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ABSTRACT
Two systems are discussed for producing short pulses sulses
of electrical power by MHD principles. The first system is n is
driven by condensed explosives and produces pulses lasting ‘ing
from I s sec to 100 - sec. The peak power generated to date date
is 23 MW, with an energy out put of 750 joules. The conversion wersion
efficiency, chemical to electrical, is 1%. Higher conversion rsion

cefficiencies can be readily achieved.

The second system uses the combustion of aluminum num
with cesium nitrate as the energy source for a supersonic MHD ic MHD
channel. The measured conductivity of the combustion products roducts
was (000 mho/m. The highest measured peak power output was tput was
29 watts. The expcrimental data indicate a large electrode rode
drop which must be overcome before currents can flow in the in the

generator, A favorable scaling potential is indicated.
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1.0 INTRODUCTION AND SUMMARY

1.1 General Introduction and Statement of Problem

One of the most interesting aspects of MHD power conversion is the
potential for obtaining high power densities in the energy conversion section.
For example, in experiments with a small size explosive-driven MHD
generatow, which are reported herein, power densities as high as 2 x 1010
watts per cubic meter were obtained. Even in the open cycle fossil fueled
8

generators . .iich are being extensively investigated, power densities of 10

watts per cubic meter can be obtained. This potential offers many possibilities

for the use of an MYD

- etab
[=peropy

ator, which would be relatively small in size and
light in weight per unit output, as a source of pulsed electrical power or more
descriptively pulsed electrical energy. Many possible applications for pulsed
electrical energy can bc mentioned. Examples include high power radar sets,
sonar systems, laser light pumps, X-ray tubes, and emergency communication
systemg. In addition, there are other uses in research programs involving
the powering of advanced test facilities such as spark driven shock tubes, con-
trolled thermonuclear fusion experiments, etc., which require very large
amonunts of electrical energy, i.e., greater than a megajoule, in shert pulses.
The objective of the present program has been to investigate the
feasibility of using MFD generators to meet these pulsed energy source require-
ments. Because of the wide distribution of desired pulse lengths it has been
necessary to consider two separate the: 12l sources for driving pulsed

generators, These are condensed explusives, such as are used in shaped

charges or for demolition work, and deflagrating explosives which include solid

]



L1y
AR

1D research, inec.

rocket propellants. These two thermal sources would, in principle, allcw
energy '"storage' systems to be developed with output pulse lengths in the

range from microseconds up to several seconds. Systems with pulse lengths in
the range [rom microseconds up to several milliseconds could be constructed
for the replacement of capacitor banks in certain applications.

The work reported herein includes the experimental and analytical
work performed over the three month period from 1 July 1963 to 30 September
1963. This work is reviewed briefly below, and more extensively in Sections
2.0 and 3.0 of this report. The work performed at the beginning of the pro-
gram on negative ion formation in combustion product flows was fully reportecd ir.

(1
the First Semiannual Technical Report' "’

and will not be repeated here.
Section 2.0 of this report described the work with condensed explosives to
produce short pulses of energy. Section 3.0 describes the work with solid
propellant materials to produce pulses of longer duration which was reported
(1,2)

in detail in the technical reports

1.2 Summary of Explosive-Driven MHD Generator Experiments

The most extensive experimental effort under this program was
conducted using condensed explosives. The time scale of the power pulse in
thece experiments varied from about 5 to 50 psec depending upon the length
of electrodes in the generator. (Times of between 1 and 200/-o.sec would be
characteristic of the power pulse for practical systems based on an explosive-
driven MHD converter,) Power pulses of up to 23 MW have been generated by
this technic;ue in a channel 1 inch by 4 inches by 18 inches long. The total
electrical energy delivered to the load in this case was 750 joules. The energy

was derived from the detonation of 15 gms of RDX explosive in a shaped charge

r
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geometry, sceded on the front surface with 0.4 gms of cesium picrate. The
conversion efficiency, chemical to electrical,is 1%. Higher efficiencies can
be obtained by using stronger magnetic fields and a longer generator.

Extensive experimental and theoretical work has been perfcrmed
on the explosive-driven MHD generator concept to determine the basic
physical processes occurring in the generator and to obtain data to scale the
results to larger sized units with usable outputs. From these studies it has
been determined that very highly conductive detonation products are pro-
duced by seeding condensed explosives with low ionizationvpotentiavl material.
In these experiments the seed was cesium picrat;e. The measured conductivity
of the seeded detonation products is 1100 mho/n-eter. The detonation products
flow at a very high velocity (10 km/sec) through an MHD channel which has a
transverse magnetic field of the order of 2.2 w/mz (22 kilogauss). The
electrical power is generated by relative motion of the ionized gas through the
rnagnetic field. Electrical current is extracted by means of copper electrodes
in contact with the detonation products, and conducted to an external locad. The
detonation products are slowed as kinetic energy is converted to electrical
energy and removed from the system.

To support this analysis, studies have been performed to cetermine
the effects of changes in the various parameters on the generation process in
order that the optimum systems for energy conversion can be predicted. These
studies have included the following:

1) Measurement of the effective velocity and cunductivity of the

conducting detonation products as a function of thc density
and composition of gas initially in the channel, and the type

and shape of explosive.
3
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2) Determination of clectrical characteristics such as the
optimum load resistance, ideal position for placement
of the load, effects of electrode size, effects of magnetic
field strengths, and the effect of generator size and aspect
ratio upon scaling parameters.

On the basis of these studies it is believed possible to predict the
characteristics of explosive-driven MHD generatcrs with a fair degree of
accuracy to meet a specified pulce requirement with thle applicable time range.

The above topics are discussed in complete detail in Section 2.0 of
this report. Analytical studies relating to scaling factors and possible
geometries are presented as Appendix A to this report. An engineering analysis
of the possible configuration of a potential pulse power system to produce one-
quarter of a megajoule is contained in Appendix B. Due to the type of magnet
coil cooling used, the system presented in Appendix B is mainiy of interest
for a satellite application.

1.3 Summary of Long Duration Pulsed Power Experiments

The goals of the long duration pulsed power experiments are to produce
pulses of electrical power lasting {rom ] millisecond to several seconds. A
series of experiments have been conducted wherein special propellant charges
consisting of cesium nitrate and aluminum have been used as the thermal energy
source in a supersonic MHD channel. In order to simulate the use of permanent
mnagnets in some pulsed power applications, low magnetic fields have been used.
The peak electrical power measured in this system was 29 watts dissipated in a 1
ohm load. Electrical measurements indicated that supersonic velocities were

obtained in the flow channel.
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In an auxiliary set of measurements it was determined that the
conductivity of the ionized combustion products was of the order of 1000
mho/meter. These measurements also indicated that a very large electrode
drop (~ 50 volts) had to be vvercome before appreciable currents could
flow. These data suggest that any future work on this system be conducted
on a scale such that the output voltage is many times the observed electrode
drop. This would indicate the use of larger c.harges, to obtain the same
supersonic velocity in a larger channel, and higher magnetic fields.

The fact that it was possible to achieve a highly conductive, high
velocity, flow stream indi. ates an attractive potential for future develop-

ment.
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2.0 PULSED POWER FROM CONDENSED EXPLOSIVLS

l&tﬁoduction

The purpose of this portion of the program has been to investigate
metheds for the production of pulses of electrical power from condensed
vsplosives by MHD principles. Pulse power sources of the explosion tube
type have potential advantages of simplicity, compactness, pprtability,
convenience, reliability, and storability. The use of various types and
geometric forms of cuemical explosive sources should make possible opera-
tion at various power lev:ls (one KW to thousands of MW) and for variable
periods of time, (I microsecond up to | millisecond).

In the present experiments, the characteristics of the electrical out-
put from a seeded shaped charge letonated in the explosion tube have been
studied. The hot, partially jonized cornbustion gases from the detonation
pass at high velovity through the power generation section. In the MI'D
section, the clecteie power is gencrated by the relative mastion of the ivnized
2a8 thrmxgh'a transverse magnetic field, The electrie current is extracted by
means of copper electrodes connected to an external load.

There are a larye number of factore which have heen investigated in
order to establish criteria ‘or the design of explocive«driven MHD generators,
and whivh are required for an intelligent scaling from the present amall sive

experiment.  These investigations have covered: (1) the choice of explosive

and esplosive geomeltry, {2) the choice of pressure and compesstion of gases

initiaily in the channci, (1) the selection of the optimum load across the
clectrodes, and (4) the ¢ ifect of clectroe geomctey, magnelic field intensity,

and the channel aspedt ratio upon power octpul,  The velooity, presiure, and (on-

4
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ducitivity of the dvtonation products was also determined. During these experi-
ments power outputs as high as 23 MW were demonstrated, with an integrated
output ot 750 joules. This was equivalent to a chemical to electrical

conversion efficiency of 1%. Higher conversion efficiencies appsa:r readily

aitainable using these principles.
2.2 Theory

The generation of pulsed power by MHD means from condensed
explosives is a direct outgrowth of steady state experimentation and theoretical
development. It is instructive to recall that the electrical power produced in
2 continuous electrode, MHD generator for matched load conditions is given
by:

p- w?B%k(1-K) v,
i+ @

where

power in watts,

imeuctidn volume in mcters’.

scelar electrical conductivity in mhos/meter,
velociiy in meters per second,

magnetic field in webers per meter£ ’

] ratio of electron mean free path (o the Larmor iradius,

- and K is given by:
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For the high particle dei -ities which occur in detonation product flows,
the electron mean free path is small compared to the Larmor radius, there-

fore, 6(( I and K = 1/2. i uation (2.2.1) then becomes:

2.2
- u BV
P-= L‘r'— . (2.2.3)

Equation (2. 2.3) only applies when the magnetic Reynolds number, ReM, is

very small. The magnetic Reynolds number is defined as follows:

ReM =,Lc'uL ,

M magnetic permeability,
L a length characteristic of the duct,
usuaally the diameter .
Detonation velocities of 104 m/sec can be obtained with shaped
charges and conductivity of 103 mhos/meter has been measured, Therefore

ina laborator? scale experiment with L. = 0.04 m,,

Rey, - 1R x 1077 x 102 x10¥ x4x10°%:0.5,

M

We must therefore conclude that,in laboratory device# which are driven by con-
densed explosives, Equatio (. 2. 3) must be modified 10 some extenj. since R"M

is not much smaller than one, and the currents which can flow in the conducting
fluid may cause a substantial :ﬁpdmcation of the magnetic {ield intensity., If

laége deviccs sre considered, i.e., L “1 m then

ReM 210,
9
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Equation (2.2, 1) is definitely no longer valid, and the large Reynolds number
expression must be used for the power density. In Reference 3, this condition

is shown to be yl.en in the limiting case by the relation
Au, {(2.2.

where A is the cross sectional area of the channel. For ReM s | the power
density will be between that given in Equations (2.2.3) and (2.2.5). Equation
{2.2.5) arises from the fact that when ReM)) }, the currents induced in the
plasma conductor give rise to a magnetic field. This field is equal in
magnitude to the initial (ield ahead of the moving conductor and in a direction
such that the field value is doubled ahead of the conductor while the field behind

the current sheet drops to zero. Thus the breaking pressure given by

P;-. = I(jxﬁ)zdz

(where 2 is alonyg the direction of motion) becomes

2
2p”

P S

Therefore, the rate at which work is dore i3 #iven by the product of this break-
ing pressure and the rate at which volume is swept up, e.j., Equation (2. 2. 5),
Equation (2. 2. 5) will apply in the case where the generator is feading
a very low impedance load so that large currents can ilow. For high impedance
loads, the device wi.ll perform more in the manner of a conventional MHD
generator. This characteristic is shown ia the experimental data which is
presented in the following sections, particularly Scetion 2.5.6, which exemines

the vari.tion in vutput with load impedance.
10
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Tt iy interesting to notice (hat the pover neoduction for the case of
'{cM>) I is independent of @ and oniy deépends on u to the first power. Thus,
in large scale pulse power devices 1t dnee not irnprove power cutput to increase
O~ much beyond the point here ReM A~ 3.4, Tt then becomes more important

to maximize the velocity with which the conducting slug moves against the

field, and to maximize the magnet field. It should e remarked that the re-

moval of electrical ensrgy from the system will result in the slowing dowu ci
the detonation products, which is experimentally observed.

2.3 Description of the A;;pa ratus

I'he experimental apparatus used for the experiments consists of five
hasic parts as shown in the schematic in Fignre 2.} These are: (1) explosion
tube wr driver section; (2) the MHD channel or test section; (3) aa

instrumentation; {4) electromagnet, and (3) cvacuated dump tabe . -

~

Figure 2.4 15 o photograph of the complete facility; Figure £, 3 is a protograph
ol the interior of a | inch by | inch generator,
Scuveral types of explosiun tihes have been used depending on the

catnetey of the cEannel being used,  The tube shown in thufe 2. 3 hiss contadr -
spprosimately 30 explosive shots, 'he noticeal: le bulge of the tube was CAb -

5 the zigh meak pressure boad o sach detopation w?ﬁ;h UL ) ém m‘;icasc AT
ameter of about 0, 00A faches fur exh shot, Only & small traction «f the
cavegy, of the or&w of %, goes 1to the kighespecd ot which 18 ps m’im:gﬂ by 1
shaped charge.  Phe espiosive deiver, the black objeet in Figure 2, S‘jm; Db

the exploston 10, ¥x a1, % gram commetcial shaped charge (dulont 20010 wor
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Bakelite sidewalls
Electrodes
Explosive tube
Iron sidewall

Blasting cap and leads
Shaped charge

Primacord

DX N4 W D W N

Standoff spacer

Figure 2.3

Dissembled view of 1'" x 1'" explesive driven MHD channel

14



MHD research, inc.

perforator). The explosive in the jet pertorator is generally a waxed RDX
(cyclo-trimethylene-trinitramine) compositicn. The copper liner of the
perforator is removed prior to firing the charge. Firing is initiated by an
electric blasting cap which sets off the explosive primacord, shown attached
to the bottom of the shaped charge. The primacord serves as #n explosive
train to carry the detonaticn to the booster at the base of the RDX charge.
The explosive is secded with a ow ionization potential compound (cesium
picrate) in a fashion which is described in a subsequent section. The charge
is held in the center of the explosion tube by a polystyrene spacer which
provides standoff of the condensed explosive from the metal walls.

The driven section, or MHD generator proper, shown in Figure 2.3
is a steel channel. The walls of this test section are 0. 75 inch thick. The
top and bottom spacer bars which hold the electrodes are of stainless steel;
the channel sidewalls are made of soft magnetic steel. The purpose of soft
steel is to reduce the width of the gap ir the magnet. With a lower reluctance,
2 given power source can produce a higher magnetic field in the test scction.
The inside walls of the channel are insulated with fiber reinforced phenolic
gtrips (micarta). The test section is fitted with copper electroaes which are
flush with the inside walls. In some experiments the electrodes are spaced
on two inch centers down the channel as shown in Figure 2.3. In other experi-
ments continuous electrodes the length of the generator were used. The
electrodes are unheated copper, 1.0 inch wide, but of varying .lengths in the
{flow direction., Electrodes have been studied with tl.» following lengths in the
flow direction: 0,25 inch, 0.50 inch, 2.00 inches, and 16 inches. The short
electrodes ghown in Figure 2.3 are 0.5 inch long. The space between the

15
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electrodés is filled with phenolic strips to maintain a smooth contour. In
addition to experiments in the 1 inch by 1 inch chan;lel, an MHD channel of

1 inch by 4 inch (in the directicn ¢f u x B) was constructed. It was the pur-
pose of the experiments in this channel to st»dy the effect »f aspect ratio and
scaling parameters. In the large generator,l8 inch long electrodes were used.
The channel was normaliy driven by two duPont 20B charges placed approxi-
~mately 2 inches apart, one above the other. A photograph of this test section
is shown as Figure 2.4,

Readout of data has been accomplished with Tektronix 551 dual-beam
oscilioscoper equippr with Folaroid cameras. A small triggering elecirode
situated at the explosion end of the test section senses the u x B voltage
developed b the jet to trigger the oscilloscope sweeprs. Resistive loads are
fastened across the electrode pairs on the outside of the chanrel as is indicatea
schematically in F:.gure 2.1, The resistive loads pass through the slots milled
into the outside of the cide plates (shown ir Figure 2. 3) so as to provide a
fninimum indnctance path,

The cylindrical dump tank and muffier at the left side of Figure 2.2 is
evacuated by a vacuum pump, The uxit from the test sevtion into the t‘énk I8

sealed with a mylar diaphrogm whick is ruptured by the explosive jet. The

dump tauk is employed stricily in order to muffle the noise produved by the
explosive charge. As will be e<plained later, the channcl can be evacuated by a
separate vacuum system, and then filled to a low pressure with a gas to be
studied such as air, argon, helium, eote,

| The magnet shown was formerly used in combustion powe.ed MHD
generation experiments. Magnetic fields of 22 kilogauss can be pruxihcmﬁ in vhe
ore-inch channel with the present power supply, which i 2 0 XKW netor generaio

set,
1
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To determine the variation of selected parameters with the initial
density of the gas in the channel, experiments were unducted in an auxiliary
test facility which could ke .astramented with some degree of flexibility Lz~

cause the large electromagnet, which is shown in Figure 2.2, was eliminated.

