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\ ABSTRACT

The background experimental work with explosive ¢riven MHD generators is
reviewed and the major parametric factors are outlined. Prev .ously unpublished
data on the effects of the density and composition of gases originally in the
channel is reviewed and it is shown that the major conduction path is through
the seeded detonation products and that the role of the gas is secondary. Un-
published data on experiments with bulk seeded charges is also presented. It is
shown that RDX charges surface seeded with more than .00 mg of cesium picrate
produced better results than any of the bulk seeded charges tested, which con-
tained up to 25% cSnogl A deleterious interaction was observed when bulk seeded
charges were surface seeded with cesium picrate. Analysis of this data also
reveales that the anomolously high internal inductance of the explosive driven
MHD generator was reduced by increasing the seed level, meaning that the seed
effects both the plasma conductivity and inductance.

The effect of various circulating current systems on the explosive derived
plasma siug are examined. It is determined that diamagnetic surface currents
coupled with a thermal ionization instability producing a *T-layer® can be
responsible for the maintenance of the plasma conductivity in the generator.
Howaver, such a mechanism cannot be responsible for the initial conductivity
observed in the vicinity of the expleosive charge in the absence of a magnetic
field. The physical basis for this original conductivity is uncertain. .1L\\\\\

To domonstrate the need for more data on explosive driven MHD generators, \
designs are presented for throe interesting applications: 5 MJ 100 microsecond E
pulses into a 1 ohm load; 30 MJ pulses 700 microseconds long inte 3006 20 otm
flash lampe: and 2 coaxial switch for fast capacitor banks. The major un-
eertainty is the maxisum duration of the pulse which can be produced by an ex-
plesive driven MID channel. _

The work or (wo recent Alr Porce sponsored programs in explosive MHD is
reviewed., 1t ig ¢oneluded that the data taken under Contract P3361%-12-C=1399%
doos ﬁgz substantiare the ¢laie that the meadured corductivity of gh@ ae@de&’de-
tonation products was between 625 and 1250 shofs, or that the gas cofiductivity
increased with intreasing seed level from 1 to 5%, The theoretical work undar

Contract F11615-72-C~1394 is questione’; however, the experimental work under
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that program using back-to-back channels facing a single explosive charge is

viewed as making an important contribution to the explosive driven MHD generator

technology.
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FUNDAMENTAL RESEARCH IN

EXPLOSIVE MAGNETOHYDRODYNAMICS i

1.0 INTRODUCTION
For abouv fifteen years we have known that by passing the detonation 5
; |
pruducts from a seeded explosive charge through a magnetic field that short J
|

intense pulses of electricity could be produced. From the very beginning it was

clear that the conventional laws or receipes for describing the conductivity of

dense, low temperature plasmas were not applicable to the high-pressure seedad

about 1000 mho/m which is about two orders of magnitude too high for thermal

|
|
detonation products. Early measurements {1,3} showed that the conductivity was 3

equilibrium ionization of low ionization potential materials such as cesium or

potassium at chemical explosion témpetatures.

In an effort to gain some understanding of this conduction mechanism we con-

' |

ducted a wide variety of experiments in channels of different shapes; used
] different explosive compositions; changed the chemical and physical properties ‘
of gases surrounding the explosive charge and filling the channel; and tested a : |
|
|

' variety of low ionization potantial seeded materials in various chemical

I compositions {1-7}. While we still do not have a clear theoretical picture of ' ‘

the basic conductivity meéhanism at higher pressures we do know that the success- ; :
{ ful operation of the explosive @riven MHD generator depends intimately upon what
; happens to the seed material on the face of the explosive charge and that it is ?
; this explosive derived plasma that provides the dominant portion of the inter-
action with the magnetic ficld in the MHD channel.

In preparing this repo:t we have héd three goals: ‘

a. To summarize previous work on explosive MHD ‘n one place-so that those

who are willing to follow an Edisonian approach can take the available data anu

deasign explosive driven MHD generators to produce pulses of the size and shapas

they desire with a high-level of confidence that these devices will perform as

designed. Why try to re-invent the whesl or develop eliborate'new theoxiee?

b. To sunsarize recent work by others and to determine whether these 3 o
results cortribute to the understanding of the fundamental problems in euplosive
MHD, and

a _;_,,‘?._« T T "-“Q'*f‘ . WMW-‘"W“W“
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c. To clearly outline the fundamental problems and suggest areas where

answers may be found,

To illustrate the magnitude of the problems and the benefits which could

result if the uncertainty were removed, we examine several potential applications
for explosive driven MHD generatoras.

To summarize the findings of this report we conclude that not much has
happened in the past decade. There have been experiments {12} which showed ar
increase in the chemical to electrical conversion efficiency, an experiment using
a superconducting magnet {13}, and a small number of theoretical or analytical
pepers {1-19}. After all of this time the two basic questions remain:

1. What is the high-density plasma conductivity mechanism, and,

2. How long can pulses from an explosive driven MHD generator last?

In Section 3 of this report we conclude that circulating currents in the
plasma coupled with a thermal jonizaticn instability (14} in the plasma are
probably responsible for the conduct;vity obcetvedlln the generator. It is alsc
speculated that the conductivity in the high-pressure, low tempe:aturé, plasma
may be described as due to overlapping wave functions {15}. However, the more
practical problem of maximum pulse duration remains unresolved. ‘the circulating
current models suggest that much longer pulis lengths can be achieved, but

: experlmcntai verificatiois is needed.
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2.0 PREVIEW OF EXPLOSIVE DRIVEN MHD POWER GENERATION

The first studies of explosive driven MHD generators {l}, were sponsored
by the Defense Advanced Research Projects Agency (ARPA) in 1962. ~hese studies,
which continued with an Air Porce sponsorship until 1966, were based on about
700 tests or shots in four different sizes of generators i{2-7!. In these testr
a wide variety of resistive and reactive electrical loads were used and a num- °
of physical and electrical pcrameters wer2 investigated. Before proccedir 4s

this discussion, it appears appropriate to describe the explosive driven Mg awen-

_ erator and review some of the findings from these previous studies.

2.1 EXFLOSIVE DRIVEN MHD GENERATOR DESCRIPTION

The basic components of an oxplosive driven MiD generator are shown in
Figure 2.1. A seeded explosive charge is placed at the entrance to the MHD
channel. Detonation of the charge produces a moving "slug” of plasma which
travels dswn the channel with an effective velocity, u. The channel has a trans-
verse magnetic field, B, The channel has a width, b, and an electrical sep-
aration or height, d. Electrodes in contact with the moving plasma, of lenath
L allow currents te be driven through an external lcad which has a lead resis-
tance, R, and an extcrnal inductance, L. In agdition to interacting with the
magnetic field, the rapidly expanding dstonation products interact with the gases
inicially present in the channe! inducing shock heating ard pushing them down

the channel. As of 1667, a rather elear physical picrure of what ows on (&8 an

explosive driven MHD channel beean to emerge.

The key observation was that the “arraturc”™ of the explosive drives HiD

. generator is a highly conductive plas2a moving at about & Wue domn the

channel. The conducting zone, a, is a few centineters thiek pear the explosive

charge, growing to about 0.2 @ thick about a meter froe the char¢e. Near the

- explosive charge, & corductivity, ¢, of about 1100 she/n was measured )i,
3.2 ELECTRESAL PARAMETERS

The following sectiohs sumparize the obsetvations te:aéiaq to ehatiges i6
elecrrical parageters.

2.2.1 Initial Hagnetic Induction, 8,

it vas shown that for nine sejarate Mgretic inductions., from 1.J 2o 2.§
Tesls. in three different sized gesecators, the peak power culput scales ae the

squase of the sagaetic inductios, a"@. .
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2.2.2 Pulse Length

From six different sets of experiments with electrode lengths, g/

0.02 m to about 1 m, it was shown that pulse length varies approximately as the

electrode length,

. 2.2.3 Generator Size

Using data from three different sized linear generators, it was shown that

o ks i A Pl U,

{ . the peak power varies directly with the generator cross-sectional area if the
magnetic induction, plasma velocity, and seed level are equal.

2.2.4 Generator Load

It was demonstrated that there is an optimum lcad for a generator, and

that the placement of the load was important. Peak power was achieved when the

external load, Ry matched the apparent generator internal resistance, R;. These 5

two observati-.iy correlated with a model where the internal resistance of the
N generator. », <an be described as about 40 milliohms per sguare of channel
cross~sectional area (which implies a constant ca product), and a model where
motion of the plasma slug either increases or decreases the inductance of the
3 generator. If the generator is connected in a manner such that the magnetic

field from currents in the electrodes adds to the static magnetic induction,

B,, the effect is equivalent to adding a negative resistance term of magnitude,

=ty

gl %, to the equation describing the generator behavior. These equations are
discussed in more detail later in the report.

;. 2.3 GASLINAMIC PARAMETERS

These early tests clearly disclosed that the initial gas pressure in the
, 5 channel should be as low as practical, without causing electrical breakdown be-
| ‘ tween the electrodes andilurrounding structures. Tasts using nine different ‘
gases at pressures from less than O.i Torr to atmospheric pressure, showed that
the peak electrical powar output was eocéntiolly indopendent of initial gas com-

i position, but depended primarily on initial density. Tests using helium, neon,

.§ ) - argon, and krypton shcwed slightly longer pulse lengths, which implied that
- shock-heated gases wera playiny codi';ole in the armature conduction machanism,

but did not markadly change the peak ébﬂar output. A roview of some of this data

is presented in Section 3.1.1.

Blectrcncqattv&rqlaos. guch as SF6 or air, frequently gave better rssuits be-

; ; cause they pvevented electrical breakdown of electrodes to the channel
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end-flanges., It was quite clear that the primary conduction path for the current
was through the plasma slug and that operation of the generator was almost inde-
pendent of the chemical or ionization properties of the gases initially in the
channel. The major role played by these gases is that they represent a mass
which must be accelerated by the detonation products as they sweep down the
channel.

2.4 EXPLOSIVE PARAMETERS

Five different explosive compositions were used; PETN, RDX, HMX,'PBX, and
Composition C-4, which is RDX with a mineral oil binder. The results appeared
to be independent of chemical composition, i.e., oxygen balance; and depended
upon physical parameters such as detonation velocity and energy release. The
explogive loading density investigated wert from 2 to 16 Rg/m? of channél area
in seven steps. The optimum range appeared to be 12 Kg/mz, i.e., further in~
creases in loading density did not increase the peak power output from generators
of the lengths covered in these studies.

2.5 SEEDING PARAMETERS

Three separate seeding elements were investigated; cesium, potassium, and
sodium, as picratas, nitrates, and chlorides. The chemical form of the seeding
compound was usually unimportant. Both surface seeding and bulk seedings were
investigated. The conclusions were that seed placement was important, i.e.,
surface seeding was apparently superior to bulk seeding, Additional data on the
subject of surface seeding versus hulk seeding is given in Section 3.1.2 of this
report. In most experiments, cesium salts and potassium salts -gave almost
identical results, An optimum surface seed level was identified. Further
increases in seed levels did not incr.ase the apparent conductivity, but slowed
down the expansion of the detonation products, thus reducing the peak current
generated.

2.6 MAJOR PROBLEM AREAS

At the conclusion of the above referenced studies, there appeared to be a
clearly defined set of paramsters which could be used to design explosive driven
MHD generators to produce high-power pulses over a broad spectrum of pulse
leagths. The major uncertainties at that time vere:

1. What is the basic conduction mechanism in the seeded detonation

producte?
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2. what is the reason for the apparent high internal inductance of the

? zi MHD plasma slug?

3. what is the maximum length pulse which can be produced in an explosive
driven MHD generator?

