AD=A0B83 393  NAVAL RESEARCH LAB WASHMINGTON D F/6 &
NOM.!NEAR EQUATORIAL SPREAD F: SPAT[ALLY LARGE BUBBLES RESULT!N-ETC(U)
FEB 80 S T ZALESAK: S L O0SSAKOW
UNCLASSIFIED NRL=MR=-4154% SBIE~AD-E000 391

1or |
A3




el

=M
"m T =
=

llLE
JlL2s ||||| e

4

. . .
MICROCOPY RESOLUTION TEST CHART
NATIONAL BURLAU OF STANDARDS 1%3{1

RN ) - i “‘ 3




Kk, ““‘t‘q’“‘"ﬁ'ﬂ'-ki‘aw oy

i y
Sk

e RS

e iy

LEVEL AV-€00037
A) NRL Memorandum Report 4154

Nonlinear Equatorial Spread F: Spatially Large
Bubbles Resulting from Large Horizontal Scale
Initial Perturbations o

S. T. ZaLEsaKk AND S. L. Ossaxow

Geophysical and Plasma Dynamics Branch
Plasma Physics Division

February 6, 1980 DTlc

ELECTE
APR 2 4 1380

This research was sponsored partially by the Defense Nuclear Agency under Subtask S99QAXHC041,
work unit 21 and work unit title Plasma Stmcture Evolution; and partially by the Office of Naval

ADAO83393

Research.
~g
CJ‘ NAVAL RESEARCH LABORATORY
Washington, D.C.
g
pr=__J
\—ﬁ-‘. Approved for public relesse; distribution -dld3|ei 3 1 7
= - o

o PO M RPN S, 2Rt AT



SECURITY CLASSIFICATION OF TiIS PAGE (When Dete Entered)
REPORT DOCUMENTATION PAGE BEF O P T ONS M

. REPORT NUMBER 2. GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER

NRL Memorandum Report 4154
4. TITLE (and Subtitle) S. YYPE QF REPORT & PERIOD COVERED

NONLINEAR EQUATQRIAL SPREAD F: SPATIALLY Interim report on a continuing

LARGE BUBBLES RESULTING FROM LARGE NRL problem.

HORIZONTAL SCALE INITIAL PERTURBATIONS €. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(s) 8. CONTRACY OR GRANT NUMBER(s)

S. T. Zalesak and S. L. Ossakow

9. PERFORMING ORGANIZATION NAME AND ,Eonzss 10. PROGRAM ELEMENT. PROJECT, TASK
AREA & WORK UNIT NUMBERS
Naval Research Laboratory NRL Problems 67-0889-0-0
Washington, DC 20375 and 67-0883-0-0
DNA Subtask S990AXHCO41
11. CONTROLLING OFFICE NAME ANO ADDRESS 12. REPQAT DATE
Defense Nuclear Agency, Washington, DC 20305 and February 6, 1980
Office of Naval Research, Arlington, VA 22217 13. NUMBER OF PAGES
44
4. MONITORING AGENCY NAME & ADDRESS(/( different lrom Controlling Otfice) | V5. SECURITY CLASS. (of thie report)
UNCLASSIFIED

1Sa. DECL ASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of thia Report)

Approved for public release; distribution unlimited.

7. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, If diiferent from Report)

8. SUPPLEMENTARY NOTES
This research was sponsored partially by the Defense Nuclear Agency under Subtask S99QAXHCO41, !
work unit 21 and work unit title Plasma Structure Evolution; and partially by the Office of Naval
Research.

19. KEY WORDS (Continue on reverse side If sary and ity by bdblock ) E
Nonlinear equatorial spread F
Spatially large bubbles
Collisional Rayleigh-Taylor regime
Numerical simulations

20. ABSTRACT (Continus on reveres elde I sry and id: fy by block ber)

Motivated by the observations of large horizontal scale length equatorial spread F “bubbles”, ;
we have performed numerical simulations of the nonlinear evolution of the collisional Rayleigh-
Taylor instability in the nighttime equatorial ionosphere, using large horizontal scale length initial
perturbations. The calculations were performed using a new, improved numerical code which
utilizes the recently developed, fully multidimensional flux-corrected transport (FCT) techniques.
We find that large horizontal scale initial perturbations evolve nonlinearly into equally large hori-

zontal scale spread F bubbles, on a time scale as fast as that of the corresponding small horizontal
% }

DD ,"5%%; 1473  eoiTion oF 1 NOV 68 13 ORsOLETE i
S/N 0102-014- 6601

i SECURITY CLASSIFICATION OF THIS PAGE (When Dete Bntered)

L -
R 4o oy o




SECURITY CLASSIFICATION OF Tuils PAGE (When Dete Entered)

. 20. Abstract (Continued)

scale length perturbations previously used. Further, we find the level of plasma depletion inside the
large scale bubbles to be appreciably higher than that of the smaller scale bubbles, approaching 100%,
in substantial agreement with the observations. This level of depletion is due to the fact that the
plasma comprising the large scale bubbles has its origin at much lower altitudes than that comprising
the smaller scale bubbles. Analysis of the polarization electric fields produced by the vertically

aligned ionospheric irregularities show this effect to be due to fringe fields similar in structure to
those produced at the edge of a parallel plate capacitor.

|

zs

i

{
| !
?’ 1
-. a

i

SECURITY CLASSIFICATION OF THIS PAGE!When Dors Entered)




1I.

1L
Iv.