The interior details of the explosive chamber and the channel were similar

to the experimental apparatus shown in Figure 2.3. The flow channel was

1 inch by 1 inch by 18 inches long with provision for 8 electrodes on 2-inch
centers. Since the channel was to be evacuated by a mechanical vacuum pump,
provision was mate for ""O'' ring seals on all surfaces to provide vacuum tight
joints. Both ends of the channel were sealed with a mylar diaphragm, so

that the channel pressure could be controlled independently of the pressnure

in the explusive driver tube or the pressure in the dump tank. The pressure
was measured with either a Wallace and Tiernan gauge or a manometer.
This instrumentcd facility was used to measure the {ollowing three
quantities as a {unction of the initial pressure in the chanuel:
i. the time of arrival of the conducling gases at
various stations along the channel, i.e., velocity,
- the peak pressure in the chanuel, and
3. thy conductivity of the seeded detonation products.
The results of these experiments are reported in Section 2. 5.
In the power generation cxperiments, the prisnary emphsr it was
pi.\éed upon the measurement of the voltage and current in the external load,

Because of inductive effects,the voltage drop V across the external load is the

sum of the okmic drop and 2n inductive drop, Loe,

Ve lR ¢ L T
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where I is the current, R is the load resistance, L the ioad inductance, and
dl/dt is the tirne rate of change of the current, Therefore, during the early
part of the pulse vhen the current is rising, the voltage drop is greater than
IR, and correspondingly when tha current is falling the voltage drop will be
less, Therefore, it is ot possible to determine the current from the
measured voltage drop wcross the load resistor unless dI/dt and L are also
known. Since time rates of change of current as bigh as 109 amperes/sec
were observed, a load inductance of 3 x 10"8 henries resulted in a 50 volt inductive
signal. This signal in many cases was larger than the voltage drop which in
a typical case might be due to a current of l()‘1 amperes through an 0, 5 milli-
ohm load resistor, or 5 volts,

The voltage across the load was measured by rneans of coaxial cables
which were connected to the differential inputs of a Tektronix type CA pre-
amplifier. The recorded signal was the algebraic sum of the signale from the
two ends of th2 load resistor. The cables were ' rminated in their characteris-
tic impedance to avoid reflections. The outer shields were noi grounded at the

input end. The measurement was done in this fashicn so that the lead could be

floated with regpect to ground potential, The trigger elecirode was placed up-

strearn at the inlet end of the channel and was used to trigger the oscilloscupe
sweep, The recording oscilloscope was groundesd to the test section at only oae
poirt, through the coaxial cable to the trigyer electrode, so that ground loops
. were avoided,

 The current through the toad wakx measnred hy an inductive pick-up
techknigue,  The Lasic principle iS o sensc‘thv maynetic Jield caused by ihe
c.xr?tbntylhmugh the load circuit, In practice the tinse rate »f change of the

14
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maanetic field, dB/.dt is sensed 2g a voltage by a pick-up coil placed near the
conductor and then integrated with respect to time. For a pick-up coil of N
turns, each with a mean area of, A, cm2 » at an average distance oi r cm from
the conductor, the induced voltage signal is:
o -9

E; = 10"° NAdB/dt = 2NAdl/dt x 3 (2.2.7)
The voltage signal E, is then integrated electronically in an RC network to pro-
duce a signal propertional .o the current. This system can be calibrated by
determining the response to a known current, or by determining the electrical
characteristics of the system including: (1) the mutual inductance between the
pick-up coii and the circuit in which the current to be measured is flowing,
(2) the number of turns on the coil, and (3) the resistance and capacitance of
the integrating network.

If = toroidal pick-up coil is used, the response is independent of the
location of the current carrying conductor, provided that the toroid is uniformly
wound and encircles the cuvrrent carryi ng conductor. When using a toroidal
coil the coefficient of coupling beiween the conductor in which the current is
being measured and the pick-up coil can bu expressed as the ratio L/N where
L is the inductance of the toroidal coil and N ir the nnmber of turns ¢n the
pick-up cou. The details of a typical coil and integrator are shown in Figure
<. 5. }I-‘or the coil used in the present experiments, the inductance L was
approximrately 22)0 h, and the coil had 220 marns. To eliminate signuls due
to externally generated time varying magnetic fields, (when viewed from the
above toroid appears as a one-tusn cofl) the toroid is wound so that the return

lead provides a tack turn. This turn, to a first approximatiorn, cancels out any

20
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voltage rignal induced in the toroid by magnetic fields whose source is external
to the torcid. This requirement is especially important in devices whe re the
magnetic Reynolds number approaches unity and there is considcrable dis-
placement of the magnetic flux lines by the moving conducting fluid.

Four a typical case, where the integrating network has the following

3

values, R = .!0% ohms, and C = O.OIPf, so that RC = 107~ sec, the voltage

output of the integrator is given as

1 an-d volt :
X Yo t) = 10 It) m . {2.2.¢

V{t) = -L,\T
In the actual measurements the calibration factor was 1. 07 x 104 amperes /volt.
When using the simple RC integrating network, one of the major requirements
is that the RC tim2 constant be long compared to the duration of the event to be
mecasured. However, the larger the RC product, the smaller the output signal,
as indicated by Equation (2. 2. 8). so that the measurement of small currents,
say 100 amperes, for times of the order of a fraction of a second may present
accuracy »probivms buvause of the decay of the signal on the capacitor. One
solution to this problem is to use the Miller effect to increase the effective
time constant of the integ-ator by a factor equal to the gain of the feedback
amplifier. However, in the present-experiments, it was not necessary to use a
Miller integrator system.

The current measuring system in thess experiments ivn calibrated

by two methods. As a firsi step, the obvious mh:urc’memn were made of the

elements appearing in Tquation (2.2.8), i.e., measuroments of the inductance

and number of turns on the coil, and the capacitance and resistance of the

integrator,
22
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The first calibration was made by passing 60 cycle current through a
wire which threaded the toroid. The 60 cycle current was measured with an
arnmeter. Since the oU-cycle period was long compared to the RC time con-
stant available, the only measurement possible was to determine the response
to dI/dt and assume that the integrator would work properly. Since a sinusoidal
test signal was used, the measured response divided by the angular frequency
of 2% f, was equivalent to integration with RC - i. In the second calibration
method a capacitor bank was used to pass a current through an inductive load.
The current could be calculated from the measured frequency of the ringing
circuit, the capacitance of the bank, and the initial value of the charging
voltage. The results of both mathods agreed to within 19%, which is the
approximate precision to which the voltage on the capacitor bank could be set and
rcad. This independent measurement oi the current through the loau gave
complete confidence in the electrical measurements, since it agreed with the
current value calculated from tne voltage measnrsd and the krown valuc of the
laad resistance within acceptahle accuracy, As noted lacer inr high onerey
outputs the load resister heated up, thus changing resistance, Then an independent
measure of current became imp2rative.

2.4 FPower Gencration Experiments

I'he primary objeciive of this program iz the gencration of electrical
_power. Therefore considvrable attention has heen given tr the attainment of
high energy conversion elficiencies and high power output~. The d-tails of a

typical power production experiment are described below,

Figure 2.6 is a typical oscilloscepe trace of the current and output

voltage of the | inch by 4 inch explosive driven I2HD genorator with 18 fnch

&8
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Oscilloscope trace showing voltage and
current output of 1" x 4" explosive driven
MHD gencrator. Sweep speced }J10 micro-
seconds/cm. Upper trace is output voltage
at 200 volts/cm, lower trace is current at
10, 700 amperes/cm. Tor this Sxperiment
the magnetic field was 2,2 w/m"~ and the
channel was filled with 10 mm Hg of helium.

The initial value of the load resistance was
0.0201 ohms.

Figure 2.6

24
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long continuous electrodes which were described in Section 2.3 and shown as
Figure 2.4. For this experiment the magnetic field was 2.2 w/mz. The
channel had previously been evacuated and was filled to an initial pressure

of 10 mm Hg. The load resistor, shown in Figure 2.4 had an initial
resistance of 20. 1 milliochms. For this experiment the channel was powered
with two duPont 20B shaped charges, as shown in Figure 2.4, which were
each seeded with 200 mg of cesium picrate. The sweep speed of Figure 2.6
is 10 microseconds per centimeter. The upper trace, which shows the volt-
age, has a gain of 200 volts/cm, while the curren_t, shown in the lower trace,
is 10.7 kA/cm. The peak current, which occurs about 30 microseconds

after the start of the trace is 30.0 kA. The peak voltage which occurs at a
later time, i.e., aboui 45 microseconds, is 750 volts. The power output

of the generator which is the product of the current and the voltage, is shown
as a function of time in Figure 2.7. The peak power in this pulse is about
23.0 MW which continues for approximately 15 microseconds atter the time
of peak current. The total pulse length is 60 microseconds. The value of the
load'resistance, as determined from the voltage divided by the current, is also
shown as a function of time. It can be seen that the resistance increases as the
load heats up. The energy delivered to the load which can be calculated by
summing the area under the power versus time curve in Figure 2. 7 is 750
joules. For this experiment where two 20B charges were used tco drive the
channel, the chemical energy in the 15 graims of RDX contained.in the charges
is approximately 75,000 joules. Therefore, the overall conversion efficiency
of the system, chemical energy to electrical energy, is presently 1%. There
is evidence to believe that additional energy could be removed by: (a) in-

creasing the channel length, (b) increasing the magnetic field, and (c) increasing
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Peak powcer = 23 MW
Peak current = 30 kamp
Peak voltage = 790 volts

‘i’ tal electrical energy
delivered to the lcad
750 joules

MW

Power deliscred to load,

;&‘d Resistance, RL, milliohms

R-22 weberm*_mz

Electrode length = 18 inches

- a - _
v " v v v

26 30 40 30 6t 70
: time {4 30 ¢) :
The clectrical power ea« ursion delivesed to the luad as & function of time
{from initial pickup for the | x 4 inch ~hannel, The gas in the ckannel was
helium at an initial pressure of 10 wen He.  Also shown is the change in
the lcad resislance as a funcrion of tine due to the heating of the load.

, -
Figave S
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the utilization of the explosive through appropriate changes in geometry,

n support of the above, we can note that the gases are still conductive
when they tvave the generator, so that additional energy covld be converted
Ly lengthenii: the generator. It should also be noted that in the present
éxperiment, .here the magnetic Reynolds number is approximately unity for
the 10 cm channel depth, the best that can be done is to convert ali of the
eneryy in the magnetic field in the generator volume into electrical energy in the
load, see Appendix A. On this basis the ! inch by 4 inch generator is already
almost 307 elficient since B%/2 o= volume - 2500 joules.

Measurements described in Section 2. 5. 3 show that only about 20%

of the mass of the charge is directed down the flow channel. Therefore, assum-

ing that by appropriate changes in geometry it is possible to work on the entire
mass of the explosive for a longer period of time. conversion efficiencies of
setween 10 and 307 aAppear achievable. Clearly, it is desirable to go to the
highest field strengths pussible and drive the méximnm volume with minimum
ar}mnm of explosive to obtain the musimum etficiency.

As an independent check of the cnergy delivered to the load,
calorimetris calculation was performed for the load resistor used with the | inch by
4 inch channel, The initial load resiviance at 20 °C for the 'puhw- shown in Figure
2.6 wae 0,020 chme.  As energy is dissipated in the load during thé'puhé, the lvad
is heated and th»c‘;_resiﬁ'mn@e increascs as nqt@d; to a value of 9, 063% ohmis, | Fhis in-
“fease in resistance is calculaied from the iudepvhdem'y measured voltage and cur-

rent acress the load, From the increase in resistance, the increase in temsperature
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¢an be calculated from the rrlation

R=R_ {1 + & (T - Ta)},
where Ro is the initial resistance, and l‘o the initial temperature.

he tempirature ceelficient of resistivity, @ , for the tempered

stecl used as the load was 0, 0032 in °C.

The increase in temperature Jor the test shown in the figure was

AT - 234 °cC.

The specific heat of the steel was approximately
¢ = 0,125 cal/gm,
P
ave the maze of the resistance was

m = 5.8 gms.

Therefore, the energy required to heat the load 234 °C was

Q- mrPAT : 170 calories
= T10 joules.
This vd'@é agreés to within o™ cf the value calculated from the electrical -
measurements, which is éxceilent agreemert coiuidering that other pﬁlm‘s,'
ouchvu connections, et=., must absorb energy. This calculativn and thc |
iéree‘ment‘ gives complelé c‘cmfidéhe@ in the basic measurement technioue for

~current and voltage.
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l'o investigate the effect of load resistance upon power output, the
data from the shot shown in Figure 2.6 is plotted together with other data
taken in the | inch by 4 inch generator as Figure 2.8. This figure gives
powur outputs as a functiorn. of load for three separate gases initially in the
channel: air, argon, and helium. It is seen that the highest power output was
obtained using helium with » ioad resistancc of 20 millivhms. The limited data
which is available, and shown in Figure 2. 8. does not indicate whether ihe
optimum lo~d resistance has been chosen.
To examine this question in detail, the power output for the | inch by
! inch gencratsr is plotted as a function of load resistance in Figure 2.9. The
data on which this figure is based is similar to the data which was shown in
Figure 2.6 except that the voltage levels are somewhat lower because of the
smaller electrode separation. Figure 2.9 thows that the maximum power out-
put in tﬁe ! inch channel was achieved with 2 load resistance of 5 milliohms
which would indicate that the optimum load for the larger channel should be about
four times as high, or 20 millichms (ncglecting clectrode effects). The power
output in the smaller channel was approxin-ately a factor of two larger when
argOn was used ns the filling gas. The superiority of argon and helium over air
as a filling gas is also shown in Figure 2.8, Doth sets of data indicate that the
explosivpd}iv@p generstor must feed a very low impedance load in order to
: éfﬂciemly transfer energy.
| Having sven that appréciable power-ou»tpum can be achieved and that
performarce does not fit the conventional, low Reynoids aumber, Mi.D gevmrmor'
th@*ory..é nﬁumber of cxperimemg; ﬁave been conduciu to investigute the effect

of various parameters in MHD gencrator operation. The following section dia-

cusses this experimeontal program in some detail.
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'[_c. chnicel Studies

Inasmuch as the nresent studies simultaneously cover several
arcas of technology, i.e., explosives, MHD power generation, shock waves,

ionization in explosives. ctc., it was necessary io conduct a rather extensive

program to investigate the effects of the many parameters upon the output
characteristics of the explosive-driven MHD generator. Since the power.
output of the generator depernds primarily upon the velocity of the working
fluid, the strength of the magnetic field, the conductivity of the working

fluid, and the characteristics of the clectrical l6ad, the major emphasis was
placed upon measuring these quantities and determining the effect upon the
electrical output of the generator as these quantities were changed. A
number of subsidiary studies were conducted in support of these objectives.
These included measurements of the pressure in the channel, geometrical
variation studies, and studies of the optimum expiosive composition and
geomatry. These studies are presented in the following sections. With the
considerable amount of information which has been gathered during the course
of the studies, a fairly clear understanding of the operation of a linear, pulsed

MHI generatsr has been abtained.

2,51} Variation in Velocity with !nitial Pressure

One of the important parameters in determining the output of the ex-
plosive-driven MHD generator is the velocity of the conductive zone, since the
output powcx: varies directly with velocity, in the high magnetic Reyrolds number
cuse, and as the square uof the velocity for lcw magnetic Reynolds nunibers, In
the initial ¢xperiments where the channel was at atmospheric pressure, it was

32
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determined that the velocity of the detonation nroducts was approximately

6 km /sec. Hewever, it was found that, if the pressure or density of the air
initially in the flow channel was reduced, 2 higher velocity was observed.
Therefere a systematic investigation of the variation in velocity with initial
nressure was conducted.

In these experiments, the velocity of propagation of the
conducting detonation products was measured by determining the time of arrival
of the front of the conducting region at various stations along the channel. The
timing pulses were generated by discharging capacitors across several of the
electrode pairs in az auxiliary channel which was instrumented for these
measurements. Arrival of the detonation producis or a shock wave at the
electrode pairs allowed t-he capacitor to discharge through the conducting gases
and produced a voltage pulse across a 100 ohm resistor placed in series with
the capacitor. Figure 2,10 is an X-t diagram showing the time of arrival of
the {front at various stations for several values of initial channel pressure.
Figure 2. 11 gives additional data for lower initial pressures.

The consistency of the velocity data obtained on different
shuts is excellent, with a variation of only a few percent in an extended series.
The velocity, as determined from the slope of the X-5 curve near the origin,
varies from an initial value of about 5 km/ser for an initial pressure of 0.1 mm
Hg of air. Some attenuation can be noted with distance down the channel, particularly

at the higher pressures, Figure 2.12 is a plot of this data showing the initial velocity

as a function of initial pressure in the channel. The data suggest that, in the region
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Letween 100 mm Hy and atmospheric pre.sure, the velocity of the front
increases slowly as the pressure is reduced. For initial pressures below 100
mm 1y, the velocity increases much more rapidly. For 10 mm Hg, the
pressure used in the majority of the experiments, the velocity is 10 km/sec,
with little attenuation along the channel. While higher velocities could have
peen achieved by evacuating the chanunel to lower initial pressures, it was
difficult te reliably attain lower pressures after a number of shots in the

apparatus because of deformation of the sealing surfaces,

iLA 4 THON
."?‘%blbbv‘m"d for the record that, for most of the shots in the
PR Neapye. oo
{ inch by 1 inch channel, mylar dlaphragms wer!’%\b&\i"hw\nds of the
‘\~‘\ '~ 'Mﬁ ‘
channe!, and only the chonunel proper was at the low pressure. The \\“""N‘h‘t

explosive was at aimospheric pressure. During the runs in the 1 inch by 4 inch
channel, the initial experiments were carried out with the charge at atmospheric
pressure. llowever, in the later experiments it was possible to eliminate the
upstream diaphragm. This meant that the entire volume of the generator
which included the charge, the explosion tube and the channel could be evacuated
and then filled with a test gas such as argon or helium. Because of ihe vut-
gassing of the polyurethane which was initially used in the stand-off spacaer for
thiz explosive, it waz difficult to pump out the tcst section to a low pressure.
However, when & cardboard spacer was used in place of the polyurethane,
this aifficulty was eliminated.

One of the major problem areas has heen the cxplanation of the
variation in velocity with instial pressure which is shown by the €ata of

Fieurer 2,10 and . 1L
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Four theoretical models were explored in some detail to determine
a possible reason for the change in velocity with initial channel pressure.
These models were:
blast wave model,
the fast jet model,
the solid propellant driven shock tube model, and
4, shock wave model.
The details of these studies are contained in Reference 2. It was
found that none of these models could adequately explain the observed variation.

1)

The blast wave model! predicted that the position of the front

should vary with time as

Ry 3 3 NS wxyy 3y ey

1/a 3/2
SNy, ""&(ﬂ? ‘R (2.5.1

Weuoe '
where E is the energy release, e the initial zas demity anMM\O;“

which depends upen the specific ratio of the shocked gas and the geometry of

the shock wave. The atmospheric pressure data fitted this relation quite well.
However, at lower pressures, i.e., as e o approached zero, the above relation
does not {it the data,

The fast jet model(s ) was patterned after the fast jets observed from
the collapse of cylindrical liners of (ight rmetalt Ly condenscd cxplosives. Thia
model was discarded when it was discovered that the same high velocities were
obtained ut low pressure when using flat faced charges instead of the cone shaped
charge.

