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A NUMERICAL MAGNETOHYDRODYNAMIC SIMULATION OF
MAGNETIC FLUX COMPRESSION-PLANAR GEOMETRY

L. L. Altgilbers, S.T.Wu, Y.C. Xiao
(Ceuter for Space Plasma and Aerouomic Research and Departwent of Mechanical Engineering
The Uniwersity of Alabama w Hunisville . Huntsville , Alabama 35899 ,U. S. A.)

ABSTRACT In this paper, a numerical model to simulate the magnetocumulative
generators is proposed. This model] is based on the fundamental theory of magnetohy-
drodynamics. A newly developed multidimensional time — dependent MHD code was
presented and some preliminary numerical results were given.

KEY WORDS magnetic flux compression, numerical simulation

I. INTRODUCTION

Magnetocumulative Generators (MCGs) are explosive devices that have been used to gener-
ate extremely high magnetic fields (hundreds of megagauss) and as prime power sources that gen-
erate hundreds of megajoules of energy and megaamps of current. As pointed out by Chernyshev
et al. 7, when the MCG is used as a prime power supply for certain applications,it may be neces-
sary to generate megaamp current pulses with risetimes on the order of a microsecond. However,
the typical cnd-burn type of MCG generates current pulses with risetimes of hundreds of mi-
croseconds. Various schemes have been developed for shortening the risetime of these generators to
include the introduction of explosive opening switches and pulse forming networks. In 1978,
Pavlovskii et al. (2] proposed an axial initiation scheme for detonating the MCG, which would
shorten the risetime of the generator,thus reducing the requirements on the external circuitry.

In this study we used a numerical model to examine the physics associated with both the end
—burn and axial type generators. This model is based on the fundamental theory of magnetohy-
drodynamics (MHD). The numerical technique used for this study is the newly developed Semi-
Implicit-Non-Iterative-Lagrangian (SINIL) scheme.

I . THEORY

In order to simulate the end-burn and axial initiated MCGs. we have employed a two-di-
mensional planar geometry for this study and we assumed that an initial magnetic field is embed-
ded in a uniform plasma. We assumed that one boundary (z=L) was held stationary and that a
pressure pulse was applied on the opposite boundary (z=0). To simulate the end-burn genera-
tor, a pressure pulse was applied at the base of the left boundary, as shown in Figure la, and al-
lowed to move up the boundary with a velocity .. For [he axial type generator, the pressure
pulse was applied uniformily along the length of the left boundary as shown in Figure Ib.

There is no plasma nor magnetic field outside the domain. While this physical description
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does not accurately describe the actual operating conditions inside an MCG . it should provide us a
simple case with which to test the code rhat has been developed.
The governing equations are the ideal MHD equations, which (in Gaussian units) can be ex-

pressed as follows

Continuity
Dp .=
D1 + pV e =10 ()
Momentum
Dv f - - ,
p-I-)T———-VP-i-E(VXB)XB (2)
Energy
D p.,
oY ;;) =0 (3)
Induction
(’_)‘ . —_
=V XGXB 0
V eB=0 (5)
Equation of State
- PP
T = ks (6)
where
D ad -
Bz = 5 + vV

p.p,T.?)'.B.TJ,R , and y are density, pressure, temperature, velocity, magnetic induc-
tion, mean atomic mass, ideal gas constant. and ratio of specific heats respectively. We have ne-
glected dissipative effects such as diffusion and thermal conduction, as well as external forces oth-

er than those of electromagnetic origin (i. e. , gravity).

X e | v
Fixed : Fixed
{ boundary — Ap ‘ ™ boundary
I B, ‘ B,
—
Apr—
x=0 x= 1L =10 =1
a. End burn type of MCG b. Axial-initiated MCG

Figure 1. pressure pulse applied to surface of plasma permeated with Dq.
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K. METHOD OF APPROACH

The MHD equations are coupled nonlinear partial differential equations, which are very
complicated to solve. Therefore, a newly developed numerical scheme(*! is employed for this in-
vestigation. The numerical model is a time-dependent, nonlinear two-dimensional MHD model
that incorporated gravitational and radiative losses. The corresponding numerical code is based on
the newly developed SINIL scheme. The MHD equations are decretized on a Lagrangian grid, us-
ing the control-volume method. The gas dynamic properties are solved explicitly, and the mag-
netic field is solved implicitly without using numerical iterations. The numerical code can self-
consistently simulate the interaction between the plasma fluids on both sides of an interface, in ei-
ther cartesian or cylindrical coordinates and for any value of # (from as small as 10™* to as large
as oo), where f is the ratio of the gas pressure to the magnetic pressure. Comparison with ana-
lytic results reveals that numerical errors are less than 0. 5%.

To facilitate the implementation of the numerical scheme, the MHD equations have been
rewritten in the following format,

Dp

Do yv.3 Q)
%E —— 1V [+ 1+ 1V - E%J ®
> Z1=0 )

%§=(E- V)% — B(V + ) (10)
V.B=0 (11

T=ﬁ—£ (12)

Where [ is the unit tensor.

The numerical model was designed so as to give it the ability ;

(a) to trace interfaces.

(b) to resolve self-consistently the interactions between internal (magnetized) and external
(field-free) media.

(c) to study small § problems.

(d) to conserve energy.

(e) to handle small perturbations.

The numerical code was designed for a two - dimensional ( z , = ) planar problem , in which
3/3y= 0 and the y—components of all the variables were assumed to be zero (e. g. , v,= B,=
0). A Lagrangian computation grid was used. That is, the plasma is covered by a mesh of com-
putational cells whose vertices move with the fluid . In this way, the fluid elemeu. in the interior

of a cell always remains in that cell and the fluid boundaries always move with the cell bound-
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aries. A sample computational mesh is shown in Figure 2a and the variables in an individual com-
putational cell are shown in Figure 2b. A position vector and a velocity vector are assigned to
each vertex, and values of the magnetic field, gas pressure, density, and temperature are as-
sighed to each cell.

