-
tacts the centripetal acceleration 6X> g. Then, in accordance with
(9), with given dimeunsions and speeds of the contact '
Ty AR Y R
4 ’(2) 2 = 3D, D, -
or AN
*.\_ -
RE
e ————— 7 Y‘ .
Ipdn [
l<aD,v,l/ e __m Y
V 2pd ¥ 2 pein (10) - .
D By
where 1&2=Q5WD.=:%§— - the linear speed of the clectrode at dia- 4
meter D, (n - the rate of rotation); 2,
D R
v,:"D_‘ - the linear speed of the eclectrode at diamcter Dl'
On the basis of (9) it is possiblc to derive the expression for =l
: : & . . . \~
estimating the permissible value of j. A deficicncy of the correspond- .
6 o
\:\’_4“
_- A
N e i A I I (CRBR R |
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- ing expressions, obtained with less general premises /1-4/, is thec ab-
sence of consideration of all the possible inertial loads and the ok-
taining of them as a fesult of the solution of a one-dimensional prob-
lem. The latter leads, in particular, to a difference in VE’ times the
quantitative resul”’s for the estimation of the permissible current I, L.
calculated in accordance with /1-4/ and in accordance with expression
(10} .

P,

Estimation of the permissible inerti:z]l loads. Let us examinc the

stcady state, at which condition (9) is fulfilled. In the general case

a rotating contact device can move in space with acceleration a, which

also takes the force of gravity into account. The condition, at which SeT
the maximum values ays ay, a, do not lead to impermissible deviation

od the points of the frce surface of the liquid metal from the calcula-

ted position in the steady state, is deteuwined by the expression (sec o A

the appendix) : -

D. — D)8 .
!—'?‘L.—(ax+ab‘+

L - -
+’To,\(\,.;l),tD.. = D%, (11) )

where, in accordance with the designations of the geometric dimensions,
presented in Fig. 2, L=L1+0.Soco (Dk-Dl)tg O(k, and Lgo - is the maximum
permissible relative deviation. \

For satifying inequality (1}) it is possible not to take the effect cdat
of the accelerations on the liquid metal of the contact into account, .

Fig. 2.The main geomctric dimensions
of a liquid-metal contact.

1 - the calculated level line: 2 - AT
the level line with a perturbing
effect.

-s + B . e A - ~ s - N
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As illustration of the obtainced calculational fcriavila thoe depon-
dence I=f(v), calculated on the basis of (10), for ~ecrtain valucs of

jk‘ is presented in Fig. 3. Curves were plotted for mercury (sclid lincs)

Fig. 3. The dependence of permis-
sible current in a liquid-metal
contact on its linear velocity.

KEY: 1 - m/ s.

and sodium-potassium alloy (broken lines) at ¢ temperature of 7=323° K,
rig. 4 shows the straight lines ax+ay—f(a ), calculated -~ccording to
(11), for threce values of ’? which defirne the zones ot normal opecra-
tion of the liquid-metal contact.

4/("'1_.
0g? 2,48, - l . Ri
%0 . .

e 120 - Fig. 4. Regions of permissible
1 axial and radial accelerations of
: "o - , a ligquid-metal contact device with
: D1=200 mm;
0 L=4mm; D, -D =2.32 mm, 50=o.14.
KEY: 1 - m/sz, 2 - 1/s.

1107 a/cen?
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Lppendaryx,  According to the deterrination of the complete differ-
crrrot el the LoLlar facid of the anertia) forces
Ofy oy Ope
dpe = o dx 4 v dy + -, - dr. (P-1)
For tne free surface p, 1s ¢gual to the pregsure of the ambient atmoe- *

Lhere py =p, =const and dp, =0, thus on the basis of (7) and (12)

f.,d1+/.,dy+F..Jz-.».0‘ (P_Z)

In this casc taking the centripetal acceleration from (P-2) into

account we find
(Fx+a)de 4+ (Py +a,)dy +a,d: = 0. (pP-3)
Integrating (P-3), we obtain
%rﬂ+%?¢+mX+aw+ﬂJ—C’Q (p=-4)
wher2 C - the arbitrary constant of intcegration.
The corresponding (P-4) equation for increases in the ccordinates

of the point of the free sarfacce of the .iquid metal with disrcegarding

of the¢ magnitudes of the sccond order of smallness has the form

a, a, a,
-Mi*"5%+,.6f+3.5y+jrAz:0 (P~

(94
~

Let us introcduce relative maghitudes of the deviations

8y
ar |
— - Sy - .
da - A and ] by
where Vin Ay - the basce dimensions, dcetormined by the structure of

the contact dovice; Az, cqual to 3 lct us define as the given in-
creacs 1n the axial coordinat:, within thc !imits of which deviations

Ax \y are possible,

e e
- - - . e T " -~'~..-l'\' - LU ~-.-.
T e e A PR AR L SRR WSS
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Taking as x, y calculational coordinates Xor Yo of the cxanincd
point of the surface, and as their relative magnitudes the raximus

permissible deviations bxo, by.. or. the basis of (P-5) wc¢ can writ.

a, a
o Axdx, + T'F aydy, +

a
+7%An<xgxﬁn+ydhhr (P-6)

Inequality (P-6) is true for the calculational point with coor-
dinates Xgr Yoo which are connected functionally in such a way, that
the magnitude, standing on the right side of the inequality, varics
between their minimum and maximum values. Thus for the cntire set of

calculational points the following inequality is valid

ax a a
-pT Axedx, + ":“ Syelye + T: 4,

S (xe8190x¢ + yodvadyeduna,
(P-7)

where accelerations ags ay, a, are functions of the coordinates. Fron
(P-7) it is possible to find the maximum permissible values of these

accelerations, at which the inequality is still not disrupted,

Within the limits of rather small increases for any geomectric
shape of a contact it is possible to consider the surfacce of the liguid

metal cone-shaped; then in accordance with the designations of the

dimensions of the contact, shown in Fig. 2, we will assune

x?’ + yg == 0.?5D:'i

Xo == 0,.5D|; dxy = Ay, = 05Dy — Dy);
8z, = L =L, 4 |Dy — D, - 0,534 1D, — D)} 1g au.

Moreover, we will set Or,=dy=6,
Substituting these values in (P-7), we obtain inequality (11).

Conclusions. The conducted analysis makes it possible to deter-

mine the parameters of the electromagnetic loads, at which the ring of

10

»
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liquid mectal, formcd by the inertial loads, Jdocs not rove in the inter-
clectrode space, and the accclerations, whicn do not causc the arrey=
missible deviation of the free surface of th sigquid metal fror the

calculated.
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