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ABSTRACT

Two systems are discussed for producing short pulses Oulses

of electrical power by MHD principles. The first system is -n is

driven by condensed explosives and produces pulses lasting .i ng

fr om 1*5c sc to 10 0,/, se c . T h e p eak p ow e r g e n e ra te d to d a te d a tc
is 23 MW, with an energy output of 750 joules. The conversion iversion

efficiency, chemical to electrical, is 1%o. Higher conversion rsion

efficiencies can be readily achieved.

The second system uses the combustion of aluminum nu m

with cesium nitrate as the energy source for a supersonic MHD ic MHD

channel. The measured conductivity of the combustion products )roducts

was 1000 mho/m. The highest measured peak power output was tput was

29 watts. The experimental data indicate a large electrode rode

drop whichi 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 expo.riments with a small size explosive-driven MHD

generntnv, which are reported hcrein, power densities as high as Z x 1010

watts per cubic meter were obtained. Even in the open cycle fossil fueled

generators . iich are being extefsit,-eiy investigated, power densities of 108

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

for the ,use of an M.D generator, 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

systems. 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 fuision experiments, etc., which require very large

amounts of electrical energy, i.e. , greater than a megajoule, in shcrt pulses.

The objective of the present program has been to investigate the

feasibility of using MFO generators to meet these pulsed energy source require-

ments. Because of the wide distribution of desired pulse leigths it has been

necessary to consider two separate the- ial sources for driving pulsed

generators, These are condensed explisives, such as are used in shaiped

charges or for demoliLion work, and deflagrating explosives which include solid
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rockct 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 from 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 I 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 reported ir.

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

in detail in the technical reports(I,2)

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

these experiments varied from about 5 to 50 p.zcc dependi41g upon the length

of electrodes in the generator. (Times of between 1 and 2001L4-sec would be

characteristic of the power pulse for practical systems based on an explosive-

driven MI-D converter.) Power pulses of up to 23 MW have been generated by

this technique 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 gins of RDX explosive in a shaped charge
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geometry, seeded on the front surface with 0. 4 gins 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 performed

on the explosive-drive-n 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 ionization potential material.

In these experiments the seed was cesium picrate. The measured conductivity

of the seeded detonation products is 1100 mho!meter. 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/m 2 (2Z kilogauss). The

electrical power is generated by relative motion of the ionized gas through the

magnetic field. Electrical current is extracted by means of copper electrodes

in contact with the detonation products, and conducted to an external load. 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 determine

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:

41) Measurement of the effective velocity and conductivity of the

conducting detonation products as a function of the 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 puize requirement with the 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 mainly of interest

for a satellite application.

1. 3 CSummary of Long Duration Pulsed Power Experiments

The goals of the long duration pulsed power experiments are to produce

pulses of electrical power la.sting from 1 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

magnets 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.

4
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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 overcome 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 charges, 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 indit ates an attractive potential for future develop-

me nt.

I

I

5
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2. 0 PULSED POWER FROM COND)ENSED EXPLOSIVES

The purposte of this portion of the programn has been to investigate

inothods for the productioti of pulses of electrical power from condensed

t.-ýplosives by MHD principles. Pulse power sources of the explosion tube

type have potential advantages of simplicity, compactness, portability,

convenience, reliability, and storability. The use of various types and

geomnetric formns of (enernical ex<plosive sources should make possible opera-

tion at various power lo% As (one KW to thousaud.(s of MW) and for variable

pe riods of time, (I mnic rosvk-ond up to I infllistcond).

In the prelient evpvrimvnts, the characteristics of the electrical out-

put from a seeded shapedt charge ietvnated in the explosion tube have been

-tkidied. rho hut, partially ionizvd combustion gases from the detonation

pass, at high ý.-locity through the power g~eneration section. In the MIT'D

section. thc- electric po%%,r is 4vnerated t1w the- relative m-otion of the ionized

,:as through a trannovrse vnmignotic field. rfh. vletrie current is txtracted by

ttwano of copper vloctrodc'* connected to an oxternal load.

there _,re -4 large- ntandber of factorr which have hean invessicated in

orirto rsmahtelsh critcris 4or tho dosign of vxploai'.e-driven N11.111 gtnerators,

and whieh arr requirc-t for aim intolligernt ovaling from. the prrsent small

exprimont. rhear inveoligations hakve covered: (1) the rhoic@ of explofive

ond e~ploIdve gomcIrv. U.) ith choice of pres~oure and compositmion of g~aoap

initiallv tn the channri. 0 l) hc4 fichotion tfitw lo~ ptbinium load arro%* th'.

vrt rodes. aind (4) tlic ;-fc. : of e-lvetrwooi evpioiA~rv. mtagnetic fil intoniftv.

A*nd the rhanot! atfwp,1 rati-. !_p ptc'r %Aor tI-stv,. pre'.Atnrr. A*fci 44*h
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ducitivity of the devtonation 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 appeat r~adilý

attainable using these principles.

2.2 Theor-,

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

a continuous electrode, MHD generator for matched load conditions is given

by:

P- uBK(I-K) V,(Z.Z.I

where

P = power in watts,

3V interaction volume in meter3

o' :scalar electrical conductivity in mhos/meter.

u •. velocty in meters per second.

B magnetic field in webers per metert .

ratio of electron mean free path to the Larmor radius.

and K is given by:

KI
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For the high particle de, .. ities which occur in detonation product flows,

the electron meEan free path is small compared to the Larmor radius, there-

fore, (<< I and K = 1/2. •..-,:ation (2. 2. 1) then becomes:

u B V (223)
P - -. .

Equation (2. 2. 3) only applies when the magnetic Reynolds number, ReMo is

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

ReM =A " uL, (2.2.4)

where

)P = magnetic permeability,

L = a length characteristic of the duct.

usually the diameter .

Detonation velocities of 104 m/sec can be obtained with shaped

charge- and conductivity of 103 mhos/meter has been measured. Therefore

in a laboratory scale experiment with L ; 0. 04 m,

ReM -4 X x 0I7 x 0) 3 10 4 x 4x 10. 0.5.

We mutt therefore conclude that,in laboratory devices which are driven by con-

densed explosives, Equatiu (1. 4. 3) must be modified to some extent since ReM

is not much smaller than one. and the currcnts which can fiom in the conducting

fluid may cause a substantial modification of the molinotir field intenitdty. If

large devices 9re p onsidered, 1. e., L ,*I m then

ReM % !1t

9



MHD research, Inc.

Equation (2. I) 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 gI:.en in the limiting case by the relation

2 B2

P -: Au, (2.2.

where A is the cross sectional area of the channel. For ReM ^o 1 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»> 1, the currents induced in the

plasma conductor give rise to a magnetic field. This field is equal in

magnitude to the initial iieid 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

Pz ( x B)Zdz

(where z is along the direction of motion) becumes

-rherefore, the rate at which work is dove is given by the product of this break-

ing pressure and the rate at which volume is su$ept up. e. 8., Equation (a. Z. S).

Etation (2. 2. 5) will apply in the case where the generator is feeding

a very low impedance load so that large currents can !low. For high impedance

loads, the device will perform more in the manner of a conventional MUD

generator. This characteristic is shown in the eapertmental data which Is

presented in tho following sections, pirticularly Section 1. S. 6. .whh etarOilnes

the vari.,tion in Output with loxd impedance.

10
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Tt jSintu-o'stini4 to notice ',hat thf- Pov :odluction for trhc -ase of

I: independent of (rand only, depcnd, or ti to the 'irst po,"'.er. , , 11u.,

in large scale pulse power device's IL dr-ec not. power output to increase

Ly much fit Yond ,1he point h ere Re M * -4. I! tl.,-:f becomes more imoortatnt

to maximize the; velocity with which the zonducting slug moves against the

fieldIc, and to maximize tlbe mnagnet field. It should be remarked that th~e re-

rnovai of electrical en%ýrgy froi-n the systemn will result in the slowing 0iowE, ci

the de-tonation products, which is experimentally observed.

2.3 Desc-ription of the Apparatus

Yhe extperimiental apparatus used for the -ýxp4ýriments consists o.f five

b)asic parts ýis shown in thet schematic in Vilosre 1. 1, Thece ar

tu~t, or driver stection; (2) tOw MFID channel or test stection; (1) ns

instrUmevntation; (-4) e Ic,. trvrnajnvt, and (ýi) t vacuated dump tube_

W-ii ~rL -', 4 ii photo~zraph uf the ct.-nplvtte facility; Figure 2. 3 is a p~rotogr1Dh

t Ow interior oi a Itinch by I irhgene rator.