The objectives of our present study were to examine the first two questions.
Our approach has been to critically review previously published analytical and
experimental work on explosive driven MHD generators, and to conceptually in-

vestigate various mechanisms which could lead to the observed physical results,

.,

ey - nsditen, . BRI  ctateli

i
The question of a maximum pulse length for explosive driven MHD generators can
ii only be answered by experiment. As we will see in Section 4, many applications
¥» - require pulse lengths half an order of magritude longer than pulses that have
' : iw previ -1sly been demonstrated. Having arrived at a position where we dimly under-
! po- stand what goes on in short generators, more experimentai data is needed to
1 L
; gf extrapola.e these concepts out in time and space, as the detonation products ex-
*4 i pand. Determination of long duration pulse experimental data zhould be one of
the next major goals in the study of explosive driven MHD generators.
-
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3.0 ANALYTICAL STUDIES ON EXPIOSIVE DRIVEN MHD GENERATORS

3.1 REVIEW OF PREVIOUS DATA

.

Several recent authors have examined explosive driven MHD generators {8,11}.
In analyzing their work, which is reviewed in Appendix A, it became apparent that
certain fundamental facts were being overlooked. 1It, therefore, appears appro-
priate to re-interpret some of the earlier data and present clear-cut examples
of the questioned physical phenomenon from unpublished data.

3.1.1 The Role of Shock-Heating in the Explosive Driven MHD Generator

One of the frequently addressed assumptions is that the conductivity is
caused by shock-heating of gases originally in the channel and that proper
manipulations of the shock relationships will yield answers relating to the ex-
pected behavior of the explosive driven MHD channel.

As discussed in Section 2, the body of experimental evidence is that the
MHD interaction is primarily with the seeded detonation products. Table III-1
presents data on a series of tests in the 4" x 1" channel, using two surface
seeded 60° cone charges, where the gas type and initial pressure were varied in
a systematic fashion to demonstrate the relationships between the MHD inter-

actions and the shock-heating of the gases originally in the channel. The

‘magnetic induction was 2,3 Tesla and the initial pressure ranged from 1 Torr to

200 Torr for this series of lhotsf While the data in this series only goes
down to 1 Torr, another series of tests, run at lower pressurea, down to 30
microns, showad that the channel behavior below 1 Torr initial pressure was
essentially independent of pressure, providing electrical breakdown did not
occur. These tests are discussed in detail in {4}. Unfortunately, the data
notebooks for those tests are not available and further analysis is not
possible. '

The peak current achieved in these shots using lcad resistors of 6.9, 18,
and 35 milliohms, is shown in Figure 3.1 for helium and argon gases as n function
of the initial pressure. It is seen that the highest current, and hence, the
highest power cutputs, were achieved at the lowest pressures.

Some understanding can be gained by examining the change of pulse length

as a function of initial pressure.
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TABLE IIi-1

DATA FROM TESTS IN 1" x 4" EXPLOLIVE DRIVEN
MHD GENERATOR USING HELIUM AND ARGON AT
VARIOUS PRESSURES AS THE INITIAL FILLING
= 2,3 Tesla, 2-60° CONE CHARGES,

GAS. B

200 mg Cs PICRATE SURFACE SEED.

et T T S R
15 He 10 0.035 17.0 900 23 -
16 He 30 0.0069 46.0 380 93 45
17 He 100 0.0069 30.0 220 54 44
18 He 30 0.025 17.1 800 33 40
19 He 100 0.024 20.9 630 33 42
20 He 30 0.024 18.2 620 36 44
21 He 10 0.024 22.5 720 24 40
22 He 30 0.024 23,6 810 27 40
23 He 100 0.024 23.0 700 29 40
25 Ar 10 0.0069 39.6 290 40 56
26 Ar 30 0.0069 38.6 295 46 59
27 Ar 60 0.0069 36.4 275 49 66
28 Ar 100 0.0069 25.7 205 46 68
29 Ar 200 0.0069 18,2 140 39 74
36 Ar 10 0.018 25.0 600 37 50
31 Ar 30 0.018 22,5 540 38 52
32 Ar 60 G.018 20.0 480 38 56
33 Ar 100 0.018 18.2 185 2 60
34 ar 200 0.018 13.9 280 LT 70
36 Ar 10 0.035 16,6 720 21 a8
68 Ar 10 0.035 18.2 860 21 30
37 Ar 0 0.035 15,% 600 20 51
38 Ar s 0.035 14.5 720 21 50
39 Ar 100 0.0235 12.8 50 24 61
40 by 200 6,035 1.2 480 27 5
62 te 10 0.0069 49,3 380 4 43
82 Ar 1 9.6069 47.0 184 % 42
8 At 1 02.018 30,2 140 2 43
6) e 10 0.018 2.9 120 &1 7
64 e 10 2,618 .9 710 24 41
66 He 10 9.03% 12,3 960 18 4
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Figure 3.2 shows the time of peak current, and the time at which the
current starts to fall rapidly (presumably when the conductive region leaves
the ends of the electrodes), plotted as a function of initial pressure of helium
or argon in the generator with a 6.9 millichm load. It ig seen for this low~
load resistance that a low pressure ~€ argon, 1 Torr, results in the current
reaching its peak earlier and étarting to fall earlier. This indicates, indeed,
that there is shock heating of the argon which produces a conducting region.
However, the peak current, due to both the seeded detonation products and the
shock-heated argon, is not greater than that due to the seeded detonation
products alone. As the initial argon pressure is increased, the peak current is
reduced and the time scale of the pulse becomes longer.

The lengthening of the pulse and reduction in peak current at the higher

pressures is compatible with a model where the residual gases slow acwn the

plasma slug by increasing its mass. Kowever, in the intermediate region, there
is a suggestion that currents in the shocked argon allow joule heating which in- :
creases the conductivity. This can be seen in Ficure 3,3, which is a v-I plot

showing the peak currents plotted along each resistance line for the various

initial pressures of helium and argon. It can be seen that for the shots with
100 and 200 Torr of argon initially in the channel, the net effect is to decrecase
the apparent open-circuit voltage from 1100 V to about 800 V and to increasc the

apparent generator internal resistance from 12 milliehms to about 23 milliohms

for the 100 Torr case and to 38 milliohms for the 200 Torr case. This increase
could come about through cooling and through a reduction in the time rate of
chiange in inductance term (dL/dt = p,ou d/bj.

At the intermediate pressures, 10 Torr to 60 Torr, there is the suggestion

that when the load resistance is reduced, and thus, increasing the current

‘through the generator, the current hoats the gas causing a change in the apparent

internal resistance. At the lower pressures, 1 Torr, heliusm and argon give
essentially the same results.
Unfortunately, onhly a few shots were taken at 1 Torr. iowever, it can be

seen that the helium and argon data coverage at the lower pressures. The iapor-

[P

tant observation is that for the load range of power production interest, i.e.,
the 20 to 30 milliohi loads (see Pigure ).1), the shock-heating is apparently not
imporeant, and the role of the gas as an insulator to prevent electrical break-
down becomes more important in producing a succoessful power pulse than its con-
tribution to electrical conduction.
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We conclude that although shock-heating effects can be observed in the
operating reglmes of interest, the primary conduction path in the explosive
driven MHD generator is thrcugh the seeded detonation products.

3.1.2 Bulk Seeded Explosives

The question as to the best place to pu% ihe seeding in an explosive
driven MHD generator appears to be unclear to some investigators. The original
studies 11}, compared 24% bulk seeded PBX (Plastic Bonded Explosive) charges wi'h
surface seeded RDX charges in the 1" x 1" generator and concluded thet the bulk
seeded charges might be superior. However, because of the difference in the
mass of explosive in the two charges, .e., the PBX was heav.c:, the results
were uncertain and could have been just due to the fact that mure explosive was
used. It was also shown that the combination of bulk seeding and surface seed-
ing were the least desirable for those cases investigated.

Data is available for tests of bulk seeded charges which were performed
under more carefully controlled c¢nnditions than those original tests.

The tests were made with FB” charges fabricated with 6, 12, 18, and 24%
cesium nitrate. Two methods were ised in evaluating the charges: (a) their
effectiveness in producing pulses of power when driving an MHD channel, and (b)
the peak current and current decay rate when driving a short-circuited generator.
In the latter tests, controlled levels of surface seed were used on the various
bulk seeded charges so that a surface seed equivalence could be used in evaluat-
ing the bulk seeding. These data are shown in Table IIl-2,

Figre 3.4 shows the performance of the 1" x 4" generator using single
charges with a magnetic induction of 1.3 Tesla and 2 Torr of air in the
channel., It is clear that the specially made bulk seeded PBX charges doc not
have the reproJucibllity that is obesrved with the commercially available RDX
charges. This is particularly noticeable in the short-circuit shots where the

varietions in the peak ecurrent f{o:r the RDX shots is about 10% (which is larger

“than the normal variation of a few percent), while the bulk seeded charge curvent

variatjon may be 503, It is seen that for all load resistances used, the RDX

"eharge surface seeded with 200 mg of cesium picrate produced a higher peak

ceurront than the bulx goeded charges. There is a suggostion from this data that

“ehe 18% seoding produces slightly more conductive detonation prbducts than the

other bulk seodod charges.
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Surface Peak Decay’ :
Send Cutrent .Jime Censtant %
. Charge Mg Cs Picrate kA Bsec v
. 6% PBX 0 13,0 18.5
! 127 PBX 0 11.6 10.0
; ' 187 PBX 0 14,9 15.4
24% PBX 0 13.9 26,0
ROX 25 14.9 18.2
RDX 200 19.5 38.0
6% 200 19,1 35.0
12% 200 2.4 32.5
18% 200 17,6 25.5
24% 200 18,6 28.0
- RDX 700 6.0 58.0
12% 190 22,3 41,0
18% 700 20.9 40,0 :
i %% 700 20.0 43,5
1
]
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' | \;i;
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T"RL" ITI-2 CURRENT DECAY TIME CONSTANTS FOR BULK SEEDED CHARGES
IN 1" X 4" EXPLOSIVE DRIVEN MHD GENERATOR
R, = 0.00025 OHMS
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Voltage - Volts

800

2 < & b o 0

1 ROX Charpe With
200 Mg Cesium Picrate
Sutface Seed

RDX, 200 mg Surface
Seed T
RDX, 700 mg Surface
Seed ]
GQ'CSNO3 PBX

] | CSNO3 PBX

18% C8N03 PBX

247 CsNO3 PBX

" Pigure 3.4

VOLTAGE CURRENY CURVES FOR BULK SEED PBX CHABES.
ALSD SHOKN IS DATA FOR RDX CHARGE SURFACE SEEJED

- WITH 200 Mg CESIUN PICRATE.
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Oone arca of unusual behavior was noted in the low-load resistance regime
where lowering the resistance did not result in a further increase in current,
This results in sort of a "bending hack” of the V-I curves shown in Pigure 3.3].
However, if the amount of seed used is increased, ecither by using two surface
secded charges, or increasing the seed used on vne charge, the short circuit
current increases. The oscilloscope traces for these shots show that the basic
change in the pulse as the seed lovel is increased is to increase d1/dt through-~
out the rising part of the current. Since everything else has cemaiaed constant,

the major conclusion that can be drawn is that the seed lwvel controls the gea-

grater internal inductance much more than it controls its internal resistance.

This fact had previously escaped notice because all internal inductance measur-
ing tests had been performed with standard seeding conditions.

Further insight on the relationships between gurface seeding and bulk
seeding ca  be gained by examining what happens when surface seeding is added to
bulk sceding charges in a short circuit generator oxperiment. Here we have twe
somewhat independent measures of the plasma conductivity, the peak curvent and
the rate ar which the plasma current dies away, which is expressed in terms of
the e~falding time cunstaprt, t. While there may be zome mechanism limiting the
current build=up rate, the currgnt decay rate should be relotively freoe from
these influences and be more representative of the conduetivits. Filgure 3.5
shows the peak current achicw@ﬁgas'a {unction of the amount of surface seeding
vsod.

