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MAGNETOGASDYNAMIC MODEL OF CAPILLARY DISCHARGE
FROM EVAPORATING WALL

V. E. Okunev and G. S. Romanov UDC 533.9.07:533.95

The article describes the mathematical and physical models of heavy-current capil-
lary discharges. The results of numerical calculation of plasma flow in capillar-
ies are presented.

Capillary discharge from an evaporating wall (CDEW) is widely used in standard light
sources EV-45 [1] and "Impul's-5" [2] as source of plasma with controlled parameters. This
makes it possible to investigate the thermodynamic and optical characteristics of the plasma,
and also processes occurring in plasma jets, etc. The experimental study of CDEW is limited on
account of its specific features: a relatively cool, optically dense plasma shell adjacent to
the walls of the capillary prevents us from obtaining direct information on the parameters pre~
vailing in the hot region of the discharge near the axis. Yet this region may play a decisive
part in the overall energy balance and mass balance of the evaporated substance, especially
when radiant transfer is the dominant process of energy supply to the wall [3]. Another equal-
ly important circumstance stimulating interest in the theoretical investigation of CDEW is the
strong nonideality of plasma in capillaries that leads to plasma phase transformation [3].

Also of interest is the study of plasma with higher parameters than in the gasdynamic regime
of CDEW, induced and maintained by currents of heavy-current pulse discharge in the gas, the
intensity being ~10® A or more [4, 5].

Thus, working out a theoretical model of CDEW and preparing on its basis a program of
calculating the dynamics of the phenomenon makes it possible to reveal processes and parame-
ters that are inaccessible to direct experimental observations. This, in turn, makes it pos~-
sible to influence in a controlled manner the quantitative characteristics of CDEW.

Below we describe the physical and mathematical models of heavy-current capillary dis-
charges when the magnetic eigenfield of the discharge current is of high intensity, and the
magnetic pressure is comparable with the gas-kinetic pressure. We also present the results
of numerical calculations of radiative and gasdynamic processes occurring in capillary dis-
charges from the initial nonsteady-state phase up to the establishment of steady-state plasma
motion.

To describe plasma flow in the channel of a capillary discharge with heavy discharge cur-
rents, when magnetic pressure may not be neglected in comparison with the gas-kinetic pressure,
we use a system of magnetic and gasdynamic equations supplemented by Maxwell's equations of
the electromagnetic field [6]. To construct the model of the flow, we make some estimates.

The test of freezing of the magnetic field in the plasma is the magnetic Reynolds number Rey.
The characteristic parameters for the magnetic and gasdynamic (MGD) flow regime of plasma in
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a capillary are n = 5-10'“ sec™, L = 0.1 cm, W = 10® km/sec. Thus, Rey < 1, and therefore
in the first approximation we may neglect the term rot [WXH] in the equation of induction

aH
:%~::rot[\v><lﬂ —crotE.. The time of penetration of the magnetic field into the plasma (skin

time) for the characteristic parameters in the MGD regime of capillary discharge is 1y = L%/
Dy = 1077-107° sec, and the gasdynamic time is t = 107° sec. Thus the diffusion rate of the
magnetic field into the plasma is high compared with the gasdynamic speeds, the magnetic field
is able to follow the changes of the gasdynamic parameters of plasma flow, and at any instant
it may be considered in steady state.

In magnetic gasdynamics it may be assumed that the dielectric and magnetic permeabilities
are equal to unity. Under the conditions of capillary discharge the electric conductivity of
the plasma 1s fairly high, and the characteristic time is 1 usec, the displacement current
may therefore be neglected in comparison with the conduction current. Hence follows that for
winding the magnetic field intensity in the first approximation it suffices to use the equa-

. 4o,
tion rof H== —j. In addition to that we assume that the medium is quasineutral, i.e., the to-
c

tal electric charge in any elementary volume is equal to zero.