St. ral tyv ot s~puiz t,!i hit,.v ixt-r kksed d'vPtndingt on the

1,-wt rNo t .?h, ':knnvl uuii vd. rhv tulle Ythzv n in Fivu~re 2. 1 ha*. evrtativ

~~~~~~~~~~i 'I'epli.vvo* h ni.U lu odtef thr W~ine %%a$I ca.

itvtpro AY~iitt P.00 inehitý io i-' r~ k ot. 0Only A aot4UIi fr~wttrn -1 thv-

i. t~f, 1 t:, ordr-r of itt- i nto thr Ns~i.-oper et.1 hht p Av

ah4ro hi fgt, tihr keP;P*- (E .Jivi-r. Oic 1'Icd- Psje in Figu~re 2. )"* p. it s-,
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'i~j2

I. Bakelite sidewalls
2. Electrodes

3. Explosive tube
4. Iron sidewa]l

5. Blasting cap and leads
6. Shaped charge

7. Primacord

8. 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 periorator is generally a waxed RDX

(cyclo-trimethylene-trinitrarr.ine) composition. 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 attac1.•d

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 seeded with a low ionization potential compound (oresium

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 in the magnet. With a lower reluctance,

a given power source can produce a highcr magnetic field in the test scction.

The inside walls of the channel are insulated with fiber reinforced phenolic

strips (rnicarta). The test section is fitted with copper electrodes 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 t'_:., following lengths in the

flow directionr 0. 25 inch, 0.50 inch, 2. 00 inches, and 16 inches. The short

electrodes shown in Figure 2. 3 are 0. 5 inch long. The space between the

15
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electrodes is filled with phenolic strips to maintain a smooth contour. In

addition to experiments in the 1 inch by 1 inch channel, an MHD channel of

1 inch by 4 inch (in the directicn cf u x B) was constructed. It was the pur-

pose of the experiments in this channel to st-dy the effect of a pect ratio and

scaling parameters. In the large generator,18 inch long electrodes were used.

Ihe channel was normally driven by two duPont Z0B charges placed approxi-

mately 2 inches apart, one above the other. A photograph of this test section

is sbown as Figure 2.4.

Readout of data has been accomplished with Tektronix 551 dual-beam

oscilioscopeý equipp, wi-h Polaroid cameras. A small triggering elecLrode

sitvaed at the explosioni end of the test section senses the u x B voltage

developed b- the jet to trigger the oscilloscope sweeps. Resistive loads are

fastened across the electrode pairs on the outside of the channel as is indicateo

schematically in Figure 2. 1. The resistive loads pass through the slots milled

into the outside of the side plates (shown in Figure 2. 3) so ap to provide a

minimum indnctance path.

The cylindrical dump tank and muffler at the left side of Figure Z.2 is

evacuated by a vacuum pump. The t-xit from the test section into the tank s

sealed with a mylar diaphrcgm whici, is ruptured by tl, ,tcpiosivc jct. The

dump taitk is employed strictly in order to muffle the noisie prvduted by the

explosive charge. As will be tplained later, the channc-i can lie evacuated by A

separate vacuum system, and then filled to a low iriaseure with i 1aS to he

studied such as idr, argon, helium. etc.

The magnet shown was formerly used in comuatitrn pow.er.d MHiO

veneraLion experiments. Magnetic fields of U12 kilugauts can be protiuved in tdr

orie-inch channel with the prcsent power supply, whil'h it , 'K.W ",,w w..v.tr Tvnerr,'o

set.
1 th
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To determine the variation of selected parameters with the initial

density of tOr gas in the channel, experiments were .-nducted in an auxiliary

test facility which could be i-istiumerited with sonit degree of flexibility b-

cause the large Flectromagnet. 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

I inch by 1 inch by 18 inches long with provision for 8 electrodes on 2-inch

centers. 3ince the channel was to be evacuated by a mechanical vacuum pump,

provision was ma',; for "07' 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 pressitre

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.

rhis instrumentcd facility was used to measure the following three

quantities as a f,•nction of the initial pressure in the channel:

i. the time of arrival of the conducting gases at

v.ribus 0ta10o.1 along the channel, i.e.. velocity,

the peak pressure in the chanuel. and

3. t6,. conductivity uf the seeded detonation products.

The re,3ults d.f these experiments are reported in Section Z. S.

Ito the power gi-neration eperiments, the pri,,,ary emph; us was

piacc-1 upon the measurement of the vultage and current in tht external load.

Blecause of inductive f!eets, the voltave drop V saroos the oxternal lon.d i* the

sum of the ohrric rop and an tipltivv drop, i, e.

S dl,

. , ,.
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"Where I is the current, R is the load resistance, L the load inductance, and

dl/dt is the time rate o)f 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 the current is falling the voltage drop will be

less. Therefore, it is :zot possible to determine the current from the

measured voltage drop across the load resistor unless dI/dt and L are also
a

known. Since time rates of change of current as high as 10' amperes/sec

were observed, a load inductance of 5 x 10- benries resulted in a 50 volt inductive

signal. This signal in many cases was larger than the voltage drop whlch in

a typical ca:se might be due to a current of 10 amperes through an 0. 5 milli-

ohm load resistor, or 5 volts,

The voltage across the load was measured by means of coaxial cables

which were comiected to the differential inputs of a Tektronix type CA pre-

amplifier, the recorded signal was the algebraic sum of the signalb from the

two ends of the load resistor. The cables were f rminated in their characteris-

tic impedance to avoid reflections. The outer shields were no•u grounded at the

input end. The rnea-urement was done in this fashion sc that the load could be

floatea with respo'rt to ground potential. Th, Lrigger electrode was placed tup-

stream at thv inlet end of the ehanrel and was used to trigger the oscilloseope

sweep. 1he recording oncilloscope was ground,-! to th* test section at only oae

poWt. through the coaxial cable to the trigger Ohl-rtrodte, so that greund loops

were avot!¢eld.

Thv current through thv load was m, n*nird hy on indiutive pick-up

t:tnhtuv. The hWist principle is to sensc the mrtnotiv i•ild riuord hý khw

vrrt-no through thr lo.d circuit. In prattic-e thbt titi' rmt- tii rhAvu~r of the
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rr?,,,netc field, ,!B/dt is sensed as a voltage by a pick-up coil placed near the

condu-tor and then integrated with respect to time. For a pick-up coil of N

turns, each with a mean area of, A, cm , at an average distance of r cm from

'he conductor, the induced voltage signal is:

i;. 10" NAdB/dt 2NAdI/dt x 10-9 Z.7)
1."

The voltage signal Ei is then integrated electronically in an RC network to pro-

duce a signal proportional .o the current. This system can be calibrated by

determining the r,.-sponse 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 current carrying conductor. When using a toroidal

coil the coefficient of coupling between 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 is the nsimber of turns on the

pick-up coil. The. details of a typical coil and integrator are shown in Figure

.. For the coil used in the present experiments, the inductance L was

approximately ZZh. and the coil had 220 turns. To eliminate signils due

to externAlly generated time varying maxnetic fields, (when viewed from the

above toroid appears as a one-tu.n coil) the toroid is wound so that the return

lead provides a Lack turn. This turn, to a first approximation, cancels out any

, 20
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voltage signal induced in the toroid by magnet',c fields wlose souace is external

to the toroid. Thi, requirement is especially import.-nt in dev ces wherc the

magnetic Reynolds number approaches unit1 and there is considerable dis-

placement of the magnetic flux lines by the moving conducting fluid.

Fui a typical case, -. hcrc the integrating network has the following

values, R = 10 ohms, and C = 0. 0 1pf, so that RC = 10-3 sec. the voltage

output of the iutegrator is given as

t I 0-4 volt (2.2.
anpere

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 tim.n constant be long compared to the duration of the event to be

measured. However, the larger the RC product, the smaller the output signal.

as indicated by Equation (1. 4. 8). so that the measurement of small currents,

say 100 amnperes, for times of the order of a fraction of a second may present

accuracy problema - of thc decay of the signal on the csparitor. One

solution to thip problem is to use tht Miller effect to increase the effective

time ennstant of the integ-ator br a factor equal to the gain oi the feedback

amplifier. However. in the present-experiments, it was not necessary to use a

Miller integrator system.

The current measuring system in these experiments was calibrated

by two methods. As a first step, the obvious measuremrents were made of the

elements appearing in Xquation (1. 1. 8). i. . , measurements of the inductance

and rnumber of turns on the coil. and the capacitance and resistance of the

integrator.

8 _a
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The first calibration was made by passing 60 cycle cu'rent through a

wire which threaded the toroid. The 60 cycle current was measured with an

airxieter. Since the bU-cycle period was long compared to the RC timt.e 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 21K. f, was equivalent to integration with RC - 1. In the second calibration

method a capacitor bank was used to pass a current through an inductive load.

The current could be calculatcd 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 methods agreed to within 10%, which is the

approximate precision ta which the voltage on the capacitor bank could be set and

read. rhis independent measurement oi the current through the loa4 gsave

%omplete confidence in the electrical measurements, since it agreed with the

current value calculated from toe voltage mea~urd and the known value of the

load resistance within Preehl.. acruraey. As noted Ia.er fer hiah ,ners¥

outputs' ith load resistor heated up. t0us changing resistance. Then an independent

tn.easure of current became imperative.

. 4 Power Gencration Experiments

rhoe primary ohbittiv of thiho prograit its the, 4enhration of electrical

powor. rherefore considerable attention has hven given to- the attainment of

hith enwvry eovnversion efficiencies and high powrr cfi*tai-. rho d.iaila of A

typical power production experiment are des'crirmti hrlow.

Figure 1.6 is a typical osellloseopt traiv oi the current and output

volta4e Of the I inch by 4 inch explooive driven t411 g4nvrator with I M itnch
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Oscilloscope trace showing voltage and
current output of 1" x 4" explosive driven
MHD generator. Sweep speed 10 micro-
seconds/cm. Upper trace is output voltage
at Z00 volts/cm, lower trace is current at
10, 700 amperes/cm. For this 2xperiment
the magnetic field was Z. 2 w/m ind 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 Z. 3 and shown as

Figure 2. 4. For this experiment the magnetic field was Z. 2 w/m 2. The

channel had previously been evacuated and was filled to an initial pressure

of 10 mrrm Hg. The load resistor, shown in Figure 2.4 had an initial

resistance of 20. 1 milliohms. For this experiment the channel was powered

with two duPont Z0B 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 current, 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., about 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 ZOB charges were used to drive the

channel, the chemical energy in the 15 grains 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

25
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the utili..ation of the explosive through appropriate changes in geometry.

Sn bupport of the above, we can note that the gaseb are still conductive

when they J ,e the generator, so that additional energy could be converted