CONTENTS
INTRODUCTION ... .. iiiiiiiiiiiniiiinininneanannennns 1
THEORY ...ttt ier et iat it cnannennenns 3
NUMERICAL SIMULATION RESULTS AND DISCUSSION . ......... 6
SUMMARY Lottt ittt ittt it et st aesas et nacenan 13
APPENDIX ... ittt ittt ittt ettt 15
ACKNOWLEDGMENT ..., .. .iiiiiiiiitieineirnnenennssns 19
REFERENCES .. ... .. ..t iiiiiiiiiiiininnenennens 20
DISTRIBUTION LIST ... .t iitiiiinieneinetarcnonnasnssons 34
ACCESSION for
NTIS White Section
bde Buff Sectica )
UNANNOUNCED o
D I lc JUSTIFICATION
ELECTE
BY
APR 2 4 1980 DISTRIBUTION/AVALABLITY Cunes
Dist. AVAIL _and/or SPECIAL

jii




I. INTRODUCTION

Our previous numerical simulations of the nonlinear evolution of
the collisional Rayleigh-Taylor instability in the nighttime equatorial
ionosphere (spread F) were confined to small (~ 3km) horizontal scale
length initial perturbations and hence to fuirly developed spread F
"bubbles" of approximately the same size in horizontal extent [Scannapieco
and Ossakow, 1976; Ossakow et al., 1979], although spatially large

vertically. However, observations by McClure et al [1977] also indi-

cate ionospheric ion density "biteouts'" of much larger horizontal extent

(10 - > 200 km) and greater intensity (ion density depletions up to

three orders of magnitude) than indicated by our small scale simulations.
Therefore, we have extended our previous calculations and have performed

a series of numerical simulations using much larger horizontal length scales

N\
(~ 75km) for our initial perturbations. These seed long wavelength

perturbations, for example, could be due to neutral atmosphere gravity
wave effects [Rottger, 1976; Klostermeyer, 1978; Booker, 1979]. At
the same time we have made very substantial improvements in the nu-
merical techniques used to perform the simulations, including the
utilization of the recently developed fully multidimensional flux-
corrected transport (FCT) techniques of Zalesak [1979] . The results
of our simulations indicate the following: ]
1) 1large horizontal scale length initial perturbations evolve
nonlinearly into large horizontal scale length equatorial
spread F "bubbles;"

2) these bubbles evolve on approximately the same time scale

as do their smaller horizontal scale length counterparts;

Note: Manuscript submitted December 4, 1979,




3) the plasma comprising these bubbles has its origin at much
lower altitudes than that of the smaller horizontal scale
length bubbles, resulting in plasma density depletions of
very close to 100%.

This last result is due to the fact that the polarization fields
produced by ionospheric irregularities, aligned vertically, possess a
fringe field component whose vertical extent is proportional to the
horizontal extent of the irregularities producing the field. This is
quite similar in origin to the fringe field produced at the edge of
a parallel plate capacitor. Since the vertical extent of this fringe
field determines the minimum altitude from which the rising bubble can
draw plasma, it is not surprising that larger horizontal scale bubbles
are more severely depleted. 1In Section II we give a brief review of the
relevant theory, and of the basic equations used in our simulations.
Section III contains the numerical simulations and a physical inter-
pretation of the results is given. Section IV contains a summary, and
in the appendix we describe briefly the numerical techniques used in our
present computer code, emphasizing the differences between the present

code and our previous one.




" - ' II. THEORY 1
o The geometry of the physical problem we are modeling is the same

as in Ossakow et al. [1979]. All our simulations are carried out in

- a two dimensional (x,y) coordinate system. The constant magnetic field
1 -

X ) B is aligned along the Z axis (pointing north). Gravity is directed
along the negative ; axis., Since our equations are two dimensional,
n(y), VR(y), and vin(y) are taken to be representative values of the
ambient electron density, recombination coefficient, and ion-neutral
2 collision frequency (the result of integrating these quantities along

magnetic field lines and dividing by a normalizing scale length). Mag-

netic field lines are assumed to terminate at both ends in an electrically
insulated medium (currents must close in the two dimensional plane, not

in some distant E region).

A

Following Ossakow et al. [1979], we describe the system with the

two-fluid plasma continuity and momentum equations:

ey o
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where the subscript o denotes the species (i for ions, e for electrons),

n is the species number density, v is velocity, VR is the recombination

coefficient, E is the electric field, g is the gravitational acceleration,

q is the species charge, van is the species collision frequency with the
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. neutral atmosphere, En is the neutral wind velocity, c¢ is the speed

-t of light, and m is the species mass.

Note that, in contrast to Ossakow et al [1979], we have dropped

the term + anao from (1). This is the equivalent of dropping the
assumption of the existence of an ionization source given by that
term. This ionization source was such that the ambient ionization

profile nao(y) was an equilibrium profile (anaolat = 0). Our present

model therefore has instead

Qo _ _
ot anao (3

TP AT, T T
niand o

Hence, when normalized results na(x,y)/nao(y) are later presented,

il oAl

it should be understood that both the numerator and denominator are

time dependent.

Figure 1 shows the recombination rate vR and ion-neutral collision

frequency Vin used in our simulations. It shall be seen presently

that Ven need not be specified as long as it is much smaller than

the electron gyro frequency Qe. For details on the form of vin and

Vg as depicted in Figure 1, see Ossakow et al.[1979]. If we neglect

the inertial terms (the left-hand side) of (2) by assuming the inertial

time scales are much larger than either the gyro periods or the mean

time between collisions, then the equation can be inverted to give an
algebraic expressions for ga. In two-dimensional (x,y) geometry with
B along the z axis, the solution is for our problem, with me << mi ,

vm/ﬂi << 1, ven/Qe = 0 (where Qa = eB/qu), and !n = 0,
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We now make the electrostatic approximation,
E=v ¢ (6)

where v; = x(3/0x) + y(o8/dy),and the quasi-neutrality approximation

n ~~n =n. We then have
e i

v, -3 =0 )

) (8)

Substituting (4) and (5) into (8) and evaluating (7), we have for

the electrostatic potential:

on

(vinn) -B 8 > &)

c
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As in Ossakow et al. [1979] we set ¢ = ¢° + ¢l where v*¢° =

- (mig/e) y. Since vi ¢o = 0, our final potential equation becomes

= .Bg on
v;'(vin n v;¢l) c 3 (10)




The effect of ¢o is merely to superimpose a bulk westward plasma
velocity g/ﬂi on the electron velocity field determined from ¢1,
without affecting the morphology of the developing structures.
Hence, we ignore this motion.

Our assumption of quasi-neutrality has made one of our two
continuity equations (1) redundant. We therefore choose the electron

equation for its simplicity:

o ' %
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II1I. NUMERICAL SIMULATION RESULTS AND DISCUSSION
Equations (10) and (11), together with appropriate boundary
conditions, constitute the nonlinear system of equations we shall solve

numerically. Note that in contrast to Ossakow et al. [1979], we

have chosen not to put the equations into a normalized form by dividing
through by no(y). The numerical techniques used to solve these equa-
tions are discussed in the appendix.