The boundaries in a numerical computation may be classified into two catagories{‘); i.e. ,
physical boundaries and computational boundaries. The physical boundaries arise solely for physi-
cal reasons, while computational boundaries are boundaries imposed to limit the size of the com-
putational domain. The boundaries for this problem are identified in Figure 3. The boundaries are

300 X 300 cm.

The computational flow diagram is presented in Figure 4. The computations were performed
on a VAX8530.

o T
0 x o X
a. Sample grid points and b. Variables ir .«l] 72"
computational cells
Figure 2 Computational mesh
= Numerical )
boundary Vertice of cell
Cell boundary
sic
bouyn::: Physical
y boundary
[
Compulational cell
0 Numerical x
boundary

Figure 3 Boundaries of computational cell
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Set initial state

Introduce
perturbations Specify boundary
conditions
Calculate fluid |
velocity v |
T
I
Catculate grid
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Calculate cell Calculate magnetic
volume vol induction 8
Calculate fluid
properties p.p, T
|
|
QOutput
Advance to ||

new time step

‘ Stop ,

Figure 4 Computational flow diagram!(*]

V. NUMERICAL RESULTS

To obtain the numerical solution for the set of time—dependent nonlinear partial differential
equations (i.e. , Equation (7)~(12)), we have to establish the initial conditions. These condi-

tions must satisfy the governing equations. These initial conditions are;

(a)the magnetic field is a potentiatl field configuration (i. e. , current free ¥V XE=0). The
initial numerical values for the magnetic field strengths are B,=B,=0 and B,=B,=10%, 10*, and
10° Gauss (corresponding to Betas of 25.13, 0. 2513 and 2. 513 X 1073, respectively)

(b) there is no plasma motion initially.

(c¢) the initial pressure is p;=10°Pa.

(d) the initial density is pp= 1. 3 X107 *g/cm®.
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(e) the initial temperature is Ty= 300°K.

After these initial conditions have been established, a pressure pulse is exerted on the left
boundary as shown in Figure 1. This pressure pulse generated a velocity in the x —direction of 100
cm/s. For the case of the end —burn type of MCG, the disturbance propagates up the left bound-
ary with speeds of 10°%cm/s and 10° em/s. For the case of the axial type MCG (»v,=o2), the dis-
turbance propagates uniformily outward along the length of the wall. The maximum and average
current, magnetic energy ., electric energy , magnetic field (B.), magnetic field ratio ((B,— B.,)/
B.) . pressure ratio ((p— po)/po), density ratio ((p— py)/ ). temperature ratio ((T—7To)/
Ty). and velocity components in the x — and z— direction are calculated for various values of
By, v., and times after initiation (¢=360. 3400, and 8000 us). These results are summarized in
Tables 1 and 2.

Based upon the data presented in Tables | and 2, the following general conculsions are pro-
posed ;

(a) As the velocity of the disturbances (r.) decreases at some time ¢;°

(i)the total current generated tends to decrease slightly for both types of generators.

(ii)the peak current density increases for the axial generator. but remains fairly constant for
the end-burn generator.

(iii )the total energy generated tends to decrease slowly for both types of generators, while
the peak energy tends to increase for the axial generator but remains constant in the end-burn
types of generator.

(iv)the average and peak axial magnetic fields (B,) tend to decrease in the axial generator,
but remain fairly constant in the end-burn type of generator.

(b) As the initial magnetic field (By) decreases at some time {.

(i) the total curregt decreases for both types of generators. while the peak current density
increases for the axial generator, but remains fairly constant for the end-burn type of generators.

(ii) the total energy generated tends to decrease, while the peak energy increases for the
axial generator, but remains fairly constant for the end burn-type generators.

(iii) the average total axial magnetic field tends to decrease, while the peak axial magnetic
field increases for the axial generator but remains fairly constant for the end-type generator.

(c) The ratio of the thermal energy to magnetic energy increases as B; decreases and as f
increases.

Figures 5 and 6 and plots of the magnetic energy and current density in the r,2 plane 360 ps
after applying the pressure pulse for various values of the initial magnetic field and the velocity of
the disturbance (».) along the left wall of the control volume. From these diagrams the following
observations can be made.

(a) As the initial magnetic field decreases the rise time of the generated pulse increases, but

the speed at which the pulse propagates into the plasma decreases . This latter obsetvation is
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expected since the magnetosonic (or fast) velocity is directly proportional 1o the initial magnetic
field stength.

(b) The current and magnetic energy generated are very sensitive to the value of the ratio of
0./ vy (Where v, is the magnetosonic velocity) especially when »,/v..<<1.

(c) The axial generator provides for uniform compression of the initial magnetic field.
V. CONCLUSION

In fhis study, a newly developed multi-dimensional time-dependent MHD code using the
SINIL scheme was presented with some preliminary numerical results for the modelling of plasma
motions in a planar geometry for end-burn and axial-burn type MCG’ s. From these preliminary
results,it is shown that the numerical scheme employed is reasonably stable and that it has the a-
bility to -handle extremely low f—plasma problems.

The calculations show that axial initiation does result in a faster risetime as suggested by
Pavlovskii et al. [2J, It is also apparent that the axially — initiated generator provides for a uniform
compression of the magnetic field and generation of energy , which may result in simplifying MCG
designs. Future studies will involve looking at cylindrical designs and incorporating such nonlin-

ear effects as magnetic field diffusion into the walls of the MCG.
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