by lengtheniis: the generator. It should also be noted that in the present

e-x.o~rimrnt, Ahereý the rnavnvtic Reynolds number is approximately unity for

the 10 cm channel depth, the best that can be done is to convert all of the

energy in the magnetic field in the generator volume into electrical energy in the

load, see Appendix A. On this basis the 1 inch by 4 inch generator is already

almost 503 efficient since B-i"'I& n volume , 2;00 joules.

Measurements described in Section 2. 5. 3 show that only about ZU$4

of the mass of the charge is directed dtwn the flow channel. Therefore. a•sum-

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

,'tetwccn 10 and 30S appear achievable. Clharly. it is desirable to go to the

highest field strengtho possible and drive the maximum volumo with minimum

amount atf xplooive to obtain the miimum etfiliency.

As At independent 7he-5i of thl ,-nrrgy ti-,.d to the I(Ad.

colorimvtri- calculation was performed for tho load resistor used with the I inch by

4 inch channel. The initial load resiotan<e &t 10 'C for thN puts. ohw.n in Figure

J.ý tt-At 04.0-1 4hm. At energy Is dilsspated in thc load durintg the pulse, the k"ad

t* heated &.nd the rvs&tantee increases as notod, to a vluv of 9.W'l• ohms. rhis in-

rvne in rV i~tah4- it. Cahuloeti from the i•lvpondentl, mev tured vItna4p awl tur-

rtnt acrtos* th-~ load. Yram thr inferva*0 in rta the #tsr~ In trtvpertalurte



MUD research, inc.

('an be calculated from the relation

R = Ro . I + ,{Tc- To,)I,

where R° is the initial resistance, and re the initial temperature.

rhk; tcmp;ratu.-. -ocffiG.itnt cof resibLiviLy, L ,, fii• the tempered

stecI used as the load was O. 0032 in 0 C.

The increase in temperatuare 'or the test shown in the figure was

AT = 24 4'C.

The specific hecit of the steel was approximately

c 0 O. 12; cal/gm.

therefore, the energy required to heat the IQtd 234 C was

M Vr ATs 1?0 calories
p

710 )oulea.

This value a&rovs to within u, of the value calculated from tht electrical

measurements. which io excellent agreemert considering that other points,

such as connections. t;., must absorb energy. 'hins calculatiun and the

agrcement gives complete confidenc• i" the basic measurement techn•.ou for

current and voltage

V .•
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'o investigate the effect of load resistance upon power output, the

data from the shot shown in i.iga re ý'. 6 is plotted together with o'ther data

taken in the i inch by 4 inch generator as Figure 2. 8. This figure gives

power outputs as a function 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 heliumr with A ioad resistance of "'0 millilims. The limited data

which is available, and shown in Figure Z. 8. does not indicate whether the

optimum lo,.-t resistance has been chosen.

To examine this question in detail, the power output for the I inch by

inch gen ratzr 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 excpt that the voltaee levels are somewhat lower because of the

smaller electrode separation. Fig,.re 2. 9 ;hows that the maximum power out-

putt in the t it.h tihannei was achieved with a load resistance of 5 milliohms

which would indicatr that the optimum load for the larger channel should be about

four times as high, or .0 milliohms (nellecting electrode effects). Tho power

output in the smaller channel was apprtxityi.rktoly ' factor of two larger when

argon wo.# %seti v4 the filling gas. The superiority of argon and helium over air

a• a filling gas 6 also shown in Figure . i. Bloth sets of data indicate that the

explosive.drivon gentroator must feed a vory low lmpedance load in order to

titiciently transfer envrgy.

"H1anit s#*n that appreciable power outptiut can be achieved and that

ptf(ormance doe# not fit the eemvontfonal, low Roeynold number, XL-,n gentrator

Iheory. A n"I"pber of epFerinmVnt* have Le"n condMuct%., to invvltig.tto the rffea

of *,ariou5 plrarotters in MHD generator operation. The foll"Witg sCtton (4ia.-

,c~osri thj# eporimtrnal proqra.rn in tome drtijil.
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.'echnical Studies

Inasmuch as the present studies simultaneously cover several

areas of technology, i.e.. explosives, M!-ID power generation, shock waves,

ionization in explosives. etc., it was necessary to conduct a rather extensive

program to inrvstiate the effects of the many parameters upon the output

characteristics of the explosive-driven MHD generator. Since the power-

output of the generator deperds primarily upon the velocity of the working

fluid, the strength uf the magnetic field, the conductivity of the working

fluid, and the characteristics of the electrical load, the major emphasis was

placed upon measuring these quantities and determining the effect upon the

electrica' 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 explosive composition and

geomrntry. These studies are presented in the following sections. With the

considerable amoun.t of information which has been gathered during the course

of the studies, a fairly clear understanding of the operation of a linear, pulsed

MHD generator has been ,ibtained.

Z. 5. 1 Variation ii, Velocity with initial Pressure

One of the important parameters in determining the output of the ex-

plosive-drivean MHD generator is the velocity of the conductive zone, since the

output power varies directly with velocity, in the high magnetic Reyrolds number

cast, and as the iquare of the velocity for low magnetic Reynolds nun-,ber3. In

the initial txperimentt where the channel was at atmospheric pressure, it wAh
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determinerl that the velocity of the detonation products was approximately

6 km "sec. Hew1ever, it was found that, if the pressure or density of the air

initially in the flow channel was reduced, a higher velocity was observed.

Therefore a 6ystzmatic investigation of the variation in velocity with !flitial

orescure was conducted.

Ir these experiments, the velocity of propagation of the

conducling 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

elkctrode pairs in an auxiliary channel which was instrumented for these

measurements. Arrival of the detonation products or a shock wave at the

electrode pairs allowed the 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. 1) gives additional data for lower initial pressures.

The consistency of the velocity data obtained on different

shots is exceýllcnt, 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 min

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 velocit,'

as a function of initial pressure in the channel. The data suggest that, in the region

33
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between 100 mm ITg and atmospheric pr, ?sure, the velocity of the front

inc reases slowly as the pressure is reduced. For initial pressures below 100

rnm ITg, 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,

witb lirtlc sttenuation along the channel. While higher velocities could have

been achieved by evacuating the channel to lower initial pressures, it was

diffi,:ult to reliably attain lower pressures after a number of shots in the

apparatus because of deformation of the sealing surfaces.

"It'b* • f•for the record that, for most of the shots in the

i inch by 1 inch channel, mylar diaphragms w'A,,b . ,..t nds of the

channel, and only the ch-mel proper was at the low pressure. The

explosive was at atmospheric pressure. During the runs in the I inch by 4 inch

channel, the initial experiments were carried out with the charge at atmospheric

pressure. However, in the later experiments it was possible to eliminate the

upstream diaphragm. rhis meant that the entire volume of the generator

which included tho chargv, the explosion tube and the channel could be evacuated

and then filled with a test gas such as argon or helium. Because of Lite Out-

gassing of the polyurethane which was initially used in th, stand-off spacer for

thi.z explosive, it was difficult to pump out the Icst section to a low pressure.

liowever. when a. cardboard sparer was uted in place of the polyurethane.

this diifficulty uas eliminated.

One of the ma)tr problem areea haa heevn the explanation uf kht,

.ari•tion in vcloviv with itatil pressure which is ishown by the t:wlk

-i0.



MIUD research. inc.

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:

I. blast wave model,

the fast jet model,

3. 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.

The blast wave model(4) predicted that the position of the front

should vary with time as

R.. ( - ), (2.5.,

where E is the energy release, (2 0 the initial Aas density

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

th-w hocI, wAv.4. rhe atmospheric pressure data fitted this relation quite well.

However, at lower pressures, i. e., as e 0 approached zero, the above relation

does not fit the data.

The fast jet model(5) was patterned after the fast jets observed from

tue collapse of cylindrical liners of light metalt by condensed ;xplosives. This

model was discarded when it wiks discovered that the same high velocities were

obtained at low pressure when using flat faced charges instead of the cone uhaped

charge.

In thu avlid propellant driven Oock theory( as presented, no

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

vari.-%c# with this theory, and it wu accordingly rejertc.d.

i3
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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 duc

to shock heating of the air and the cesium seed material, the conductivity

would vary markedly as the initial pressufe was changed inasmuch as the

shock speeded up, attaining a higher Mach number. The shock wave theory

predicted that for a 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 experimeital tests in that

(a) the variatiok, 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

atio of - . I instcad of r' = 1. as for air. it was found that the

VO•-Lities And 4osp4 the specific heat ratio of the

gas initially in the channel in contradiction with the m-- e s w--

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

Pcr[•aps the best explanation of the observed variation of velocity

with initial pressure can be derived from a djacusqion of the emergence of a

detonation wave from the surface of a condensed explosive. It can be shown( 7

that for the expansion of the detonation products into empty space the velocity

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

UD- 2 C D"*S7 c (. DS. 67 (cT-T Cx
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where D is the detonation velocity, and c is the velbcity of sound in the ex-

olosion products after they have expanded to the point where the isentropic

r'_Aation is applicable. 1r, most cases c-. is approximately I kim/sec, and

S- 1. 3, so that for RDX at a density of 1.7 gm/cm 3, 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-

inent with the value of 1Z, 7 km/sec which was observed.

For conmpleteness we will consider the case where the explosive

is expanding into air and a shock wave is formed ahead of the detonation

products. W%. will let the pressuxre in the air shock be equal to P. The

pressure in the det,'nation products will be reduced to this value as shown in

Figure 4. 1I . ','. t will assume that for the strong shock in air thatif = I so

the velocity of the shock u is given as

.wher c is the initial air density. rhe %elt.Kity u o}huu'd be equal to the

S -Iud p ic tht rhre waton wave, as given Above, but

Modified by tho fact that the velociVs abCtsd sao

reduced. Fqu&ting the velocity at khe interface betweets the explosion proT4 7ý6

and the thin a.er of shucked air wa ohtain

40 - C I VT c - j .

4(~;
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r- Detonatiun Product
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Variation of preasure in air shock driven by detonation
produrt rarefactiot wave,
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Ior a ty¢pic'al v~losivc. iP is approxiirwtely 4000 atmospheres. In air it

atnmosphcric dcnsity, I. I x I0 im/cn. Substituting these values

we. can sol~v E-ioatio.n (Z. :;.4) by numericpl methods to find that the pressure

in the ,r wave, 1 , is appru-:imatcly I / 10 of P-. or 400 atmospheres, ann the

I,> 'tl~ic •1ucit\ is approxinwmatcly the detonation velocity.