The numerical calculations to be presented were performed on
a two-dimensional cartesian (x,y) mesh using 42 points in the x (east-
west) direction, and 142 points in the y (vertical)direction. The
(uniform) grid spacing was 2km in the y direction for all calcu-
lations. The grid spacing in the x direction was 200m in the "small"
horizontal scale length cases and 5km in the 'large" cases, The
bottom of the grid corresponds to 252km altitude and the top of the

grid to 534km altitude in all simulations. Periodic boundary con-
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ditions were imposed on both n and ¢1 in the x~direction. 1In the y
direction transmittive boundary conditions were imposed on n(cn/dy = 0)
and Neumann (5¢1/3y = 0) boundary conditions were imposed on ¢y

Three kinds of plots will be presented: (1) contours of con-
stant n(x,y,t); (2) contours of constant n(x,y,t)/no(y,t); and (3) con-
tours of constant electrostatic potential ¢1. Superimposed on each
contour plot is a dashed line depicting no(y,t) for reference purposes,
Our no(y,o) profile is such that the F2 peak is located at 434km alti-
tude, and the minimum electron demnsity scale length L = no(anolay)_l
is 10km. The simulations are all identical except for the east-west
grid spacing Ax and the form of the initial perturbation. Two kinds

of initial perturbations were used:

n(x,y,0)
( no(y,O)

-3 X
l -e " cos (EZ;) , O Slxls 8AX

. n(x,y,00 _, _ 31 ux_\ _
Perturbation A: < no(y,O) 1 e 2 cos BAx 1 N

8 Ax s]xls 164ax

\ 0y , x| > 16 ax

no(y,o)
12)
. n(x,y,0) e 1 a3 nx
Perturbation B: no(y,O) 1l -e ~ cos 200% (13)
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Perturbation A is exactly the form used in Ossakow et al. [1979],

and perturbation B is a pure sine wave of wavelength 40 Ax (our system
}“ length in the x direction). Both represent maximum initial pertur-
bation amplitudes of approximately 5%. Four simulations have been run:
(i) 1S-Perturbation A with Ax = 200m; (ii) 1L-Perturbation A with

Ax = Skm; (iii) 2S-Perturbation B with Ax = 200 m; and (iv) 2L-Per-
turbation B with Ax = 5km. Calculation 1S above is identical to

ESF III of Ossakow et al. [1979]. The "large'" versus "small"

comparison obviously involves comparing calculation 1S to calculation

1L, and calculation 2S to calculation 2L. One notes that for the
minimum L & 10km in our simulation, kL > 1 for the 1S and 2S cases
and kL < 1 for the 1L and 2L cases.

Figure 2 shows isodensity contours of calculation 1§ at times

300, 700, 1000, and 1200 seconds after initialization. Figure 3 shows

the same contours at the same times but for calculation 1L. The
presence of much lower density fluid in the bubble in calculation 1L

is obvious. Also obvious is a basic difference in the bubble mor-
phology at late times. At 1200 seconds, 1S has pinched off into two
bubbles, with the more intense one below the initial central bubble.

In addition, gnother bubble has formed in the sides of the calcu-
lation . These structures are more obvious in the plot of n(x,Y)/no(y)
at 1200 seconds for 1S shown in Fig. 4a. The maximum depletion levels
are 70% in the top central bubble,97% in the lower central bubble,

and 957 in the side bubble. Note that here and in all subsequent

plots of (n,x,z)/no(z) the contour plotting is such that the first
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(outer) depletion contour n/no is 0.5 and each succeeding inner
contour is 0.5 times the previous one. For example, the lower bubble
in Fig. 4a has five contours. The outermost would have n/n° = 0.50
(50% depletion), the next inner one n/n0 = 0.25 (75% depletion), the
second inner one n/no = 0.125 (87.5% depletion) and the innermost
n/no = 0.03 (97% depletion). For the enhancement contours (dashed
lines) the first outer contour is 2.0 and the succeeding inner ones
are 2.0 times the previous ones, In obtaining percentage enhance-
ments and depletions one then subtracts 1.0.

Calculation 1L, on the other hand, shows a single plume of
depleted ionization at 1200 seconds, with no secondary central
bubble and no side bubble. There also is no indication of a widen-
ing of the top of the bubble, as there is in 1S. 1In Fig. 4b we
show a plot of n(x,y)/no(y) for 1L at 1200 sec. The level of
depletion is greater than 99.9% for the entire 10km by 70km oval
"hole'" located inside the tenth solid contour of Fig. 4b and
represents at least a three order of magnitude decrease (biteout)
in plasma density.

We now repeat the above comparison, but this time for per-
turbation B (calculations 2S and 2L). Figure 5 shows isodensity
contours of calculation 28 at times 300, 700, 1000, and 1091
seconds after initialization; while Figure 6 shows similar plots
of calculation 2L at times 700, 1000, 1200 and 1364 sec. Comparison
again shows the presence of much lower density plasma in the bubble
in the 2L calculation. Morphological differences are also present,

the most notable being the widening of the top of the bubble in 2§

ey - e 2 e vy Sy o
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which is not present in 2L. Figure 7 shows a comparison of the n/no
profiles at late time. Again maximum depletions in the 2S case are
about 97%, while a large portion of the 2L plume is 99.9% depleted or
greater.

We can also compare the effect of the form of the perturbation
by comparing 1S to 28 and 1L to 2L. The latter comparison shows striking
similarity, whereas the former shows some differences, the most notable
being the lack of central bubble "pinching" and the lack of lateral
bubbles in case 2S. We conclude that the mornhology of the late-time
bubbles is dependent, at least somewhat, on the form of the initial per-
turbation.