In the general case conductivity is a tensor characteristic. In magnetized plasma, con-
ductivity and also other transfer coefficients become anisotropic. For nonmagnetized plasma,
conductivity may be described by a scalar magnitude that does not depend on the magnetic field
intensity. The criterion characterizing magnetization is the product of the cyclotron frequen-
cy wo of the rotation of a charged particle in the magnetic field and 1., the mean pulse trans-
fer time upon interaction of the charged particles. According to estimates in the MGD regime
of a capillary discharge, w.t. < 1. This condition of nonmagnetization may be infringed only

c e
in the near-wall layer where the temperature greatly drops.

Thus, the plasma in the capillary discharge channel may be considered nonmagnetized, the
magnetic field is not frozen in, and it penetrates freely into the plasma.

In the present work we take it that the magnetic field has only one nonzero azimuthal
component: H, = o, H, = 0, Hy = H; the electric field also has only one nonzero component:
E. =0, Eo +0, E, = E = const, and the discharge current flows in the direction of the z
axis. Thus the volumetric ponderomotoric force of the electric field acts on the plasma only
in the radial direction.

Taking into account the estimates and assumptions made above, we may write the system of
differential equations describing the magnetic and gasdynamic regime of plasma flow in a cap-
illary discharge in the fcllowing manner:

Jp . o(pW.) . oP
P diveW) =0, —2%2 4 div (W, W)= — —,
P + div (p W) y F div (oW, W) 5
SOV | iy ew,wy = — 02 H 9 op
ot or 4nr  Or
13 1)
jz= () =n (£ + W, H),
dor  Or
9 _ . 2 HW, 0 .
ET@Q+mNmWHAWWWhD%—-%rErwﬂ—mvS

This system of differential equations is written in dimensionless form, and the following
characteristic units of measuring magnitudes in the transition to the dimensionless form were
used: p, = 10 kg/m®, W, = 1 km/sec, P, = 10 MPa, r, = 107% m, H, = 7.96:10° A/m, J, = 10°
A/cm®, E, = 107" V/em, n, = 10° S/m, e, = 1 MI/kg, S, = 10 GW/m*.

The systems of difference equations corresponding to the differential equations (1) is
solved by the method of "large particles™ [7]. Heating and evaporation of the capillary sur-~
face under the effect of an incident radiant energy flux are described by a method explained
in [8]. In the case of cylindrical geometry the equation of radiation transport has the fol-
lowing form [9]:
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= n(l,—1).

-‘/m*z-(coscp ol ~_-wSlﬂ(P ol )+M ol

or r Jo 0z

We will examine radiation transport along each axis independently of each other. Thus,
along the radius we have the equation

dl’ _ sing  dI'
dr r do

Vl—.-’pz_(cosw ):x(19~1’),

and along the z axis which coincides with the axis of the capillary:

<z

3

i =u(l,— ).
The condition of distribution of the radiation 1s taken into account in the forward-backward
approximation [10]. If we integrate these equations with respect to an element of the solid

angle dQ = dudg and introduce the one-sided intensities of radiation Ii 9 and Ii 9 along each
2 s

axis, we obtain two systems of differential equations. For the radial direction

ds— 15) I — 15 rogr
Idr 2 (lr )=2%[219——(11+12)],
ddi—1I; T
—-——]d-r—z)__xv—‘?n(ll"']?)’
and for the axial direction
d(li — 15 : 2
___g_Ld_z__)_=2u[2lp—(11——12)],
d(ffi+ L z z
__Li§2*=wauh—by

1f we solve this system by the method of matching [11] with the boundary conditions: I£=
0 on the surface of the capillary and on the gas—vacuum interface, I: = I§ for r = 0, 12 =0
on the gas—vacuum interface, 12 = 1% for z = 0, we obtain the radiant fluxes in each cell of
the calculation grid.