"i'he above r-wodel is in e'cellent agreement with the observed data when

it ;s .-onside red that the measured velot.ity is determined by the transient time

bct,.een two stations and is, tnerefore an average velocity, whereas the initial

veloc:it, iA much higher, near the detonation velociiy as predicted. (For

examnple •ee Figure ". 16.)

,the importaitt feature of this t,. -rv is that there is a maxiwtiri, limit-

ing velocity as tihe initial gais density is ruduced in agreement wit the experi-

mental data. fri-e highest velocities are obtained when using an explosive with a

high ietonation v•locity. U, and when expanding into a vacuum. If other gaset are

present, i. e. . air or argon as in some of the experiments reported herein, then

the vclocity will be reduced tq r fAtor which is dependent upon both the isentrpir

properti%.s of the crplosivo andi the dhoek properties of the ambient vases. Hlow-

evur, because of the ionin&tion whtch might occur in the amnbient gases due to the

4trong shock, there is ttO possihility that the maxinius,, power ptoduction con-

ditions will occur at some uptlmnum pressure where the product ug is maxtimired,

and not at the highest particle %elocitiv. u whith would occur if the charge wrt-

enplhtded in vacruo. The optimum pressure for energy conversion may be different

fro'r- noe optirmim prossure for power output horause as the pressure Is inrreas*d

and the velocity to rrduced, the puixe is lenvthwned. If the power lev'el remainp

conIII m I I ore enrtI Iutr Ark in this arIa to

, , ,I IIIII
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I n the c arly experin-ents it %vas quickly not--d that seedir~g of tfIe

wiev'th a l i onlizat ion puteýntial mate nal was required in order to

r,rol*u~c apprý2ciable aniounts of power, i. u. , obtain high electrical conductivity.

In a typical Set o-.f vxpcriments ir the I inch by I inch channel where thco

magnetic ficild strength was 15 kilc)gauss and the chanaiel was initially at

at~mospheric presslurc, an unscerde 1 7. 5 gm, charge gave an open c:ircuit

VOtt,,e Of bjO volt's. The generator had an approximate intern.dl impedance

nin~ohs as cltviteiined from' the voltage-ctirrent plot. The maximumr power

delivý,ervci to the load wats ;0bout 48ats When identical 7, 5 gm charges were

seeded on Ihe surfacte with 0. 2 ,,ms of cesium~ carbonate, the open vircuit

vlaerose teu 21 volt~s, thv interrai itnovdance dropped to 0. 5 ohms. and the

powvr to thte ltnv' inc rvast Au 74 K%%% !I heý* data indicate that the internial

.tmmoctancv dv 4 rteairt ý,, .4 fa.tr of 300, i. e.*thc conductivity ins. reasetl by a

iiili ( fctor. FvPerI-it'wn~r wt-rc then contfuctied with at% active *eit-t :natrrial.

i.. *onv that libv rzitteý vnt riy Csiu m pi r~tv w4.k ..0iCCted ow the rnaM~

~ati'*Cor l mad"~r inv ,irtn.With Z!, -1 gm o ceoiuw pic ruir

#-*rrc on thr' ~iuriacr o the 7. ,: @ -v ihp rgr,4 Ant dc ntic;14I chnorI- oli

wnowher faetor ot tivu iWii oAin n powe~'r "iipui tove the Vatvvaie uhtncti wihh

tiento f~hoiv rcv.rly thr ttkfftt oi ti**O, vk,.towt oiaer~tet .e#-.l m,'l~i

i* I vo-rlt4 :lt'r plot .4l ai~kta ulken k;inier idvp'i- .1 -ti1 ~;

491k'*"-ý--ri ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .ar% 't46ctr '**- it ' ii%ý - -,ý(I ~t IP
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internal itpc, 0cctw'cn hes.•e two series of e0xperirnents was approximately

7- factor ow t, "N' that the data of 'iou;-e 2. 14 is plotted in semilog fashion

Ie.aus, of t(A wide ra.,e o" currents covered. These results clearly establish

the desirabi ',: ot seeding the explosive with low ionization potential materials.

Two tvoes of seeding were studie..d: bulk and surface seeding. ýYn-

fortuiatelV two different types of explosiveý er used --,o that this effect was

incorporatea into thc experiment along w th the change in seeding system.

The builk seeding experiment was carried out with PBX explosive which had

beexn seeded with 24% 'c y weight of cesium picrate and then pressed into the

contour of the duPont ZOB charge. The bulk seeded PBX was compared with

the duPont 2v3 chzr-c, which contains waxed RTX. surfic, seerkdewit , '0

mg of cesium picri•e. In "t',!dition, some of the bulk seeded charles had surface

seecaing added. ihc cesuits of this t.-pt.ruvient are shuwn in Figure Z. I';. It is

~en Ithat the '.ulk seeded PPX was somewhat b'etter than the su1fa%ýe seeded

Rr,\, biy I * to 10!., tor the conditions of One experiment. rho covin&nation

)ufl fond a-s -eeding of the PPXN ;harqe ;;Ave an outtlut whi,:h was slightly

',,wer than the ,uraitae serdd RiY,

On.- •s•a.Jr s r the vle rA.Alv t is 1-'eliev'e. to he tje to the fact t.-at

!he iolt~i of tho PIIN, exploive i4 qr4;, %hsn the ROt\. s., that a hig:her

dotn.natior vlo;itv wcwld he expected for the P'\ and 1--nt , it hi1*,hr Ch~fttm-,

vtlocity, Nim•. of fligbl ,rtenv, 1nd;CAt that this is the case. It is

I hr oppltlotý of 4 1x1teri1 ?f " 4own fhe' tiolonm:ion prt'I.wts Uhl*
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o PBX bulk seeded with 2476 cesium
picrate.

290 A RDX surface seeded with 200 mg,
I cesium picrate.

0 PBX bulk seeded and surface seeded.

100 --

I

0 !00 400 600 .400 1000 o00 1400

Current -Atniperv*

~iure .,1

Comparison uf gvw, rator characteri-tics for bulk and surface
-eckdmng with P1'rX and RDX charges.
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effect is shown in Figure 2. 16, w1ich is a plo' of the initial velocity as

determined by -1he time of flight from the trigger electrode to the number 2

electrode as a function of Lhe weight of cesium picrate seed which is placed

on the conical surface of the charge. It can be seen that the fr. nt of the

con.ductive detonation prolucLs is slowed down approximately 20% by the

-ddition of I gmn of ,'e"rn pi- rate. Assuming a constant total energy release,

it is possible to set up the relation

! 2 1 2 ( 5)

-Z mou1 =-- + m) u 2

where mo0 is the mass of detonation products accelerated to a velocityu 1 in the

absence of seed, & m is the mass of seed added, and u 2 is the velocity with

the seed. From the measured change in velocity as the sed is added, one can

solve this relation and obtain the representative value for m 0 of 1. 5 gins, or

approximately 20% of the charge. The same result can be derived from the

experiment in the 1 inch by 4 inch channel described in the following paragraph.

To determine the optimum seed level in the 1 inch by 4 inch channel,

ii berieti of txpvrixzien~.s wetre cUU,'±dLuL1x Whiethe tlhAim Was evacuated and then

filled with 10 mm Hg of argon. Different amounts of material were used for each

shot. The results of these experiments are ehown in Table Z. I which lists the

peak current through a N0 milliohni load redsisr as a function of the mabe of cesium~

picrate used in each uf tht two duPont 20B charges. Al'o given in Table 2. 1 are

the peak voltages, which may aot occur simultaneously with the peak current, and

the length of the pulse, ar determined by the time to the sharp cut off in the v;1tage

trace. It is seen that the peak current, and hence powet output, occurs 'or the

200 mg seeding case. It may be noted that the pulse us lengthened as the amount

47
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U

CiO

I a

0 02 0.4 0.. 1.0 1,2

Mass of cesium~ picrate gr~ams

Reduction in velocity of detonation product front as ccsium picrate
seed is itdded to frout •urface of duPortt O0T• •;har,!. Initial chrinnel
pressure is atmospheric.,
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TABLE 2. 1

EFFECT OF SEED LEVEL ON POWER OUTPUTS
IN THE I INCH BY 4 INCH GENERATION

Seed, Pep': Current, Peak Voltage, Pulse Length,

mg/charge kiloamperes volts ,,A Sec

0 17.7 380 45

50 24. 1 b50 44

100 26.8 660 49

200 28.0 710 47

300 26.8 660 49

400 Z7.8 680 49

TABLE 2.2

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

Pargon, Pair. Peak Current, Peak Voltage. Load. Pulse Lenxth

mm Hg mm H;g kiloamperes volts milliohms AL sec

In 11.79, 170 9.0 48

10 1i.0 (d•t) 138 (cat) A. 0 ItR test.)

10 22.5 125 4.S 40

30 18.2 129 6.0 54

100 11.21 7' 4.0

In 8.7 6; 6.0 41,
110 seed

10 1/,.b I r 6.0 .14
no arg*-"
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oi seect is in,'reased, az we hiav,: bcvi (,efure, and that in these experiments,

considerable powver can be drawii if no cesium picrate is u.ed, i.c. , the

>, -on is shock ionized and acts as the conductor. This is similar to earlier

cxperiments where MHD power was drawn from shock wave s, i. e., the work

of Nagamatsu 8 ) in air, and Pain and Smy(3) in argon. In the present

experiments, it should be noted that the maximum power is generated when

uoth ar*iu Loci ,.-i'oz, p.,I ate are used.

"To investigate the optimum level of initial argon pressure a series

of experiments was conducted wherein the initial argon pressure in the I inch

by I inch channel was varied. The data for these experiments are shown in

rable , . 2. Unfortlunately, the data were not obtained for the same load in

e4,:lk ease, so that it is necessary to interpolate between the 4. 5 milliohm

and the I miiiiuhm d~ta to obiai. 4 compEriznn with e er u4 ta t~ken w•'v-

a 6. 0 milliohm load. Also shown in Tatle Z. Z are data taken in the I inch

by 1 inch channel for the conditions whure 10 mm Hg of argon was used with

no cesium picrate seed, and a comparable cast 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 is in-

creased, the pulst is htngthened, indicating that the detonation products acre

slowed down hy the addtld arkton. The peak current is also lowes at the highest

acgon pre..ur., -his daIt would Inuiirat., vh• the highest conversion

efficiency, I. a., largest energy output would occur at the 30 mm Hg argon case

because of the lengthening ot the pulse while maintaining a high power levvi.

Studivo were nlso vondwlrted using helium in place of argon

ur air in the I inch by 4 in 1ý channel. the data for these experintents 4rc
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-o r.ý.Iined 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 s,(fn in Fi,;cure 2. 8. The incrpasc in power is accompanied by a de-

creas, 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

n'vliurn w;_t- used alone without cesium 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 ra-e gas additive. It should he noted that for the experi-

ments in the I inch by 4 inch channel, the entire chamber, including the ex-

plosion tube was evacuated and filled with the additive gases, which was

different irom the prockOdur' itsed in the I inch by I inch channel where an

upstream di.iphrtag,,i was u.ed.

It addition to seedir.g studies associated with the explosive charge,

4nd Lhi ChJtssml - tests ,,ret- couiducte" to d&teirminc the efft,¢tiveness

Qf dow.nrtream seeding with cesium picrake. In one series oi tests, at 10 mm

H4 of air, the mylor 4iiaphragm wah coated with 200 mg of cesium picrate.

In thr other tists, the 2 inch long electrodes were coated with 50 mg of cesium

pitcrate. In tbth tests the rt sults w.re identical to comparable non-seedtd

tvot, withmit downsitrmm ie-dis44. Th, results confirm the view that the

vettrical conductivity is associated with seeded detonation products and not

44 a result st the passAge of a ,hock wave in the nir.

In oummarv. we van r-r thht the ch•i•e tsf the- optinlsunt recd *vytenm

II r,4thtwr ,imph. ind wil drpw.nrl uponr manv (acto•ti. Ir particular it approi.r*
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TABLE 2. 3

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

Peak Peak
Initial Gas Current, Voltage, Pulse Length, Load,
and Pressure kiloamperes volts sec milliohms Remarks

10 mm Hg He 31 740 4- Z0. 1

Ar 28 710 44 19.5

Air 21 510 43 19.5

He 17. 1 310 38 z0. 1 No cesiun

p'crate

He 49.2 360 4,1 6.9

Ar 47. 1 365 50 6.9

10 tm 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 seeding system on the

detonation product velocity become important in controlling the output.

2. 5.3 Conductivity Measurements

Because the electrical conductivity 0', is a sensitive zunction 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 conductivity was determined by measuring the current between

two electrodes on opposite sides of the channel held at a difference in potential