It can e seen thot the pesk current produced by the bare bulk seqded

Cwharges was lese than the peak current produced by the RDX charges surface

goeded with 2% m9 of cosiud plerate. It 1s algo seen that when <esius plerate
in wall aaa#nts va%;auefaee‘sneeéd on the 163 balk sceded charge, the poak
currents were highet than the sase amaunt of surface seeding on the plaun ROX
;:h:t@;éﬁ-. CAr the 808 rq devel, the 3% bulk seeded chatge and the sutface seded

plain charse vers ddalin eguivalent. At higher surface seeding levels, the suys

faee Mé@ﬁﬂ ralain” chasges were superiss o the bulk sesded charges.

. The redson for this apparent adverse reactios betveen surface seeding
aﬁé bulk sceding 19 hot knouwn and représents an imporrant drea for futuge
iﬂ%@ﬁti@a‘iﬁﬁev figealiy p.zeling is the roasoh why the 183 bwilk seded charges
appear o be superior Lo rhd other bulk seed levels lavestigated. One
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tentative suggestion is that the manufacturer mislabeled the charges and that
the 18% charges were really the 24% bulk seeded charges. Unfortunately, the
residual charge inventory was destroyed and chemical examination to support this
conclusion is not possible.

The current decay time constants from these experiments are shown in
Figure 3.6. 1In principle, the current decay time in an inductive-resistive
circuit will be proportional to the plasma conductivity. The effect of seed
level on current decay rates was examined in detail in {4}. It is seen that for
the surface seeded charges the decay time constant increases with seed level,
indicating an increase in plasma conductivity.

We see for the bulk seeded charges that surface seeding increases the
decay time constant, but in all cases with surface seeding greater than about
109 mg per charge the decay time constant for the bulk seeded charges is less
than that which would have been obtained if the same amount of surface seeding
had been used on an unseeded charge. Variation of the decay time constant for
the bulk seeded charges in the range between 200 mg and 700 mg is another
reason for suspicion that the 18% and 24% charge composition labels had been re-
versed. In the range below 100 mg of surface seed, the data is more difficult
to interpret. One clear~cut conclusion that can be drawn is that surface seed-
ing in excess of 100 mg per charge was superior to any bulk seeding investigated.

We conclude that for most applications, surface seeding of the explosive
charge should be superior to bulk seeding. There is apparently a complex re-
action between the surface seeding materials nd the bulk seeded charges.
Possible reasone for this interaction may be in the chemistry of the explosives,
i.e., in tris case RDX was used for the unsoceded charges and PBX was the base
for sceded charges. Purthor experimental work is very definiealy needed to sort
out and confirm the various effects before further analytical work can be

initiateod to explain these differences.
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3.2 CIRCUIT ANALYSIS

There have been a number of analytical studles of explosive driven MHD gen-
erators {8, 9, 11, 13}. 1In a number of these, the analysis is presented in terms

of the "magnetic Reynolds number”, (Rm), which is defined by the non-dimensional

set of parameters as

R, = u uox (1)
where W = permeability of free space, u, is the velocity, ¢, the conductivity,
and x is a representative dimension in the direction of the velocity, u. As we
shall see below, this dimensionless number occurs naturally in the description
of the diffusion of magnetic flux into a moving conductor. However, care must
be used when the magnetic Reynolds number concept is applied to the explosive
driven MHD generator. For example, the condition Rm = 1, can be interpreted in
terms of the magnetic fields induced in the plasma being of the same order of
the applied magnetic field, BO; however, this can only happen if there is some
path for the induced current. The analysis must therefore account for the
electrical field caused by the output current flowing through the external load
when determining the magnitude of the induced magnetic fields. This means that
it is not the plasma conductivity, o, but a combination of the plasma con-
ductivity and the electrical field, E, due to the external locaa which determines
the current flow in the plasma.

In a generalized expression, we wust use an external impedance, X , to deter-

e!
mine the electric field due to the load, and hence, its time varying influence
on the currents and magnetic field in the plasma slug. The message is that in-
descriminate use of R in parametric studies may tend to obscure what is actually
going on in the cxpiosivc driven HHD channel.

one of tho interesting problemu in explosive driven MUD gonerater theory is
how to handle the induced magnetie fielda. In the low magnetic Reynilds number
approximation, the plasma is viewed a8 a long flat conducier of width b, and
thickness a, carrying a eurrent, 1. ‘The nbrmal'assupptian is that the current
density, j, will be uniform and is given as

) lh : ‘ ' 7 , 12)
. a . - .

Neglecting end-effects (a one dimensional approximstion), the induced

maghetic field, Bi. is found from Naxweil'n cquation,
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T = Mol (3)

Under the assumption that the current density, j, is constant, we can integrate
and apply the appropriate boundary conditions to arrive at a solution which has
B; = 0 at the center of the plasma, with induced magnetic fields which increase
the magnitude

s

B, = + Yor (4)

i —

™

on the surface of the conductor. The net change in B, i.e, AB, when passing
through the plasma is twice this value.

While nothing we have done this far is unusual, we note that in the plasma
slug of an explosive driven MHD generator, the current density, j, is probably
not uniform. There are two basic reasons for the non-uniformity: (a) the plasma
may have a non-uniform velocity distribution, and (b), with high interaction
parameters, the magnetic fields produced by the induced currents can cancel out
the applied magnetic field in the interior of the slug. Both of these effects
will be examined.

Because the front and back of the plasma slug move at different velocities,
a circulating current must he set-up within the plasma slug when it is in a
magnetic field. The same sort of circulating current can be set-up if the
plasma slug is originally outside of the magnetic field region, and then passed
through a field gradient into the constant field region. These two effects,
either the velocity gradient or the magnetic field gradient, induce unequal
voltages at the front and back of the slug. Circulating currents flow from the
plasma toc the conductive metallic electrode boundary, then back into the plasma
at the other end, crcating a current distribution which forces the plasma
potential to mater the equipotential estaklished by the coaductive boundary
surfeee, With the blanna slug in the channel, the peak circulating current
donsity at the plasma surfaco, j‘ produced by a velocity dif!cxeagial; av, is

given by _
i, » 0 %g 8310 . g%lg: . 2% 2x10° ase | (59

Corrospoédinqu. a siug 0.02 m long traveling throuygh a region with a saygnetic
field gradient of 20 Tesla/m, wula have a circulsting current duua;ty at the

- surface of,
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o=

3 3 2
j, = ou AB = 10 . 8x10 . 0.4 = 1.6x10° A/m (6)
-7

2

which is the same order of magnitude as the current density due to velocity

differential.

_na-q
B 3

Assuming that the current density, j,, is not large enough to cause joule
heating which would result in a non-uniform conductivity distribution, the cir-
culating current density due to differential motion or magnetic gradients, would

be linear from +4, at the front, falling through zero at the center of the slug,

> . .

going to =-j, at the rear. These two effects are independent, and hence, additive.

There is the possibility that these circulating currents acting on a low
temperature (3000° K) low conductivity (100 mho/m), high pressure (300 atm)
alkali metal plasma could produce a high conductivity (1000 mho/m} surface
layer. Unfortunately, the indicated heating rates are about two orders of
magnitude too low to explain the observed high conductivity.

One other potential mechanism to explain the high conductivity may be the
“r-layer* observed in explosive driven shock tube experiments {14}. The descrip-
tion of a T-layer is that if the electrical conductivity of the medium increases
with an increase in temperature and a pertufbation occurs which causes the
electrical current, which is flowing through it while in a magnetic field, to
increase the joule dissipation such that an increase in temperature occurs, then

this perturbation will develop into a T-layer. This is in essence a thermal

e T o s oo S et

instability of the type which usually causes arcs to form, but in this case

where there is a2 transverse magnetic field, it appcars as a layer. The authors

il .

114} describe the currents riecessary to initiate the T-layer (17 ki) as only
slightly groater than the eddy currents appearing in the region where the magnetic
field is not uniform (~1G kA). PFigure 3.7 which is reproduced from {14} shows

the T=layer starting to grow from as initial curyent doensity of 3 10‘ A!a;.

' We conclude that a thermal instability mochanism similar to the T-layer un-

_woubtedly plays a dominant role in some of the experisonts, i.e., the inter-

wmediate pressurv argon experiments described in Section 3, 1.1 whore the curront
voliage relationship gots non-linear, However, wé must note that our original
conductivity measuroments, Figure 2.17 of {11, which were made without any -
magnectic field, qive conductivitios of the order of 1000 who/w. we sust theres

tore conclude that wnila'f-layér effocts may contribute to the cosduction
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Figure 3.7 S

TINE-SPACE DIAGRAM FOR THE MOVEMENT OF PLASMA IN A MAGNETIC 1

FIELD AND CURRENT DENSITY DISTRIBUTION; i
A-1-FRONT OF A REFRACTED WAVE; H

2-FRONT OF LUMINESCENCE: i

3-BOUNDARY OF THE NONELECTROCONDUCTIVE ZONE; 13
B=1-12 HICROSECONDS FROM THE START OF THE CURRENT; i
2-24; 3-36; 4-48; S5-60: 6-72; 7-64, it

(Afeer Asinovskii, et al {14)) _ §
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mechanism responsible for the observed conductivity in seeded detonation

s et e WO

products when in an MHD generator, they are not the mechanism which causes the

initial conductivity.

A second effect which may be important is the tendency for the plasma slug '

to maintain a constant magnetic flux within its boundaries. Assuming that the

i
i

slug is formed in a field-free region and then is rapidly passed intc a region
4 containing a magnetic field, the plasma appears diamagnetic in that a system of !

currents is induced in the edges of the slug to cancel out the flux in the

interior trying to keep the net flux, ¢, equal to zero., In this case, the ap-

plication of Maxwells equations and Ohms law gives

B = -y j ==y uIB 7
“ . ‘a‘i‘ lJOJ [0} ( )

With the plasma in contact with the electrodes we have the one dimensional
solution ' !

B = Beexp(-uouox) {8)
Where Be is the external magnetic field. fThis then requires that

j{x} = uoB,exp(-u uox) (9)

The surface current density per unit width, jg, is obtained from integrating

with respect to x

P —-

= ugB, fggxp(-usuox)dx) = -Be {10)

b Q

is

This result is valid if che dimension of the slug, a, is such that the quantity

exp i~u _Jua) is small. B, = B if no currents are flowing through the external

load ecireuit.
The first comment we can make is that the current density along the edge of
the plasma slug (X = 0) can be as-high as

310) = cus_ - 10%, 8% 0%, 2 % 1.6 5 10 Ade (1)

*

o o Y < e Ay et~

As we have seen above (14}, the T—iayare.ate observed starting at current ;
densities of about J x 10‘ Afﬁé» we can, therofore, postulate that with initial
conductivities as low as 200 sho/m local joule heating due te the plassa dia-
magnetic ¢ffect can be suifigient to increase the conductivity to the observed
values within the tine scale of the é%ﬁetiﬂ@hi.v Tﬁe rate of heatiny depends

linearly on.<, hencvé, as T increases, 80 does 2, therviore the rate will

! A _ accelerate. Correspondingly, we sight observe that the plasma diaragnetic effect
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is one mechanism which could maintain high surface conductivities as the plasma
expands while it moves down the channel. We may note that the current couple
necessary to maintain the diamagnetic effect is

Jgm = By * 1.6 x 10" A/m (12)

“O

For our 1" x 4" channel measurements, this current ccuple would be *+ 40 kA,
which is of the order of magnitude of the obscrved load current. This analysis
implies that most of the diamagnetic current is carried in a band at the front and

rear of the slug, whose thickness, £, is given as

™ : (13)

I1f we assume that this current couple is carried in a loop of dimensions a long
by d high, and b deep, with the resistance produced by the two bands § thick,
the current decay time is 1/2 uoaa‘aa which is of the order of 1 msec for these

conditions.