Flow in the capillary was calculated by the above-explained method. The radius of the
capillary ro was taken equal to ro = 1.5:107% m, the length L = 3:107® m. The dimensions of
the calculation grid were Ar = 107* m and Az = 107 m. For evaluating the accuracy of the
calculations we carried out test calculations with steps in space one-third and one-half small-
er. The relative change of the principal flow parameters did not exceed 107, which indicates
that the accuracy of the calculations is acceptable. In the examined variant of the calcula-
tion the plasma was able to flow out freely into the surrounding space. The thermodynamic and
optical parameters of the plasma in the capillary and of the vapors of the wall were taken to
be equal, and they corresponded to carbon plasma [12].

At the initial instant the plasma pressure in the capillary was Py = 7.5 MPa, density
og = 1 kg/m®, and temperature Ty = 0.91 eV. 1In the outer region pressure was Pﬁu = 0.1 MPa,

density p§" = 1 kg/m®, and temperature T{" =0.026 eV. The temperature of the capillary sur-
face at the initial instant was also taken to be equal to T = 0.026 eV. The electric conduc-
tivity of the carbon plasma n was specified according to the tables of [13].

In the described variant of the calculation the electric field intensity E was assumed to
be constant and equal to 0.3162 MV/m. The count was carried out up to the instant correspond-
ing to the steady-state phase of plasma flow. At first the gas is being heated in the capil-
lary, and in consequence of the energy transport by radiation to the pipe wall, a parabolic
temperature profile along the radius forms in it. The radiant energy flux, acting on the wall,
heats the surface layer of the capillary, and then causes its evaporation. The beginning of
this process is associated with the energy absorbed by the surface of the capillary. 1In the
case under examination, evaporation began at the instant t = 0.2 usec, at the same time the
temperature of the surface layer of the capillary was T = 0.5 eV, and the radiant flux of the
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Fig. 1. Distribution of pressure (1), temperature (2), density (3), of
the axial velocity component (4) along the z axis: 1', 2', 3'") distri-
bution of the same magnitudes along the z axis not taking the volumetric
electromagnetic force into account.

Fig. 2. Distribution of pressure (1), temperature (2), density (3), mag-
netic pressure (4) in the middle section along the radius: 1', 2', 3'")
distributions of the same magnitudes without taking the volumetric elec-
tromagnetic force into account.

radiation attained its maximum values ~0.22 TW/m?. Then, in consequence of ablation and the
formation of a relatively cool layer of evaporated substance of the wall screening the sur-
face, the flux of radiant energy somewhat diminishes and assumes a steady-state value.

Figure 1 shows the distributions of pressure P (10 MPa), temperature T (eV), density o
(0.1 kg/m®), and of the axial velocity component W, (1 km/sec) along the axis of the capil-
lary. The pressure decreases monotonically toward the edge of the capillary from 0.17 to
0.135 GPa, the axial velocity component increases linearly from zero in the plane of symmetry
to 11.8 km/sec at the edge, the temperature decreases from 9.47 to 8.35 eV at the edge. For
the sake of comparison, the same figure also shows the distribution of the flow parameters
(pressure P', density o', and temperature T') along the axis of the capillary for the same
variant but without taking into account the effect of the electromagnetic field.

Figure 2 shows the distributions of the flow parameters along the radius for thé middle
section. Here, Py is the magnetic pressure. The dashed lines show the pressure, demnsity,
and temperature without the effect of the electromagnetic field taken into account.

Figure 3 also shows the distribution of pressure, density, temperature, velocity W,, mag-
netic field intensity H (7.96-10° A/m), magnetic pressure Py, of the radial velocity component
Wy, of the electric conductivity of the plasma n (10° Q/m) along the radius at the edge of the
capillary.

Figure 4 presents the dependences of the density of the radiant flux incident on the sur-
face of the capillary § (10 GW/m®), of the mass of evaporated substance Meyp (2.107% kg), of
the mass of plasma in the capillary my (2:107° kg), and of the energy liberated by the Joulean
source Qgo, (20 J) on the time. It should be noted that the evaporation rate assumes its
steady-state value soon after the onset of evaporation.