by a l000,&f capacitor bank charged to an arbitrary voltage up to 600 volts.

For this set of experiment; 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 section

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 density. 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 "ncrease in conductivity because of the higher temperature

in the shocked gas, would be observed. 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

103 mho/meter. Because of the inductance effects, which make the voltage

measurement uncertain (the pick-up coil technique had not yet beer. worked out)

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 1 inch by I 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/m , and

the standard 20B charge with ZOO 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 10 9 amperes/sec. During the time the

current is falling the voltage trace goes negative showing the inductive effect

to be much larger than the ohmic voltage drop. From the measured dI/dt and
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Figure Z. 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, magnetic field 17 KG, and sweep
speed 2.4 sec/cm.
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the measured voltage drops, it is estimated that the inductance of the

external load is 0.07 p h. 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 column can be determined from the data taken at the peak current

when dI/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 Z. 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, Ri.pports the previous evidence shown in Figure Z. 17, that the

conductivity is practically independent of the initial channel pressure and

hence is independent of the Mach number.

Figure Z. 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.
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0. 77 A. Trigger
300

Z5 Manei Fiel x 1.7,,M
300 -\

Ri =- 0. •7Zn

SI"x I" Test Section WM

20B charges, 200 mg
cesium picrate

0. ll2•L 1" x Z" electr de

o o
0\

150

R-0.l~l 0m gno L

0. 03111 ]

.Atmospheric

Pressure 500 Kw

50 0 . 0095.f
100

O. 00051

0

0 5

Peak Current Kiloamperes

Figure 2. 19
Voltage-Current characteristic of explosivc
driven MIID generator for conductivity
determinatiun.
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'rom P iuru L. 1.9 it may be determined that the internal resistance of the

',cncr.-tor with 'he smaller electrodes, is 0. 0795 ohms, or only a factor of

, higher than when the I inch by 2 inch electrodes were used. Since the

iaA-rodc area differs by a factor of 10, it is assumed that the small difference

in rec1sltance resuits because the area occupied by the highly conducting

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

Phis view is supported by ;n examination of pulse length versus electrode

length. The velocity of the gas is roughly 10 kmn/sec or 1 cm/microsecond.

,herefo7t, the transit time for a Z inch electrode would be 1.Asec. It can be

•o:n in Figure 2. 18 that the current maximum occurs at about 6 microseconds,

,i,. \•,,i1 indicate that the conductive slug i1 of the order of I cm long.

Data on pulse length was taken using electrodes of the following

evngths: 2.0 inches, l. 0 inch and 0. 5 inch. Extrapolating this data to zero

v.'•.t.c kngth gave a pus.• length~of 1. 5 microseconds which would car-

r,'•pono• ýo a thickneh vf 1. ý cnr for the conductiv c!- , Under the assumption

ti t tht ndkittie material uniformly filia a i. % cm length of the flow channel,

'At; that the• o e.trode on•gth is long compared to the thickness of the slug so

0, , rit.d, frinoing fhktrs need not be considered, the conductivity of the

it; 10'rA 0 # nho, * h rte r. If an allowance is nnadc for the 41) volt electrodle

k~iiO. ht r i tvd ki b o tnwýprobeat the canductl ty of th.

i ~iw-rxhirv of 1-i5001K, 'ini the %ptitir iii ii i

f,~ 0T tho)*
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where it is assumed that the product of the ionic charge, Z , times the

logarit-rnof 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 see that the ionized 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

electrodes reported in this se-.tion, the voltage-current characteristic curve

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

zruve to L011' d,1wr, L iLri.I 1/3 of the dihannel. 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 tkei with small probes, it appears as though the de-

crease 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 tivit,r exists for

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 is 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

-xternal load so that currents can be drawn through the generator, then the

voltage across the load will be given as

V=v° - IR =IR , (2. 5.8)

where I is the current through the generator, R. is the internal impedance of

the generator and R is the load impedance. In the more general case, which

must bc considcrcd here because of the short pulse length, inductive effects

mubt be included. Under these conditions we have

V=IR +Lk dl V- IR. d

dL. (2. ". '?)
= V° IR. - I dL L -dl'(2

0Z. 1 ME

where L., and Li are the inductances of the load and the internal inductancr: ),r

the generator, respectively.
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1W variation of R and L. the external parameters most readily available

for change, and by measuring I and V, it is possible to estimate R. and
1

L. , if it can be assumed that V is constant over the change in parameters.

Howvevcr, 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 V0 is

constant. If the measurements are made at the peak current, then dl/dt - 0,

and this relation simplifies to

c[L.
V IR V -I - I R. (2.5. 10)0 m cF m 1

where Im is the peak current.

By plotting V as a function of I., then,one can evaluate R. and dL /dt.

assuming the Ri does nct 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 16-inch long continuous electrodes and with the channel initially filled

with 10 mm Hg of air. The first thing which is evident is that the voltage

currv,,t relation is very non-linear. The initial slope, at low currents

corresponds to an internal resistance R. of 70 milliohms, which is in agreement

with the short electrode data shown in Figure Z. 19. As the. current level increases

the curve flattens out, with internal resistance approaching 5 milliohrms in the

range between 10 and 20 kA. Because of the wide range of currents which are

covered in these experiments, it is perhaps better to plot the data on semilog

paper as is shown in Figure 2.22. In this plot,lines ,ji constant resistance have

a characteristic shape, but they are not straic.hi as in the linear plot. One

thin,, which becomes more readily apparc.in in this plot is the: value of the short

6'3
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circiitcrt current which is estimated as 25 kA. Also shown on Figure Z.ZZ

are dotted lines which show the expected variation in V with I assuming a

constant internal impedance Ri, and dL/dt = 0 with V0 assumed equal to 340

volts. It can be seen that the apparent internal impedance decreases with

current. Making the additional assumption that Ri 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

V = 340 - 0.07 1 + x 10" 6 12 (2.5.1m 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 resistance ,ver, the range from about 6 to 60 milliohms as we have seen

in Section 2. 4. The peak power in these experiments in the I inch by 1 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

ithe channel was evacuated and then filled to a pressure of 10 mm Hg with argon.

J.. ,.
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C'he reý:i].r of the tvo experimrents are similar except that the peak current

is atkut a factor of two higher for the a:gon experiment. The peak power

t.-'htd argon run waý; about I MW. As before, it is possible to fit the data

wi, ,, : rics tkxpansion in the current variable of the following form:

V V 'R. = 325 - 0.015 I + 3 x 10"7I , (2. 5.1Z)

,.br is •.he second coefficient r~ the expan'•ion. Comparison with the data

for air shows that V is only slightly,- lower than for air. whereas R. with the
0 1

ar.on additive is a factor of ; lower, and @ is a factor of 25 lower.

fhe lower value for V is consistent with the decrease in velocityo

Q'-serveci as the pressure of argon is ii creased, and represents the difference

in nnass of the comparaW.e volurmes of air or argon which are swept up by the

deitonaition product £ront flowi•., dow : the channul. The reasvns for the change

in R and P are more subtle. Meagurements were made of the characteristics

of the generatt..: h r pvrintsrv tb where the channel was maintzined at 10 mm Hg

of arjon, Jtb, r poeei was used in the explosive charge. In one cxpcriment where

a 6 znillioh-.a load rvsi~sttr wat utsd. a current of 9. 1 MA wAs measured,. as

compared :o the 2.0 kA ý,rrent showa in Figure 2.21. This experiment implies

that the arr ,entvtfed t4 the ktplosivc shock and is capabl| u•o chieving hiph

lr e lt, of ! thr r utm 790 to In, -o/mtrr, whiph JA

conpae&L I t4~ the f" n d""ivit of th, 4. no.tfsin prv*luc#*' thug.. there 4catn be

two posoj11 po~thoi f- tkcv norAtor ctii ,ct~t. I. c-,throuith thte ionitsO'4 vestwi'

in thg detý'nj*tAon pro I* .4t thrtA;;h th., iooiertl ar~gu~n, if't- saifrio two

:Inirrt.Ak in currentt whenqinv CC-0044k 4gcd 4w~~roi Arai.;c w~mtit. 11w 4WtrAae

in Ot~tp~at power as *how". inl Vuistor 4.~
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Sirniiar expcrinivnts %v,.,rc conducted in the I inch by 4 inch

(hanný,j aind the limited ,1, a , ;o; prt-.'entec1 4n Section 2

In summary it may be stated that the explo! ,'ve-driven MHD

gcnrrator demonstrates non-linear voltage current characteristics. The

apparent internal resistancL 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 function of the form

,)

V ,d.- + 1 , (Z.~ .- 3I
Sm

whereCK and are experimentally determined constants. The constantOK re-

Fresents the conventional generator internal -esistance and represents a

non-linear correction term. Because of this characteristic the output power

lvvt-l is mote sensitive to the value of the load resistance.

Thus., it is seen that the non-lincar characteristic makes the

proletn ef m.-tchng the generator to the load critical because of the more

rapid v&•riatian in power output *ith load than inl thr conventional casc. A*

dis%:uvsed in Section 2. 4 the otUmum load appears to scale lhearl) with the

elv- trode staratiou d, ho.wvoer. additional e.porimemal data i* needed on

thts toph•.
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.Variatiion in Output w-.th Magnetic Field

Am, otlined in Section 2. 5.4 the output voltage of an MHD generator

in thŽ low ,ngnet'c Reynoids number approximation is a function of the applied

magnietic field. This :e!ation is given by EqAation (2. 5. 9) as

a

V uBd - IR. - Li (2.5.15)

Therefore, ii we make a measurement of the open circuit výAtage, where

I :-- U we can examine the effect of the magnetic field upon the --qtput of the

generator by comniprir.g the data to the relation

V u (2. 5.16)oc

Figure 2. 24 is a plot of the open circuit voltage of the I inch by

rich generator when it is coperated with the channel initially at atmospheric

pressure. IThe onen cirrult voLtage is plotted as a function of 0the applied

magnetic field over thr range of fields fr,5ry. 0 to 2.2 w/m

It is seen that Equation (., i. 16) fits the data very wall. i's effecive

We-iDLity u * .a Luai| te. slop, a FiyureZ. Z4 is 4.T hmiBcc. whtroas the

measured velocity of the propagation of the front of the conductive regio"14

6.0 km iec. One pc~uible explmnation for this r!escrepwicy Is that the velocity

of the particles, or gas, behind a shock is eq.aal to the shock velocity minus

the velocity of sound in the shocked g&ases or 4wonaioIn products. i. a.

0
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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 cx is the velocity of sound in the

detonation products (see.Section 2. 5. 1). This theory would indicate that c

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

(Z. 5. 16) and (Z. 5. 17). For example, the data expressed by Equation (Z.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/m , 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 inch 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 that