Ia the sviid propellant driven shock theory‘ 6 ,, as presented, no

variation with initial pressure was predicted. The data are obviously at

varisnce with this theory, and it was accordingly rejected.
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Considerable effort was expended in examining the applicability of
the shock wave model. This theory predicted that if the conductivity were dur
to shock heating of the air and the cesium seed material, the conductivity
would vary markediy as the initial pressure was changed inasmuch as the
shock speeded up, attaining a higher Mack number, The shock wave theory
predicted that for 2 constant driver gas pressure in the explosive, the Mach
number should vary approximately as the inverse square root of the initial
pressure, as in the blast wave model, The shock wave model also predicted
a variation in shock peak pressure with initial pressure, as will be described
in a subsequent section wherein the pressure measurements are discussed,

It was found that the shock wave model failed three experimental tests in that
{a) the variation in conductivity with initial pressure, or velocity, was much
smaller than predicted, (b) the velocity did not vary as the inverse square

root of the initial pressure, and (c) by the use of propane, which has a specific

N ‘MWQ of ¥-..11, instcad of ¥ = 1.1 as for air, it was found that the

vclOcitiemMMWsmcﬁic heat ratio of the

\

gas initially in the channel in contradiction with the models whiCATTEON

conductivity to shock heating of the air initially in the channel,

Pcri.aps the best explanation of the observed variation of velocity
with initial pressure can be derived {romn a discussion of the emergence of a
detonation wave from the surface of a condensed explosive., It can be ohown(-7 )

that {or the expansion of the detonation products into empty space the velocity

of the gases, u, is given by a relation of the form

z .
ugn-c!* -FT Cx‘ZD‘S-"’cx ’
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wherce D is the detonation velocity, and ¢ is the velocity of sound in the ex-
nlosion products after they have expanded to the point where ihe isentropic
relation is applicable. in most cases ¢ is approximately | km/sec, and
¥ - 1.3, so that for RDX at a density of 1.7 gm/cm3, where D is approxi-
mately 8 km/sec, the maximum velocity should be about 13.5 km/sec for
one dimensional expansion into empty space, which is in reasonable agree-
ment with the value of 12. 7 km/sec which was observed.

For completeness we will consider the case where the explosive
is expanding into air and a shock wave is formed ahead of the detonation
products. We will let the pressure in the air shock be equal to P. The
pressure in the detunation products will be reduced to this value as shown in
Figure ¢.13. e will assume that for the strong shock in air that¢ = | so

the velocity of the sheck u is given as

u o= _E-.
jea

where () o 18 the initial air density, The velovity u shuuld be equal to the

nroduct in th: ravefaction wave, as given above, but

modified by the {act that the velocity Wcls is also

reduced. Equating the velecity at the interface between the explosion products

and the thin .ayer of shucked air we obtain

-1
J : L
a - -—?: R n--g; .
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Variation of pressure in air shock driven by detonation
product rarefaction wave. ’

Figure 4,13
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For a typical explosive, P is approximetely 4000 atmospheres. In air at

. . .3 faered
atmospheric density, e .3 x 107 gm/om”,  Substituting these valaes

we can solve Esuation (2.5.4) by numerical methods to find that the pressure
in the air wave, P, is approximately 1/10 of Px » or 400 atmospheres, and the
vrrticle velovity is approximately the detonation velocity.

The above model is in excellent agreement with the observed data when
it is considered that the measurcd velodity is determined by the transient time
between two stations and is tnerefore an average velocity, whereas the initiai
velocity is much higher, near the detonation velociiy as predicted. (For
e.ﬁample see Figure 2,16}

The important feature of this .. ~ry is that there is 2 maxinJr: limit.
ing velocity as the initial gas density is ruduced in agreement wiih the experi-
mental data. The highest velocities are obtained when using an e¢xplosive with a
high «detonation velocity, L), and when expanding into a vacuum. If other gases are
present, i.e¢,, air or argon as in some of the experiments reported herein, then
the velocity will be reduced by a factor which is dependent upon both the isenirapic
propertics of the crplosive and the dhock properties of the ambicnt gases. How-
ever, because‘ of the ionization which might occur in the ambient yases due to the
strong shock, there is the possidility that the maxinmwun power production con-
ditions will occur at some optimum pressurc where the product ug is maximised,
and not at the highest particle velocities u , which would oceur if the charge were
exploded in vacuo, The optimum pressure for energy conversion may be different

from tne optirium pressure for power output hecause as the pressure is increasvd

N‘\ ; and the velocity 18 reduced, the puln’h lengthened, If the power level remains
consu! .m. W . rield more energy. Fucetber work in this area 1s

indicated,
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Seeding 5 es

In the early experiments it was quickly not=d that seeding of the
explosive with a low ionization potential material was required in order to
produce appreciable amounts of power, i.e., obtain high electrical conductivity.
In a typical set of experiments ir the | inch by | inch channel where the
magnetic field strength was 15 kilogauss and the chanael was initially at

atmospheric pressure, an unsceded 7.5 gm charge gave an open sircuit

voltaste of 130 volts, The generator had an approximate internal impedance

of 137 uhms as determined from the voltage-current plot. The maximum power

delivered to the load was about 28 watts. When identical 7. 5 gm charges were
seeded on the surface with 0.2 ¢ms of cesium carbonate, the open circuit
voltage rose to 230 volts, the interral impedance dropped to 0.5 ohms, and the
power to the load increased to T KW. These data indicate that the internal
impedance decreased by o factur of 300, i, ¢, . the conductivity increased by a
©similar factor,  Fxperiments were then conducted with ap active secd rnaterial,
tov., one that liberates encryy, r('csium picrate was selected as the most
satisfactory sced rom manv considerationx, With 0,2 yms of cesium pic rate
scod on the surface t;t’ the 7.5 ;:mg_ché rges and identical channc! - .(,‘-'mimum
anather factor of five was ohtaincd in pu\&er ﬁu;pua weet the value oixtémcri wi;k
cesium Carbonate, Figure 2, 14 rhows the results of 3 2¢t of «+ poriments vaders
takeﬁ 1o chow x‘lgirly'lhc offect of usking cestam nicrate seed maiorial, §gure
S, 04 e & veltage curvent plot of data taken under iderideal conatons yring
secded and unsceded charges, The sced was Jull m..~ uf cedtutis pl vats plai el

i the anside sutlace of the cone ob the charge. TP o D3 58 nd siasifioan © &

*
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internal impadance between these twe series of evperiments was apéroximately‘
~ factor of 70, Note that the data of Figurs 2. 14 is nloited in semilog fashion
hecause of e wide ranue of currents covered. These results clearly establish
the desirability of seeding the explosive with low ionization potential materials.

Two tvpes of seeding were studicd: bulk and surface seeding. Un-
fortunately two different types of explosives were used so that this effect was
incorporatec into the experiment along with the change in seeding system.

The bLulk seeding experiment was carried out with PBX explosive which had
been seeded with 24’”0 by weight of cesium picrate and then pressed into the
contour of the duPont 208 charge. The bulk seeded PBX was compared with

the duPont 203 charze, which contains waxed RDX, surface seeded with 200

mg of cesium picr.ate. In wddition, some of the bulk seeded charges had surface
seeding added.  The cesulls of this experiment are shown in Figure 2. “- 1t is
seen that the bulk seeded PBN was somewhat hetter than the surface seeded
RDX, by 15 to 207, for the conditionr of thig experiment. [ne corbination
bulk and surtface sceding of the PRX tharye gave an outvut which was slightly
‘rwer than the surfgee seeded RDX,

Oras :’t::;éun for the above reault is helieved 10 be due to the facs that
the yield of the PBY explosive i3 greaicr (han the m’:—\:. su that & higher
detonatior .clecity would be expected for the PAX and henee a higher channsl
velocity, Tire of flight meazuremaenty indicate that this is the case, It is

3 I LN EyEgan
b

it *® . 4 €k o P o S [T RO P g R LTI I 1 A . ’
suggeetedd thar fumber terrs whould Lo voe®ed 8 Lanipare Bl acedeld -

to surface seeded REN pnd afanlar moucs worh DPBY and other axplogices
. ' B

One ri.'ifm’!_ whith has Bern obsceves with the sirfacs seeding studies i

cadl the application of sced material riows down the detenation producte.  Ihyy
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' PBX bulk seeded with 24% cesium
 picrate.

RDX surface seeded with 200 mg
cesium picrate,

PBX bulk seeded and surface seeded.
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Figure 2,15

Comparison of genurator characterirtics for bulk and surface
seading vath PREX and RDX charges,
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effect is shown in Figure 2. 16, which is a plo” of the‘initial velocity as‘
determined by the time of flight from the trigger electrode to the nﬁmbef 2
electrode. 2s a function of ihe weight of cesiun pic?ate seed which is placed
on the conical surface of the charge. It can be seen that the fr-unt of the
conductive detonation producis is slowed down approximately 20% by the °
addition of 1 gm of cesinm picrate, Assr;ming a constant totél energy release,

it is possible to set up the relation

- % (rhog Am) u; ) (2.5.5)

where m is the mass of detonation products accelerated to a velocityul in the
absence of seed, & m is the mass of seed adc‘l’ed, and u, is the velocity with
the seed. From the measured change in velocity as the seed is added, one can
solve this relation and obtain the representative value for m of 1.5 gms, or
‘approximately 20% of the charge. The same result can be derived from the
experiment in the | inch by 4 inch channel dsscribed in the following paragraph.

To determine the optimum seed level in the | inch by 4 inch channel,
a series of experimenis were uu:xducled‘where the <hannel was evacuated and then
filled with 10 rnm Hg of argoa. Cifferent amounts of material were used for each
shot,  The results of these experiments are shown in Table 2. 1 which lists the
peak current through a 20 milliohm load resister as a function of the mass of cesium
picrate used in each of the two duPont 20F charges. Also given in Table 2.1 are
the peak voltages, which may uot cccur simultaneously with the peak current, and
the length of the pulse, as determined by the time to the sharp cut off in the voltage
trace, It is seen that the peak current, and hence power output, occurs ‘or the

200 mg seceding case. It may he noted that the pu'se 12 Jengthenerd as the amount
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YVelocity - krai/sec
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0 0.2 0.4 0.4 0.8 1.0 1.2
Mass of cesium picrate - grams
Figure 2 14
Reduction in velocity of detonation product {ront as cesium picrate

seed is wdded to front surface of duPount 208 charge, Initial channel
pressure is atmospheric.




MHD research, inc.

TABLE 2.1

EFFECT OF SEED LEVEL ON POWER QUTPUTS
IN THE | INCH BY 4 INCH GENERATION

Seed, Penls Current, Peak Voltage, Pulse Length,
mg/charge kiloamperes volts M sec

0 17.7 380 45
50 24,1 550 44
26, 660 49
28. 710 47

26. 660 49

27. 680 49

TABLE 2.2

EFFECT OF ARGON PRESSURE ON i INCH BY 4 INCH
CIHANNEL OUTPUT

Pargon. Pair. Pealc Current, Peak Voltage, load, Pulse Length
mm Hg mm Hg  kiloamperes volts millichms A sec

10 11.75 170 9.0 48
10 18.0 {est) 138 {cst) .0 48 feat. )
10 22,5 125 4.%
30 18,2
100 11.23
10 8.7
no seed

10 16,6
RO Argan
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of seed 18 Increased, as we have scen vefore, and that in these experimerts,
considerable power can be drawn if no cesium picrate is u.ed, i.c., the
»zon is shock ionized and acts as the conductor. This is similar to earlier
experiments where MHD power was drawn from shock waves, i.e., the work

(8) (3)

of Nagamatsu in air, and Pain and Smy in argen. In the present
experiments, it should be noted that the maximum power is generated when
uoth &rgon antd ' eairi poilate are used,

To investigate the optimum leve!l of initial argon pressure a series
of experiments was conducted wherein the initial argon pressure in the | inch
bty | inch channel was varied. The data for these experiments are shown in
Table &,2. Unfortunately, the data were not obtained for the same load in
each case, so that it is necessary to interpolate between the 4. 5 milliohm

on with the other data taken warn
a 6.0 millivhm load. Also shown in Tatle 2.2 are data taken in the | inch
by 1 inch channel for the conditions where 10 mm Hg of argon was used with
no cesium picrate seed, and a comparable case where 10 mm Hg of air was
used in the channel with the usual 200 mg of cesium picrate,

The major effect noted is that as the initial argon pressure 18 in-
creased, the pulse is lengthened, indicating that the detonation products ave
stowed down Ly the added argon. The peak current is also lowe: at the highest
argon pressurys. This data would indicate that the highest conversion

efficiency, i.e,, largest enevgy output would ocecur at the 30 mm Hy argon case

because of the lengthening of the pulse while maintaining a high power level,

Studies were also vonducted usihg helium in place of argon

or air ia the 1 inch by 4 inch channel. The data fur these experiments are
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contuined in Table 2.3. In each case it is seen that the highest currents,

and hence output powers, were achieved using helium in the channel, as

was seen in Ficure 2.8, The increasc in power is accompanied by a de-
crease in pulse length which would indicate that the helium slows the
detonation products less than the air or argon. Data were given for a shot where
helinm was used alone without cesinm picrate. Again it is seen that it is
possible to obtain MHD power from shock heated gases, but that much more
power or energy can be derived when using seeded detonation products in
combination with a rare gas additive. It should be noted that for the experi-
ments in the | inch by 4 inch channel, the entire chamber, including the ex-
plosion tube was evacuated and filled with the additive gases, which was
different trom the procedure used in the | inch by | inch channel where an
upstream diaphragin was used.

In addition tu seeding studies associated with the explosive charge,

and the channel gases, lests were conducted to determine the effectiveness
of downstream seeding with cesium picrate.  In one series of tests, at 10 mm
He of air, the mylav diaphragm was coated with 200 mg of ~esium picrate.
In the other tests, the 2 inch lung electrodes were coated with 50 mg of cesium
picrate. In both tests the results were identical to comparable non-seeded
tests without downsircain secding., The results confirm the view that the
vlectrical condurtivity is associated with seeded detonation products and not
5% a result of the passage of a ~hock wave in the air,

In summary, we can sce that the cholce of the aptimum sced system

is pather comples and will depend upon many factors. Ir particular it apprars
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TADLE 2.3

OPERATING CHARACTERISTICS OF THE ] INCH BY 4 INCH GENERATCR
FOR HELIUM, ARGON, AND AIR IN THE CHANNEL

Peak Peak

Initial Gas Current, Voltage, Pulse Length, L.oad,
and Pressure  kiloamperes volts sec milliohms Remarks
10 mm Hg He 31 740 42 20.1

]

i

' Ar 28 710 44 19.5

L]

: Air 21 510 43 19.5

)

]

' He 17.1 310 38 20,1 No cesiun

: picrate

3

; He 49.2 360 44 6.9

[}

1

' Ar 47.1 365 50 6.9

1

10 mim Hg  Air 47 340 46 6.9
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as though,once the conductivity is high enough so that the magnetic Reynolds
number approaches unity, the output becomes somewhat independent of the
conductivity, and other factors such as the effect of the sceding system on the
detonation product velocity become important in controlling the output.

2.5.3 Conductivity Measurements

Because the electrical conductivity @”, is a sensitive tunction of the
temperature of the electrons in the conducting gases, it appeared that infor-
mation regarding the variation of conductivity with initial channel gas density
would help explain the mechanisms responsible for the conductivity. Also,
the conductivity data, per se, is important for the power generation experi-
ments since, for low magnetic Reynolds numbers the power output will vary
directly with the conductivity. The conductivity is also one of the most
difficult parameters to measure.

The cénductivity was determined by measuring the current between
two electrodes on opposite sides of the channel held at a difference in potential
by a 10004 { capacitor bank charged to an arbitrary voltage up to 600 volts.

For this set of experiments the electrodes were brass, 3/8 inch in diameter.
The current was determined by measuring the voltage drop across a calibrated
shunt,

Figure 2.17 is a plot of the voltage-current relationship determined
for the seeded detonation products for the two cases where initial test sectidn
pressure was atmospheric pressure and 10 mm Hg of air. While there is some
scatter in the data, particularly at the high voltage and currents, the conductivity,
as determined by this method, appears to be independent of the initial gas pressure
or dehsity. Since it has been seen that this reduction in initial pressure doubles
the velocity of the front, and hence should change the Mach number of the shock,
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it is expected that an increase in conductivity because of the higher ternperature
in the shocked gas, would be obserQed. However such is not the case.

The measured resistance of the seeded detonation product column
is 0.038 ohms which would correspond to a conductivity somewhat greater than
lO3 mho/meter. Because of the inductance effects, which make the voltage
measurement uncertain (the pick-up coil technique had not yet beer. worked our)
and because of the uncertainty in the linear dimension of the conductive slug in
these measurements, the exact value of the conductivity is uncertain by perhaps
a factor of two or more.

In the power generation experiments it was possible to make a more
accurate determination of the plasma current and the size of the conductive
slug for purposes of determining the conductivity. These experiments were
conducted in the ! inch by | inch channel with an initial pressure of either 10
or 760 mm Hg of air in the channel. The magnetic field was 1.7 w/mz, and
the standard 20B charge with 200 mg of cesium picrate was used. In the

majority of the experimental shots the electrode length was 2.0 inches.

Figure 2.18 is a typical oscilloscope trace for this expcriment show
ing the current and voltage when using a 9, 45 milliohm load resistor. The
sweep speed is 2 microseconds per centimeter, the voltage gain is 50 volts
per cm (upper trace), while the gain for the current (lower trace) is 1070
amperes/cm. The peak current, shown in the lower trace, is 3500 amperes,
which would indicate a power generation level of approximately 115 KW at the
time of peak current, The power pulse lasts for about 6 microseconds, then
falls off rapidly, with a dI/dt of about 107 amperes/sec. During the time the
current is falling the voltage trace goes negative showing the inductive effect
to be mucﬁ larger than the ohmic voltage drop, From the measured dI/dt and
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bbb e e bhd b 2 )

Figure 2.18

Typical oscilloscope trace from explosive driven MHD
generator. Upper trace is the voltage across 0,.00945
ohm resistor, at 50 volts/cm gain. Lower trace is cur-
rent through load, gain is 1070 amperes/cm. Initial
pressure is 10 mm Hg, magnctic field 17 KG, and sweep
speed 2 s.sec/cm,
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the measured voltage drops, it is estimated that the inductance of the
external load is 0.07 uh, Thus, despite efforts to maintain

the load inductance as low as possible, the current is inductance limited
over part of the range of the experiment. In this case the conductance of the
plasma cclumn can be determined from the data taken at the peak current
when diI/dt = 0,

The peak current and voltage data from a large number of shots
similar to the one shown in Figure 2.18, but with different load resistors,
are plotted in Figure 2,19, Also shown in Figure 2.19 are a limited number
of data points for shots where the initial channel pressure was atmospheric.
The solid lines shown connecting the various data points represented the
generator voltage-current characteristic, or load line, for the two initial
pressures., The conductivity is indicated by the slope of the voltage-current
characteristic curve, which gives the internal resistance of the generator.