The current density in the plasma slug when the generator is under load is
also of interest. If we neglect the gradient and diamagnetic effects and assume
a uniform slug moving at a uniform velocity, we have

4B =u j w~y o(uB-E} (14)
3% v °

whare E = V/d, is the field due to the load. Rearranging terms we get the

equation

%% + v, ouB(x) = u oF | _ (15)
which has the solution

B = B {l-oxpi-ax)}+ B expi-ax) _ - (e

u .

vhore B, = B, : B ’ ) o an
and '

w 2 Agp_ou - g“ . ' : ' . . : {(18)

and B, is the ficld at the surface of the plasma due to the load cireuit.,
This is sisilar to the results derived by Sinkevich and Krylova {133, when
£ = 0, i.6., the short-circuit case, the field in the front of the siugy is given
as . . . |

B * 8,expl-ax) A _ (193
Cand §h¢ field at the rear of the slug, B; may or may not ejual By, dopcnﬂiaq
26
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!: upon the total amount of flux available for the experiment and its distribution
inside and outside of the generator {1-19}.
In a load circuit where the electrodes are broad flat conductors which
represent a single turn, and the channel width, b, is greater than the height,
d, the load circuit magnetic field is given as

B (20)

1 = \loé
When the generator is connected such that the system inductance increases

l- with time, the field at the rear of the slug, B,, is

By = By - B, = B, = b % (21)
- When considering circulating currents and the diamagnetic effect, we note that
the current screening out the field at the rear of the slug is generated by the
l— front, and that the current path appears to be in parallel with the external
. load. The field inside of the rear of the slug is given as
i. B = B; exp {ala-x)} (22)
’ We therefore have the situation where
l figax = 34 Zj..dx (23)
3, is the current density in the front of the slug, j. the current density in
{. the rear, and the current density is zero at the point, c¢. We know from {10}

that for the full diamagnitic effect the second integral is By/u, . The first
integral is cvaluated by substituting the appropriate value of B from equation
{16), and noting that

g~ 1h | - ' (24)

d T

to obtain ,

igﬁguﬁé ';;§§ (g™ ) = “@é * B ' {2%)
1f ac>3, we then have.

(9@_ - B:)

R 2.
I ud _
We may further note that since the front and rear of the real plassa slug

I =

e —

have é;tferant velpcities. the magnetic diffusion lenyth in the sluy is a fune-
tion of positien, éQen if the éandu:tiviey is canstant. Som¢ authors would intot-
prot this by saying tho back and the front of the slug have differeat “magnetic
Reynolds nunbors®. ‘ ’
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This means that both u and B in equation (14) are functions of x. We
describe the variation in velocity as

U = ug(l-gx) (27)
where the velocity ratio u!./uf s y, so that

B = (l-y) : {28)
a

where a is the plasma slug thickness. Substituting in (14) we have

%% = ~u,d F=i,0 (Ug (1-BX)B(X) -E) (29
which has the solution
z 2 .
B = exp{uoauf(x-ﬁ§)} {u oESfexp{-p ou_(x-Bx )}ldx + c} (30}
3 0 o £ 3

which can be evaluated in terms of erf{ix).

We can see that the velocity gradient has the effect of increasing the
diffusion of flux into the conducting slug, but not reducing the surface current
density.

The current distributions which we have postulated should be measuéable with
careful maigaetic probe or optical spectroscopy techmigues. Details of the current
structure of the nature of those shown in {14} provide valuable insight into
the conduction :echanism. While these mechanisms may be responsible for the
maintenance of the electrical conductivity, they do not appear to provide an
adequate explanation for the conductivity cbserved in the absence of a magnetic
field. To answer this uupect of the problem, we méy note that theoretical work
by Alexeev {15} and experimental work by Kulik {16} show high conductivities in
high pressure {100 - 1000 atm) -esium plasmas in the tomperature range of
interest. An ovorlapping wave funct.on mechanism deoscribed by Alexeev couid be
responsible for the conductivity of the necded dotonation products in the region
near the explosion, A

We, therefore, conclude that while cireulating currents and/or T-lavers way
enhance the sonductivity of the seoded dotonation products, they dc not agpear to

be the mechanism which is responsible for causing the initial high-electrical

. eonductivity observed in the secoded detonation products, The strong variation of

¢ with tezperatures suggested by the Aleseev wuodpl sugdests wivs that aeasure«
soents of egnauccivity in the regions very near the explosive chicge could e sted
to test the applicable theorita. ' '
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4.0 SCALE-UP OF EXPLOSIVE DRIVEN MHD GENERATORS

While the demonstrated power output with explosive driven MHD generators
has been interesting, i.e., 230MW reported {5}, and 129MW reported in

{12} which is discussed in Appendix A, there has been a continuing interest in

what large scale explosive drivern HHD channels would loook like and how they would

] . i perform. At this point, it appecvs appropriate to examine in detail a large

scale (5MJ) explosive driven MHD generator which has previously been proposed !

" +8:, and to outline other potentia) cesigns of interest.

4.1 5SMJ DESIGN STUDY

’..

The goal of this study was the rapid, repetitious production of 5MJ pulses i

with a duration of 100 microseconds feeding a 1 ohm load.

The firct characteristic examined was charge gecometry. It has becn evident
from cthe first experiments in 1961, that the efficiency of the explosive driven
MHD generator could be improved if the solid angle subtonded by the generator at

the charge surface could be increased. The logical solution for rapid repetitive

P e p—

pulsing was to use back-to-back channels facing a single explosive charge,

The second paramater to be axamined was channel geometry. One of the

i 4

principle functions of the channel is to act as a containment vessel for the de-

e

tonation products. The mest efficient shape for containing internal pressures

is the cyiinder. This dictates that the pressure vessel be cylindrical to reduce

)

SVPIPRUSYARNPY ST Ny N

material stress levels., In order to have an efficient magnel system, it is
important to have the channel £ill as much of the containment vessel as is

practical, inasmucn as the containment vesse) definres the region where the

PRI e oAk ety

magnetic field 1% available. This then implies that the channel should alse be
eylindrical, |

. i

gxtensive experirentation has shown that the ¢emoratur intereal resigtance

is betscen $ and 10 ohus per sguare in tie configuration where the gonerater ia-

i e e WLAR WS e

i:duetanc& decraases with time. Thorefore, to produce a palae which can directly
Cant efticiently eouple into a ) ohm load would require an wifective chaspel _ ,i
‘height to width ratio of 130 to 00 to 1. This can be achieved by subdividing

_:tha channel and connecting adjasent olemente in series. Figure 4.1 shovs a way

T shat adjscent seeeaéqﬁ&af channele weuld be conrected together through the sub~ _ §
. - éiVi‘i#ﬂfvértitiﬁﬁs to effactively change the chaone: height to wvidih ratie, and
' hvnee,'ﬁhe internal resistande, Becauss of the wnor: pulse lesgth, the current v%-

9y
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Yigure 4.1

METHOD OF INTERCONNECTING EXPLOSIVE DRIVEN MHD CHANNELS TO
INCREASE GENERATOR INTERNAL RESISTANCE

Figure §.2

| METHOD OF CONNECTING BACK-1D-BACK HENPLOZIVE DRIVEN NHD
: CHANNELS 1O INCREASE GENERATOR INPEDANCE. :
EXPLOSIVE CHARGE £ SHOULD BE INITIAYED AT POINT A,
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only flows in a thin layer on the surface of the conductor; therefore, thin
foils mechanically supported by the plastic geparator can be used as the
electrodes and interconnecting strap.

Another effective way of increasing the generator internal resistance is to
connect the generator to the load in a manner such that the inductance increases
with time, rather than as a flux compression device. 1In this configuration, the
generator internal resistance appears to be of the order of 50 milliohms per
square, which would then only require a 20 to 1 channel aspect ratio. By putting
the two channels on opposite sides of the charge in series, as shown in Figure
4.2, the effective aspect ratio for each generator need only be 10 to 1, which
may be mechanically achievable.

A5 we have seen in Section 3.1.1, the explosive driven MHD generazor
efficiency is highest when the channecl is evacuated to nearly 1 Tory. For repe-
titive pulsing at the rate of several per second, & giant vacuum pumping system
would be required to evacuate about 50 m’ of detonation products after cach shot.
An analysis indicated that the system could be simplified and made more reliable
if the seeded charge and the generator electrodes were sealed in an evacuated
plastic assembly which could be slid into place in the cylindrical! containment
vessel. Design analysis disclosed that the containment vessel could also serve
as the “warm”™ bore for a superconducting magnet. This approach c¢liminates the
need for a vacuum pumping system. _

The need for a supercenducting ragnet avisey from the desire to make the
e#p;osive charge a reasonable thicknoess., The pulse duration determinos the
eieétroﬁe length. Theretore, to obtain a desired stored magnetic encryy,

- L . i3
2Mq - %_'_L I4 % dv - A . 3D
ey

vithin the genorator volume, the B° db product will be constant (wheco o ie the
Chaninel height and b the wideh) since the lenqth  is constant. Ome of the design

parasetore is that the output will be & prescribed £raet;en'of Exag. The

ehoive of the sagnetic induction ¥ establishes the channel cruss-~sectional

dizensiend. The espiosive loading is designed on the basis of so sany Ky per

. square meter of flow ared, with the total eneryy telease Eewpl « jual to the total

charge weight tixes the ¢nargy release per urit #ass. Hor a constant ratio of

Eixey O Hxags the charge becowes thinter as b is decreased. Thin chargea are
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harder to initiate uniformly and to support during rapid movement. The most
practical way to initiace charges for this applicatieon appears to be through the
median plane on the side away from the continuous electrode, as shown in Figure
4.2,

A conceptual design for such a generator, based on a 5 Tesla superconducting
magnet, is shown in Figure 4.3. The magnet has a 1 m warm bore. With a 1 ohm
load specified, the current and voltage are cgual at 235 Kv and 235 KA, produc-
ing 5 x 10lo w. With a pulse lenath of lO"k sec, the energy output is 5MJ. 1If
the external load inductance is reasonably low, a 25 Kg charge should be able to
produce this energy from a two-channel generator assembly with a total length of
about S m.

The rate of firing is controlled by the mechanical limitations of placing a
new channel in the magnet for each shot. With the lightweight replacement
channels being constructed of plastics, pulse repetition rates of a few per
second ghould be achiavable with reasonable drive horsepower.

4.2 30MJ EXPLOSIVE DRIVEN MHD ASSEMBLY

The next requirement addressed was to produce 3000 individucl 10 KJ pulses
from a set of explosive driven MHD generators powered by a single explosive
charge. The pulse required was a half sine wave 700 microseconds in duration.
In order to deliver 10 KJ during this pulse, the peak power cutput per channel is
only 20 MW, a level easily achieved using magnetic fields of 2 Tesla. -

As discussed in the previous section, the obvicus way to increase the
chemical energy to electrical energy conversion efficiency is to enlarge the
solid angle viewed by the explosive. For this application, a configuration of
six gerarator assemblies facing the charge, as shown in Figure 4.4, was chosen.
With.a pulse length of 700 microseconds, a channel length of 5 to 6 m appears to
be adequate. Slowing down of the detonation products has been observed as
energy has been removed, 80 the average velocity will be much less than the ob-
gerved initial velocity of 11 Km/sec for the detonation products. One of the
areas of greatest uncertainty is how long the detonatien products wili remain
conductive The €" x 8" generator experiments reported {5} shcwa that the gen-
erator can conduct current for periods up to about 250 micrusecunds. ?no/oxtra-
polation of these results by a factor of three in time presents a dilemma, since

the exact reason for the seeded detonation products te be so conductive is not
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Containment Vessel
N
4
/

N s T AR R L -

- Liquid Helium Filled Dewar

Superconduzting Magnet Winding
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Figure 4.3

DETAILS OF EXPLOSIVE DRIVEN MHD GENZRATOR TO
PRODUCE %MJ PULSES, 100 MICROSECONDS IN DURATION
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REPLACEABLE

DIAPHRAM

DC
MAGNET
SUPI LY
N/
Y — MAGNET

WINDINGS

. 80 Kg

[ OQUTLINE

/ OF IRON 500 COAXIAL
VACUUM A MAGNET  CABLES TO
PUMP y }jd YOKE FLASH LAMPS
S00 CHANNELS : MAGNET COIL
2 0,01 m ¥ -
0.16 m
h IRON MAGNEYT YOKE

SECTION "A-A*

Figure 4.4

CONCEPTUAL DESIGN OF 30MJ EXPLOSIVE
DRIVEN MHD GENERATOR ’
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knqwn with surety in the first place. Experimental verification of conductivity
lasting this long, presumably in a simple channel some 4 or 5 meters long, ap-
pears to be a matter of high priority for accomplishment,

In order to shape the pulses as a half sine wave, the magnetic induction is
lowered at the front part of the channel, the current decay as the plasma level
leaves the channel provides the back part of the half sine wave.