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

velocities, 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
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identical conditions. As outlined in Section 2. 3, the 1 inch by 1 inch channel

had electrodes 16 inches long and was driven by I duPont 20B charge, whereas

the I inch by 4 inch channel had 18 inch long electrodes, and was driven by

two charges. which were placed approximately 2 inches apart, one above the

other. Because soft iron was used in the I inch by 4 inch channel sidewalls,

a magnetic field of 2. 2 w/mZ could be obtained in that channel whereas in the

1 inch by I inch channel with stainless steel walls the maximum magnetic

field was 1. 7 wIrm Aside from 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 iC- 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 th7,-. 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 ha.,: a somewhat higher output

than wo'ald be expected on the basis of scaling in terms of magnetic field times

electrode separation. For this reason we have replotted the argon data from

73
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Pi-'iure £.2 in terms of a sc'ahin(g parartrnetr whic.h is the output. voltage

divided by the electrode separation times the square of the magnetic field.

As outlined in Section 2. 2 this would be the scaling condition for a high

magnetic Reynolds number. rhis data are shown in Figure 2. ?6. Using this

s'aling relation it -s seen that there is good agreement between the data taken

in the 1 inch by I incn channel and the 1 inch by 4 inch channel when using

argon at 10 nm i-Ng pressure. The fact that this scaling law can be used,

is further evidence in support of the claim, that a high nmagnetic Reynolds

number does exist in the explosive-driven generator. Further experi-

mental data is needed on the scaling parameters.

2. 5). 7 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 rneasurements was made of the pressure associated

with the detonation product flow. The pressure rise was measured as a function

ot tt-: initial pressure in the flow channel, using a Kistler bO-11 quartz trans-

ducer which has a rise time of Arproximately 3 microseconds. Pcauiv o|f

shock reflections in the crystal and noise transmission through the channel

wall to the crystal, it was possible to determine only the initial pressure rise.

None of the subsequent pressure profiles could he detormired using the Kistler

ga'.kge.

Y"igure 2.27 is a plot of the peak pressurI rmeas,,trvd at a station

I i in'hos dowvnstreamn from the entrance otf tht channel as a function of initial

pressuro of air in the channel. -hu peak pr-ssurc it this station is of the order
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orF 140 atmospheres for initial pressures near atmospheric. The pressure was

.,d],o rrneasured! at a station 3 inches down the channel. The highest pressure at

thiiS statiton was 350 atmospheres, which is in agreement with the calculation

in Sý(Ction 2. '). I for the air shock associated with the isentropic expansion

oif the detonation products.

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

pressure A iP is related to the initial pressure and Mach number by the

relation

AP (PM -1). (Z.5. 18)

Fuor the present Pxperiments the Mach, number is very large,,of

thec order of 10 to 40, so that the following approximate relation should o~btain

.4 constant = = 1. 167 to 1. 00 for air. (a.S. 19)

Since the velocity is measured simultanevuuly with the pressure

mneas1urement, it should be possible to determine if this relation is fulfilled,

Examnination of the experimental dI*Lc whi A is contained in Tabls 2. 4 shows

lt~t there is much scatter in the data. In general, the measured values are

less than the theoretical prediction, the. PI~PArity being the ilreatest at the

icawvtt initi'1l preamure. O)ne reason for this discrepancy may be the tact that

thce pressure transducer has a finite rise time of 3 microseconds. For the high

ý;,h n.k-rnberý and lo~w initial tiensitivi, Litt bhuck-hvetied high pressure region

kvill be very thin, Pto that considcral,'%ý error ntay arise in the Measirviiiwnts.
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TABI-F 2. 4

cnRR1U:LA FICN OF' PRESSUREF RISE DA rA

W~i :vACHNU\ERIN' EXPWLSIVF-DRilVFN ?VIý1t) CHANNEL.

Hmlg Hm g 0 4

to. 0.11,1 1080 33.0 1.00

.0, 07 716 33.0 0.b6~

100) 40IS .0 0. is

1001 .~4 ý40 .0 )0. (0

ý0() 4-1~ 210 17,7 0. 0

10 0.92

4u0 1 7 14. 1 0.79)
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While the pressure measurements show general agreement with

shock wave theory, this is to be expected since the air, or other gas in the

channel, is driven as shock capported by the expansion of the detonation

products.

2. 5.8 Explosive Parameters

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

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

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

Reynolds number case, 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

u D+F(p) (2. S 20)

where D is the detonation velocity in the explosive, and F(p) is an additive

actor which is a function 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 pressure goes to zero.

On this basis, the highest velocities would occur with an explosive

having the highest dietoaatioai velocity. Aside from the roquirement of high

D, it is possible to achieve high velocities for ejected materials by proper

geometricsl arrangement of the explosive such as by using explosive cavities
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utilizing the Munroe effect( 10) This knowledge was the reason for the

initial selection of the 60 cone-shaped charge configuration which was

commercially available in the duPont perforators.

The initial experiments 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 experiments.

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 efficiency, The figure of merit is proportional to the square of the

peak current times the pulse length divided by the weight of the charge for a

fixed load resistance and magnetic field.
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I-1 ordcr to invctigate cffects of explosive geometry, composition

N used to form chatrges which Lontained the same quantity of explosive

as the dullont 20P, charge, but with e.<piusive formed into a flat front instead

of •}hý 0 0'" c•:•v. t'hesc (harges were fabricated using the baxelite chargc

holders of the 20B charge, the Cb6 booster, and 7.6 grams of composition

C4. In these experiments it was possible to evaluate two quantities: the

gelklratlJo ýurrcnt, and the time for the conductive slug to travel to various

electrodes which is inversely proportional to the front velocity. Table 2. 5 j
gives the data for a number of these experiments. The se data were taken in

the I inch by I inch generator using a 1. 28 milliohm load, which is essentially

a short circuit condititm-. The electrodes were 0. 5 inches long by i.0 inch

wi,'., the magnetic field was 1. 7 w/m , and the initial pressure was 10 mm Hg

of air unless otherwise specified. Thefte experhsunts included tests of the

flat front c hargc in iarijusi eonfining shells to invest.ei4. the effect of the

charge holder density. Charge holders of low. -lnslty polyurethane and

Cerrobend, a l•w melting pl'int hismuvt euteetic which has a very high density,

were cast t7 the same contour as the bakelite holder normally used with the

ZO charge. Also shown are, tth dtata for 4 bulk seeded charge using *. 5 qrams

of composition C4 anti so') mg of cesium picrate formed to tho fatt tu-,tAOr

of the ZOB charge (60O core) in a bakelite holder. rhe data for & uromlprabhde

shot ,sing the duPont 2OI charge are listed fur reference. For compirtson 4(

the velu.ity 4..t,, the dhtatwr• from thr trlger electrode. in th., leadinq edge of

each electrode ic listed,

the data sho% that whon comparing thr flat front €!mr.;,. it, thr

bakelite holder and thr 209Pt :#fiarwv the vl. ri.~;

the short ,rui.tt iurrctit ior g'.- .rvta rl,ýirgr. r•peri-*itw s, 4 , * .. t

8 I
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tABLE ZA.

CO)MPFARISON OF EXPLOSIVE CHARi,1F HOLDER DENSITY

AND CHARGE GEOMETRY

I t t t4

kA /,.sec v .sc O.sec R e m a r k s

(I) I.n L.O.L 1 8.0 ZOO ng cesium picrate

( F) Flat Front 3. 7 Z4 19.0 ZOO Mg cesium picrats
Bakelitv shell

( F) Flat Front 1. 0 (t.st) 4. 1 . 1.0 Polyur.Ahane sheil

(4) Ftat Front Z. 0 9.2 Corrobend sheil

0•) compos itiol-

C4 - 20c 0.1 1 , 1. e 00 tn tesium 4gilk
eom9etry

4. 1

1t9

4. -I _ •.
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higher. Chis wuuid indicate a higher conductivity for the flat front charge

detonation pruu-ct-i.

In the shot with the low density polyurethane holder tne velocity

%-as markedly lower than for thr- standard 4OB charge as judged from the

longer propagation time to the tcectrodcz. The short circuit current was

also lower by roughly a factor of two. For this shot the cuirrent had to be

e stim-ated f-orn the amplitude of the voltage trace where dIldt = 0. For

the shot with the CerroL-end holder the measurements were .m.ade at the

.econd electrode in conjunction with probe experiments as is shown in

'abie .. 3. so the distance to the second electrode should be used in

comparing velocities. Within the accuracy of the experiment the Cerrobend

charge holders appear to reoult ixn the samc detonation product front velocity

as is obtained with the bakelite holder. Becave of the diffivjlty in fabricating

the Cerr.ibond holders and the comprrable performance of the bakelite holders.

the use o( thh onmerdUlly available 4OB charges was cortinued.

The data taken ýhr the ImuIk seeded composition C4 formed into a

40 cone th f••that tfe- ni.. •or the front to reach the clectrodes was almost

idertfrol with the refereovwr WIN shot, however, the peak current is much

lo|o.r, Etinmian of the record shows that the current pulse was also much

#harter. !&aW"n for 1.4 mn rose.onds, ct.npartd to S or • microeecont 'nr

thA %Urfat I r04Cee I-OR |s-eet .The short pal#eI•tr 5seigft d to be

A-hr~ctt riisti at all o"ut maot trith bulk %todod cags

A% poart o4tvi in tIcuat~oo of charge awaointry ot limited numholp of

per est Wecod~rt~i us the W..hpAIcare ficocdb

$4 0evopn100'Ict C4*pnVP4.N Mo' 4~-0411~4 tt hv WV. piitd bargt 0,ar
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presnte in efeenc(1 0)
presented in Reference . The pcrformance of the W-shaped charge which

contains 12. 3 gins of composition C4 was compared to the duPont 2OB charge

which contains 7. 6 grams of RDX. The experiments were conducted in the

1 inch by 1 inch channel which was fitted with the 16 inch electrodes. The
2

magnetic field was 1.7 w/cm 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 rnilliohms and 1. 3 milliohms.

The 30 milliohm was chosen because it represented the good impedance

match for power output with the ZOB 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 2OB 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 I 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, seed material used, initial pressure and
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TABLE 2.6

COMPARISON OF DUPONT 20B AND FALCON RESEARCH W CHARGES

IN I INCH BY I INCH EXPLOSIVE-DRIVEN MHD GENERATOR

Pulse
RL I VI V. LengthL!max 1

Charge maZ kA vorax volts ,ksec

Z0B 28.6 5.8 180 50 45

Falcon W 31.6 6.0 205 120 40

Z0B 1.30 16.0 28 25 47

Falcon W 1.31 18.75 18 60 43
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type of additive gases, and load reos is. ce fro.- each series. The (data which

are summarized, include peak. current, voltag, At peak current, and pulse

length for each shot. Aýiso s1hovin in Talue.Z 7 is a figure of merit, which

relates the- energy output to the weight o' explosive used. The figure of

merit is numerica.lyv give-,i as

I R T
F.. L. (Z. 5 Z 1)

w he re I rnis th e mT .a.xnimum -urrent, R Lthe load r~esistance. T the pulse. lenigth

adW is the weight of the charges in grams. The data given in Table 2. 7 have

been normalized to the output of the Ohanniel using two 201B oharges and an

initial pressure of 10 -nm Hg of air.