If the dimensions of the current carrying channel are known, and a uniform
electric field can be assumed, the conductivity can be calculated from the
generator internal resistance.

The similarity in slope between the two characteristics, i.e.,

0.109 ohms for the atmospheric pressure curve, and 0,0717 ohms for the 10
mm Hg curve, aupports the previous evidence shown in Figure 2.17, that the
conductivity is practically independent of the initial channel pressure and
hence is independent of the Mach number.

Figure 2.20 is a plot of data taken using a 1/2 inch diameter copper
electrode, and a test section pressure of 10 mm Hg, similar to the data
shown in Figurc 2.19. The centers of the round electrodes were 1.cated at the

same point on the channel as the centers of the 1 inch by 2 inch electrodes.
| 57
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Voltage-Current characteristic of explosive
driven MHD generator for conductivity

determination.

58

_Atmospberic
Pressure 500 KW
. ; 0.0095n
/\././

0.0005 % a\e
Ao

X N

0 1 2 3 4




MHD research, inc.

1w 1" Test Section )
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From Figure 2.19 it may be determined that the internal ijesistaxxce of the: %~

agenerator with the smaller electrodes, is‘ g. 0795 ohr;ns, or only a ifa;:to-r Of,

J. i higher than when the { inch by 2 inch electrodes were used. Since the

slecirode area differs by a factor of 10, it is assumed that the small difference

in resistance resuits because the area occupied by the highly conducting

detonation products is small compared to the size of the large electrodes.

This view is supported by un examination of pulse length vér'sus electrode

length, The velocity of the gas is roughly 10 km/sec or ! cm/microsecond.

Therefore, the transit time for a 2 inch electrode would be S/gsec. It can be

seon in Figure 2. 18 that the current maximum occurs at about 6 microseconds,
which would indicate that the conductive slug is of the order of 1 cm loug.

Data on pulse length was taken using electrodes of the following
tengths: 2.0 inches, 1,0 inch and 0, 5 inch. Extrapolating this data to zero
clectrode tongth guve a pulse length of 1. 5 microseconds which would cor-
responit o a thickuess of 1% cra for the conductive xng. Under the assumption
that the conductice material uniformly filis a 1. % cm length of the flow channel,
and that the clectrede length is long compared to the thickness of the slug so
that olevtrodse {ringing fuctors need not be considered, the conductivity of the
vharnel 1s 1000 mbos Smeter,  1f an allowance 8 made for the 40 volt electrode
«»m which are indicated by the prebe measurement, the cbnductig-ily of the
dreed Sotanalation produie 8 vl Ha xiw-,.x:s . 813 conductivily, in a
Sarec tien e rpendicular o oostrong magaetic feld would corredpond 1o a
plantna fempr ratyre n‘f ﬁ{smiﬂk, using the Spiteer 'rclanfmm)

b} | P

7.7 % @6 T
o 7 TeA

{mho‘m) ,
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where it is assumed that the product of the ionic charge, Z, times the
logarithm of the Debeye cut-off parameter, /A , has the numerical value of 6.
The reason for the high apparent temperature is not known. Spectrographic
measurements made of detonating explosives which have been soaked in
butane give apparent temperatures of this order. The high apparent
temperature would also imply that most of the cesium is ionized.

In the power generation experiments, which are described in Section
2.4, we scc that the jonized detonation products are conductive for times up
to 50 microseconds. In these experiments it is also seen that the voltage-

current relation is very non-linear, whereas for the experiments with short

is reasonably linear. Part of this discrepancy is due to the fact that the peak
current occurs at a different time in the generator as the load is changed. For
high load resistances, the peak current and voltage occur early in the pulse
while the conductive slug is near the front of the generator. As the load
resistance is decreased, allowing a larger current to flow, the peak current
moves Lo Lhe downsircamn 1/3 of the channel, The peak voltage generally occurs
later in the pulse, as the conductive slug leaves the electrode structure. Thus
it would appear that the generator internal resistance is decreasing with time.
However, from the data taken with small probes, it appears as though the de-
crcase in internal resistance occurs because of an increase in the axial di-
mension of the conductive slug, and not because of an increase in conductivity
with current as would be implied by the non-linear voltage-current plots.

Further investigation of this topic is indicated.
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In summary, it may be stated that very high conductivities are
observed in the seeded detonation products and the conduc tivity exists forr
times sufficiently long that an appreciable fraction of the kinetic energy of the
detonation products can be converted to electrical energy.

2.5.4 Variation in Output with Load Resistance

Important information can be gained by examining the output of the
explosive-driven MHD generator as the load is changed from open circuit
conditions, to short circuit. In the normal MHD generator theory, the open

circuit voltage is given by the relation
V, = uBd , (2.5.7)

where u 1is the gas velocity, B is the magnetic field strength and d is the
separation betwcen the electrodes. If the electrodes are then connected to an
external lJoad sc that currents can be drawn through the generator, then the
voltage across the load will be given as

(2.5.8)
where I is the current through the generator, Ri is the internal impedance of
the generator and Rl is the load impedance., In the more general case, which

must be considcred here because of the short pulse length, inductive effects

must be included. Under these conditions we have

i a1 _ J
VvV = IRA + L" I ° VO - IR1 - ar (LII)
dL (2.5.9)

i dI
Vo 'IRi'IT - Li i

]

wherc L‘ and Li are the inductances of the locad and the internal inductance of

the generator, respectively,
. [EPA
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By variation of R-t and L.Z , the uxternal parameters most readily available
for change, and by measuring I and V, it is possible to estimate Ri and

L. ., if it can be assumed that Vo is constant over the change in parameters.
However, as will be noted later, it is possible to slow the gases down by
approximately 10% by the extraction of energy with low values for the load
resistance. However, as a first approximation it will be assumed that V, is
constant, If the measurements are made at the peak current, then dl/dt = 0,

and this relation simplifies to

V = IR =V -1 —a-t-— - ImR ) . (2-5..‘0)

where Im is the peak current.

By plotting V as a function of I, then,one can evaluate R, and dLi/dt.
assuming the R, does nat vary with the current level. Figure 2.21 is a voltage-
current plot of the V and Im data taken in the 1 inch by 1 inch test section,
using the l6-inch long continuous electrodes and with the channel initially filled
with 10 mm Hg of air., The first thing which is cvident is that the voltage
current relation is very non-linear. The initial slope, at low currents
corresponds to an internal resistance R, of 70 milliohms, which is in agrecment
with the short clectrode data shown in Figure 2. 19. As the current level increasces
the curve flattens out, with internal resistance approaching 5 milliohms in the
range between 10 and 20 kA, Because of the wide range of currents which are
covered in these experiments, it is pcerhaps better to plot the data on semilog
paper as is shown in Figure 2. 22. In this plot,lines of constant resistance have
a characteristic shape, but they are not straight as in the lincar plot, Cne

thing which becomes more readily apparent in this plot is the value of the short
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circuited current which is estimated as 25 kA. Also shown on Figure 2.22
are dotted lines which show the expected variation in V with I assuming a
constant internal impedance R., and dL/dt = 0 with V., assumed equal to 340
volts. It can be seen that the apparent internal impedance decreases with
current. Making the additional assumption that R, is equal to 70 milliohms,
as is indicated by the low current data, it is then possible to quite accurately
fit the data with the relation

-6 12

V =340 - 0.071 +8x 10 , (2.5.1
m

where Im is in amperes and V is in volts. Presumably the last term in the
above equation represents such factors as the time changing inductance term,
which could include the magnetic bootstrapping effects, and non-linear
conductivity which would appear similar to the transition to an arc mode.

Also drawn as dashed lines on Figure 2.22 are lines showing constant
power output. It is seen that under the conditions in the explosive-driven
MHD generator the maximum power output was relatively insensitive to
load 1'esistan.c;c over the range from about 6 to 60 milliohms as we have seen
in Scction 2.4, The peak power in these experiments in the 1 inch by | inch
channel using air at 10 mm Hg as the filling gas was about 1,3 MW. Much
higher power levels were obtained in the experiments where argon was used as
the additive seeding gas.

The data for the argon experiments are shown in Figure 2.23. The
details of these experiments were identical to those reported above except that

the channel was evacuated and then filled to a pressure of 10 mm Hg with argon.
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Figure 2,23
Output voltage at peak current for the 1 inch x 1 inch channel at 10 mm
Hg, argon,
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f'he results of the two experiments are similar except that the peak current
is about a factor of two higher for the argon experiment., The peak power
in the argon run was about 3 MW. As hbefore, it is possible to fit the data

with a surics  expansion in the current variable of the following form:

VoV, -m - @ 12 2325 -6.015 1+ 3x 10 1%, (2.5.12)

Q

where \@ is the sccond coefficient of the expansion. Comparison with the data
* _ for air shows that V _ is only slightl; lower than for air, whereas Ri with the
argon addirive 1s a factor of 5 lower, and @ is a factor of 25 lower.

Ine lower value for Vo is consistent with the decrease in velocity
otserved as the pressure of argon is i1 creased, and represents the difference
in mass of the compararle volumes of air or argon which are swept up by the
detonation product ‘ront flowiry down the channcl, The reasons for the change
in Ri and (9 are more subtle. Measureinents were made of the characteristics
of the generat. s far  periments where the channel was maint:ined at 10 mm Hg
of arzon, uLul ro »eed was used in the explosive charge. In one cxperiment where

3 & milliohin load resistor was uded, a current of 9. 2 kA was measured, as
compared (o the 20 KA current shown in Figure 2,23, This experiment implies
that the ar; - .- ,onized by the explosive shock and is capable of achieving hagh
levels of cur uctivity, of the arder uf 700 to 1000 mbo/mater, which i
comparabie to the ¢ ndudctivity of the stn@_:mu producis.  Thus. there can be

- | two poessitlc paths {nr the gcnﬁrit@r current, b, e, through the lonized cesium

in the delnnstion pro 1w and through the jonized aecgun, Tl lacior of iwo '

sperease in current whet using Cediuin seod and argon acvonnts ¥+ the incfraee

ih output power as showh in Figure <. 9,

i
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Similar experiments were conducted in the 1 inch by 4 iach
channel and the limited data wis presented in Section 2

In summary it may be stated that the explorive-driven MHD
generator demonstrates non-linear voltage current characteristics. The
apparent internal resistance is a function of the current level, and is there-
fore a function of the external load. The experimental data for peak current

can be represented by a funciion of the form
. , 2
\ -—qu-slm+glm . (2.5.13)

whereok and P are experimentally determined constants. The constantOt re-
presents the conventional generator internal resistance and P represents a
non-linear correction term, Because of this characteristic the output power

level is more sensitive to the value of the load resistance.,

Thus, it is scen that the non-linear characteristic makes the
problem of matching the senerator to the load critical beczuse of the more
rapid variation in power output with load thn in the conventional casc. As
diszcussed in Scction 2.4 the astimum load appears o scale Hueariy with the
electrode separation <, however, bdditiona! experimoenta! data i3 necded on

this topic,

Ttk
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P Variation in Output with Magnctic Field

Asn oitlined in Scction 2. 5.4 the output voltage of an MHD generator
in the low m.gnetic Reynoids number approximation is a function of the applied

magnetic field, This celation is given by Equation {2.5.9) as
Vo= - .8
uBd IRi Ty (Li . (2.5.15)

Therefore if we make a measurement of the open circuit veltage, where
I'= 0 we can examine the effect of the magnetic field upon the ~atput of the
generator by compering the data to the relation

Vor uBd . o (2.5.16)

Figure .24 is a plot of the cpen circuit voltage of the | inch by
+ ‘nch generator when it i3 operated with the channel initially at atmés,'pheric
pressure. The open circuit voltage is pletied as a function 6@‘!‘%‘.‘& applied
magnctic field over the range of fields from 010 2.2 wfm?'. |

It is seen that Equniod. (:. 5. 16) fits the data v&ry wall. ‘.:'Ai;_:;i:‘ cfie:c‘;‘:fivg
velucily u a» desived Lo m; slopx of Figurel, 218 4.7 Emisec, wh&ﬁns !h§ .
measured \?elocuy of the propagation of the fronr of the conduc tive region i% .
6.0 km /dec. One possible explanation for this rescrepancy is that the veloﬁw ,

of the particles, or gas, behind & shock is equal to the shock velocity minus

the velocity of sound in the shocked gases or ustonation products, i.e.,

o Magoe - o san

10
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where M is the Mach number, a, the speed of sound in air, or the gas in
which the shock is propagating, and c is the velocity of sound in the
detonation products {see Section 2.5.1). This theory' would indicate that Cy
is 1.3 km /sec, or somewhat higher than the previous estimate.

The data from the power generation and conductivity experiments
which were conducted at lower pressures do not agree as well with Equations
(2.5.16) and (2.5.17). For example, the data expressed by Equation (2.5.11)
gives the measured effective product uBd of 340 volts. For an electrode
separation of 2. 54 cm, and a magnetic field of 1.7 w/mz, the effective
velocity u is 7.9 krn/sec, whereas the measured velocity is 10.3 km /sec.

The limited data taken with the 1 incih by 4 inch generator indicate the same
sort of discrepancy. The data suggest that the output voltage is a constant
fraction of about 0.8 of the uBd product. On this basis it is indicated tha;t

the problem is not due to electrode drops, or sheaths, etc., which would tend
to be a smaller fraction of the open circuit output in the larger generator, but
is due to some other factor.

One possible explanation is that the effect is due to circulating currents
which arise because of the axial velocity distribution of the detonation products.
The back and the front of the conductive slug, which move at different
vellocities, are connected by the electrodes.

2.5.6 Scaling and Aspect Ratio Studies

To investigate the effect of scaling factors, the outputs of the 1 inch by

1 inch and the 1 inch by 4 inch generators were compared under supposedly

72



MHD research, inc.

identical conditions. As outlined in Section 2.3, the 1 inch by 1 inch channel
had electrodes 16 inches long and was driven by 1 duPont 20B charge, whereas
the | inch by 4 inch channel had 18 inch long electrodes, and was driven by
two charges. which were placed approxi.mately 2 inches apart, one above the
other. Because soft iron was used in the 1 inch by 4 inch channel sidewalls,

a magnetic field of 2.2 w/m2 could be obtained in that channel whereas in the
l inch by | inch channel with stainless steel walls the maximum magnetic
field was 1.7 w/'mz. Aside {rom these differences, all experiments were
conducted with 10 mm Hg pressure of either air, argon, or helium in the
channel and with comparable electrical loads,

In order to compare the scaling relation, the data from the two
generators has been normalized by dividing the voltages by the electrode
separation d, times the magnetic field B, As indicated by the simple theory
for the open circuited generator this is equivalent to determining the effective
gas velocity u., The data normalized in this manner are plotted in Figure 2.25
as a function of generator current. It is seen, for the 10 mm Hg air data,
when the currents are less than 12 kA, that the data scale as predicted.
However, at higher current levels the scaled output voltage for air in the 1 inch
by 4 inch channel is much higher thav for the smaller channel. This anomaly
can also be seen in Figures 2.8 and 2. 9.

When comparing the data taken with 10 mm Hg of argon initially in
the channel, it is seen that there is a closer agreement between the two sets
of scaled data, at least as to form, in the high output region. However, it
should be noted that the larger generator still has a2 somewhat higher output
than woiuld be expected on the basis of scaling in terms of magnetic field tirnes

electrode separation., For this rcason we have replotted the argon data from
| 73
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I—“igure, ;.725 interms of a syaling parérﬁﬂr—ar which is the vuut'put, ivoltag’c
~divided by th@:’.cle'ctr(;de separatiqq times the square of the magnerht fiéld.
As outliﬂéd i‘n S"ect'ion"l. 2 th:a- woui& beb the scaling condition for a high '
‘magnetic Reynolds ‘n’umber, This data are shown in Figure 2,26, Using this
scaling relation it is seen that there is good agreement between the data taken
in the | inch by 1 incn chaﬁhel and the | inch by 4 inch channel when using
" argon at’10 mm Hg pressure. The fact that this scaling law can be used,
15 fur_;hef evidencié. in support of the claim that a high magnetic Réynalds
number does exist in thc explosive-driven generator. Further experi-

mental data is needed on the scaling parameters.