Bubble rise velocities are of some interest, and we give below the
average bubble rise velocity for each case, computed from the last two

frames of Figs. 2, 3, 5, and 6:

18 210 m/sec
1L 230 m/sec
2s 420 m/sec
2L 280 m/sec

The rise velocity of an individual bubble is dependent upon the rela-
tive depletion level of the bubble, its geometry, and upon interactions
with other plasma structure nearby. These first two effects are treated

in Ossakow and Chaturvedi [1978], and the present results above are con-

sistent with the results therein. For instance, the relatively high
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e ;
I N VI P g




i

L SN i
ENENC R R 4

=

rise velocity associated with 2S is seen to be due to the fact that
the bubble is more severely depleted than that in 1S. Further, the
roughly equal rise velocities of the 1S, 1L, and 2L bubbles, in spite
of the fact that the 1L and 2L bubbles are much more severely depleted
than that in 1S, is explained by noting that 1S actually approximates
the geometry of a "sheet" of depleted plasma, whereas the 1L and 2L
bubbles more closely resemble a cylindrical geometry (see Ossakow

and Chaturvedi [1978]).

In an attempt to understand the reasons for the differences
in the nonlinear evolution of small and large horizontal scale per-
turbations, we look at the potential equation:

79 v(v, n) -

6. +—B " g4 -Bs L &
At early times we expect V ¢l to be small with respect to B&/cvin,
so we ignore the second term on the left hand side, giving a Poisson

equation for ¢l:

We can now interpret the right hand side as simply the local charge
density p (such that V.E = p). Since we have initialized all of these
calculations with % g% independent of y (see (12)), what we are deal-
ing with is a distribution of charge density that has the form of

diffuse "plates" aligned in the vertical direction. Noting that the

11
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term v, decreases with altitude, we find that these diffuse "plates"
have an equally diffuse "edge" in the y direction. Taking the analogy
to its conclusion, we model our initial conditions, or any vertically
aligned structure for that matter, as an array of plates of charge
(non-conducting capacitor plates) with an edge somewhere in or above
our grid. Tn Figure 8 we show schematically the electric potential
field surrounding the edge of parallel plates of charge for two
different separation distances. Since there is only one scale length
in the configuration (the plate separation distance d), then all other
scale lengths must be proportional to this distance. In particular,
the characteristic distance parallel to the plates over which the
electric field outside the plates (the fringe field) falls off must be
proportional to d. Since in our problem the contours of electrostatic
potential are in fact streamlines (see (11)), this distance will
determine the maximum depth in the fluid from which the electrostatic
field will draw fluid into the bubble. Since the plasma density is
lower at greater depths, this distance will determine the minimum
plasma density inside the bubble. To test these ideas, we examine

the actual early time electrostatic potential fields from the cal-
culations we have presented. Fig. 9 shows contours of n and ¢1

for the 1S initial conditions, and the same plots for 1L. A similar
comparison for cases 2S and 2L is shown in Fig. 10, All contour

plots of ¢1 are scaled in such a way as to evenly space exactly 12
contour lines between the maximum and minimum value of ¢1, to
normalize the plots so they can be compared without bias. The

increased vertical extent of the contours of ¢1 (streamlines) for

12

2 e S




cases 1L and 2L are evident.

0f course, the initial profile generating these aligned plates
of charge lasts only a short time. 1In the linear phase of growth,
the perturbation grows in the region of linear instability (the F region
bottomside), and damps elsewhere. Our '"plates" therefore very quickly
become horizontally spaced regions of charge with a limited vertical
extent, confined to the region of steepest vertical gradient on the F
region bottomside. Nonetheless, the scaling arguments advanced above
still hold: the vertical extent of the polarization electric field
scales as the horizontal extent of the structure causing the field.
This is easily seen in Figure 11 and 12 where comparison is made of the
¢1 contours for 1S vs 1L and 2S vs 2L respectively, at a time of 700
sec. Cases 1S and 2S are seen to be mixing fluid over a fairly narrow
altitude range, while 1L and 2L have each formed a large convective
cell more than 150km in vertical extent, drawing plasma fluid into the
bubble from deep in the ionosphere. It is not surprising, then, that
the larger horizontal scale bubbles are more severely depleted at
late times.
IV. SUMMARY

On the basis of our numerical simulations, and of a qualitative
scale analysis of the driving electrostatic potential equation, we
conclude that the severe '"biteouts" of three orders of magnitude and
bubble rise velocities of 150 m/sec reported by McClure et al [1977]

are completely consistent with large (~75-200km) horizontal bubble

13




size scales. In our simulations, the severe biteouts associated
with large horizontal scale lengths are due to the fact that the
plasma comprising these bubbles has its origin at much lower alti-
tudes then in the small horizontal length scale cases. Again, these

results are consistent with those of McClure et al. [1977], who

base their conclusions on ion mass spectrometer measurements of the
+ o+ o+

H - 0 - N balance inside the bubbles, which they find to be
'characteristic of undisturbed plasma found at lower altitudes."

The variation in the vertical velocities of various bubbles noted

by McClure et al. L1977] is probably due to interactions between

bubbles. Note, for example, that in Fig. 2, the secondary bubble
is rising at a much slower rate than is the central bubble. Bubble

interaction will be the subject of forthcoming theoretical and

numerical studies.




APPENDIX: Numerical Solution of the Equations

Of the two partial differential equations we must solve,
(10) is elliptic and linear and (11) is hyperbolic and nonlinear.
Both equations represent numerical challenges, and we could easily
devote the bulk of this paper to the numerical techniques used for
their solution. However, as we stated in the introduction, we shall
confine ourselves to the improvements made in these techniques since

the calculations of Ossakow et al. [1979]. We begin with (11).

Equation (11) is solved in finite difference form
using a fully multidimensional second order in time, fourth order in
space, leapfrog-trapezoidal flux-corrected transport (FCT) scheme.
Both the higher order leapfrog-trapezoidal scheme itself, as well
as the fully multidimensional algorithm utilized in the critical
flux-limiting stage of FCT, are recent developments and are described
by Zalesak [1979]. These developments represent significant extensions
of the theory of FCT, a numerical technique originated by Boris and
Book [1973] to handle equations of the form (11) where steep gradients

are expected for form. By contrast, the calculations in QOssakow et al.