From Table 2. 7 it is seen that the maximurn power wvas derived

using two ZOB charges with 10 mm Hg of heliumy in the channel as wzes reported

in Stetion 2, 4. The figure of merit for the. helium experiment is 1. 93. The

highest figure of merit, 2.12, was obtvined 'ising, a single flat front Composition

(>1 charge firing into 10 mmn Hg of argon. Although the peak currents are le~ss

ttian obtained in the other expe i iments thu pi ise lasts considerably long(-r so-

that n-.ore- energy is extractfrl per granm of explosive. In the Detashect pe-

mentq some initial difficulty was o..ýpc rit-tceci in initiating the uxpl osive with

conventional blasting caps. Thereforet, an e~pe rieiunt, was c ;nducted wVhere

7. 1) grams of Detasheet wva,, fit into a 40BA bakteliLc huo4dlr to form a flat f.ýIcecl

charge, Trhe figo re of mriw t for this charge is' -orparaL1Ar ýo t hat fox the

single 2013 charge. Extended linear (ha "g s , apprc)\iumatc ly It) cri inl I tngvh,

we r' constru('tvd using, the- t-wo diffcrt.ntt thicknoss of eta~~t Ewi: Oui(d g
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weighed approxirnatelv I15 granm 5U it was tequivýal1eunt to U'~ BO charges.

Iis seen that the 'peak cuirrents a chi e ed wit h the exth-zndi@ chargles wvf e r

rclativeiy loas is the correspoiiding figure of tnr it.

CWhie fr th er r-nr, o n th c 'lv elbp rn t o ft op 4 rnit e -x tos9i ve

SyVstcyms for the linear channel is indicated Irom the work reported.herein,

it would appear that the most productive, aroa-tfc~Ži- - nv_.tilgatiori wouldI

be in~the -,tudy Df methods for nicreasiiie, t he, fraction of the explos ivec wbic ý

pjr~ticipatc~s in t ne 'energy. conrversion process.

22. 5. 9 Load P1ý2cernent Studies

During the course -)f the e.,peýriraentat program it wa,, clis(overerd

that the oul~put of the gene rator dIependied pn the whJysical loc,_ationi of the

load. Currents flowing througrh the clectrodes chluiged tim ''gnti fie'cI in

front oDf the conductive-( slug by a sor.. of magnetic "bootstrad~ping" if tne load

was connected at the downst-cami end of the 191.g electi edes., F~or experi-

mnents in thc 1 inch b,-v inch generator f-c-dia- a 1 . 3 miilliohm load the

current was increased ny a fae.tor of two, from 6. 85 'kA to 15. 0 kA, when

-1a load resistor %vas -- oved frocm tihe upstream en of 41) electrode- to the --

downstreamn location. To explain this effect the followinc, theory, which

views the generator in termis of the luwiopcd cdectrical paramoters, w,,as

developed. This mcdel suggests that therv iriaV 1W ;tn (OptiiuU1 0 lUW;Li~f fur

the load.

Inasniuch as the gere rator Ic...trwmdvi ;%rrt e>;t.cndCd and ma there.

fore contribute aprecciabdy to 0t, iji !anc of (the) 4,.,Ywratoi-It.m! circulit,

the, rles tioli a-iscs as to the z. tts t avora& '1 t posit i in fur local , mmeni tion ot

the load. As the p1lasma c undw. to r mto f r ii tow tnd of flt-e It, k, I r-,d -
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the other, the inductance and-resistance of the circuit may vary appreciably

in time. Clearly the functional character of the variations depends on

whether the load is connected to the upstream end of the electrodes, to the

downstream end, or perhaps to some intermediate point.

Some insight into this question 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 moving

plasMa conciuctor, electrodes, leads, and load. Let u be the speed of the

plasma conductor and B, the magnitude of the applied field through which it

moves. Neglecting displacement currents the Kirchhoff equation for the

circuital current I is

d-(LI) + R1 - ui~d s(t) , (2.5.2Z)

where d is the interelectrode spacing and s(t) is a unit step function in time,

taking t = 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 load, For simplicity in the

present analysis et½ the resistpnc•• be considered essentially constant, RV say.

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

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

L(t,x) t.o 4,L I(t,x) + ." (4...Z3)
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I~~~t I• u: I ts • t x) . . ( . .
d t 0 0

00

7F + ot o 7F LIoT

It is to A 00 ezio that the right hand side of the Equation (2. 5. 26) forI

vonLains a~ son rct tcrmi prop~orttional to 1I and is positive when the inductanc.,

,c-:reascs with time. fhis term accounts for the voltage induced in the

.,rasira ci t as it h t(nves through the magnetic field arising from the

itrrtnt I

If it i ,s~01me(i that u and B are .tbstantially constant, the

r.- It'r tt rp i tmw T'+ I R and s1 i the vn,.h cif thr v It

of o o partaI iearatio.

rI

dI dI dlo);

I.R 1 -p I -L11t .h:
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Given the fuinctiohal dependence of L on time and the position of the load

onnections the current can b1e determined.

I T;e liverage power delivered to a load resistance RL i' evidently

-- u r 1'(t, xR RL dt (Z. 5. 29)

An e;..trc..e in the average power occurs when the load is positioned at x as

g~iven by ýP/a~x 0 or

I l(t, X) dt 0. (Z. 5. 30)

As a particularly simple example of the effect of varying the

uwi;tion of thlt: load consider the limiting case for which the current rise time

11aonn compared wit i t•-. transit time of the plasma conductor along the

lkcctrodcs. According to (2. i. 24), (2.5. 07). and (Z. 5. 28) then

L., IMU )

0

Sub4stitution of the current Oiven by (S. 3. 1) into cqwditivn (P, 5. $ i) yields

Altu
f 10 t dtl( ""

t'rrj ~' to firpt torde.'in at art- vttaintvd in P.It It At; ýumed th4t i

i~afunction of the' dit't~nct-#'toen Avthiew pIAottiA coni tic-fo ind Ott, loie 1 4o

ottiot ordfntrtv osde riii*ýwjva k0il"
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L1 (x -ut) - L X -u5.33)

According to (2. 5.32) then the condition for a maximumn in load power

oc'urs whln the load connections are at a distance x from the upstream end

of the clvctrodes as; given by

xiu /

J I (t) dt I (t) dt. (2 5. 34)
0x/u

Thu.-. it is found that in the case for whichIra LtiR, >> Vu the load con-

nections should be made at point along the electrod,-s on either side of which

the areas under 1 (t) arv- equal.o

In addition to consideration of load position there is the question of

the load i .np.*anve tor maximum powcr transfer. The ustual stateniuunt o0 the

poe,,,r-transfer theore-m i* that the load impedance should be the complex

Con'uceltv of the gelenerator impedance: that is. a negative inductance should be

in.,vrtved in wtriv. with the load. Crudevly applied to the present model, the

thvotrm would require that a capacitor on the order of

4 L 0 (t. •,)•

0

lo i•-u.td4ton. tit. p.wr1Hpw noto,,rtht" that Lu attion 1f, 4. N}dtmlkiw

Afl~ ~ ~ ~ ~ T 4n ~iu Ir~p4=~ kch kIvt. roadib-~to th~ I.r t nt¶&t
onttgriifct~ P -. N-uif
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1(10 e- S uBe d,0t Ot 44 . (2.5. 36)

0

lh,• above zolution for the current by successive approximations is practically

" 11fu only if the time-variant contribution by the electrodes to the total

induJance is relatively small. Solution (2. 5. 36) is of course not restricted

oy thib cordition and; may be useful for more detailed analytical investigations.

!,,,Juld appri-,-iv.-d thit i, rcalirv R, B, and ' as well as L will be time

Sarvi ml. If these parameter; can be ex-primentally determined, numerical

methods can be used oe determine the optimum position of the load.

* -. P robe Studies

h ,.n tisim; the long continuo,, electrode in the explosive-dri-.,en

M)D channel. it is sometimes difficult to determine the position antd tht

velocity of thc (.ont o: the conductive detonation product slug. To assiat in

k',t rrirnr; tui ini'orituttiun ane. to estimate the length of the conductive

rcriOn, a series of four probes was installed in the upper electrode of the

on~er~tor. This electrode would normally be negatis:e with respect to ground

Pind wt44l 4c considered the anode inammuc- as it is required to collect

"k-tr.ons in ordr -' 4rry thr generator current. The four protws were

cappor 1isrcs 3. 5 mm in diameter which were installed in holes drilled through

t 0-,r vl Ctrode mounting holt%, frhe prouc *erc in# ,fateo from the electrode

ruct•up kn'•. were flush with the surfare of ¶he electrode, in contact with the

i •trrean. The probes were mourted at distances of 4.Scm, 14.6 Cm.

24 .7ct, =ad 40. Ocm respertivoly fromt the triggor -lectrode. For theqe

4.-PriMjf-1_O which we Conducted itn the i inch by I inch cham•l., the ma~neti

t 4:4':&' ane4 1'h itvili p~rof *"tv WAi W~ mfi Hi~tn of eltbwer ki 0

i~orp 2,~ 11 x.~ 1"pical ciP'<ce trAto' fsr A *hot in 10l m;i 114 t4
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YWCA~~~~~ 'tO"t lýt.ný .loýo rrrs-nt tliu- troicit) and
4-4, g NP~ fpr I reý c) tin I in 6 I thch rv*O; .C dr~i'on N040

gitv1wratig during pIotw- p MaI~~ ~ k e-orirw imi 9 MA.

~ 1.7 wl . WIM ch4otwrl p~rv*mr 13 mm tilt
a* ?
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air, rho generator load is 19 millohms. The sweep speed is 10 micro-

seconds per cm, rhe upper trace is the voltage at 50 volts/cm, ania the

lower trace is the current at 5. 35 kA/cm. The peak current is approxi-

1,ý;., 7 kA. The peak power is approximately I MW and 43 jodles of

energy are delivered to the load. Figure Z. Z9 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

ran le seen that detonation products propagate in air with a sharply defined

front. 1: is also apparent that the slug of detonation products expands as it

ftows; down the channel which would cause a distribution in velocities along

the condu•-ing slug. This velocity distribution, as discussed in Section

:. -'.., may accou.at for the reduction in the open circuit voltage. It ia 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 slug

t-aves the electrode.

It can be seen that the velocity is attenuated slightly as the

!•etOiitiaol P1QJUu•L6 iii'.V . ii tit o , ,w.t! i. rhv. iniigil %;vluvity is appruxi-

mately IlZ. kIit ,;c, whith rlows down to S. 4 kmis*% between the third andi

fourth probe#. rhe average! velocity is 10. km/ sev over the lenjgh of the

rhaonel with this load. An average of data taken with an 0. 5 ohm load

roilstor, which Is almost eq.ulvalet to an open circuit condition, indicates

an averagie velocity of O. 5 km/sec. These rt-sulits wojld imply that the re-

mttval of 40 joules of energy has slowed the detonation prod_-it* ,fv 0..1 k•'.• ' 0

A number of similar 4hots were made w.ith ar•t•n an the initial .

in the *hiannel, In the arigon thots thc rc ii. a precu r •hik h .s*hi r.-

16
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voltage on the probe 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 lists the load resistance, the peak current,

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

load 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-

mnoved 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 the number of joules delivered to the external load. It can be seen from

?igure 2. 30 that removing 16. 5 joules of electrical energy slows the

detc-iation product front by 0. 1 km/sec. This data supports the previous

assumption that the velrocity was not markedly changed in the present experi-

mnents by the MHD interaction.

98
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TABLE 2.8

DATA TAKEN DURING PROBE EXPERIMENTS IN 1 INCH BY 1 INCH

CHANNEL SHOWING SLOWING D-)W\NT OF DETONATION PRODUCTS AS

ELECTRICAL EN.-RGY IS GENERATED

Load Resistance Current Power Energy Time to Travel
ohms kA MW joules 40 cm

9.5 0.048 0.025 1.2 38.5

0.5 0.685 0.24 11 38.5

0.5 0.642 39.0

0.096 3.1 0.92 441 "

0. 096 3. 1 40. o

0.051 4.71 . n6.

O.051 5.14 'tO. 0

0.0195 10.7 40.0;..0 100

0 It195 0. .Z 4 .

.) O45 11.75 ,.0 98 •

0.0045 23.6 2.4 115 41.0

0.0045 22.5 41.5

0.0013 na 2.08 100 41.0

0.0013 39,1 42.0

:0
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3. 0 LONG DURATION PULSED POWER

3. 1 Introduction

T'he conversion of chemical energy stored in condensed explosives
into useful electrical erergy through MHD methods described in Sectiot 2. 0

of this report has produced encouraging results for times up to approximately

100 microseconds. Many applications for pulsed electrical power will

require pulses fur longer durations than can be achieved with detonating

systems. Therefore. this phase of the program was oriented toward con-