2B T Variation in Blast Pressure with Initial Channel Pressure

To check the applicability of the shock wave model which was
originally used to explain ‘the characteristics of the explosive-driven MHD
generator, a series of measurements was made of the pressure associated
witii the detonation product flow. The pressure rise was mcasured as a function
of th-: initial pressure in the flow channel, using a Kistler 6€05-1 quartz trans-
ducer which has a rise time of apnroximately 3 microseconds, Recause of
shock reflections in the crystal and noise transmission through the channel
wall to the crystal, it was possibiv to determine only the initial pressure rise,
None of the Sul.»;equent pressure protfiles could be determined using the Kistler
ganuge,

Vigure 2,427 is a plot of the peak pressure measured at a station
15 inches downstream from the entrance of the channel as a function of initial

pressure of air in the channel, The peak prossure at this station is of the order
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Tressure rise as a function of initial nir pressure in explosivo-driven
channel,
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of 140 atmospheres for initial pressures near atmospheric, The pressure was
also measurerd at a station 3 inches down the channel. The highest pressure at
this station was 350 atmospheres, which is in agreement with the calculation
ire Section 2, 5, 1 for the air shock associated with the isentropic expansion

of the detonation products,

From the normal shock relations it can be shown that the over-

pressure AP is related to the initial pressure and Mach number by the

relation

2 2
Ap-_- PO m(M - 1). (2.5.]8)

For the present experiments the Mach number is very large,of

the vrder of 10 to 40, so that the following approxiinate relatior should obtain

.é.i’_z - constant = F%‘T = 1.167 to 1. 00 for air. (2.5.19)
P M
[+]

Since the velocity is measured simultanevusly with the pressure
measurement, it should be possible to determine if this relation is fulfilled.
Examination of the experimental dala which is contained in Tabls 2.4 shows

tact there is much scatter in the data. In general, the measured values are

less than the theoretical prediction, the disparity being the greatest at the

iowest initial pressure, (ne reason for this discrepancy may be the fact that

the pressure transducer has a finite rise time of 3 microseconds. For the high
tach numbers and low initial densitivs the shock-heaied high pressure region

will be very thin, 80 that consideral’s error may arise in the measurcments,

78
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TABLE 2.4

CORRELATION OF PRESSURE RISE DATA
WITH MACH NUMBER IN EXPLOSIVE-DRIVEN MIID CHANNETL

Po AP x o™ AP/P ———-—Z«AP .
\ mm g mm Hg ¢ M PO M
(0.5 0.112 1080 33.0 1.00
B 10. 5 0.075 716 33.0 0. b6
100 | ) 150 co. o 0. 38
L0 2.4 240 .50. 0 0. 60
200 4.2 210 17,7 0.67

300 e, 3 210 A 0,92
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While the pressure measurements show general agreement with
A shock wave theory, this is to be expected since the air, or other gas in the .
channel, is driven as shack iupported by the expansion of the detonation
products,

2.5.8 Explcsive Parameters

The output of the explosive-driven MHD generator is a function

of the detonation product velocity. In the low Reynolds number regime the

outimt varies as the square of the velocity, whereas for the high magnetic

Reynolde number casey. the output varies directly with the velocity. In any
case, it is desirable to produce as high a flow velocity as possible in the
MHD channel. In the studies concerned with the variation in velocity with
initial channel pressure, the variation in velocity of the detonation products

could be described by a relation of the form

uz=D+ Flp) , {2,.5.20)

where D ia the detomtion velocity in the explosive. and F(p) is an additive
;‘aciof ;A!l’;ich iu'.i functibﬁ of the initial pressure in the channel, For the one
dimensional expansion of a plane faced, constrained charge, F(p) varies
in an inverse manner with the initial pressure, approaching a constant value
of the order of D as the initial prcasure goes to zero.

On this basis the highest velocities would occur with an explosive
having the nighest detonation velocity. Asidc from the requirement of high
D, it is possible to achieve high velocities for ejectéd materials by proper

geometrical arrangement of the explosive such as by using explosive cavities
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utilizing the Munroe effect( 10 ). This knowledge wlas the reason for the
initial selection of the 60° cone-shagped charge configuration which was
commercially available in the duPoﬁt perforators.

The initial expe riments were conducted using the shaped charges
complete with copper liners. Low conductivities were observed. The
liners were then removed for subsequent shots and the charges were seeded
with either cesium carbonate or cesium picrate. The average velocity, as
determined from the time of flight to the end electrode,was higher with the
copper liner than without. However, because of the large increase in con-
ductivity obtained by using the low ionization potential seed material, all
subsequent shots were conducted without the liner even though the average
detonation product velocity was lower. This reduction in velocity was
presumably due to '""unloading'' of the free surface of the explosive, i.e.,
an edge effect in which the detonation is not complete near the surface due
to the reduction in pressure. These experiments were not repeated at the
lower pressure used in subsequent e xperiments.

In order to investigate the many factors involved in the choice of
an optimum explosive composition and configuration a number of other ex-
plosive experiments were conducted, Because of the large increase in output
when using low initial pressure, these experiments were conducted at 10 mm Hg,
usually in air, as standard condition. Several different types of explosives
were evaluated as well as several different explosive geometries. The results
of these tests are summarized at the end of this section in terms of a figure
of merit which roughly evaluates each explosive system in terms of the energy
conversion cfficiencyv, The figure of merit is proportional to the square of the
péak current times the pulse length divided by the weight of the charge for a

fixed load resistance and magnetic field,
81
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va order Lo investigate effects of explosive geometry, compositioni
C4we s used o form (’hhsrgeS‘ which contained the same quantity of explosive
zs the duPont 01 charge, but with explusive forined into a {lat front instead
of the 007 cone. Chese charges were fabricated using the baxelite charge
holders of the 20B charge, the Cbb booster, and 7.6 grams of composition
C4. In these experiments it was possible to evaluate two quantities: the

generator current, and the time for the conductive slug to travel to various

TR e

electrodes which is inversely proportional to the front velocity., Table 2.5

gives the data for a nuinber of these expei’ixnents; These data were taken in

- the | inch by | inch generator using a }. 28 milliohm load, which is essentially
a short circuit conditior. The electrodes were 0.5 inches long by 1.0 inch
wil>, the magnetic field was },7 w/m?', and the initial pressure was 10 mm Hg
of air unless otherwise specified. These experiments included tests of the
flat f;rcnt charges in various confining shells to invest.; e the efiect of the
charge holder density. Charge holders of luﬁ.,'éznsity polyurethane and
Cerrobend, a low melting pcint bismuth eutectic which has a very high density,
were cast t2 the same contour as the bukelite holder normally usefi with the
20B charge. Also shown are the data for 4 bulk seeded chargé using 7. 5 grams
of composmen{:% and 20U mag of cesium pierate formed Lo dw face comteur
of the 20B charge (60° core) in & bakelite holder, The data for a comparable

» ihc! Lsing the duPont 208 charg'e are liued}for rel’e‘rence; "For compzrison uf
the veluuily date, the distanes from the teiguer electrode to the _l_éading nge»'of
each electrode “v listed. | | '

| The data show  that when comparing the flat 1rom c‘!iéf‘;z f21 the

bakelite holder and the 208 harge the velocities are camparadle, g ‘

the shart circnit current for Jhat fromt chargr sxperiment was suneahat

LM
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TABLE 2.5

COMPARISON OF EXPLOSIVE CHARCE HOLDER DENSITY
AND CHARGE GEOMETRY

| t t. t
$s i A 4
kA pasec JuStC  mse Remarks
& (n 20R 2.0 3.2 18.90 200 mg cesium picrate
(2) - Flat Front 2.7 3.2 19.0 200 mg cesium picrate
Bakelite shell
{3) Flat Frow 1.0 (est) 4.3 23,0 Polyurethane shell
, . : |
{4) Flat Front 2.0 9,2 Cerrobend shell ‘
{3) Composition . , ,
C4 - 201 9.3 3,2 17.5% 300 mg cesium bulk
peornetry - sceded '
. K§ ’;b ‘ ﬁ'n
£ F.4en
Pl .
ORI p
:‘j g." «tz.,.
L




MHUD research, ine.

higher. This would indicate a higher conductivity for the flat front charge

detonation products,

In the shot with the low density polyurethane holder tne velocity

was markedly lower than for the standard 20B charge as judged from the
longer propagation time to the ¢lectrodes. The short circuit current was

also lower by roxxghlf’é facter of two. For this shot the current had to be

e stimated from the amplitude of the voltage trace where dl/dt = 0. For

the shot with the Cerrobend hol&e.r the measurements were made at the

second eleétrode in conjunction with probe experiments as is shown in

Tabie 2.5, s0 the distance to the second electrode should be used in

comparing velocities, Within the accuracy of the experiment the Cerrobend
charge holders appear to result in the samc detonation product front velocity
as is obtained with the bakelite holder. Becavse of the difficulty in fabricating
the Cerrobend hboldeis and the compurable performance of the bakelite holders,

L } | _ ; the use of the commercially available 20B charges was comtinued,

The data taken for the bulk. seeded c:ompéﬁtion C4 formed into 2

L) ' s L e : : : ’
£07 cone show  that the tims= ‘or the front 1o reach the clectrodes was almost

: id?ntit:al with the éeiefem:eé 20B shot, héwever. the peak curum is much
zwver‘ Examination nf;_the record :s:how‘s that the curreat p\pléé was also much |
- .ghjgbr‘tgr.. lasting ié’z?.z.-»} mic réoéaonﬁ;; conpared to 8 c‘;fémiéé@seq@ﬁ?fér =
: Attw surface sceded Z0B charges. The ‘x.héyt-puléé- léﬁgtﬁixwu‘g; to be | ‘
-‘ msr;{ciémue of allsimts mads with bulk see_déd charges, o _ .
As part ,@s"”mez -ihivémgétim of ézhér'ﬁe. ge‘éfﬁé_uy a u}.miwd'mnibév of
‘ékhﬁ.tifﬁ?ﬁ(.ﬁ were mﬁdaﬂéﬁ _us‘ing the \t -*h‘épc@j&‘hbtﬁé‘ developed by} r;im

Research & Development Company. The deratbe of the W shaped charge are

84
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(10

presented in Reference - The performance of the W-shaped charge which
contains 12.3 gms of composition C4 was compared to the duPont 20B charge
which contains 7.6 grams of RDX. The experiments were conducted in the

I inch by 1 inch channel which was fitted with the 16 inch electrodes. The
magnetic field was 1.7 w/cmz and the initial pressure was 10 mm Hg of air.
The charges were seeded with 200 mg of cesium picrate on the front surface.
Table 2. 6 lists the pertinent data for these experiments. Two values of

load resistor were used, approximately 30 milliohms and 1. 3 milliohms.

The 30 milliohm was chosen because it represented the good impedance

match for power output with the 20B charges. The 1.3 milliohms load was
essentially a short circuit, It is seen that the Falcon W charge had a slightly
larger current in each case than the 20B charge. However, when

considering the Falcon charge weighed approximately 1.7 times as much as the
20B charge, the output per gram of explosive was approximiately 20% less.
Two things were noted with the Falcon W charge: the pulse length was some-
what less than with the 20B, on the order of 10%, which would indicate a higher
velocity; and the initial voltage which is indicated by V; in Table 2.6 was much
higher for the Falcon charge. This could imply that the Falcon W charge

more nearly filled the channel during the early part of the shot.

Further comparisons of the 20B charges with other explosive systems
were made using the | inch by 4 inch channel. These experiments were
conducted using single and double charges with various filling gases in the
channel and included charges formed of composition C4 and duPont Detasheet.
The details of these experiments are summarized in Table 2, 7 which lists the

type of charge, number of charges, sced material used, initial pressure and
85
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TABLE 2.6

COMPARISON OF DUPONT 20B AND FALCON RESEARCH W CHARGES
IN | INCH BY 1| INCH EXPLOSIVE-DRIVEN MHD GENERATCR

Pulse

Ry o v, A Length
Charge mn kA volts™™ volts MSEC
20B 28.6 5.8 180 50 45
Falcon W 31.6 6.0 205 120 40
20B 1.30 16.0 28 25 47
Falcon W 1.31 18.75 18 60 43

86



'type ;>f Jaddiftive gases, and ioad reéi'sx. u= !o ééch“sericé. The data \%/hii:ﬁ" _

ﬁare‘summarize.d, include peak currernt, voltage it peak cu:rrent, and pulée k
length for each shot. Also shown in Table 2,7 is a figure of nﬁerit whéch
relates the ‘energ;;y oufput to the weight of ‘e,;;plosive used. T};e figure of

- merit is numerically given'as

TR T R
F.M. = T C o {a.slzy)

\vh_eré Im is the n‘l.;;::imum cxlrrent; RL the ‘loarcrl rj,esistavnce, T ‘thé pulsg 1e1‘1gth..
‘and W 1s the weight of the charges in grams, Th,é data givén in Table 2.7 Vhavé
been norn{alized to the output of the channel using two 20B charges and an
initial pressure of 10 mm Hg of air.

From Table 2,7 it is seen that the maximum power was derived

using two 20B charges with 10 mm. Hg of helium in the channel as wes reported

in Section 2.4. The figure of merit for the helium experiinent is 1.93. The
highest figure of merit, 2.12, was obt2ined using a single flat {front compvosition
C4 charge firing into 10 mm ‘Hg of argon. Although the peak currents are less
than obtained in the other experviments the pn'xlse lasts considerably longer so-
that more energy is extracted per gram of explosive, In the Dotasheci L‘%‘xperi- '
ments some initial difficulty was experienced in initiating the explosive with
conventional blasting caps. Thevefore, an experiment wis conducied whé'ref
7.5% grams of Detasheet was fit into a 0B bakelile holder ta form a f!ag faced
charge, The figure of merit for this cihargo. 18 a'n’mpar,ablb to that for the |
single 208 charge, Extended lincar ¢ harues, z\ppwxizﬁatcly i() om i:; lenoth,

were constructed using the two different thickness of Detashioeet, Each charge
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© weilghed approximately 15 grams so it was equivalent to' two 20R charges.

charges were

It is seen that the peak currents achieved with the extends

systems for the linear channel is indicated froni the work reported herein,
, <

it would apnear that the rnost productive arcaf investigation would

bé in the study of methods for increasing the {raction of the explosive which -

" parficipates in tne energy couversion process. - o RN
2.5.9 Load Piacement Studies

‘Du'ring the course of the experimental program it was discovered
that the onﬁ.put of the gené rator depended upon the p!‘xysécal location of the

load. Currcnats flqwiﬁg th:'ough t.he'elcctrodes chanyged the ononctic fie'd an

front of the conductive slug bv a sor. of magnetic "buét'strat)ping” if tne load

was connected at the downstream end of the long electicdes, For experi-

1w

“ments in the | inch by 1 inch gererator feediag a 1.3 milliochm load the N <
current was increased ny a tactor of iwo, from 6.85 kA to 15,0 kA, when
the load resistor was meved from the upstream epd of the electrode to tﬁ? -
downstream location. To explain this efrect the following theory, which
views the generator in terms of the lumped clectrical parameters, was
developed, This meodel suggests that there mav he an optimum locaiion {ur
the load,
Inasmuch as the gercrator clectrodes are extended and may theres
fore contribute appreciably to the impedance of the generater-lead eircuit,
the entestion arises as to the mnest favorable position for local connedtion of

the load.  As the plasma condurtor moves fron one end of the clectrasdes 1

&9
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t;lie other, the ind{xcvtan‘ce,:a_nd:resistahce cf the cir_Cuit may,vvéry éppré:ci'abiyr‘::{j':;;‘.‘
in time, Clearly the‘ fumctionél character of the variations depends on o
whether tﬁe load is connécted to the up’stream end of the electrodgs, to the
downstre_am end, or perhaps to some intevrmediate point,

Some insight into this queétion of load position is readily derived
f.om the following simplified lumped-parameter description of the circuit, -
Let L and R be the total inductance of the circuit consisting of the movin'g"
plasina conductor, electfc.)-des, 1leads, and load. Lef u be the speed of thé ‘
-plasma éénductor and B, the magnitude of the applied field through which it
moves. Neglecting displacement currents thé Kirchhoff equation for the

circuital current I is

d_t_(LI) + RI = uBd s(t) , (2.5.22)

where d is the interelectrode spacing and s{t) is a unit step function in time,
taking ¢ = 0 as the time the plasma conductor first bridges the electrodes.

In general, u,B,L and R are time dependent. The parameters L
and R depend explicitly on the position of the lnad. For simplicity in the
present analysis iet the resistance he considered essentially constant, Re say.

If now the inductance is expanded in a power series of a suitable

expansion parameter, ® , the current can be similarly expanded:

L, x} = LO “'”‘l“"" LR (2.5.23)

a1y
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T(t, x) IU(L) + o(.l(t‘,.\) : s (ET
where v is the position of the load connections from the upstream end of the
clectrodes. Bubstituting info (2.5, 22) vields the following equations for IO
and II
dIU , '
Loy @ F Rolo = uBdsl e
dl dL1 dIo
- - L3 {
Lo ar PR - w b & (2.5.22)

It 15 to be noted that the right hand side of the Equation (2.5, 26) for Il
contains & source term proporiional to Io and is positive when the inductanc:
duecreases with time.  This term accounts for the voltage induced in the
plasma conductor as it moves through the magnetic field arising from the
current 1,
ty
If it is assumed that u and B are .abstantially constant, the
safution of {203, 25) 1x stmply
I LA PN S SR PP T (o
™ R -
L ¥
e the s urrent pise iy ix T B I,."JRh and 2 i% the le 2th of the cloe?r ree

Tra osetubiar of {205, 29 ik after partial integration,
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Given the functional dependence Of'Ll on time and the position of the load

connections the current can e determined.

The average power delivered to a load resistance RL is evidently

-e/n-
P = 2‘?- ( 1%(t, x) R, dt . (2.5.29)
J . V
(8]

An e

streme in the average power occurs when the load is positioned at x as

;:;iveh by'a-ls/ax =0 or
7

J 1t x) %-1-‘{-’*) at = 0.

{2.5.30)
0 .

As a particularly simple example of the effect of varying the
position of the luad consider the limiting case for which the current rise time
i: long compared wita the transit time of the plasma conductor along the

electrodes,

According to {2.5.24), (2.5.27), and (2. 5. 28) then

L (t,x) :
Wit -o—b—— 1), T . (2530
o

Substitution of the current given by {2, 5. 31) into cundition (2. 5. 30} vicids

2y v : ,
2 ° Ll(x - ut) ‘ R ,
k 1 i ey g. >

2lren te rine to first order in of are cetained in B It s acsumed that L‘
is a function of the distance betwern the plagrna conluctor and the load con.

¥
L

sections, For definitencas consider a primitive bilinear fonevion | agmd!

92



"MHD resé&rgh..i‘nc.