[1979] used a first order in time, second order in space FCT algorithm
which was only one-dimensional (since fully multidimensional FCT
algorithms did not exist at the time), and hence used time-splitting
(sequential x and y operators) to solve the two-dimensional equation

(11). It is known that time-splitting can introduce numerical

15
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problems into an incompressible flow calculation (see Zalesak, 1979),
although our previous equatorial spread F calculations did not
exhibit any of the symptoms of these difficulties.

Equation (10) is the elliptic equation whose solution
glves us the electrostatic potential ¢1. The right hand side is
known and the left hand side represents a Hermitian operator
operating on ¢1, giving only real eigenvalues and apparently easing
the difficulty of solution. However, the extremely large range for
the values of the quantity vin n makes for an equally large span of
operator eigenvalues, and solution of the equation in this form
using iterative techniques has not been successful. We have found

one (and only one) method of direct solution, the stabilized error

vector propagation (SEVP) method of Madala [1978], but the execution

speeds for SEVP are not as favorable as for the method we now describe.

We start by expanding the operator and dividing through

by vin n, as was done by Ossakow et al. [1979], giving

v(v, n)
2 —_in - _B 1
V., % + v, n ° YL¢1 cV, n
in in

(A-1)

¥l

The equation is now in a form suitable for solution by the Chebychev-

iterative relaxation technique of McDonald [1977]. However, great

care must be given to the differencing of the term vy n
in
% -%3 sand this is the point we wish to address. We work with the

term % -g% in one spatial dimension, since this example will make

the point. A straightforward second-order difference form for this

V(vinn) and

term is

16
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(A-2)

where the subscript i refers to grid point location in the x direction

and Ax is the (uniform) spacing between grid points. This is the

form used in Ossakow et al. [1979]. We shall show that this difference

form produces solutions ¢1 with potentially undesirable properties,

and causes undue numerical hardship in finding those solutions.

1l én o
Let us rewrite 7 & 2 (In n). A physical inter

pretation of the term is now much easier: the term tells us how
rapidly the logarithm of n is varying with respect to x. Suppose,
for argument's sake, that the smallest and largest values of n in
the problem are 101 and 105 respectively. On a grid of size Ax, the
largest value representable for that term would occur when a fluid
element of density 101 and one of density 105 occupy adjacent grid
points. The value of %; (In n) evaluated midway between these two
5

grid points would be %; ( iIn 107 - 1n 101) =9,2 Ax-l. Evaluation

having values of 101, 101, and 105

4

of (A-2) for n ST, and n,,

i-1 1
respectively gives a value for (%--g%) of 5x 10 Ax_l, far in
excess of the maximum value for this tirm given by the above argu-
ment. Logarithmic interpretation of this term would state that n
varied by more than 104 orders of magnitude over a single grid

spacing, a ridiculous statement in light of the fact that there

are only four orders of magnitude of n in the problem.




4 .
E; The potentially large values of these terms, in particular

, of the term
= V. n

i
x tn
] convergence of the iterative solution, but can also put spurious

% (vinn) in (A-1), not only cause extremely slow

%4 oscillations into the exact finite difference solution ¢1 due to
Ej cell Reynolds number effects [Roache, 1976]. As shown by Roache

[1976] these oscillations can occur any time the value of the

E: term 1 v (v, n) in (A-1) exceeds a critical value of 2 Ax—l.
% Vinn 1 in

It is clear, then, that (A-2) represents an undesirable difference

form for these logarithmic terms. Better approximations are

1 on, _ 1
G = . (nn;., - Inng ) (a-3)
n - n
1 on 1 i+l i-1
and (& - H I (A-4)
n  ox i Ax ni+1 +-ni_1

Equation (A-3) is probably the most accurate, but evaluation of

the logarithms at every time step is computationally expensive, and
for problems like the one at hand where n varies by many orders of
magnitude across the grid, there is still no guarantee that the
critical cell Reynolds number will not be exceeded., For these

reasons we use (A-4) for the present calculations.
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HANGCOM AFB, MA 01731

01CY ATTN XR J. DEAS

HEADQUARTERS
ELECTRONIC SYSTEMS DIVISION/YSEA
OEPARTMENT OF THE AIR FORCE
HANSCOM AFB, MA 01731

01CY ATTN YSEA




COMMANDER

NAVAL UCEAN SYSTEMS CENTER

SAN V1160, CA 92152
03CY  ATTN CODE 532 w. MOLER
JICY ATTN CODE 0230 (. BAGGETT
01CY ATTN CODE 31 R. EASTMAN

JLRELTCR
NAVAL RESEARCH _LA30RATORY
wASHINGTON, 0.C. 20375
01CY ATTN CODE %700 TiMOThY P. COFFEY

25 TYS IF UNCLASS, 1 CY IF CLASS)

01CY ATTN COOE 6701 JACK D. BROWN

01CY ATTN CODE 6780 BRANCH HEAD (150 CY$
1F UNZLASS, 1 CY iF CLASS)

JICY  ATTN CODE 7500 mQ COMM DIR  BRUCE WALD
01CY ATTN CODE 7550 J. Davis

0i1CY ATTN CODE 7580

01CY ATTN CODE 7551

0lCY ATTN CODE 7555

01CY ATTN CODE 5730 E. MCLEAN

0lCY ATTN CODE 7127 C. JONNSON

COMMANDER
NAVAL SEA SYSTEMS COMMAND
AASHINGTON, D.C. 20362

01CY ATIN CAPT R, PITKIN

COMMANDER
NAVAL SPACE SURVEILLANCE SYSTEM
DAHLGREN, VA 22443

01CY ATTN CAPT J. M. BURTON

OFF | CER=-IN=-CHARGE

NAVAL SURFACE WEAPCNS CENTER

WHITE OAK, SILVER SPRING, MO 20910
01CY ATTN CODE FIi

DIRECTOR
STRATEGIC SYSTEMS PROJECT OFFICE
DEPARTMENT OF THE NAVY
WASHINGTON, 0.C. 20376
0ICY ATTN NSP=214]
CICY  ATTN NGSP-2727  FRED WIMBERLY

NAVAL SPACE SYSTEM ACTIVITY

P. 0. 30x 92960

WORLIWAY PQSTAL CENTER

LOS ANGELES, CALIF. 90909
JICY ATTN A, 8, HAZZARD

HEADQUARTERS
ELECTRONIC SYSTEMS D1VISION/DC
DEPARTMENT OF THE AR FORCE
HANSCOM AF3, MA 01731
01CY ATTN DCKC MAJ J. C. CLARK