The design shown in Figure 4.4 has a plethora of long, high aspect ratio
channels. It is anticipated that gas dynamics will probably be the dominant
factor determining the pulse trailing edge profile. A more workable solution
may be to have the MHD channels a natural size for the magnet, and then have each
channel with an interral resistance of about 50 milliohms feed a pulse trans-
former which would match the driver to 500 of the 20 ohm flash lamps. By using
an axially initiated symetrical charge, timing accuracies of a few percent should
be realized between the generators.

This design has a natural advantage that it sbhould be readily scalable up
and down in size. Systems-wise, it looks like an inductor which can be dis-
charged on a submillisecond time scale. The size of the pulse essentially scales
with the amount of iron and copper in the magnet. Again we repeat that the major
area of uncertainty in this design, which could be easily scaled up to 300MJ or
more, is the need for experimental confirmation that pulses of this duration can
indeed be produced.

4.3 SEEDED DLTONATION PRODUCT FAST SWITCH

Another application where explosive driven MHD generator technology appears
«~prplicable is in buildinqq.repotitively pulsed switch for discharging fast
capacitor banks, ' |

The multiple pulse experiments {4} and tho alternating current generation
experiments (7} have demonstrated the essential elements which are needod to
develop a fast switch. In the multiple pulse experiments, a string of charges
were sequentislly detonated at the entrance to the MUD channel. Pulse rates of
up to 100 ger second were demonstrated. Wwith the high ﬂ)D generator heing used,
the optimum pulse repetition rate wax determined to be 30 per second; huwever,
:he experiments demonstrated that charqge feed mechanisms could be developed to

feed tha charges at- rates up to 100 per second,
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7 The alternating current generation experiments used a set of segmented

. electrodes along the MHD generator cress-connected in such a manner that the dis-
i*ﬁ} creet plasma slug was alternately connected to opposite ends of the load. The

1 experiment produced 20 KHz alternating current at the power level of 2 to 5 MW.

The output was subsequently transformed up to the 50 KV level. The important

conclusions which may be drawn from this experiment are that the plasma slug has

clearly defined front and back boundaries, and that the high pressure {(kilobar)

detonation products behind the plasma slug have insulating properties which pre~

vented arc-over of the upstream electrodes. !

W Y

Having secen that surface seeded explosives can produce a carefully con-
trolled slug of highly conductive plasma, and that the unseeded high pressure de-
tonation products following the plasma have good insulation properties, it is
logical to propose that seeded detonation products could be used to make a
repetitive switch for discharging fast capacitor banks. Typical requirements for
such a switch are to pass 1 to 10 coulombs from a 1 MV capacitor in 100 nsec with
100 Hz repetition frequencies. This will require a switch capable of passing
107 to 10s A, with an internal resistance of less than 1l milliohm.

From these conditions, we can make the following tentative design. 7o stano-
off 1 Mv at aﬁmospheric pressure, the gap representing the MHD channel would have

to be about 0.35 m (30 KV/cm) high. However, for 10 atm, the gap would only

I . l . ' ) ’ I3

have to be 0.03 m or about 1.3 inches high. Therefore, the use of a pressurized
channel appears preferred. To achieve an effective resistance of 1 milliohm,
the switch should have an aspect ratio of about 10, which would make a linear
switch 13 inches wide for 10 atm, or about 4 inches in diameter if a circular
gap is used,

The circular gap has some interesting properties. It can be made as a part
of a coaxial conductor system, to minimize inductance, and by adding an axial

magnetic field, circulating currents can be developed in the radially expanding

plasma ring which will insure that the conductivity is uniform along all segments
of the switch. In the radial explosive driven HHD gonerator experiments {4},

a circulating current of 40 ka was measured. With the postulated currents of

10T or 10' A, tho magnetic fields due to the axial current are expected to result
} ; in a marked slowing down, and perhaps reversal of the outward plasma flow, which

may reduce thoe requirements for venting the detonation produccs through the outer
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conductor. Under optimum circumstances, it should be possible to have the gap
generate 200 kV as an explosive driven MHD generator, overcoming the 100 kV
resistive drop in the switch, i.e., 1 millichm resistance.

The seeded explosive technology required for the circular gap was developed
during our work on the radial explosive driven MHD generator {4}. The problem
of feeding the charges at rates to achieve the desired pulse repetition fre-
quencies are understood, and should not be underestimated. However, these are
typically difficult mechanical design problems and it appears that sufficient
test work could be conducted on a single pulse basis, to demonstrate the tech-
nology before the design of a multiple pulse charge feeding mechanism would have
to be undertaken.

From the standpoint of minimizing explosive usage, the coaxial switch ap-
pears to be preferred because the switch gap as viewed from the éxplosive repre=-
sents a large occluded angle and the coaxial lead assembly should provide a
minimum of inductance. In principle, the explosive MHD switch could be placed at
the end of the coaxial line which would allow the charges to be easily placed and
the detonation products to be cornveniently removed. One possible configuration
is shown in Figure 4.5.

The basic gcale of the switch is set by the gap necessary to hold-off the
voltage at atmospheric pressure, The inside radius is determined by the stand-
off required from the charge to lower the pressurc to workable levels. With
small conventional charqges detonated at nearly ambient atmospheric pressures,
this distance is about 2 or 3 inches. Allowing for a 2 inch diameter charge, the
minimum inside diameter of the electrode is about 7 or 8 inches and the cutside
diameter of the coaxial conductor is 10 to 12 jinches for a 100 XV switch. Since
the inductance of the coaxial conductor varies as the logarithm of the ratio of
the inner and outer conductor diameters, larger diameters may be preferred. Go8
vent holes should bo provided around the periphery of the outer conductor. Higa

atrength magnetic steel blast chambers are shown to back-up the copper electrodes

~and take a majority of the blast wave impulwe load. To avoid arcing at the

odges of the gap, a Regowski electrode contour can be followed.
with this configuration, the feeding of charges is simplificd. ftThe biasing
magnatic field iw provided by a coil powered (veﬁ & conpventional source. Since

the purpose of this field is to prodﬁaa a circulating current in the expanding
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? plasma ring, a fraction of a Tesla should be adequate. One of the key questions

PRI

is how soon will the gap recover the ability to stand-off high voltages. Figure

4.6 gives the predicted voltage recovery curve for a 1.3 inch gap explosive 3
driven switch. We know with certainty that voltage gradients of 20 kV/m can be : i

5 maintained within 10 to 25 microseconds., While these results are promising, more

Po oot 0 et

data is needed tor higher voltages and longer times.

1t thus appears that two key experiments are required in order to determine:

1. Can an explosive driven MHD switch passs 10 coulombs in 0.1 microseconds
with reasonable voltage drops? And,

2. Can the gap recover to stand-off voltages of 1 Mv within a few 100's of
microseconds?

Since these two questions are outside of ocur previous areas of experimental
observation, we can only postulate answers on the basis of our underastanding of
the physical phenomena. We believe that the answer to the first question is :
positive. The conductivity is of the proper magnitude and the time scale is o
abouz right. The only known problem is that in the linear explosive driven MHD
generator experiments, where the time scale is about two orders of magnitude
longer, the plasma was shown to have an anomolously high inductance, suggesting
that the current had pinched down to a thin filament. We now know, Section
3.1.2, that the seed levei plays a dominant role in the apparent high inductance,
and that increasing the secd lovel lowers the effect. For the submicrosecond
time scales and bigh pressures being considered, the dynamics of pinch formation
should be too slow to be important, ;

Tho answer to the second guestion should also be positive., We know that the

b apmtseh

high pressure detonation products are non~conducting. The proviously cited

experisental ovidence implies that thevre i a high degree of probability that

this goal can be achieved.

We conclude that we have every veason to believe that the explosive driven

HHD generator concept can be used as a rapid multiple pulse switch for fast
capacitor banksé. Dased on the background data available, it appears feasible

to procesd to a direct test of the concept at voltage levols and current levels

of iaterest,
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} 4.4 HERCULES SCALE-UP EXPERIMENT
}

T 1t is believed that much important new data on explosive driven MHD gyen- i 5

v erators could be obiained by constructing a channel which would utilize the full !

potential of ihe Air Force owned magnet described in {12}. This magnet could be

Bt avdmn

used to scale-up thc previous 4" x 6" generator described in !5} tc abcut

12" % 12" (0.3 m x 0.3 m), Since the magnet has an active bore length of about

wsanpamaly

2 m, a 5 m channel length would allow the investigyation of short-circuit pulses

out to 600 -~ 700 microseconds in duration similar to ‘he long electrode gen-

erator measurements reported in {4},

The general electrical specifications for the generator would be an open-
circuit voltage of about 7000 V, a short-circuit current of about 800 kA, with a
peak output of 1.37 GW, With a pulse length of 150 microseconds, thisz should
yield about 200 kJ.

The magnetic energy contained in the generator volume is about 700 kJ, so

B

the output energy could be somewhat higher than the 200 kJ previously calculated. 'i
Based on an explosive loading density of 15 Kq/m;. the charge weight would

be 1.35 Kg, which equates to an energy release of 5.8 MJ. A 200 kJ output pulse %

N ot

would represent a 3.4% efficiency for converting chemical energy to electrical

1
|
energy. ‘
An experiment of this scale would also allow a realist demonstration of the :
problems associated with coupling a large group, say twenty, high impedance i }
{20 ohm) lamps to the low impedance pulsce generator. | |
The most valuable data to be gained from the proposed generator test would %} g i

be definitive proof that pulse lengihs in excess of 150 microseconds can be
achieved., Obtaining lenger pulse lengths is a necessary, but not sufficient, g}

¢

condition for determining wheother explesive driven generators can be used for

SR

interesting applications. Cerrespondingly, if thore is some rvoason why longer gl
‘pulses cannot be obtained, the sooncy this can be determinod the better it will LI

he for all concerned.

Jrpser v
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APPENDIX A. ANALYSIS OF WORK PERFORMED UNDER RECENT AIR FORCE CONTRACTS

A.1 AVCO-shock Hydrodynamics-Atlantic Research Program

The results of the work under this contract are reported in {9°,

In general, the report covers a range of system analyses; an investigation of
several alternative approaches and a limited amount of experimental data on
seeded detonation product conductivity.

A major part of the report is devoted to studies of tubular charges for
driving MHD channels., Earlier studies by Burnham, et al, {10}, and ourselves ‘1},
had investigated various charge shapes, i.e., conical charges with various
angles; L-shaped cone charges:; flat front charges, etc., Our conclusions were
that shaping the charges could produce a faster current rise time, but that the
shapz of the charge did not markedly effect the peak power produced. Indeed, be-
cause of the larger guantity of explosive used to make the exotic shapes, the
ratio of chemical energy input to electrical energy output, i.e., conversion
efficiency, usually went down. None of the data presented in Reference {9}
indicates that this conclusion should be revised.