Thus, from the presented figures a fairly complete notion of the flow pattern and of the
spatial distribution of the parameters in the steady-state phase of plasma motion in a capil-
lary in the MGD regime may be obtained.

It follows from what has been explained that the chosen model of the phenomenon presents
its qualitative and quantitative regularities. The model includes the processes of energy in-
take by ohmic heating of the plasma contained in the capillary, radiant heat exchange of the
plasma with the wall, heating and evaporation in consequence of this, taking account of the
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Fig. 3. Distribution of pressure (1), temperature (2), density (3), of
the axial velocity component (4), of the radial velocity component (5),
of the magnetic field intensity (6), of the magnetic pressure (7), and
of the electric conductivity of the plasma (8) at the edge of the capil-
lary along the radius.

Fig. 4. Dependence of the plasma mass in the capillary (1), of the evap-
orated mass (2), of the energy liberated by the Joulean source (3), of
the density of the radiant energy flux incident on the surface of the
capillary (4) on the time 1, usec.

volumetric electromagnetic force under the conditions of heavy-current discharge, non-steady-
state gasdynamic processes in the capillary and outside it, and it describes both the initiail,
non-steady-state phase of plasma motion and the phase of steady-state flow arising as a result
of the stabilization of the radiant heat fluxes at the wall and correspondingly of the mass
flow of erosive plasma.

NOTATION

Rey = WL/DH, magnetic Reynolds number; Dy = ¢?/4 7n, diffusion coefficient of the magnetic
field; W={w,, Wy Wit s speed; L, characteristic dimension; ¢, speed of light; n, electric con-
ductivity of plasma; H={H. H, H.}, magnetic field intensity; E={E, E,, E}, electric field in-
tensity; i={i~ 1./} , electric current density; p, density; P, pressure; ¢, specific full emergy
(without the energy of the magnetic field taken into account; S, density of radiant energy
flux; *, symbol denoting characteristic dimensional magnitudes; 1, cosine of the angle between
the z axis and the direction of the light beam; ¢, angle between the radius drawn to the ex~
amined point and the projection of the beam onto the plane perpendicular to the z axis; I, in-
tegral intensity of the radiation (over the spectrum); Ip, integral intensity of equilibrium
radiation; k, absorption coefficient averaged according to Planck; 1%, Iz, intensity of radia~

tion along the r axis and z axis, respectively; If,z, If’z, mean one-sided intensities of ra-
diation.
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HYDRODYNAMIC ASPECT OF THE EFFECT OF THE THERMOPHYSICAL
PROPERTIES OF THE HEATER ON THE CRITICAL HEAT FLUX IN
BULK POOL BOILING OF HELIUM

M. 0. Lutset and L. P. Fomakina UDC 536.423.1:536.483

The article examines the hydrodynamic aspect of the effect of the thermophysical
properties of the heater on the critical heat flux in pool boiling of helium.

The recently begun promising utilization of superconductivity stimulated interest in pro-
cesses of heat exchange in cryogenic liquids near critical bulk boiling. Several authors [1-
4] draw attention to the distinct influence of the thermophysical properties of the heater on
the first critical heat flux. Sometimes the assumption is expressed that it is impossible to
take this phenomenon into account within the framework of the hydrodynamic theory (e.g., [4]).
We want to point out that the attempt of Grigor'ev et al. [4] to take into account the effect
of the properties of the heater material on the first critical heat flux leads to the known
formula of the hydrodynamic theory, and all the corrections connected with the properties of
the material vanish if the exact solution is used instead of the interpolation formula (7)
from the article by Grigor'ev et al. [4].

Below we present a physical model of the effect of the thermophysical properties of the
heater on the maximum critical heat flux in boiling of helium, corresponding to the hydrody-
namic nature of the crisis.

The hydrodynamic hypothesis explains the first critical heat flux density by infringement
of the structure of the two-phase layer near the heater, and its rearrangement [5]. Here we
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