L I{x-ut) - L ’f__l‘i. } (2.5.33)
P} o‘ ]

According to (2.5, 32) then the condition  for a maximum in load power
occurs whon the load connections are at a distance x from the upstream end

of the electrodes as given by

l/u

x/u

2 . 2
1 (1) dt = I (1) de. (2.5.39)

0 x/u

"Thus. it is found that in the case for which T & LuiRu>> £/u the load con-

nections should be made at point aleng the clectrodes on either side of which
¥
the areas under I; (t) are equal.
In addition te consideration of load position there is the question of

the load impedance for maximum powcer transfer. The usual statement of the

pover«transfoer theorem is that the load impedance should be the complex
coniugate of the generator impedance: that is, a negative inductance should be

ipscerted in series with the load, Crudely applied to the present model, the

theorem wonld require that a capacitor on the order of

‘L : . o s
€ o 7 : S (2.5, 33)
‘ Ro o '
- ahould paralle] a load resi- vpee wqual - ¥ - int@mal resistance of the
generator, ‘
in conciusion, it 1s perbaps noteworthy that E juation (2. 5, 22) a,@imigs

an integrating, factor oxp % ‘it which leaés readily to the general solution '~
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R t
~\— dt -t
ey = ii—— e L j uBe‘g‘L at, O£t 5..—4\; . (2.5.36)

I'he above colution for the current by successive approximations is practically
useful only if the time-variant contribution by the electrodes to the total
inductance is relatively small. Solution (2. 5. 36) is of course not restricted
oy this condition and may be useful for more detailed analytical investigations.
1t should be appreciaicd that in reality R, B, and a1 as well as L will be time
varying. If these parameters can be experimentally determined, numerical
methods can be used o determine the optimum position of the load.

il Prove Studies

When usimg the long continuons clectrode in the explosive-driven

MHD channel. it is sometimes difficult to determine the position ard the

velovity of the 7ront o the conductive detonation product slug. To assist in
fvterreining this information and te estimate the length of the conductive
region, a series of four probes was installed in the uppar electrode of the
zenerator. This electrode would normally be regative with respect to ground
snd wouid e considered the anode inasmuch as it is required to collsct
etrrtrons in ordar to carry the generator current. The four probes were
cepper wires .S mm in diameter which were installed in holes drilled through
the igur electrode mounting bolts.  The proses werc in# ‘lated from the electrode
stPuctuve and wére flush with the wrfﬁte of he @ledwdé. in conuc;t wifh the
gas stream, TSQ piobés were mourted at distances of 4.%¢cm, 14. 6 em,
24.%cm, and 40. Ocm respertively from the trigger wlectrode. For these
exporiments which we conducted in the | inch by | inch chanrel, the magnetic

£l

k. .
aldmy and the initial gressure was 10 s Hg of etther air oy

LM s
wroan, Figure 2,28 15 3 lypical pecitionsope trace for 2 shot in 10 ma Ha of
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*vpieal oserlios e frace show,ag current {lowe = trace) and
voltage lupper tea-c) in ! iach by | inch explosive -driven MHD
generatur during probe experiments, Peak curreat is 7 0 kA,
peak voltage 140 volts. swpep speed 10 mic rusecondafem,
Magnetic field s 1.7 w/ee", initial channel pressure 19 mm Hg
of air. :

Figuee 2, 2%
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air, The gencrator load is 19 milliohms. The sweep speed is 10 micro-
seconds per cm. The upper trace is the voltage at 50 volts/cm, ana the
lower trace is the current at 5,35 kA/cm. The peak current is approxi-
nately 7 kA, The peak power is approximately ! MW and 43 joules of
energy are delivered to the load. Figure 2.29 is a composite drawing
which shows the four probe traces plotted with their origins at the
appropriate distance along the channel in the form of an X-t diagram. It
can he seen that detonation products propagate in sir with a sharply definad
front. it is also apparent tha the slug of detonation products expands as it
flows down the channel which vrould cause a distribution in velocities along
the condurting slug. This velocity distribution, as discussed in Section
2.9.5, may accouat for the reduction in the open circuit voltage. It is also
noted that there is a sharp spike in the traces for the third and fourth probes
at about 46 microseconds, apparently when the rear of the conductive siug
l2aves the electrode.

It can be seen that the velocity is attenuated slightly as the
detouation producias . e down the channel.  The initial velotity is approxi-
tately 12.1 km/ sge, which rlows down to B, % km/sec betweon the third and
fourth probes. The average velocity is 10. . km/asec over the length of the
rhannel with this load. An average of data taken with an 0. 5 ohm load
resistor, which is almort equivalent to &n open circuit condition, indicates

an average velocity of 10,5 km/seec. These results would imply that the re-

mouval of 40 joules of encrgy has slowed the detonstion products by 0.0 ki ses .

A number of sintilar shots were made with argon as the initial cas
in the channel. In the argon shots theve ic a precursor which vauscs the

26
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voltage on the pfobe to rise before the conductive slug arrives, 'It is
generally possible to determine the arrival of the conductive slug by a
steep increase in voltage on the probe. The data from the argon shot are
contained in Table 2, 8 which lisis the load resistance, the peak cufrent,
and the time for the detonation products to reach the fourth probe. While
there is some scatter in the data, several shots have b een taken with each
1nad resistance so that there is some degree of confidence in the results.
It can be seen that as the load resistance is decreased and energy is re-
moved from the detonation product stream, the time for the detonation
products to reach the fourth probe increases, indicating a decrease in
velocity.

Figure 2. 30 is a plot showing the change in velocity as a function
of tihe number of joules delivered to the external lbad. It can be seen from
Tigure 2,30 that removing 16,5 joules- of electrical energy slows the
detoaation product front by 0.1 km/sec. This data supports the previous
azssumption that the velrcity was not markedly changed in the present experi-

ments by the MHD interaction.
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TABLE 2.8

DATA TAKEN DURING PROBE EXPERIMENTS IN 1 INCH BY 1 INCH
CHANNEL SHOWING SLOWING DOUWN OF DETONATION PEODUCTS AS
ELECTRICAL ENXRGY IS GENERATED

Load Resistance Current Fower Energy Time to Travel
ohms kA Mw joules 40 cm
9.5 0.048 0.025 1.2 38.5

0.685 0.24 11 3e.5

0.5 0.642 39.9
40 N

0.096 3.1 0.92 441 10,1
0.096 3.1 44,0
0.051 4,71 . g 50 40. 0
0.C51 5.14 10,90
0.0195 10,7 : 0 100 40.0
N.0195% 0,2 41.0
G. 0145 J1.75 Y] 98 0
0.0045 23.6 2 4 115 1.0
0.0045 22,5 41.5
0.0013 39.1 42.0

V0o



3.0 LONG DURATION FULSED POWER

(&)
.

Introduction
The conversion of chemical energy stored in condensed .explosiveé
into useful electrical energy through MHD methods described in Sectior 2.0
of this report has produced encouraging results for times up to épp'roximately»r
100 microseconds. Many applications for pulsed electrical power wiil ’
require pulses for longér ci;zrations,than can be achieved witﬁ &etonating
systems. Therefore, this phés‘es of the program was orieniedv!:oward con-
vversion systems using slower burning, deflagrating cornpounds with the
objective of achieving pulses ranging from 1 millisecond %o ] second or nwore.
in these experiments, deflagrating compounds are used to generate
hot . N« combustion chamber. These gases contain low ionization
p;)tentia.l materials, which are partially ionized at the flame temperature.
The ionized gases are then expénded into the MHD power generation channel
which has a transverse magnetic field. Electrical power is generated by the
relative motica of the conducting gases through the magnetic field. Calculations
and experiments indicate a conductivity level of 1000 mho/meter.
The following sections briefly describe the experimental apparatus
and the 3o ~mirize experimental data obtaincd. Background infurination on
the desiyr .7 the apparatus, the chuice of propellant systems and the detiiled

results Of provious experiments are contamed in References (1) and (2).

3, 2 . Experimental Apparsius

| Degign Objectives

The major design objevtive was to arhieve versstility of the test

apparatus. pecmitting relatively casy modifications to be made of as many

Tt




gas dynamic parvameters as practical. The configuration chosen was such

CRe G producs high velority gases with high‘conductiﬁt‘yQ “The ‘ifnﬁoitéht
parameter to be maximized in these experixnénts is the I;roduc.t of con-
ductivity ‘;:-i,*.‘nés the velocity squared, Ouz. To a first approximafioh,
this will résxilt in the ‘maximum power proauction per unit volume for a
miven value of roagnetic field. The high conductivity was achieved by the
high tbmperz{ture « ombastion of light metals (B and Al) with alkaline metal
aitrate oxidizers (K NO, and CONOS). '

The basic facility used in the iong duration pulse power experi-
merts i shown in Figure 3.1, A photorraph of this dissemt’ed hardware
ig sncwa in Fignre 3.4, Figure 3.3 skowrs how the test section was modified
for tne nower genervration experiments which are reported herein

3.2.3 Corabustiva Chamber

The hot ionized gases are generated in the combustion chamber,
then expanded through a nozzle into the test section. The combustion
shamber was sized fur a deflagrating charge of 100 gms. Details of the
cumbuition chamber are shown in Figure 3.4, Provision was made in the
tace plate for approp-‘ate tungsten ¢r carbon nozzles which were varied as
v size 3and material,

The nozzle plate was subject to many changes. Early experimenis
with 3 i/8-inun diameter hole in a atainless stecl plate resulted in clogging
+:th attendent reductior in erifice vize. This clogging was assumed to result
frowm condensation of combustion products, especlally the solidifcation of
liguid alumina impinging on & cold nozzle plate when using AY/ (;sNO3 charges.
Subsegusnt platee were fnbriccted feom brags, with a carboa face toward the
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1. Combustion chamber section

2. Zytel insulator

3. Microwave instrumentation flange
4. Electrode face

5. Micarta sidewalls

Figure 5.2
Dissembled vivw of supersonic MHD channet
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Combustion Chamber

- Relicved Hold-Down Bolt

/- Mylar Diaphragm

Brass v

7/64" Diameter

Tungsten

Cross Section of Combustion Chambtr and Nozzle Plate,
Figure 3.4 I |
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combustion chamber to reduce heat loss and with tungsten nozzle inserts

faced with carben.  The size of the nozzle orifice played an important role

in all runs. Conductivity is a se- ~itive function of combustion chamber
pressure which is controlled by the nozzle orifice area for a given mass
1w rate. Ignition of the explusive was vitally effected by pressure, i.e.,
the burniny rate is pressure sensitive. If the pressure does not build up
rapidly the charge will not ignite. The velocity of the hot gases in the MHD'

generator section is also controlled by the nozzle orifice size. The best

operation was obtained in this system using the Al/CsNO, charges with a

7/64-inch diameter orifice designed and fabricated as sh:wn in Figure 3. 4.
The cha.nber casmg is fabricated of stainless steel tuting with
1/2-inch thick walls. Provision v.as made for a threaded breach plﬁg tv
fac.titate loading. Ports were provided for pressure measurements and
for ignition wires,
The hold down bolts on the combnstion chamber were relieved
in cross section as ghown su that they wonld fail and veat the chamber at
a pressure of appreoximately 1000 psi. This wccurred during one run at
90U psr when the aozzle plugged.
3,2, 8 Test ! w '
Text scetions used in cxperiments are shown in Figures 3.1 and
3.3, The basic configuration shown in Figure 3,1 had a small throat which
gradually increased to a masimiin chamber size at the dump tank end of
the chamber. As can be seen from the phutograph, Figure 3.2. this channel
~ has straight interior sidewalls s that the channel was uf constant width with

- gradually ine r@a@iﬁg heaght, pc-rirxztling mucic casier caleulations as a

onc-dimensional expansion.
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The channel, as shown in Figure 3.3, has been modified to

include heated tantalum electrodes as well as to include modified channel
walls used to provide a two-dimensional supersonic expansion of the
flow channel.

The test section is preceded by a rupturable mylar diaphragm
(sometimés augmeutcd with aluminum foil sheets) to maintain pressure

into combustion chamber for ignitivn. The outer casing of the test

section, together, with all down-stream fittings and components, are
sealed to provide for evacuation or pressure when required.
3.2.4  Electrodes

Electrodes of the basic configuration were fabricated of solid
copper 2s shown in Figure 3.1 and were sheathed with 1/8-inch zytel
fittings for insulation. Nther configurations used straight 1/8-inch
O.D. 2% thoriated tungsten rods (see Figure 3.5) or the heated electrodes
fabricated of tantalum sheet as shown in Figure 3.3 which were heated
either by 60-cycle current or an exterior 6 volt battery.

3.2.5  Magnet
A smali ciectromagact with pule faves approximately 2 inch by
4 inches and capable of producing up to 1.0 w/ mZ has been used with this
: 'appara*.vuo. This 15 3 level similar to that which can be produced by a
‘permanent magnet. The usc of pormamm magnets in a pulsed poinr_
gensrator may be desirable for certain applications. The paﬂwon of the
m.nit pule faces relative to the electrodes used Vin’ the basic configuration
is shown in Figure 3.1. N -
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Yixhansi Syastem

Vhe gases discharge from he test section into a dump tank
TOUU liter capacity. The gaseous products of the disclarge can be
<tiv corrosive and touic, hence they are exhausted from the dump tank

ceough the roof of the laboratory building. The duimnp tank is connected

vaauure punp such that it may be evacuated before each shaot. The

ure in the tank serves to regulate the pressure in the downstream

-

" the test section,

el

The 1000 liter volume has been calculated tc be
quate such that the change in pressure during the burning time of the

i charge will be of the order of a few pexcent.

Conductivity and Power Measurement Instrumentation
The

lectrop densities and mobilitics predicted for the various

vrarea] systems cons dered for use in these experiments indicated that

cvnductivity, @, is variable over a wide range and is difficuit to calculate

tivany ceeuracy. Howevey, it is the most importaut parameter in the

s gereration procese, A major objective of experirmants and inutea.
han then, has been o del Pmine condu iVt o5 SCuasatuly 3n bossible,

Yhe primary approach tu this measurement is to dotermine th
fthe chararteristic voltage versue current (V-1) w:rw:'a, It is reuygnized
6 sene condudc VY 12 masked 3;;; generator ond elimis. »siw'a&?: i*uh;ags x,f';_-fqﬁaa.
©eficeta and {ringing eliccls, however, aasiliaty expEriments con be
'aﬁ:w’i ta evalhatr L

i

wie corruction fadtors, The largest of thess tavtors s

veos L eqpade aheathsvoltage 2rop whith was é‘v;»shélféd during 4 scries of

educ ity thoassr s oenats repsrted tr Section 3.4,
, ¥ : 2 :
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Inorder to determine the generator incevnal resistance, from which
the condactivity can be aetermined, the veltage and current through the
generalor are recorded for various external loads. The generated electric
frclds are of the order of 10 volts/em with a 10 kilogauss magnetic field,
£0 tnat with a 3 ¢ electrode separation, the open circuit voltages are of the

order of 40 volts. With the indicated conductivities, the peak currents are of

the order of 10 amperes or leass. Provision was made to record the

current antd ow put vaeltagze continuousty as various load resistors are auto-
matically switvhed into the ¢ircuit. The oyele between oper circuit and short
firenit 8 repeateu several !imw.;; a second. }rom a plot of the voltage-cnurrent
cna soterintiy, the internal resistance nr counductance of the gencerator can be
detern, ceet,

In audo o to the jnstramentation for tiértwtt)- ohtaining the V-]
cupees, P00 milvrowan L ohasve been emploved in a microwave interferometer
system, Uhe measvrersent of ricrowave attenuation and phase shilt ts made
at the downstresm end of the fest cnamber where the gas dénsi‘v; al supersouic
thows i &t .mmmzum. Faese measurements indicated that the él?tfﬂih Sensity
m~$4 givates 2‘%@% l.‘:l‘: 3_ er g’.‘. ihther systera for :gw‘aiuring the conductis T are.

8 imvusae D in a lated section,

e

AR Dresanre Measutenient instrumentation

The pressure in the combuston chamber was easured by a o DG

pet fant respinse s1PRIR gadge IF duce ¢ Vhis oneasuPsmet? ju wrainly o ooed {08
vt #in s the copnivgeTiud fate and the piges ijow tale. A sjimila® transdiis#
3 At the oxit ! thy Yeal soa fles to e ity o the e s sate wiroes s

pe alao wunted

A g Nha s heed gl o Seet o o fate st
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Recourding System

The data from the assorted sensors, the voltages across the load
resistances and the voltages across the current shunts were recorded on a
Consolidated Electredynamics Corporation Model 5-114 multichannel re-
corder. Up to 18 channels can be recorded simultaneously. Fluid damped

galvanometers cupahble of 100 cycles per second response were used.

3.3 Power Generation Experiments

The osbhjective of this pmgrmr; is the gensration of long pulses of
power by MHD principles, using solid propéllants as the energy source.
During the contract period many runs have been made during which MHD

power was generated. The seeded solid propellants which were used had &

very high elecirical conductivity. It was expected tha' the power outpuls should
have been much higher than those actually ohserved, However, one main dis-
advantage o‘f these runs has been the small scalc of the experiment, dictated by
safety consideraticns, It is belie.ved that electrode drops observed in the
conductivity measurements to he reported in Section 3.4 were a major factor
limiting :&e power output. Thuse experiments suggest a favorable scale-up
potem}ial. In these experiments four dificrent types of charges Q‘gfe used, .
For the firet series 'lSéﬂés 1) the tha‘rgg was a standard ammonium pg’i'c’mgriw
rcsih)bprgpgﬂﬁm which had been ieedeé with CaNO . | Fhe re‘ﬁnlim’m three sets
ﬁ,gg”rsmpmg w@g‘é cemhigcted witk é!:#.miiwn-rr«i@i&m n{l sate rhar‘ges"s{-hs(h~ in-
} mrp@rgte@i v;giw&s amount of h&éhsﬁsmaiﬂmﬁ n‘:t‘rm i the tRItIat igvgeif.f far

tgnition asststance. Fable 3. ' (iie¢ the details for the rafymis chafrgcs.
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TADLE 5.1

Charges Used in Long Pulse Power Generation

Series 1,

Six charces of thi se-ies were prepared and used
ty test the facitities,

NH_*CIU_; 76 parts by weight

ieapol A-20 Resin i4 parts by weight

Styrene, *-Butyl Catechel 10 parts by weight
100 parts by weight

{ Fhree of the above had | part by weight CsNO, powder
addd in bulk before casting, the other theee had 2 parts CsN03 added).

e te 3
MPTIEC Y .
o T

Prepared i layers with Layer | nearest igmitor.

Toyer | wtlgm | B/RNO . | AVC ~o)
) i 3 %
el sl = |
i g 100%, 0
7 3 0% A
3 & BT 12%
A _E e} 100%

Brepared ia layers with Layer | ncarest ignitor,
3 T , [ATE NG ’

Haver]

9%
o0,

R A Tl R e <
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The initial nower generation runs, using the Series 1 and Series
2 charges, werc conducted in the channel arranged as shewn in Figure 3, 1,
or in an 1lternate arrangement where 2% thoriated tungiten rod electrodes

were nsed, similar to the geometry used in the couductivity experiments.

‘Thesc experiments indicated open circuit potentiais of about %0 volts,

which would yield supersonic velocities in the smooth contoured flow channel.