The analysis of explosive driven MHD generator systems given in Chapter 3,
pp. 83-104, is rather confusing. There are many obvious typographical errors,
and evidently some lines of typewritten material were left out which define some
of the parameters, One of the major deficiencies of this analysis is that it
neglects the circuit inductance, i.e., it assumes a purely resistive load, which
is very seldom the case, as is discussed in a later soction of that chapter when
power conditioning is addzessed. However, the time rate of change of internal
inductance, ﬂ. is implicit in the formulation for the magnetic flux.

We must note that proper application of theory to determine the actual
current distribution in the conducting slug would have obviatod the neoed for tho
elaborate ad hoec assumptions made roncerning the “AC skin effect™,

wWe beliove that one should resist the urge to convert the equations tc a
fore where cthe torms which represent the induc&d wagnetic field appear as the
magnetic Reynolds number. The generator can be connected in a manner such that
the load is at the upstrean end and the induced magnhetic field does not add to
the static magnetic induction. In this case the term B 4 disappears from the

analysis and the “magnetic Reynolds number® is no longer exglicit in the for-

‘wmulation; however, the physics of the interaction hag not changed. While the
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- equations in the form given in {9} may appear useful for parametric studies,
they are not connected directly to measurable quaﬁtities which can be controlled.
1t is much more meaningful to think of tha term L, u as a negative resistance of
-the order of 10 milliohms per square, which gets compared to the load and plasma
resistances per square of channei uross-sectional area; than it is to encumber
both parts of this relationship with a ca product wnich is clouded with a great
deal of uncertainty about what is o, or what is the plasma thickness a, and what
1o ) is the actual current distribution, etc. The effect of changing the generator
l . electrical connections has bheen observed directly, maynetic Reynolds numbers can g
only be implied.
; We may note that the discussion of ionization, conductivity and seeding |
presented on pp. 97-103, made an unreferenced one-line statement about previous
explosive derived plasma conductivity measurements and then approached the gques-
tion of conductivity of seeded detonation products from classical theory of the
o type used in low pressure/high-density thermal plasmas. That such analyses did
not match the experimental data had been known for dbcut ten years. The authors

conclude that ™. . . no techniques are presently available for accuraiely caili-

culating the conductivity of explosion products“. They then discuss a test

T~ o program to repeat previcus measurements.

i, o oim e

The experimental conductivity data reported by this program was extremely

S~y
M v

limited and i5 of questionable value.

Analysis of the data does not substantiate the reported cesults. Figure
A.l, which is reproduced from 9}, presents an analysis of the data from Test
2 ) No. 13, for electrodes 99 and 134. For electrode 99, the dgta shows a current
which gradually rises to a level of about 0.4 amperes in 20 microseconds, and
then stays about constant, out to the end of the trace. The second trace below
"that is supposed to show the incramangal‘voltaqen betweon probwes 5 and 6 for

clecerode 99, According to the teoxt, these two points are supposedly saparétod.

- by 20 em. Refevence to the Fijure 141, “Sketeh of Voltage Probe Locations -

Test No. is discloses that probe number 5 is at eloctrode 64 on the top of the
channel and probe number ¢ is at electrode 134 on the bottom of the channel, and
that electrodes 64 and 134 are 14 cm apart, making probes 5 and 6, which are on

opposite sides of the 20 ¢n probe row, actually 22.4 o apart!
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CURRENT - 2V/CM
FOR FLECTRONDE 29
VOLTAGE ACROSS 10 OHM RESIS [NR

INCREMENTAL VOLTAGE 5.0, 2V 000
FOR ELFCTROD: 13

INCREMENTAL VOLTAGE s [V O\
ELECTRODE 134

CURRENT - 2V/CM
FOR FLECTRODE 134
VOLTAGE ACROSS 10 OMM RESISTOR

INCREMENTAL VOLTAGE 910 2v/CA\t
FOR ELECTRODE 164

CONDUCTIVITY

TEST NUMBER 13
&-7-73

QO us/7CM :

@ & 730 - 1500 MMD/ METER

Fir @ A2

GECILLOGRANE OF TWO 5875 OF THANSVERSE ELECTRODE VOLTAGES
: AND CURPENTE FROM AVCO TEST RO, 113
{From pp. 360, Referencve (91)
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Overlooking such uncertainties, the reference then concludes that for an
electric field of 1 to 2 v/m, the Yresistance here is 0.5 ohms R 7 1.0 ohms",
liow the process of injecting 0.4 amperes of current into a plasma from a line
electrode on one side, and collecting it with a continuous electrode on the other
side, is coupled with a measured electrical field to vield a *"razsistance” is not
clear. The analysis then continues by calculating an electrical cross-sectional
area for the current floQ, selecting dimensions of "0.002m by G.lém”. The 0.l6m
dimension is obviously the channel width; however, the source of the 2mm dimen-
sion is crucial to a determination of conductivity, absence of the reasoning he-
hind the choice of this dimension makes interpretation of the results unc:rtain.
The reference then goes on to conclude:

"l. Gas conductivity at operzting pressures of interest in the order of

1000 whos/m can be achieved.
2. Gas conductivity apparently increases with increasing soced 'evel for
1% to S5¢.*

Absolutely no analysis of daota is presented to substantiate the last claim!
After reviewing the data presented in {9}, it is possible to present an
alternate interpretation. From the oscilloscope traces representing the current
measuroments, a precursor wave (prosumably a shock wave in the vesidual aiv), can
be seen pro?aqatiné down the chennel. This is then follawed by about a im long
slug of soeded detonacion products moving down the channel with g veloeity of 7
to 8 Km/soc¢., The electrical field distgibution in the channel is extremely com-

piex, reaching levels of S0 v/m in localized arcas. With three oloetrades,
0.07a apart, injecting about 1.5 azperes on one side of the 0.2 high chaanex.'
the average current density is of the order of %9 Afwg. Using the “seasured”
ploctrical field of 2 v/m, this would vield 3 conductaivivy of absur 3% mhose,
which is of the order of aaqnitu&é to b oxpected for cestive soed material a4t
dotonaticn temperatures, V .

The anplitude of the current pulses fros the various shots 18 shown ia
Table A-l, sdlong with iha bulk seed l@véls. It is clear that ke lt and s
speded charge detonation products carrjed more current than the 0.13% deeded
charge detonsticr products. The lisited datz available does sot support the

view that the detonation products fvois the 51 seeded charges is more donduciive

than frowm the }s sced charge.




j
{
TABLE A-l. DATA FROM AVCO CONDUCRIVITY TESTS :
: Cucrent Pulse - Amperes 3
{ Seed Level Electrode No. :
: Shot No. % C5 64 99 134 :
i
i 9 0.1 0.25 - 0.2¢8
10 0.1 ~ - ~ )
11 5.0 0.4% - 0.5 -
12 5.0 > 0.1 - 0.4
13 5.0 > 0.4 C.4 0.6
14 1.0 0.55 0.4 0.6 :
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We conclude that neither of the experimental claims made on page 367 of
{9} can be substartiated by the data presented therein.

A.2 The Hercules, Inc., Program

The results nf this contract are reported in {11} and {12}. Reference {11}
covers the analytical studies in detail, while {12} presents the bulk of the

experimental data.

A.2.1 Analytical Work on the Hercules, Inc., Program ;

Central to the analytical development preserted in 111} is the conjecture )

that the gases originally in the channrel play a dominant rcle in determining the {
. _ characteristics of the generator. The middle of page 3-10 speculates ". . . that

mixing of seed and residual gas is the chief source of the conducting zone in

the X~MHD generator and the orly source if the residual gas does not ionize
appreciably. As this is the case, it is c¢f extreme importance that the shocked
N : residual gas temperature be maintained at a level such that adequate conductivity

can be achieved."

From this statement, most of the an:iytical work then proceeaes on the

basis thac the observed 8 Km/sec propagation of the plasma slug defines a shock

b bl kL 2 i e A L e AR A T s s o €

i‘ with a Mach number of 24, which heats the residual gas (at 10 Torr) to 8000°K

and compresses it to 10 atmosphere. {

This basic assumption about the ¥nle of shock heating does not appear to

i

11 ] be completely valid oa the basis of previous studies which were conducted with
h residual pressures ranging al! the way from 0.03 Torr to atmospheric pressure.
Data from 3tudies of this type showed that for pressures less than about 2 Torr,

the characteristics of the generator were substantially unchanged, particularly

at the low pressure end of the scale., The velocity and conductance appear up-

changed. Typical data on generat:r behavior with changing initial pressures is

given in Section 3.1.1. We may, therefore, note that loworiny the residual i

! pressure by two orders of magnitude, which in principle increases the shock

i. pressure ratio by two orders of magnitude, thereby increasing the “Mach number® . ;
anc temperature, does not result in nbserved changes in the physical paramaters.
we must, therefore, conclude that the mechanisms gostulated by the authors of

5 ;' '} C 111} to explain the operation of explosive driven NHD generators, are probably

| , not valid over the important renge of operating vaviables.

4.
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Another key assumption is that the conducting zone has zero thickness.

; L Our earliest work, Figure 2.29 of {1}, showed that the conduction zone has con-
‘E;g ; ) siderable axial extent, The alternating current generating experiments described
in {7) could only have been possible if the conducting region were about 0.2 m

! to 0.3 m in length. While this faulty assumption may not be as fatal as the
i S first one, it does have a bearing on major ccnclusions drawn by the authors
% ) 1 relative to pulse rise times.

In addition, we may also note that previous experiments with rapid

. multiple pulsing, {7}, showed that residual explcsion products in the channel
1]

at near atmospheric pressure, did have a deleterious effect on channel operations

for pulse rates greater than 30 per second. The discussion on page 3-14 relative

e it

to high repetition rates (100 pps), does not seem compatible with our experie

mental ohservations.

——— et v

s et iy 1t

; L Having adopted a shock tube model to explain the linear explosive driven

PINES

MHD generator, the authors then use such a model to predict channel character-

PPN

istics. Because of the non-validity of the basic assumptions, we decline to

comment on the gas dynamic calculations.

The electrical circuit analyses are presented in Chapter 5. One of the

it R L L il A AT A T T

s

major problems in the analysis presented is that external iaductances is

B !~ largely neglected, and the treatment of induced magnet fields is not handled

e ek I A

- properly.

The analysis starts by assuming some relationships between shock com-

S S I TRV 10 1 e n b e Focm ™ AT 01 iy Sl A, 3 e 4210

pressicn time and curreat rise time. In most cases of interest, the current rise

SIS T RS

time is determined by external parameters such as the load inductance, which has

been neglected in the analysis.

(U SRR ST

Since the experimental data show that the shnck

aeadese A A

_ compression tine is not a controlling parameteyr, this analysis is not
! particularly pertinent,
§ The nuxt section Lreats magnetic Reynolds nupmber effects., Equations
: » gi {1) and (2) are correct, i.e.:
);
1; . '» Rm‘& " 0, oui (A, 1}
g : ; and
3By 3w U0 (uB - V) : (A.2) :
: : 5% h i
’ } .
i t
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i However, the assumption is made that

V= uuBOh (A, 3)

R
g

where o is the generator loading coefficlent, a carryover from open-cycle MHD

generator analysis where the induced magnetic fields are small compared to the L O

static magnetic field, and ". . . . . B, is the magnetic field well ahead of the

[N

conducting sheet". This form of analysis has a number of fundamental problems!