COMMANDE R

FORE LGN TECHNOLOGY OIVISION, AFSC

WRIGHT-PATTERSON AFB, OH W45433
0iCY ATTN NICD LIBRARY
0lCY ATTN ETOP 3. BALLARD

COMMANDER
ROME AR DEVELOPMENT CENTER, AFSC
GRIFF 1SS AFB, NY  |344]
01CY ATN DOC LIBRARY/TSLD
01CY ATTN UCSE V. COYNE

SAMSQ/SE

FOST OFFICE 80X 929€0

WORL SwAY POSTAL CENTER

LOS ANGELES, CA 90009

(9PACE DEFENSE 3YSTEMS)
01CY ATIN SZu
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STRATEGIC AIR LOMMAND, XPF5

OFFUTT AFB, N8B 68113
01CY ATTN XPFS MAU 9. STEPHAN
01CY  ATTN ADWATE MAy BRUCE BAUER
01CY ATTN NRT
0I1CY ATTN COK CHIEF SCIENTIST

SAMSO/YA
P. 0., BOX 42960
WORLOWAY POSTAL CENTER
L0S ANGELES, CA 90009
01CY ATTN YAT CAPT L. BLACKWELDER

SAMSQ/SK
P. 0. BOX 92950
WORLDWAY POSTAL CENTER
LOS ANGELES, CA G0009
01CY ATTN SKA  (SPACE COMM SYSTEMS) M, CLAVIN
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NORTON AFB3, CA 92409
(MINUTEMAN)

01CY ATTN MNNL  LTC KENNEDY

COMMANDER
ROME AIR DEVELOPMENT CENTER, AFSC
HANSZOM AFB, MA (1731

01CY ATTIN EEP A, LORENTZEN

DEPARTMENT OF ENERGY

DEPARTMENT OF ENERGY
ALBUQUERQUE OPERATIONS OFFICE
P. 0. BOX 5400
ALBUQUERQUE, NM  B7115
01CY ATTN 20C CON #OR O. SHERWOOD

OEPARTMENT OF £NERSY
LIBRARY ROOM G-042
WASHINGTON, D.C. 20545
01CY ATIN DOC CON FOR A, LABOWITZ

EGEG, INC.
LOS ALAMOS DIVISION
P. 0. 30x ¥0Q
LOS ALAMOS, NM 8554k
01CY ATTN DOC CON FOR u. BREEDLOVE

UNIVERSITY OF CALIFORNIA

LAWRENCE LIVERMORE LABORATORY

P. 0. BOX 808

LIVERMORE, CA 94550
01CY ATTN DOC CON FOR TECr INFO DEPT
01CY ATTN DOC CON FOR L-389 R. OTV
01CY ATTN DOC CON FOR _-31 R. HAGER
0ICY ATTN OOC CON FOR L-u4b F. SEWARD

LOS ALAMOS SCIENTIFIC LABORATORY
P. O. BOX 1663
LOS ALAMOS, NM  B7545

01CY ATTN DOC CON FOR J. wOLLOTT
01CY ATTN 0OC CON FOR R. F. TASCHEX
01CY ATTN DOC CON FOR E. JONES

01CY ATTN DOC CON FOR u. MALIK

01CY ATTN DOC CON FOR R. UEFFRIES
01CY ATTN 00C CON FOR J. ZINN

01CY ATTN DOC CON FOR P. KEATON
01CY ATTN OOC CON FOR D, wWESTERVELT

SANDIA LABORATORIES
P. 0. BOX 5309
ALBUQUERQUE, NM 87115
01CY ATTN DOC CON FOR J. MARTIN
01CY ATTN DOC CON FOR w. BROWN
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Q1CY ATTN DOC CON FOR T, wRIGHT
01CY ATTN DOC CON FOR D. DARLGREN
0ICY ATTN DOC ON FOR 314l
01CY ATTN OOC CON FOR SPACE PROVECT Dlv
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P. 0. dOX 409
LIVERMORE, CA 94550
0ICY ATIN OUC CON FOR 3. MURPHEY
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CENTRAL INTELLIGENCE AGENCY
ATTN RD/SI, RM 5643, -Q BLDG
AASHINGTON, D.C. 20505

O0ICY ATTN QSI/PSID RM 5F 19

JEPARTMENT OF COMMERCE
NATIONAL BUREAU OF STANDARDS
AASHINGTON, 0.C. 20234
(ALL CORRES: ATTN $€C OFFICER FOR)
0ICY ATTN R, MOORE

INSTITUTE FOR TELECOM SCIENCES
NATIONAL TELECOMMUNICATIONS § INFO ADMIN
BOULDER, CO 80303
J1CY ATTN A, UEAN (UNCLASS ONLY)
01CY ATTN W, UTLAUT
01CY ATTN D. CROMBIE
01CY ATTN L. BERRY

NATIONAL OCEANIC § ATMOSPHERIC ADMIN
ENVIRONMENTAL RESEARCH LABORATORIES
DEPARTMENT OF COMMERCE
BOULDER, CO 80302

0I1CY wTTN R. GRUBSB

01CY ATTN AERONOMY LAB G. REID

AERQSPACE CORPORATION
P. 0. 30x 92957
QS ANGELES, CA 90004

01CY ATTN [. GARFUNKEL
QlCY ATTN T, SALM!
01CY ATTN V. JOSEPHSON
01CY ATTN S. BOWER
01CY ATTN N, STOCKwELL
01CY ATTN D. OLSEN