" Measurements with the stub electrodes yielded subsonic velocities indicating
that-shong were occurring. No current could be measured within the k

‘sensiti\;ity of the apparatus, which had been calibrated for a very highly

conductive plasma flov,

For work with the Seriee 3 charges the externally heited tantalum
sheet eiectrodes shown in Figure 3*. 3 ere employed. It was hoped that the
high te mp‘erature of the ~lectrodes would not only deter condensation of fiow
products; but in addition, the tantalum should emit ther:nionically providing
a cathode with 1 lower potential drop. The ¢.¢ctrodes were heated by 60 cpﬁ
alternating current. The spacing for the gap'between electrodes wasg determined
from optical observations of the edge of the jet made during preious runs,

For the first run with this apparatus, a single 0. 122 onm load was
connected across the electrodes, The open circuit voltage across « set of
downstrram electrodes was used to monitor the gas velocity. The electrodes
werc heated te a bfightness temperature of 1900° K (20200 K true) two
seconds prior to firing.

Figure 3.6 shows the recorded current through the load. The power
generated is disappointingly low, never exceeding & watts, The vurrent was st
least a factor of 10 greater than the calculated thermionic cmigsion uf tantalam

at 2000° K (16 mu/cmz vs 1 s, cmzi. The veltage probes indic . ted that the

b
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gas velocity was about 1. 430 km/sec at the downstream station, which is
definitely supersonic. Oune possible explanation for the low power le: ' is that
the elect=odes did not contact the plasima and should have been moved inward
for hettar contact.  Auother peossible explanation considers the existerce of

a large sheath drop despite electrode heating.

To determine .  lectrode temperature was a factor, a run was
made with the electrodes at 'I’b = 2050°K. The motivation was that if the
currents extracted are limited by an emission process at the dirty cathode,
then perhaps a higher cathode temperatﬁre would belp. The load was changed
te | ohm with the magnetic field remaining the same (1. 07 w/mz). The shot
was normal. The resulting voltage drop across the load for this shot is shown
in Figure 3.7, The maximum power level is 49 watts, The current trace had a
shape similar to that of the previous shot. The maximuin currents for both shots
were of the same magnitude. The open circuit voltage on the downstream
probe was abnormal. At run commencement the voltage went to ~ 3 volts where
it remained until burnout. This could indicate subsonic flow at this location or

"~ shurting across the sidewalls,

From this run {t can be concluded that either the poor electrode contast
or subsonic fiow, or both, ‘sere factors limiting the power output in these experi-
ments. Subsonic flow can Le caused by the presonce of the electrodes which
prodice local shoek waves. The maximum powcer genevation, about 30 watts.
occurred during the burning of layer ) of the propellant at a pressure between
300 sand 400 pai. Layer 3 consists of 8 gms of 92% CsN();!AE and K7 K ?\205‘

The higher power levsl ol the high pressure voulsd be the vresult of fuuy factory

which ate all & part of the propellant formalation:

[ RES
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The T3 /K{\'O3 increascs the burning rate. This raises the
chamber pressure for a constant nozzle area; hence the combustion
temperature is higher. Since the initial electron density is highly
temperature dependent, the resultant jet is hotter and has more free
electrons: hence, higher conductivity. The power varies directly with the
conductivity,

{1} When the combustion pressure is high the resultant mass
flow and gas velocity are increased producing a higher induced voltage.
Power is proportional to velocity squared.

(Y  When some B/KNO-S is prerent, the average molecular weight
oi the products is lower, producing a higher velocity jet for a given initial
temperature,

{c} At any given temperature a mixutre ¢f K and Cs bearing products
may yield a higher electron density than that of a compound containing only
s because of the large mass difference between K and Cs. There are about
three times more potassium atoms/gram of burned material than cesium,
fven though there is a large difference in ionization potential it is possible
to ahtain a higher electron density from a mixture in these expecriments since
the temperaturcs are high enongh (~4000°K) so that large percentages of both
Cs an'! K are ionized,

(d) The manufacturer of the chafgel had indicated that clectron yivlds
for the Al;‘C;sNOj charges are satisfactory only when the combustion
pressure ix higher than 00 »si; this tends to support statement {a) above,

Due to the wide difference in indicated gas velocity during the
dificrent runs, it was decided to abandon the l'rée jet approach and shroud the

olecirotes with a supersunic nozste,  Thia is indicated by sie dashio! Vinow in
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Ficure 3.3, The electrodes were widened to 3/4 inch to form a rectangular
flow channel (3/4 inch by | inch at the cencer of the electrode station) giving
an area ratio of 80, This would indicate a flow Mach number of 4.7 for a gas
with y- 1.2, A motor-driven rotary switch apparatus was arranged to

cvelically anply four different loads (10, 1.0, 0.1, and 0.01 ohms}

to the electrodes,
The channel was tested with the Series 3 charges in a run where

the electrodes were heated immediately prior to firing. The run was normal

and occurred without incident. On development of the recording chart, it was
seen that the characteristic pressure trace was recorded. However, the current
trace went off-scale steeply on initiation of the first layer of the charge. It
was found that the gain had been sct too high through plugging in the wrong
valvanometer, The current during the run was alwa;s in excess of 3 amps.
Inspection of the chamnel after the run. showed that supersonic flow had
existed in the diverging section, Proof is given by shock reflection patterns
on the sidewalls at the end of the diverging section, There was extreme
srusion of the misarta forming the supersonic portion nearest the throat and
sume slag deposition downstream ncar the electrodes,

fhe configaration shown in Figure 3.3 was then used in a run with
the Series 4 charges, Phe Serivs 4 charge diffces mainly in that the 100,
B KN(";’ layer is not used, FPigure 3,8 showe the open circuit voltage, and the
volta m ross a 10, 5 ohin lead reaistor o+ a function of time during this cun.
From the teo data points, open <itesit and 10,5 vhm load, voltage current
vupPves cal he plotted Lo vield 1he gufic palop internal Pesistance, ur con.
Hietamee, which is olso shown 1o Vagure 3,8, The pressure trace i simvilay

e tigese chouwnoan FiguPer 3.6 and 37 andas et repreduned herc,
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It is scen that the velocity, as indicated by the open circuit voltage,
decreases with time, as the combustion chamber pressure drops. The flow
is initially supersonic, as indicated by the high open circuit voltage, then
becomes subsonic at about 1.0 seconds. However it is seen that the highest
vonductance, which is proportional to conductivity, occurs during the burning
ot the Al/'C;sNO3 portion of the charge. The peak power generated during
this run was approximately 3 watts which occurs early during the run when
ou” is a maximum. It would thus appear that a B/KNO3 - AICSNO3 mixture
would be preferred for pulsed power generators. Further work in the
evaluation of optimum propellant formulations is indicated.

In general it may be concluded that there are several limitations in
using the present sized apparatus for these studies. For the small sized
c hannel the generated voltage, approximately 30 or 40 volts, is less than the
electrode sheath drops. Therefore the sheath effects are a dominant factor
and overshadow the power generation mechanism. Future experiments should
be conducted in a channel with a wider electrode separation and/or with a

stronger magnetic field,

3.4 Conductivity Measurements

One of the major efforts in this series of experiments was in the
measurement of the conductivity of the seeded propellant flow stream. In
addition to the determinations of conductance made during the powér generation
runs, experiments were conducted to measure the conductivity by means of
the following techniques:

!, 60-cycle current-voltage relations,

4 mc radio frequency coupling measurements, and

3. 35 G¢ microwave interferometer.,
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The complete details of these experiments are reported in Reference {Z}.

The radio frequency coupling measurements and the microwave
interferometer data provided limited information because of thg high con-~
ductivity. However, they did confirm the measurements made at 60 cycles ixn
that the measurements made 25 cm downstream indicated a conductivity of

160 mho/meter, at the time of peak combustion chamber pzessure.

The 60-cycle conductivity measurements were conducted in the

flow channel shown in Figure 3.5 with 122 volt rms 60 cycle alternating
current applied to the electrode pairs. It was expected that free jet expansion

would occur; hence, the electrode spacing was varied to approximate the

expected envelope of hot gas liquid products.

Two runs werée conducted to measure the conductivity. In the first,
a 3/16 inch diameter carben nozzle was used and the pressure did not build
up sufficiently to maintain combustion; the charge burned for 1/8 inch and
went out. The total burning time Qas 0.4 seconds. During the run the
current was 80 high through electrode pair #1 that the shunt solder melted
causing the shunt to fall out of the circnit. The final layer (layer 2) burned 5.
this run -onsisted of 46% B/KNO, and 60% Al/CsNO,.

The 3561 guv&nomcters have 4 flat responsc to 8 KC; hence, fritni !
reproduction of the current is assured when operating at 60 cps. A maximus
of 370 amps was drawn at the first electrode pair about 30 milliseconds afte -
ignition. The voltage drop across the electrodes, as indicated by the instantane »
voltage at the start of current conduction, was measured to be initially 73 volis
‘mm for both anode and cathode. This valie decreased to 29 volts 160 milli-
wtronds after ignition. The measured conductance at 160 milliseconds (after .
overcoming the voltage drop across the electrodes) wvas 3 mhosl m.,
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The mecasured conductance can be reduced to an equivalent
conductivity in a number of ways, Assuming the column of conduction to be
¢ onfined to a cylindrical channel between the electrodes, the conductivity
would be 4600 mho/meter. Howewver, the confinement of the current to this
channel is not realistic and an appropriate {ringing factor should be used.

An electrolytic mockup of this experiment was constructed and the fringing
factor measured in this mockup was 2.6. The indicated conductivity for the
measured conductance would, therefore, be 1.8 x 103 mho/meter. A further
adjustmeni should be made because the edge of the insulation quickly burns off
the electrodes. It is estimated that the electrode area changes such that

the effective fringing factor should be 4 or 5, based on the original area.

This would change the conductivity estimate to a maximum of 1000 mho/meter.

In this experiment the #2 pair started to draw current about 80
millisecs after ignition and the #3 pair started about 230 milliseconds after
ignition. A check of the conductance of the #2 pair at 300 milliseconds yields
a conductivity 6700 mho/meter with no correction for fringing. Since the
separation distance is greater than for electrode #1, a fringing factor greater
than 5 would apply, making the conductivity at this station also close to 1000
mho/meter.

Check of conductivity at #3 electrode could not be made since it did
not start conducting until 230 milliseconds after ignition and then conductivity
was limited to one direction (rectifier action) with very large electrode drops.

It may appear that the conduw tivity measurements are on the high
side since the current {mcasured as 370 amps) heats the gas, increasing the
1evel of ionization, However, the average clectrical power input for the above

mentioned run was 20 kw per electrode or less, The thermal power was

123



vIHT) research, inc.

approximately 10 times this value. Heuce, very little heating should be

expecied,

To prevent a flameout, the next run used a smaller nozzle (1/8 iach
dia) and ran successfully for 0. 62 seconds. In anticipatiun of high crrrents
at #1 2lectrode a ballast resistor of 2.2 ohras was added in series with the
electrode gap. The other electrodes remaiied the same as the previous

run. Ali electrodes began conduction (in both directions) 10 rmillisecs after

ignition and ceased simultaneously when the charge was expended.

Figure 3.9 shows characteristic traces for electrode #1 at three
different times, A valu;e of conductivity derived from the last current {at.
620 millisec) yields 600 mho/meter, 1/3 the value of the previous run (1800).
As the ballast resistor limits the current (55 amps peak) this would support
the view that heavy currents are joule heating the plasma resulting in false
conductivity values. Electrodes #2 and #3 which did not use a ballast resistor

gave conductivity measurements higher than the #1 elcctrode. Comparison

of the #2 electrode with the previous shot yielded a decrease of conductivity
L.y a factor of twd from the previous shet, '
Figure 3.9 illustrates the change in clectrode voltage drop as a
function of time; notice the deadband decreasing. Withaut forced heating of tm:
zlectrode by *he impresased current and heat transfer irom the flow stream,
one would not expsct & current to hegin flowing with less than 50 volis. Inthe
present éxperiman:a whe re B:1)0 w‘mz v u = 2 km/ses, und d the §lo¢tr6dc
upi:at&on is 2.5 cm, the maxim m generated voltage, ux B xd would be |
only 50 volts. Eupcri:cnéé of oti v inv‘ﬁuguors. has shown the existence of
electrode drops of this order. This result is one possille oxplanation for the

PUOT Output from the puwer generation runs not emploving the heated electrode s,

124




MHD research. ‘nc.

t .f_::,“w* E-..___“:.‘

A. .50 sec after ignition, less than 10 volt drop

5. 30 volt drop -

. .06 sec afver lpttlu. mmmaly 5 voit drop

FIGIRE 3.9
Run #2 = 30 March 1943 Curreat trace on #1 electrode 1 3/8 tnehes
Jownstream, } fuch separation, 1/8 inch diameter. Gala 110 amp/in
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The power oulput was approximately 5 watts, A number of generator load
curves were taken which sho'wed an increase in conductivity when the cesium
aitratc ~aluminum powder purtion (¢ the charge was burning. While this
cpproach appears to heve promise, it is indicated that further experiments

'

whiovieiyd

woocemrhoted o s aamewhat large seule,
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4.0 CONCLUSIONS

It has been demonstrated that short pulses of electrical power can

be generated by MHD principles using either condensed explosive or

"

solid propellant snaicrigls os the energy source. The work with the con-
densed explosives has been warticularly successful in that large pulses
of power have been obiained with relatively high conversion efficiencies.
The s~aling of these results to larger sizes tno produce systems with
greater outputs appears relatively straightforward. Additional work is
needed to determine the oiatimum values for the various parameters,
however, the basic principles are well understood and the directior for
future work to incrocase output and efficiency can be clearly outlined.

The work with the solid propellant driven supersonic channel has
been encouraging, however the results were not as spectacular as with the
cxplosive charges. It was possible to generate power from the highly con-
ductive flow stream, but scalc effects appeared to be important. Much
additional work is indicated in the areas of propellant composition and
channel configuration for the two-phase (gas and liquid) {low. With the

measured conductivity and the known high temperatures, very high specific

power outputs should be attainable using this technique.
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APPENDIX A - SCALING AND GEOMETRY CONSIDERATIONS
OF EXrLOSIVE-DRIVEN MED GENERATORS

I’ R. Smv and C. N. McKinnon

Mcasurements on the shabed charge-driven pulsed MHD generator
indicate that high power, nigh energy outputs will be obtained when this
type of device is scaled to a larger size. Already 23 MW (lasting about
30/6 secs) has been delivered to a resistive load. Important consider-

ations that arise therefore, are:

L. What scaling relations apply to this device?
2. Can the device compete favorably with capacitof

storage or some other form of conversion?

3. How can the power be’delivered for times longer
than tens of/.,ser:s, so more total energy is
delivered to a load?

4. What other forms might such a high-powered
device take?

Before considering the scale-up of an explosive-driven generator, the
proper perspective can be gained by looking at existing (competing) methods
for the szeneration of electrical pulses of high power.

The most obvious competitor is the capacitor bank. A typical capacitor
bank occupying a total velume of 1 cubic meter imight possess a stored energy
of 2 x 104 joules and provide a peak power of 10lo watts, Power supplies and
switching equipment would of coursc take up more space. One drawback of
this system is that, although a capacitor bank discharge can be initiated with

little delay, the capacitors must be charged prior to discharge. The

A-]



capacitors can be maintained in the charged condition indefinitely, how-
ever, this puts a severe stress on the dielectric and reduces their life-
time and even in this event the inevitable leakage current would require
& supply us electrical power to the bank. In this respect, capacitors are

storage devices and not indepeadent encryy sources,

The properties of compactness and zero pcwer consumption in the

"primed'’ state make an explosive-driven generator an atiractive
p po; x

proposition compared to capaciters. A veary large amount of chemical

enerygy is stored in a very small volume of explosive and no power is

required to maintain the explosive in its "'primed" state apart from the

|
1

power congumed by the triggering device. Neglected here is the power
requirement 1oy the inagneiic field as this could be supplied by permanent
magnéts in cortamn instances., [he probicin s to convert this explosive
energy into electriczl energy.

Ancther competitor in the geavration of pulse power ave th: new
piezoejectric materials., which transform a direct mechanical stress into
migh voitage elecirival power, [he pi&:‘.{'zé*h‘f‘!til; energy amitput that can be -
sxpected from a cubie meter is about 3 x !04 joules, which could be delivered
in ghout ¥4 4 seck [or a power output «i the srder ol llf)? watte,  Uhe problemn
1% in providing the mechanical pressurce of 13,000 pai over the destired Is.,ur-
{aces, Again, explosive encryy may be capahle of providing th;.*' quic‘fk
mechanical stress necessary for high ptm&t puise generation,

Scaling

To design an eifiviont pulsed power generator it 4s necessary

to prow thede properlics of *he gews rator which must Yo oplirmized. For

Al
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most applications it seems that the desirvable properties are high power,
nigh energy, compactness, and in certain instances, émall or zero
powcr consumption in the "primed" condition. These properiies are

of coursc desirable in a continuous generator, but it should be noterl
that efficiency, a properiy essential in a continuous generator, has been
omitted, It is this omissior that lends a certain flexibility to the design
of a pulsed MHD genczrator.

In the present experiments, the explosion products were charneled
through a linear MHD generator to provide a peak power of approxirnately
23 MW for a period of about thirty microseconds. The volume of the
venerator for this power level is about 1100 cm3. Properties of the gas in

the region of interaction with the magnetic field, as calculated from experi-

mentally deterrnined oguantities are:

2
Velocity u a 10 x 10” xn/sec,

Electrical 3
conductivityeras 2 x 10” mho/m .
. . . - . - 5
The Rankine-Hugcniot equations imply a minimurn gas density of about 5 kg/m”.
Wilh these experimental results, it is possible to estimate the power

output from a generator with the much larger demensions of 1 meter x |
meter x | meter, and so compare the geacrator performance directly wiih the
capacitor bank or picrocleciric system described above.

In an MHD generator in which the magnetic ficld strength is T3, the

powcer ouiput per unit velume is:



MHUDI research, inc.

Thus with the experimental values for @”, u, and with B equal to

, 2 . \ .
|l weber/m"~ (feasible for permanent magnets), the resulting power density

10

. 3
is about 5 x 10"~ watts/m~. Unfortunately, although this power output

density is obtained with the present generator, it is unlikely that %01

could have such a high value with the much larger generator. There are

two reasons for this:

1.