The concept of using a generator loading coefficient is misleading since o is oy

s usually defined in terms of the static magnetic field, Byr 1.e., §

Wy
i

i . u = Electric Field bue to Lload =V 1 (A.4)

Open Circuit Electrical Fielid h EBO

The error arises in using « uBO in place of V/h to describe the current

density j. The correct treatment of this matter is discussed in Section 3.2.and {13}.
The analysis proceeds to evaluate the constant B by introducing the con-

cept that the average of the dynamic magnetic fields, B; and B, is equal to the

static field Bo' In the process of solving the equations, a minus sign ap-

parently is lost. The proper expression for the magnetic field in this approxi- oy

§ mation is: :
: ; 2B, (1-=)exninguo(a=-x)} aB, (A.5)
i . (1+expu _uca) i

which effects the form of both equations (5) and (7) on page 5-5 of {11}. The
exponent in the numerator of equation (7) as given in the text is not dimension-
ally correct.

) . Reference {11} then examines the question of "circuit rise time", starting

[OPTEr Y

; ' on page 9-7. The statement is made that “"In a shielded generatcr, the inductance

{s mainly that of the conducting sheet itself . . .", without defiping what a

o
IR

shiclded generator is. Without discussing the significance of the inductance

K formula, equation (18), vhich appears to be short two dimensions, and neglecting

3 ¢

our previnusly published work, {4), which showed that the conducting sheet had a

e A AR Al AL e ot ¢ e b ST Aty ot s T 1

non-nugligible self-inductance (60 times the magnitude predicated by aquation oo

{8)), theo analysis gocs on to predict 3 to 7 microseconds rise time. The later
experimental work under this program {12}, showed the rise time to be about an .
order of mugnitude larger, ‘

The analvsie then continues on page 5-10 to discuss the “welli-shielded"

generator, with the statement that the time derivative of the intornal inductance !

et s sy s bes s sar miem s 4 mesas an e
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i; 18 approximately zero, and that for an "unshielded" device, the inductance is a
function of x so that there will be a time derivative. What the authors are

g probably referring to is the generator construction used in the 4" x 6" channel

described in (5}, Here, one electrode was bonded to the external pressure con-

tainment vessel, while the other electrode was supported on an insulating block.

Electrically, the pressure containment vessel looks like the outer conductor of a

- rectangular coaxial cable, with the inner conductor being a rectangular slab dis-

AT N T s o = vamn n o me

) placed toward one of the sides. While the relationship which expresses the in-
ductance per unit length of the coaxial generator, which is of the form
&n r,/r2, is different than the relationship for the inductance per unit length
of the parallel plate generator; there is still an appreciable inductance in the 4
coaxial generator. It, therefore, follows that as the conducting plasma slug
shortens the generator langth, the inductance will change. Particularly under
- pulsed conditions where the skin effect may cause the return path through the
permeable iron containment vessel to appear to have a higher impedance than the
- path through the copper electrode, the internal magnetic field distribution of
the coaxial generator can approach that of the parallel plate generator. We
weet, therefore, conclude that the assumption which neglects the time rate of

change of the inductance is not justified.

A.2.2 Hercules, Inc., Experimental Results

The results of experiments in back-to-back 0.155 m diameter explosive

driven MHD channels are reported in {12}. Additional data, which is soon to be

B NPT

published, has been made available for analysis by C. Bangerter. This material

includes photographs of osclilloscope traces, test data for all recorded shots and

preliminary current and voltaga measurements derived from most oscilloscope
pictures. Figure A.2 from (12) shows the major details of the experiment. Table
A-2 gives a maitority of the experimental details for each shot. The terms East

N and Wost rafer to locations of each channel; East or West of the explosion

| | chamber, i

In order to prezent & clear yicture of the basic operation cf the gen-

erator, we firat look at tha open-circuit performance of the two generators;

N i then their per( rmance under load, and then summarize their parformance on : ;

voltaye-current diagrams,
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Figure A.2 :

HERCULES X-MiD CHANNEL SCHEMATIC WITH MAGNETIC FIELD PROFILE AND
. PHOTOGRAPi!
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One fact which emerged from preliminary analysis was that output of the
generator was markedly influenced by the presence of the driver used tc initiate Ty

the main charge. This driver, which usually contained about 5 gms of the ex-

plosive PETN in the form of "detasheet", is used to initiate the charge uniformly.

This effect is so marked that the data only made sense if we presented it in

P
ettt

terms of the "driver" channel and the "driven" channel. 1In most cases the driver
: was in the East channel.

A.2.2.1 Open-Circuit Voltage Measurements i

The first shot, X-MHD 1, measured open-circuit voltages in both
channels. Figure A.3 is the oscilloscope trace for that shot. It is interesting

to note that with the driver in the East channel, the voltage came up first on

the West, or driven channel, to a value of about 2640 v, while the voltage in
the driver channel rose about 5 microseconds later to a value of about 1660 v,
We note that the voltage pulse on the driven channel lasted for about 170 micro-
seconds, while the voltage pulse on the driver channel lasted for about 210
microseconds. This implies that there is a connection between pulse shape,
length, and induced voltage.

To investigate the influence of the magnetic field profile on the pulse
shape, we have attempted to fit the observed pulse shapes from the driver and
driven channels with a pulse shape derived from the magnetic field profile,
under the assumption that the conducting plasma slug is short in axial extent
compared to the field ygradiont, and tihat it has uniform velocity. The results
of this analysis are shown in Figure A.4. The most clearly defined points ara

the ends of the electrode, where the voltage starts and stops.

-
ot

From this detailed analysis of all phases of the pulse, we conclude
that the cffective velocity in tho West channel is about 1,6 times the velocity

in the East channel, i.e., the velocity in the west channol is about S$00 Km/sec,

e RPN

and in the East channel, 3300 Km/gec, which is about the same ratic as the open-
circuit voltages. A disparity between the channel with the driver and the driven ; i
channel, while usually not as large as in this experiment, is noted in all later '
shots. - o

Shot X-MHMD 2 is annther open-circuit experiment, this time at a -%

pressure of 10 Torr of air. The oscilloscope trace is shown ant Fiqure A.S. The § :

Lrin it

T el b Al gy a bt e

4 peak voltage on the East fdriver) channel is 2760 volts and the peak voltage on
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Firing No. X-MHD-1 pate June 4, 1934

Charge Specifications:
Corposition C=-4 Weight: 97.3 gm
Sced (CsNO3) Welght: 3,0 gm (bulk)
standoff Material: 17 gm (west), 21.4 gm (east)
Driver Location: _East (Channel

- deik  oNER

i i Fill Gas: _AMlr . Tnitial Pressure: 40 Torr.

Magnet Current: 11,000 anps.

Upper Trace: West Channel Voltage, 1000 0
Vertical Deftection 20 v/em

e et e

Norizontal Deflection 59  <fem

Data Channel *

v
Tt

Lower Tracc: Fast oo o0 Valpaoo 1
Viegde ol oo o0 B

Hurteontal Detlection 20 nfew
Data Channel %

* .
Upper Trace: Mest  Chananel Voltage, 1000 3 Load
Vertical Detlectton 10 w/em '
Morizontal Deflection 30 .g/ew ,
Data Channel __:_g}ox attenvation’ :

Lover Trace: Base  Chaneel volegese, 1000 5 lead
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ANALYSIS OF NERCULES SHOT X-MND 1.
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Fiting No. _X-MHD=-2 Date June 11, 1974 :

) Charge Specifications:
! Corposition C-4 Weight: 97.3 gm
Sced (CsNO3) Welght: 2.7 gm (bulk)

Standoff Material: 12.5 go each side

Driver location: Fast_ Channel

: Fill Gass __Atr . TInitial Pressure: 10_ Torr.
Magnet Current: 11,000 amps.
¥

Upper Trace: _EAst  Channei Veltage, 973 i1 poead

i- Yestical Detlection 33 wlem
. Horizental Deflection _10 L afem
Data thanael 31
Lower Trace: X3t  Chauney Voltage, 994 i twad
vertical Pefleetion 20 wlew :
" opaptzontal Mftestian 10 siow
Wig Chavael 23

Figure A.5
GECILLOSCOPE TRACES FOR HERCULES SKOT X-Nfib 2
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the West (driven) channel is 3150 volts. Comparing the two voltuge pulses with
the magnetic field profile, similar to the analysis given in Fiqure A.3, yields
a velocity of about 7.25 Km/sec for the driven channel and 6.67 Km/sec for the
driver channel.

Figure A.6 is the oscilloscope trace for shot X~-MHD 9, which is another
open-circuit experiment. The pressure is 11 Torr of a helium-air mixture. The
oscilloscope pictures are somewhat confusing. The driven channel voltage pulse,
recorded on the top oscilloscope trace, instead of rising sharply, takes almost
80 microseconds to reach the peak, while the East channel htas the expected rapid
rise, but then shows a negative overshoot at late times. The overshoot is
probably due to an internal short which has set-up rather iarge circulating
currents, displacing the ground reference point. The measured peak voltage on
the Bast channel is 2240 V, while the peak voltage on the West was about 2300 Vv,
which occurred at about 100 usec. Because of the “inductive kick" in . nast
channel trace and the odd shape for the West channel trace, this data will not be
considered critically in the overall analysis. This is the sort of electrical
breakdown we referred to in Section 2.3 when discussing the selection of gas to
initially fill the channel. Por shots 1 and 2, the residual gas was air at 10
Torr. fer thia shot helium with an unknown quantity of leaked-in air,

Shot X-MHD 7 is an open~-circuit voitage experiment with 650 Torr of
helive in the channel. Osn the basis of the induced peak voltages, i.e., 2370
volts an tihe West channel and 2520 volts on the East channel, and the shape-qf
the voltage puise. which is determined by the magwetic field profile following
the procedures used ir Figure A.3, we estimate the initial veloacity ip tho West
idrivens channel to be about 4.6 Ka/see. The voltage on the East (driver)
channel gives an initial velocity of about 4.9 Km/soc., &An analysis of the pulse
shaﬁé is consistent with average éﬂloeities of about ¢ Kn/sec oveé th@ pulse
length. ‘ . _ '

Thie shot has all of the chatacteristics of an explosive d:svknrhalinﬁ
tilled shock tube and its beravior should be weil descr ibad by the theory pre-
seated in 11}, | o ' ' B

Table A-) sumkarizes the opan-circuit shots. The average value for Bad
dorived from this data is 0.56 Tesla-moters, which ioglics an effective electrade

toparation of 0.17 ® for a magnatic induction 6f 3.3% Tesla. The actual channel

§7
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Firing No. X-MHD=9 Date __June 25, 1974

Charge Specifications:
Composition Ced Weight: 100 pm
Seed (Cs%03) Weight: 2.7 gn/side (surface)

Standoff Material: 12.5 gm/fside

Driver Location: East  Channel
%
Fill Gas: Helium - Inftial Pressure: |] Torr.

Magnet Current: 11,080  amps,

Fameniag

%
£
[

Upper Trace: MO eujan) Veltage, 97

Yertdcal twtheetton 20 vfew

Morizental beflectioa 30 . ofew

emmtd Ge i, 3l

bats Channel 2%

. s . Xgles -
tover Trace: _BA%  crgane; Yoltaze, W4 n

[

vertteal Befleetson o8 . fem
Horizantal Sefeection 30 sjow

% Bata thasse} <2
i :
i 'Lui i0 chaanclegas vas probably heliuw aiv sixiufe.
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! Pigure A
CSCILLOSCOPE TRACES POR UERCULES SHOY X-niD 9
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OFEN-CIRCUIT SHOT ANALYSTS

TABLE A-3 ;
|
\
|

C e e e s B

Iiriver Trive s

Mag, Driver Profile briven Proflic o |
Shot Press. Curr. Voltage Analysis Yoltage Analysis |
No. s {Torr) (kA) (ke/sec) . L {km/uec)

e

i Alr A0 1t 2400 31.33 33 3.63

ro

Alr {0 i 2760 6.57 3isa F.2h ' ‘ |

¥ h He 630 13 2370 3.9} 520 .19
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diameter is 0.155 m, and the minimum separation between electrodes is 0.148 m.

il

The reason for the apparent high effective Bd is not known.
. Skot X-MHD 10, which is not reproduced here, was fired with 2 Torr of
i He in the channel. Again, the "open-circuit" voltage measurements show violent

baseline shifts, indicative of extensive internal breakdown. It ig again sgeen

o VI

that air, which behaves as an electronegative gas because of the electron
affinity of 0, to form 07, is preferred as an initial filling gas over helijum,
l In most previous experiments, the effective uBd product has been about

0.8 of the value derived from the product of the separately measured values for

Bcriiintsand

each physical gquantity. This discrepancy was one reason for suspecting that

there were circulating currents in the plasma slug. In addition, the use of a

circular channel with the electrodes occupying a 70° segment on each side of the
channel should reduce the effective diameter below the geometric diameter be-
cause of the circulatirg currents which must be set-up to keep the electrode
surface an equi-potential. The best open~circuit data available, shot X-MHD 2,

which had 10 Torr of air in the channel, yields an effective electrode

posasg oy pansy

separation cf 0.127 m, which is witnin the expected range.