U1CY ATTN J. CARTER
WiCY ATTN F, MORSE
01CY ATTN S4FA FOR Pww

ANALYTICAL SYSTEMS ENGINEERING CORP
5 OLD CONCORD ROAD
BURLINGTON, 1A 01803

01CY ATTN RADIO SCIENCES

BERKCLEY RESEARCH ASSOCIATES, INC.
P, 0. BOX 983
BERKELEY, CA 94701

01CY ATTN J. ~ORKMAN

BOEING COMPANY, THE

P. 0. BOx 3707

SEATTLE, wA 98124
01CY AYIN G, KEISTER
0i1CY ATTN D, MURRAY
Q1CY ATIN G. mALL
GlCY ATTN U. KENNEY

CALIFORNIA AT SAN DIEGO, UNIV OF
IPAPS, B-013
LA UOLLA, CA 92093

G1CY ATTN HENRY G. BOOKER

SROWN ENGINEERING COMPANY, INC.
CUMMINGS RESEARCH PARK
HUNTSVILLE, AL 35807

G1CY ATTN ROMEO A, DELIBERIS

CHARLES STARK DRAPER LABORATORY, INC.
555 TECHNOLOGY SQUARE
CAMBRIDGE, MA 02139

Bl1Cy ATTN O, 8. COX

01CY ATTIN J. P. GILMORE

COMPUTER SCIENCES CORPORATION

6565 ARLINGTON 3LVD

FALLS CHURCrm, VA 22046
01CY ATTN H. BLANK
01CY ATTN JOHN SPOOR
01CY ATTN C. NaAlL

COMSAT LABORATORIES

LINTHICUM ROAD

CLARKSBURG, MD 20734
Q1CY ATTN &, HYDE

CORNELL UNJVERSITY
DEPARTMENT OF ELECTRICAL ENGINEERING
ITHACA, NY 14850

01CY ATIN D. T, FARLEY JR

ELECTROSPACE SYSTEMS, INC.
BOx 1359
RICHARDSON, TX 75080
01CY ATTH M, LOGSTON
Q1CY  ATTHN SECULRITY (PALL PRILLIPS)

ESC INC.

495 JAVA ORIVE

SUNNYVALE, CA 94086
G1CY ATTIN J. ROBERTS
0l1CY ATTN JAMES MARSHALL
01CY ATTN C. W, PRETTIE
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PALO ALTO, CA 9430}

01CY ATTIN J. T. MATTINGLEY

GENERAL ELECTRUC COMPANY
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VALLEY FORGE SPACE CENTER
GODOARD BLVD KING OF PRUSSIA
P. 0. BOXx 8555
PHILADELPMIA, PA 19101
01CY ATTN M. M, BORTNER SPACE SCI LAB

GENERAL ELECTRIC COMPANY
P. 0. 80x 1122
SYRACUSE, NY 13201

01CY ATTN F. REIBERT

GENERAL €LECTRIC COMPANY
TEMPO-CENTER FOR ADVANCED STUDIES
816 STATE STREET (P.O. ORAWER QQ)
SANTA BARBARA, CA 93102

01CY ATTN DASIAC

0ICY  ATTN OON CHANOLER

0ICY ATTN TOM BARRETT

0ICY ATTN TIM STEPwANS

BICY  ATTN WARREN S. KNAPP

01CY  ATTN wilLlAM MONAMARA

(1CY  ATIN B. GAMBILL
JICY  ATTN MACK STANTON
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GENERAL RESCARCH CORPORATION
SANTA BARBARA J1VISION
P. 0. 30X 67270
SANTA BARBARA, CA 93111
01CY ATIN uOmN ISE WR
01CY  ATTN JOEL GAR3ARINO

GEOPYSICAL INSTITUTE
JNIVERSITY OF ALASKA
FAIR3ANKS, aK 334701
(AL. CLASS ATTN: SECURITY OFF|CER)
01CY ATTN T. N, DAVIS (UNCL ONLY)
01CY ATTN NEAL BROWN (UNCL ONLY)
01CY ATTN TECHNICAL LIBRARY

GTE SYLVANIA, INC.
ELECTRONICS SYSTEMS GRP-EASTERN DIV
77 A STREET
NEEDHAM, MA 02194
01CY ATTN MARSHAL CROSS

[LLINOLS, UNIVERSITY OF
DEPARTMENT OF ELECTRICAL ENGINEERING
URBANA, L 61803

QlCY  ATTN K. YEH

ILLINOIS, UNIVERSITY OF

107 COBLE wmALL

801 S. WRIGHT STREET

URBANA, 1L 60680
(ALL CORRES ATTN SECURITY SUPERVISOR FOR)
01CY ATTN K. YEH

INSTITUTE FOR DEFENSE ANALYSES

400 ARMY-NAVY DRIVE

ARLINGTON, VA 22202
JICY ATIN J. M. AEIN
01CY ATTN ERNEST BAUER
01CY ATTN HANS WOLFHARD
D1CY ATTN JOEL BENGSTON

HSS, INC.
2 ALFRED CIRCLE
3EDFORD, MA 01730
01CY ATTN DONALD HANSEN

INTL TEL & TELEGRAPH CORPORAT [ON
S00 WASHINGTON AVENUE
NUTLEY, NJ 07110

01CY ATTN TECHNICAL LIBRARY

JAYCOR
1401 CAMIND OEL MAR
DEL MAR, CA 92014
01CY ATIN 5. R. GOLOMAN

JOHNS MOPKINS UNIVERSITY

APPLIED PHYSICS LABORATORY

JOMNS HOPKINS ROAD

LAUREL, MO 20810
0ICY ATTN DOCUMENT LIBRARIAN
01CY ATTN THOMAS POTEMRA
01CY  ATTN JOMN ODASSOALAS

LOCKHEED MISSILES § SPACE CO INC
. 0. 30X S04
SUNNYVALE, CA 94088

01CY ATTN DEPT 60-12

01CY  ATTN D. R. CHROAILL

LOCKHEED MISSILES AND SPACE CO INC

3251 HANQVER STREET

PALO ALTO, CA 9u304
01CY ATTN MARTIN wALT DEPT 52-10
01CY ATTN R{CMARD 6. JOMNSON DEPT 52-12
01CY ATTN w. L. [MHOF DEPT 52-12
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KAMAN STIZNCES (022