At present the region of conducting gas is
located within 4 cms of the shock front and
thus (for.strict scaling) only a small fraction
(4%) of the total generator volume (1l meter x

1 meter x 1 meter) will be effective in péwer
production at any given time. Of course it can
be expected that this rather limited region of
high conductivity might be extended by further

experimentation with seeded materials and by

use of large explosive charges.

As the dimensions of the generator are increased,
the appropriate magnetic Reynolds number (R_)

becomes much greater than unity,

Rm'= ﬁoo'Lu .
In this equation/uo is the permeability of the con-
ducting medium (usually taken as the free space value)
and L is a length characteristic of the interaction

region. When Rm is greater than unity, the induced

A-4
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(generated) current perturbs the applied field( 3)
and places an upper limit on the power output of the
gencrator of

P = ,.E?Z Au
max 2/‘0

whevre A is the flow cross-sec*ion.

’

The upper lirnit imposed here is a result of the generator design, and
does not take into account the possibility of recovering inductively,energy
extracted from the gas system and stored magnetically, The usual "low"

R__ relationship
m

no longer applies.

The conditions for the present generator are:

LY 2x 10'2 meters ,

R_=~0,12,

m

Therefore, the expected output power density should be 2 x 1010

3 .
watts/m”. For the gencrator with L equal to ona meter, Rm has a value of

six, and so the appropriate generator power density is more accurately

given by the high relationship. Therefore,

1 - N 9
P hax (L - | meter) = 8 x 107 watts,

This is somewhat les, but c¢n the same order, as thatZiven by (e

low Rm ielationship. Another very similar effect which also hecoumes

A5
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importan. if P is inuch greater tnan unity, is the internal inductance of
the generator. It ~an be shown that the power output from the generator
will be substantially inbibited for the time it takes the gas shock {ront to
transverse the generator due to this inductive effect.

It can be seen that on the basis of either of the above mechanisms,

the power output density will decrease with increasing generator volume,

Fret S

However, a one cubic meter generator would still produce respectable

quantities of power:

9

P¥ 107 watts ,

Extrapolating frc.n present experiments, a duration of 10° secs

seems reasonable. giving an energy output of:
5.
E =1 x107 joules,

This is more than competitive with other pulsc power sources.

If low clectrical power consumption prior to triggering is not a prime
consideration, then electromagnets could be used (rather than permanent mag-
nets); this wo uld Loost the applied field strength up to say 3 webers/mz and
30 hoost the power and energy output by a factor of 25. In any event, the
source of magnetic field would ozcupy a oﬁbsnmm volume and would prohably
increase the total size of the powér source by a large factor with the results
that an MHD generator and condenser bank Loth capable of delivering between
105 and 106 joules would ceeupy much the same volume.

3. Fhe problem ol scaling sush a geaerator s not
stmple because of the unusually kigh velocities
ant conductivities geasrated by weeded explosives,

with the resull thal generalors o Bovesl sfee proas

A=t
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duce a high Rm interaction i which the usual

low R = generator relatior~ do not apply.

2. Proposed Radial MHD Generators

From the above discussion it -eems that the explosive
driven rectangular MHD generator is abr‘elatively inefficient device when
readily attainable magnetic field strength: are used, the reason baing that
the dynamic pressure, puz. of the inciient flow is much greater than the
available magnetic pressure, »

‘B é-

Ly .
Also it appears that much of the explosive energy is wasted in inelastic
expansion of the explosion chamber due to the pm&ll solid angle that the
generator subtends at explosive. Even optimum charge shaping results
in no more than 5% of the chemical ohergy converted into directed motion
in the MHD channel.

A notable :mprovement in both respects should be achieved by wsing a
cylindrical configuraiion in which a stick of explesive explodes radially. In
this casse the density of thc axploding ju must perforce decrease with
inc unhg.ndhn to provide a mbrq- cﬁidnt match between the dynamic and
magnetic pressures and alsc ensure a much greater interaction cross-section.
The tw.0 types of radial MHD interactions which have been considered are
adap-ions of the well-known @ and & pinch discharges.
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:_Q-pinch" MHD Device

This davice would consist of a radial explosion in a region of axial
field surrounded by a solenoid, (see Figure A.1). For simplicity we will
consider the solenoid to be short circuited initially. With the solenoid
short circuited, the total flux through the solenoid remains constant. To

some extent the expanding radial explosion is diamagnetic and so the magnetic

field will be compressed by the explosion into an annulus at the periphery of

the coil. This compression of magnetic field lines corresponds to an in-

crease in the magnetic energy of the system

fz—gi dv ,
Ao

Much of this magnetic energy is readily convertible into electrical energy

by switching a suitable external impedance into the solenoid circuit as the
compression of field lines nears a maximum. The smallest volume of the
annulus {{f we assume negligible attenuation of radial explosion velocity) is
determined by the velocity and conductivity distribution within the exploding
column, and this limit is a consequence of the imperfect diamagnetism of the

explodiag columu. This cross-section will be

?.Iro
¥ T apdt
AT
1t shoulu be emphasised that this is a very approximate relation. It should be

fairly simple to obtain a much more accurate reldtion for a simpie model, but

this has not been attempted since the actuail physical properties of the system

A-8
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are aot well known. Assurning the above relation is correct, we can work
out the erhanced magnetic energy of the system. If the initial {ield is Bo

and the solenoid radius is r_, then applying flux conservation we have

dr
B = /‘torﬁ?Bo Yo
2

and so the final magnetic energy is,

dr 2
o 0'3?1 B R
2 2/.,0 2

x original magnetic energy.

Taking A =1 meterz,l = | meter, Bo =1 weber/meterz. and Rm~ 6, we

have a final magnetic energy, Em' of | megajoule.

Most of this magnetic energy could be converted into electrical energy

in a time; @ = 4 = 304, secs.
W w

Thic would correspond to a power of approximately 3 x 1010 watts,

While these figures are unduubtedly optimistic, it scems probable that
both power and energy would be greater than one-tenth of the above values,
This indactive removal of energy has several advantages. For example, it
eliminates electrode sheath effects together wath their associated power losses
and by varying the number of turns of the solennid, one can vary the output

impedance to match a particular load.
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"& -Pinch" MHD Device

In the " @-pinch' device, only field strengths which could be
obtained using permanent magnets were considered. In the "2 -pinch"
device, see Figure A.2, the initial interactina magnetic field is generated
by a current along ~the axis of the system, i.e., along the center of the
cylinder of explosive. This might be achieved by pulsing current through
a thin wire coated with explosive, vaporizing the wire and so detonating
the explosive. The wire would be held between the center of two parallel
metal electrodes with the return lead consisting of rods situated around
the periphery of the device to form a coaxial assembly. The system
cffectively acts as a current amplifier; the azimuthal magnetic field and
the radial velocity of the exploéion produée an axial E field which aug-
ments the existing avial current and so strengthens the magnetic inter-
action. We will consider a radial explosion in which the exploding column
increases in radius at a constant rate from an initial radius LY the
conductivity of the e¢xploding gas is constant, and the initial current is Io.
As before, we neglect magnetic retardation of the gas on the grounds that
this can be eliminated by using sufficient explosive. If appreciable
retardation does occur, then the conversion of a large fraction of the
kinetic encergy of the explosion into electrical energy'has been achieved,
FFor cimplicity, we consgider the electrodes to be short circuited and calculate

the enhanced magncetic energy of the system. is the field at some

B
f —
Ao

point, r, from the axis and I is the total current passing within this distance

from the wire then

. 2 I/"-0

ll.,
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Figure A.2 "Z-Finch”’ MHD Generator
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If v is the radial velocity at any point (the assumption of constant uniform
velocity is made for theoretical simplicity; it is virtually certain this
would not apply in practice), then the induced electric field at a point, r,

from the axis is

vx2l
E - Ao ,
and so the total current
o4 v(r - ro)
1=1ce
o
Rm
=1 ¢ '
(o}

With a system whose dimension L equals 1/2 m, and Rm equals 3, it is

scen that considerable current and hence electrical energy amplification might
e obtained. Here again the power output might be inhibited to some extent

by the seif-inductance of the gencerator for the useful casc of R . much

yreater than ene. This svstem is verv sensitive to Rm. For example, if g*

caquals 5 x 103 mhos/imeter, then

5 3
rather than e .

I 1
T = ¢
0

Significance of Rm in These Configurations

There are basically two types of power conversion systems described

in the foregoing devices. In the cartesian MHD generators which have been

described, energy is extracted from the system at the same rate that it is

converted from kinetic to clectric enerygy. It is this feature that allows an

A-13
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expression of maximura power output to be derived. In the radial con-
figurations, the kinztic ¢  rgy of the stream is first storcd magnetically
and then recovered by inductive methods. Thus, the peak power output
of such a system i® regulated by the recovery method, and not by the
energy {lux of the stream or *he initial energy content of the magnetic
ficld., The value of Rm determines to a large degree, the effectiveness
of the magnctic storage type of device, because as R =P €0 , this
ty-pe of device heconies efficient, Increasing Rm beyord a certain limit
would be of 'iltie value in the cartesian generator with direct extraction,
However, it inductive removal of ¢nergy is utilized vith this geometry,
it can be ge;n&alty stated that optimum operation of MHD r=nerators will
occur at the Fighest possible Rm.

We have fr?qm nely takan the applied field strength te be | weber/mz.
i.e., a fleld srrength Teadily obtzinable with perinanent magnats. If we
corsider the gie o7 the higher fields obtainable with electromagnets then

the ratin:

eneryy oulpul
inftial magnetic energy

bererics & very significant panmewr since in this case the initial magnetic
energy <anin any case be readily tunverted to electrical energy by switcaing
Off the vagisiiding current.

i field &2 rﬁgﬂn greater thay | webcrlmz are r# qﬂir’ed I the .uwé
radial 'gtmqnmr'n,. it tbll-,.&m that Rm must be apprecianle greater thau unity
{or thé germari to be practizal. » | | '

Bum radial generators become cificient sources of pow:r when their
dsmaui@mv ate increéased to about | meter; however, it 1 n: cessary that all
thi =xploding gnb be highlf corducting ratker than a region o0 3 {ew cms thae «-

ness 4% gt prosent.
| s Al1d
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APPENDIX B - ANALYSIS OF ENERGY STORAGE CAPACITY
OF RADIAL FLOW-PULSED MHD GENERATORS

A preiliminary analysis has been conducted to determine the anticipated
¢nergy storage in radial flow-pulsed MHD generators based upon conductivity
values determined in the linear generator. The analysis was conducted for
an overall system weight of about 2000 pounds (this being a weight of interest
for satellite operations) and it has been assumed that twenty power pulses
would be required during the lifetime of the system. The useful lifetime for
the system is anticipated as 3 months due to the type of cooling used for the
magnet coils. In addition, the particular system considered has been designed
solely for use in a space environment (i.e., the low pressure surrounding a
sateliite would he used to maintain solid hydrogen at about 4°K).

It is very clear that a major portion of the weight of such a pulsed
powcr system utilizing MHD techniques is in the magnet. Substantial improve-
ments in overall performance and power output (hence conversion efficiency)
should be obtained by using the highest magnetic field strengths obtainable.
’F;r'i'r':stance. if ReM > | then the power output in a pulsed generator, as shown
in Appendix A, should be:

ZBZAV

max = Ao

wherc A is the cross sectional arca of the flow moving with a velocity v and/l‘o

P

is the permeability of free space. Thus, rather than put great emphasis on in-
crcasing the gas conductivity @°, it is necessary to maximize BZ. The most

feasible way to do this is to use supcrconducting coils,
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In (~ analysis, it is assumed that 50, 000 gauss will be attainable
. . -G N < ps .
with superconducting coils at 57K, The average specific gravity of the

superconducting wire i= taken as 8 and the current density, 1/A, allainable,

.1

- 2
as 107 amps/cm”,

The energy density in the magnetic field at this strength is

Ep gt 25

- F = —r = 307 jOules/ms.
‘7‘; 2x4%W x 10 :

i/ e working volume is IO"‘ m3 then EB = 106 jouies.

A Helmholz coil vould be used to genarate the 5.0 w;’mz over 2 volume

of IG"L ?’"3- Taking the coil radius as 0.5 and separatiun as 0.5 m

then the magnetic field is given by

-3~uﬂE§;

L]

10 r

ov the f:*&:reni. 7 3
| 1 : .lﬁ......_,..n r
teanl bn 2 collx) APt

- #
s 5 VK 160 ancpeeve,
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For design purposes a conservative value of, It 15 5 x 106 amperes is

ota
used,

Now the current density,

1

.5 2
X = 107 amps/ecm

so thatl the total conducting area (cross section of the coils) would be

A = x 1 =50 c:m2 or 25 cmz/coil.

A
I
To allow for copper insulation and connections the area of each coil

will be doubled so that

2
A(each coil) ~ 50 em

Thus, total volume of superconducting material plus associated insulation

at an average specific density of 8 is:

'

2(27r(0.5) x 5x 10

3.1x 1072 m3

eV

8 x 103-",} x3.1%10°%m°
m

Volume

3

1

[}]

and the mass

11}

250 kg = 550 lb.

1)

In order to restrain the coils, titanium bands would be used 5 cm thick
with a total mass of 340 kg or 750 pounds.

The use of superconductors adds to the system the increased complexity
of cryogenics. Since one of the more attractive uses for a pulse power system

would be in space, some thought has been given to the best manner of cooling a
B-3
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“supercenducting coil in termvis of wverall mass of the cooling system and ity

complexity, The ternperature required for superconducting coils to operate

C..

efficiently is about 57K or less. Liquid helium, of course, with a boiling

20, .
point of 4. & 'K is the {irst thought for use in the system. However, from

- the:point of view of system mass, helium is unattractive due to its low .

" heat of vaporization. In addition,- the use of a cryostat to liquefy the helium

would add mass, increase compleiity and require electric power. Oﬁ the
o'thezj hand, sclid hydvogen has a much higher thérmal capacity as a thermal
heat sink, | |

When liquid hydrogen is exposed to an ambient pressure of 50 mm Hé
or less, a srrall percentage will "flash' to vapor and the remaining majo“r‘
portion will freeze to a solid form at & temperature of 149K or less. Atan
ampient pressure of approximately | mﬁn Hg, the sublimation temperature
of the hydrogen "ice' will be reduced to IDGK, and at 10-5 mm Hg further
redaced to 5°K.. This relationship between temperature and pressure is
shown in Figures B-1 and B-2Z.

As the vacuum e¢nvirorment surrounding u cryogenic cooling system in
space will be less than 10'6 mm Hg, the temperature of the solid hydrogen
heat sink can be maintained at temperatures as low as 5°K by proper control
of venting.

A preliminary analysis was conducted tu estinaats the useful violurne ta
weight ratio for a cryogenic container suitable {or cooling superconducting
magnet coils. It was estimated that | m3 ~f volume was required and that a

steady- power dissipation of 0.2 watts occurred due to the coils. With proper

-
i
|
i

=
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insulation and vacuum venting, power absorbed from the outside could Le
kept to the samre level, 0.2 watts. The total weight of hydrogrn required
‘for cooling is only about 30 kg with an insulation weight of about 35 kg. Allow-~
ing structural compactness, the total weight of the system would be about
125 kg, 275 pounds, for a useful volume of 1 m3.

The 1 m3 system with the above mentioned power drain could maintain
a coil temperature of less than 5°K for over one year at altitudes greater
than 100 miles. If mission requirements were reduced to 3 months, the
amount of hydrogen required would be decreased to less than 15 kg for a total
system mass of 110 kg, 240 pounds. It would be exceedingly difficult, if not
impossible, to attain this volume to mass ratio with a helium system.

The coils would be energized by a battery and some form of power
conditioning system. In order to bring the coil to full field strength in a
reasonable time, a fairly high discharge rate battery will be required.

For a one hour discharge rate, several battery characteristics are

listed below:

Nickel-cadmium - 50 kj/pound,
Silver-cadmium - 100 kj/pound,
Silver-zinc - 250 kj/pound.

If the discharge time is decreased to 4 minutes, the energy per pound
decreases by about 40%. For the purposes of calculation it will be assumed
that 150 kj/pound can be obtained and that the coils {ully energized siore
2 x 107 joules, Then, 130 pounds of batteries would be required to create
the field in the superconducting coils, Power conditioning equipment should

approximately double this figure.
3.7
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The power per unit volume that can be produced is based upon
presently obtained values of @rand v. Conservative values for these
guantities are:

velocity vewSx 103 m/sec

»

conductivity & w3 x 103 mho/m ,

2.2
P/vol = !-YZE—

Now i

>
L
B=-5w/m

3x 25 x 25 x 107

4

9

P/vol = =470 x 10 watts/m3

11

=4,7x10 watts/m3.

If the active volume is limited to the 0,1 m3 over which B 5 w/_mz
then the maximum power level would be 4,7 x 1010 watts. However, experi-
ment has shown that a "slug” of gas only about 5 cm in length is active in
geaeiating power, In the nresent case this would reduce the power level
to 4.7 x 109 watts.

The time duration of this power would be approximately:

d .25
t=3

¢y ® 30 msec.
5x 10 ,
Thua, the cxpacted enargy into a loal would be

E = Px1t,
U - -t
4. 7x 10" x S0 10
240 x 167 joules,
249 kilojoules,
n-8
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J - . : 4 ’ .
Now 1 pound of explosive cecutaineg 2.2 x 107 joules which would re-

quire a conversion efficiency of over 10% to obtain 0.24 x 106 joules,
electrical. For conservative purposes it is felt that 2 pounds of explosive
would be morc reasonable, requiring a conversion efficiency of under 6%.
Twenty explosive cartridges would have a mass of 40 pounds.
The cartridge replacement mechanism might be expected to weigh
60 pounds.
The explosion restraining tube would be a high strength titanium alloy

at specific gravity of 5 and shouid have a mass of no more than 250 pounds.

Summary Table of the System

Coils 550 1lbs.
Supports 750 1lbs.
Cryogenics 240 1bs.
Power Supply 260 1lbs.
Explosives 40 lbs.
Cartridge System 60 1bs.
Explosion Tube 250 lbs,

Total Weight 2,130 lbs.

Total energy out is 240 kilojoules with a pulse duration 50 sec.

There is the potential of going to 106 joules if the efficiency could be
incrcased from 5 to 20 percent. This, however, would have to wait

experimental and engineering development.
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