A.2.2.2. Measurements under Load

prosoct

! The first measurements made with load resistors which approximately

i match the generator internal resistance were on shot X~-MHD 6. The driver channel
L (East) had a 25 milliohm load, the driven (West) channel, a 4.89 milliohm load.
E The voltage-current data from the driver channel, Fiqure A.7, indicates an

I effective load resistance of 60 to 70 milliohms, much larger than the measured
1 value. (The effective resistances for most loads used in this series of shots
] was usually much higher than the measured value. The reason for these differ~-

ences is not clear. It has been speculated that oxide coatings or the connect-

ions to the aluminum electrodes may be the cause for the increased resistance.)

For some reason the voltage trace for the driven (West) channel went off-scale.

‘The data sheet suggests that the leads might be incorrectly identified. However,
since those portions of the voltage traces, which are visible, are ocincilent

with the current pulse fe- the West channel, and are not coincident with the

shorter pulse on the East channel, we conclude that the leads were indesd

correctly identified, but that the oscilioscope scale factors are wrong.
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VOLTAGE=CURRENT PLOT

FOR THE WEST (DRIVEN) CHANMEL

IN HERCULES SHOYT X~MHRD 6, THE
MEASURED LOAD RESISTANCE WAS 25
MILLIOHME., THE APPARENT LOAD
RESTISTARCE 18 AROUT 350 MILLIOHNMS.
NUNBERS BY DATA POINTS REPER TO
TIME IR NICROSBOONDS. '
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The next shot which procduced analyzable data was X-MHD 12, which was
g fired with a lcwer magnetic field, about 3.15 Tesla, in place of the 3.35 Tesla
used in the other experiments. The measured current through the 4.89 millichms
load was 62.4 kA. The vnltage trace was on a 4300 V/cm scale, which meant that
the deflection was just about trace width (0.2 cm). For comparison purposes, it
is estimated that the peak current would have been 70.6 kA, if the magnetic
current had been at its nominal value of 11,000 amperes.

Fer shet X-MHD 13, the data channels appear to be mixed up on the West
channel. Wwhst is purported to be the current rises rapidly, and then goes
negative after the puiic. while what is supposedly the voltage, rises slowly,

- peaks and then returns to zero. ih~ Jdiscrepancy can be seen by plotting the data
as a time trajectory on a vecltage-current plot. The original data is shown

- plrtted in Figure A.8 as the crosses. In this “"trajectory", the current is about
60 kA when the voltage comes on. A more plausible interpretation is to assume

- the traces weire reversed. This analysis produces the trajectory where the data
points are shown as circlec in Figure A.9. As will be seen from the analyeis of
other shots, this is the normal trajectory. The apparent load resistance in this

interpretation is about 37 milliohms.

Voltage-current trajectories for shots X-MHD 14, 1%, 16 and 19 are
shown in Figure A.8 throuyh A.ll. The apparent load resistance is determined
from the measured current and voltage at a time when the current is approximately
flat, i.e,, d1/dt = C. Table A-4 summarizes the observed "load resistances", and
provides a comparison with the maasured resistance of the load resistor. Since
the obseived value is datermined whon dl/dt « 0, the variance cannot be due to

inductive effoctsy, but must be duc to contact recistance in the load circuit.

The “"observed load recistance” i3 the valu2 which should be usad in evaluating

PR

the generator power output.
The data from the “driver® and “driven® channels i¢ shown in Figures
A.12 and A.13, The datsa con be summarized by using a relation of the type:

¥,

Q ‘B:;‘M b XRim

whare ¥, i8 the gonerator terminal voltage when producing a current I
through an extérnal load, B is the static magnetic induction, ¢, the electirode

separation, Ria and u, are the interwal generator resistances and eftective gas
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TABLE A-4
EFFECT LOAD RESISTANCES ~ MILLIOHMS
Short R Apparent R
E i

Ne. E L

[ 25 - 50 -

12 4.89 4.89 1.5 -

13 0 8.3 37
14 994 8.42 5.0
15 8.3 8.22 49 10.4
16 8.42 4,89 33 6.8
17 8.3 8.22
18 8.3 8.22

19 8.3 8.22 23 12.5
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Figure A.8 Curront - kA i
VOLTAGE-CURRENT TRAJECTORIES FOR THE WEST CHANNEL .
IN SHOT X-MHD 13, LOAD 15 8.) MILLIOHMS, CROSSES s
SHOW DATA A% PRESENTED IN DATA SHEETS. DATA POINTS . i
ARE 10 MICHOSECONDS ABART. CIRCLES, wWHICHK sHow ,
ALTERNATE INTERPRETATION THAT INSTRUMENTATION LEADS
WERE CROSSED, FOLLOWS NORAAL TIME TRAJECTORY, SEE
FIGURE A.9.
]
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Fiquro A.9

VOLTAGE=CURRENT TRAJECTORILS FOR THE WEST CHANNEL
ON HERCULES SHOT X-MHD 14, LOAD MEASURED AS 8.42
MILLIOHMMS. NUMBERS BY DATA POINTS REFER TO TIME
1IN MICROSECGHDS.
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Curront = kA
Figure A.10
VOLTAGE~CURRENT TRAJECTORIES FOR HERCULES
SHOT X=NHD 15. LOAD ON EAST CHANNEL IS
8.3 m0.  LOAD ON WEST CHANNEL IS 8.22 mi.
NUMBERS 8§V DATA DPOINTS REFER TO TIME IN N
NICROSECONDS. 3
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Current - kA
FIGURE A.1l)
CHRRERT=-VALTAGE TRATECTORY FOR HiERCIIER
SHOT X~NHD 16. LOADS WERE 6.42 mi ON
EAST CHANKEL AND 4.89 mi} ON WEST CHANNKEL. ‘}
NUMBERS BY DATA POINTS REFER 10 TIME IN 1
MICROSECONDS. !
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Figure A.12

VOLTAGE~CURRENT RAJECTORIES FOR HERCULES
SHOT X=-NHD 19. 1LUAD BESISTANCES WERE 8.2 w0
ON THE WEST CHARNEL AND 8.3 afl ON THE EAST.
NUMDERS BY THE DATA POINTS REFER 1O THE TINE
IN MICROSECONDS.
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velocities determined from the data in Figures A.12 and A.13. Using the sub-
script r for the driver channel and the subscript n for the driven channel, we
have:

Ve = 5224 Bd -0.033 I

Vn = 6157 Bd -0.021 I

The authors of {12} recognize the problem and address various ways of
initiating the charge in a manner such that the detonation products from the
initiating system are not injected into the channel ahead of the seeded detonat~-
ion products.

From Figures A.12 and A.13, it appears that the peak power output of the

driven generator can be about 129 MW, and the driver generator about 60 MW. This
means that the maximum output of the driver generator can only be less than 1/2
of the driven generator.

Table I1 of {1Z] shows a maximum output of the driven generator of
11.8 kJ for test X-MHD 14. 1In this test, the driver channel was open-circuited,
whereas, the abstract states that *. . . due to magnetic field non-unitoimity anc
asymetric drive of the two channels, it produced 18 kilojoules. Two thirds of
this was produced in the channel which was properly driven.® Nowhere in Taltle
I1 is there any data which shows more than 11.8 kJ being produced. In shot
X=-MHD 16, only 10.55 kJ were produced beotweer the two channels. In shot X-MHD
15, 3.17 1. We have examined the cffects of the asymetric Jdrive “nd_agza@ with
the conclusion that if both channecls had been hooked to appropriate loads the
generatsor jould have produced 18 kJ: howaver, the faet is that it did agt!

The abstract of (12! thon goes on to aiaté; “Calculations which corrave
for these two conditions prodict an efficioncy of 8% would have been obtained
oo 0 Allowins, for %% additional explosive to Le used in the plane wave
generator. the convarsion officiency of shot X=NHD 14 actually was about 3,73,
Assuming that the othor channel had been connected to the optimus load te deliver
an additional 5.5 kJ, as indicated by the relations discussed above, the overall

effficiancy would have boens J.5%. If we furcher assume that both channels ceuld

put out 11.8 RJ, the conversicsn efficiency would still be only about $t, and not

the 8% citaed in the abastract:
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The question of magnetic field non-uniformity is never discussed in the
text, With a magnet of the size shown in Figure 14 of (12}, the field should be
suhstantially uniform over the 0.155 m channel diamcter. What the authors
probably refer to is the fact that the magnetic induction has fallen off to
negligible values after the plasma has traveled about 0.8 m; see Fiqure A -.
This was inherent in the design of the experiment. One usually dees not have a
strong MHD interaction if the magnetic field vanishes. 1! is true =hat i f they
had a longer magnet they probably could have produced longer pulses and caverted
more of the chemical input energy to electrical emergy in their lead. but they
did not. While on this topic, we should note thit in 112i>near the top o} page
6, the authors discuss pulse lengths and claim, “Reasconably flat topped pulss
durations of 20-400 microseconds are attainable . . ,", and then conclude this
paragraph with the statement, “Longer flat top pulse duration will probakbly re-
gquire tailoring of explosive characteristics and for channel area contouriig
which probably can extend pulse duration to 750-1000 microseconds atvtelare&ia
loading.” The eszperimental data presented in {12} neither supporte nor con-
tradices these claims. As we¢ have previously stated in Chapter 4, experimental
demonstration of long duration explosive driven MHD generator pulses is a key
milestone in developing explosive MHD technoleogy for useful applications.

we conclude that the Herculos, Inc., pregras has made a valuable con-

grikfutinn to the oxnlomive drivens MHD generator technolegy. it has deronstrated

the operation of back-to-back channels facing a single explosive ¢harge, a con-
cept which wes propesed independestly in {7}, It has also shown that by going

te the lower explosive loading demsity of 5.29 tqia’. cospared to the 1S 89/&'

wged for the toste reported in (%%, and by increasing the magnetic inductien

from §.8 Yesia 0 1.3% Tesla, that the chesical to ¢jectrical conversion

@ificiency can be improved.
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sy be responsible for the obsorved plasma conductjvity are exsnined., It is
contt bded that virculating curronts due 1o velogity pradicnts or magnetic {icld
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gradients are cf the magnitude necessary, when in a magnetic field, to initiate
a thermal instability phunomenon descfibed as "f[~layers'" in the plasma. While
this mechanism is adequate to describe the maintenance of the conductivity, it
does not explain the condoctivity observed in the absence of a magnetic field in
the sceded detonation products near the explosion, To identify key problem
areas, several scaled-up MHD generator designs are examined, as well asthe
prospect of using explosive driven MHD generater technology as a switch for dis-
charging fast capacitor banks, The major unresolved question is what is the
maximum pulse duration that can be achieved in explosive drivea MHD generators.
Recent experimental work, which is reviewed, does not extend time durations
beyond previously observed times of several hu.dred microseconds; however, the

circulating current models discribed ebove predict that pulse times of the
order of 1 millisecond can be achieved,
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