2. Q. HOx 7463

COLORADD 5PaINGS, CO BD%33
01CY ATIN 7, MEAGFER

cIAZIT COR?
10453 ROSE.LZ
SAN 01250, TA 92121
01CY  ATTN [3alN UACOSS

M, LT, LINCOLN LABORATORY

P, 0. BOx 73

LEXINGTON, MA 02173
0ICY ATIN DAVID M, TOwLZ
BICY ATIN P, W#ALDRON
01CY ATTN (. LOUGHLIN
OlCY ATTIN D, CLARK

MART IN MARIETTA CORP
ORLANDO D1vISION
P. Q. Box 5837
ORLANDO, =L 32805
01CY ATTN R. REFFNER

MCOONME LL JORGLAS CORPORAT ION
5301 30054 AVENCE
MUNTINGTON BEACH, CA 92547

JICY ATIN N, "ARRIS
01CY  AaTTN J. MOuwL:

CIZ¥  ATTN GERGE YR
01CY  ATIN w. LSO

0.0y ATIN R. w. mALPRIN

010y ATTN TEC~NICAL LI3RARY SZ3vITIS

MISSION RESEARCH CORPORATION

735 STATE STREET

SANTA BARBARA, CA 93101
01CY ATTN P, FISCHER
01CY ATTIN w. F. CREVIER
01CY ATTN STEVEN L. GUTSCHE
01CY ATTN O, SAPPENFIELD
OlCY ATTN R, BOGUSCH
01CY ATTN R, HENODRICK
01CY ATTN RALPH KILB
01CY ATTN DAVE SOWLE
QlCY ATIN F, FAEN
01CY ATTN M. SCHEIBE
01CY ATTN CONRAD L. LONGMIRE
QLCY ATTN WARREN A. SCHLUETER

MITRE CORPORATION, THE

P. 0. BOX 208

BEOFORD, MA 01730
01CY ATTN JOMN MORGANSTERN
01CY ATIN G. HARDING
01CY ATTN C. E. CALLAMAN

MITRE CORP
WESTGATE RESEARCH PARK
1820 DOLLY MADISON BLWD
MCLEAN, VA 22101
0I1CY ATTN W. MALL
0ICY ATTN w. FOSTER

PACIF1C-SIERRA RESEARCH CORP
1456 CLOVERFIELD BLWD.
SANTA MONICA, CA 90404

01CY ATTNE. C. FIELD W

PENNSYLVANIA STATE UNIVERSITY
IONOSPHERE RESEARCH LAB
318 ELECTRICAL ENGINEERING EAST
UNIVERSITY PARK, PA 16802
(NO CLASSIFIED TO THIS ADORESS)
01CY ATTN IONOSPHERIC RESEARCH LAB




Ped g o> 25

-

PHOTOMETRICS, INC.
W42 MARRETT 040
LEXINGTON, WA 02173
01CY ATTN RVING L. KOFSKY

PHYSICAL JYNAMICS [N,
P. 0. 80x 3027
3ELLEVUE, wA  9300%
01CY ATTN €. J. FREMOUW

PHYSICAL DYNAMICS INC.
P. 0. 8OX 1069
BERKELEY, CA 94701
01CY ATTN A. TROMPSON

R § D ASSOCIATES

P. 0. BOx 9695

MARINA DEL REY, CA 90291
G1CY ATTN FORREST GILMORE
01CY ATTN BRYAN GABBARD
01CY ATTN WILLIAM B. WRIGHT JR
0iCY ATTN ROBERT F. LELEVIER
01CY ATTN WILLIAM J. KARZAS
01CY ATTN ®. ORY
01CY ATTN C. MACDONALD
01CY ATTN R. TURCO

RAND CORPORATION, THE

1700 MAIN STREET

SANTA MONICA, CA 90406
01CY ATTN CULLEN CRAIN
01CY ATTN ED BEOROZIAN

RIVERSIDE RESEARQH INSTITUTE
80 WEST END AVENUE
NEW YORK, NY 10023

01CY ATTN VINCE TRAPANI

SCIENCE APPLICATIONS, INC.

P. 0. 80x 2351

LA JOLLA, CA 92038
01CY ATTN LEWIS M. LINSON
01CY ATTN DANIEL A. HARIN
01CY ATTN D. SACHS
01CY ATTN E. A. STRAKER
01CY ATTN CURTIS A. SMITH
01CY ATTN JACK MCOOUGALL

RAYTHEON CO.
528 BOSTON POST ROAD
SUDBURY, MA 01776
01CY ATTN BARBARA ADAMS

SCIENCE APPLICATIONS, INC.
HUNTSVILLE DIVISION
2109 W. CLINTON AVENUE
SUITE 700
WUNTSVILLE, AL 35808
OICY ATTN DALE H. DIVIS
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SCIENCE APPLICATIONS, [NCORPCRATED
4400 #ESTPARK VRIVE
MCLZAN, VA 22101

01CY ATIN J. COCKAYNE

SCIENCE APPLICATIONS, INC.

80 MISSION DRIVE

PLEASANTON, CA 94566
01CY ATTN S2

SRI INTERNAT IONAL

333 RAVENSwOOD AVENUE

MENLO PARK, CA 94025
O1CY ATTN DONALD NEILSON
01CY ATTN ALAN BURNS
0ICY ATTN G, SMITH
01CY ATTN L. L. COBB
01CY ATTN DAVID A. JOMNSON
01CY ATTN WALTER G. CHESNUT
01CY ATTN CHARLES L. RINO
DICY ATTN WALTER JAYE
01CY ATTN M. BARON
01CY ATTN RAY L. LEADABRAND
0ICY ATTN G. CARPENTER
01CY ATTN G. PRICE
01CY ATTN J. PETERSON
01CY ATTN R. HAKE, uR.
0ICY ATTN V. GONZALES
0ICY ATTN O. MCOANIEL

TECHNOLOGY INTERNATIONAL CORP
75 WIGGINS AVENUE
BEOFORD, MA 01730

01CY ATTN #. P. BOQUIST

TRW DEFENSE § SPACE SYS GROUP

ONE SPACE PARK

REDONDO BEACH, CA 90278
01CY ATTN R. K. PLEBUCH
01CY ATTN S. ALTSCHULER
01CY ATTN O. DEE

VISIDYNE, INC.
19 THIRD AVENUE
NORTH WEST INOUSTRIAL PARK
BURLINGTON, MA 01803
01CY ATTN CHARLES MUMPHREY
01CY ATTN J. W. CARPENTER
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