version systems using slower burning, dieflagrating compounds with the

objective ,f ac.hieving pulses ranging from 1 millisecond to I second or more.

Inh these experiments, deflagratizig compounds are used to generate

hot n ,.to•ombustion chamber. These gases contain low ionization

p:.terltial materials, which are partially ionized at the flame temperature.

The ionized ga-es are then expanded into the MHD power generation channel

which has a transverse -nagnetic field. Electuical power is generated by the

rtelative inuthion of the conducting gases through the magnetic field. Calculations

and experiments indýcate a conductivity level of 1000 mho/meter.

The f!,lhwing sections briefly describe the experimental apparattus

itnd the s* .:-izo experimsental data ubtainied. Background infurvnaiion "n

the d -'ig; :hv appartatus. the choire vf propellant system" and the det~ihvd

results ,. prviuus ,xperinemtit are c.,taiatned in Reflrences (1) znd (2).

i.2 F%.perimental Apparokuii

. 2. 1 Dt-sgn 0b!ýt tivr I

The m4e)tor de-to ohfrctivo wa to ,it,'hievo veromility uf the tro

p~r~i.pr~ rmillinM roli.4ivrv mb M'611 -nMIfI .tio h e M44k. of V
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L'i ynarnUc paraameters as practical. The configuration' chosen was such

:s; •o ,rdic, high velocity gases with high conductivity. The important

DxI.:aZreter to be maximized in these experiments is the product of con-
2

(iu1Civtv ltinnes the velocitý squared. au To a first approximatiou,

this wi.l result in the maximum power production per unit volume for a

, n value of roagnetic field. The high conductivity was achieved by tbe

high trn.perature r ombustion of light metals (B and A]) with alkaline metal

nitr..te oxidizers (KNO3 and CoNO 3).

The basic facility used in the iong duration pulse power expe1i-

")elekz; ;I- -'hown in Figure 3. 1. A photo;raph of +his discernt'ed hardware

i.s sncwn in Figire 3. &. Figure 3. 3 sI-ovs how the test 3cCtion was modified

for tn&- nower generation experirnent-3 which are reported herein

3, Z. 3 Co.•ibustluo Chamber

The hot ionized gases are generated in the combustion chamber,

9,'-n .expNande- thr'ough a nozzle into the test section. The combustion

sh'xrner was sized for a deflagrating charge of 100 gins. Details of the

-mbu't'hm chtimber are shown in Figure- 3.4. Provision was made in the

±iicp olite !or approp-'4te tuungsten c.r carbon nozzles which were varied as

;o -oize and material.

The nozzle plate was subject to many changes. Early experiawnts

.th -t !6-mno.n diameter hole in a Atalnless steel plate resulted in clogging

,.'-th attendent reductior. in orifice vise. This clogging was assumed to result

from. condendnsatn af ,;oahbuetjon products. e*speally the solidifcation of

liquid alumina impingiug on a co!d niazle plate when using AI/CsNO chortisg

5 plate* were f•1.-I-ated tr-t !rxsti, with a carbon face toward the
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I. Combuta~ion chamber section
Z. Zytel insualator

IMicrowave 1instrumentation flange
4. Electrode facv
S. Micorta sIdewalls

Fit~ure 1. 2
DissombleAf vs.w *of supersonic W4lD channe~l

lot



MHlD researcho nc.

1C.

or

10

I 43



IVA research. ine.

Co~mbustion Cha~nbe r

Reiiet ed Hold-Down Bolt

Mylar Diaphragm

7164" Diarneter

Cros. Section of Comb.ustion Chamth-r wzi Noazal Plate.

Fi4ture 3. 4

10'
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coinbuetion ch;ar nber to re.diwe beat loss and with tungsten nozzle inserts

faced with carbcn. Thc size of the nozzle orifice played an important role

in all runs. Conductivity is a st -"-,Jtive function of combustion chamber

pr.ssurc. which is controlled by the nv'zAle orifice area for a given mass

fl -,, rat e. Ignition of tht. explosive was vitally effected by pressur.o, i.e.,

the burniui 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 coptrolled by the nozzle orifice size. The best

operation was obtained in this sys"em using the AI/CsNO3 charges with a

7/64-inch diameter orifice designed and fabricated as shown in Figure 3.4.

-v cha.:ibvr casing is fabricated of stainless steel tuLng with

l/4-inch thick walls. Provision vas made for a threaded breach plug tv

fac .litati: loading. Ports were provided for pressure measurerrwrts and

for ignition wircs.

The hold dvwn bolts on the combhotinh chanmber were relieved

in c rots section as shown st that they wutdld fail and vent the chamber at

a pr.soure of approximatelv 1000 psi. This .- curred during one run at

90%) psi whtn the ýo.tzle plugged.

i. 3. 4 Test Section,

Tev4 s•retiuns- tiod in ;xvrmrlt,-nt* are shown In Figures 3. I and

S. A . Thr Wshic. cniguration showin In Fipigre 1. 1 had a !small thr'ai "k Ih

gradually increrved La to.i makimn chamber s(re at the domp ta~nk end of

the rhatnbrr. A# can be sievrt from the photlgraph, Figure J. 2. this channel

ha* striight intertor aidewAlIs -4 thAt the rhinnel ws of runstant width with

gradu• Inc nre ri,.•Ihg hetht, pe-rmtnting i• ; •.a~er ratrulationx as a

"I t7



AMD research. Ine.

The channel, as shown in Figure 3. 3, has been modified to

include heated tantalum electrodes as well as to include modified channel

wallr used to provide a two-dimensional supersonic expansion of the

flow channel.

The test section is preceded by a rupturable mylar diaphragm

(sometimes augmneutcd with al."minum foil sheets) to maintain pressure

into combustion chamber for ignition. 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 as shown in Figure 3. 1 and were sheathed with 1/8-inch sytel

fittings for insulation. Other configurations used straight 1/8-inch

0. 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 Mwe

A 8mali clctromagart with pule fs fv Approximatoly i inch t

4 inches and capable of producing up to l.P w/m2 has been used with this

apparatus. Ihis t% a liov. olmilar to ,hat which can be produced by a

permanent magnet. The us* of permanent magnets In a pulsed power

genarator may be desirable for certamn applications. The position of the

Magnet pule faces relative to the electrodes used in the basic configuration

is shown in FIgure 3. I.

106
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i he 'iases disch,,rgf from .h1, tect section into a dump tank

Sitir capacity. The gaseous products of the disclarge can be

S-lv o urrc,3ive and to-:ic, hence they are exhiusted frum the dump tank

r-,:h ihe roof of the laboratory building. The dump tan!c is connected

v:x,.ý.lum puanp such Lhat it may be evacuated before each shoe. The

*r c:osore in the tank serves to regulate the p7essure in the dowistream

t •he test section. The 1000 liter volume has been calculated to be

t.' vuch that the change in pressure during the burning time of the

h.,rge wvili be of the order of a few percent.

-.- nductivity and Power Measurement Instrumentation

"rvh; lectrj, densities atid mobilitics predicted for the varioui

"0 .-,. ty.t;tems conmdertvd for use in these experimentS ijelicated that

, fducfv-tv. A7. i. variable over a wide range and is difficult to calculate

• am-y ,cvuricy. However, it is. the most importaut Farameter i the

-- tgýat:ivn Ar io,, A Aj.or bjcctive' ou1 exper:entn and f+-rt ,-

*;-"=:•- .+in 4 • fi rtv s ta •- ,- ~ti •++ g + ra r e n d +fil + ta , ++ + + v +A tml• + C r+q os

;' hr . Vr' " t- r•'V +,+tu, +at w* *tuvi t ix tq ?t'Vtii Osý
-.4' h*- V-Atw -e+-t ruvva V-1 rt l-.q.k I4 • iv

'. n wlYhich w4# tflI4 duri.g A ..orS

S• • •
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in ordcr to 6etu rtninc. the generator in~e-nal resistance, from which,

th fl(.-.n-ctivity ( an be rtet c i.e the v'cltage awd current th rough the

genlerat or are rtucu)rfdc' for veriousi external :oads. The generated electric

l,.;ds are of thc. order Of tO volts/cem with a TO kilojgauss magnetic field,

su tnat with a i -i electrodc separation, the open circuit voltagtes are of the

ordeýr of 46) vots. With thv indicatefd conductivities, the peak %Lurrents are of

tht, ordt.r of I(0 amperes or lc:,-s. Provislon was made to record the

current and output ý. utiagv continuousl\ as various load resistors are attto-

rnauti,. all v Sw it..bv into Owe cir.. nit. rhe ý-;v'le 1-itween oper -ircuit and short

ir. itl - rcpcato: Sc.t svrrl 'irtiv a second, 1 rom a plot of the voltave-ý irrent

-- Ji ,w 0int ýItryal c.irrner o rndiwact c of the generator can he

In ivt- to the- ir%-*1mvtati,-- for directly ohtaining the V-I

* .. at'~.V C~~ ru .- 'u bun empltvll in a mtierowave- Intfrferometevr

4vol'-11. r' mmotrk~'.e-ori ikd tri rcowae- Attvie-tation and phase- shifx h. made

atýv 4oinoUk-11 4Žnd ofd zktvt c.Akm~wr wht~re thfa gas drnsiiý at mi er~ozuae

4ati 4 r-c 1

iAý4 presoro in thir n' dtiwr * " ne4*0ret 41v~~ 4"forr
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3. Z. 9 Recurding System

rhe data from the assortprl sensors, the voltages across the load

rc sistances and the voltagei across the current shunts were recorded on a

Consolidated Electrodynamics Corporation Model 5- 1t4 multichannel re-

corder. Up to 16 channels can be recorded simultaneously. Fluid damped

galvanoryieters c~pa~le of 100 cycles per second response were used.

3. 3 Power Generation Excrinments

The •biective of this program in the gelnrition of long pulses of

power by MHD principles, using solid propellants as the energy source.

During the contract period many runs have been made during which MHD

power was gererated. rhe seedied solid propellants which were used had a

very h'.th electrical conducti.,ity. It was eKpected that the power outputs should

have been much higher than those actu&)Iv observed. Hfowever. one main dii-

advantage of these runs has been the small scale of the experiment. dictated by

safety consideratien*. It is belie•e• that e),ctrode drops olesorved in the

conductivity measutrnments to be reported in Secti-m 3. 4 were a ma)or #t•aar

Iimitiog thv puwtr output., Th-,,ý etporivtwnts tsttget a (avorable 6-r-lriup

potertial. In kh*se ,Peri twIt'i four 4lfirvni•vYPC, Ot chartI we're uAed

For the firot *crieS# fIb ries I) tlw i h lh *Ai i t ea amilnhotr ptlrhloratl

resin pr peUa- which had been tevdeod with C-4 rhe remalntirt throo ~tis

ignition flitýtdlttt.llf $. for#'410dtt4k r 'ht
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The initial power generation runs, using the Series I and Series

2 charges, were conducted in the channel arranged as shcwn in Figure 3. 1,

or in an -titernate arrangemnent-: where 2% thoriated tungsten rod electrodes

were used, similar to the geometry used in the conductivity 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 yi.elded subsonic -elocities indicating

that shocKs were occurring. No current could be measured within the

-sensitivity of the apparatus, which had been calibrated for a very highly

conductive plasma flov?.

For work with the Series 3 charges the externally he ted tantalum

sheet electrodes shown in Figure 3. 3 ert employed. It was hoped that the

high temperature of tOe electrodes would not only deter condensation of flow

products; but in addition, the tantalum should emit therinionically providing

a cathode with % lower potential drop. The I.ectrodes were heated by 60 cps

alternating current. The spacing for the gap-between electrodes was determined

from optical observations of the edge of the jet made during previous runs.

For the first run with this apparatus, a single 0. i2Z onm load was

connected across the electrodes. The open circuit voltage across , set of

downstream electrodes was used to monitor the gas velocity. The electrodes

werL aeated to a brightness temperature of 19000 K (2020° K true) two

seconds prior to firing.

Figure 3.6 shows the recorded current through the load. The, power

generated is disappointingly low, nev r exceeding 2 watts. The vurrent was Ot

least a factor of 10 greater than the calculated thermtionir ernissiun of tantalum

at 2000 K (ib ma/cmvs 1 V8,I aai. 2 jhe owl:tge prulA m indi .. ttvd that the
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gas velocity wa3 about 1.450 km/sec at the downstream station, which is

definitely sUpersonic. One possible explanation for the low power le- is that

the elect-odes did not contact the plasn.a and should have been moved inward

for better contz t.. j*'i.other possible explanation considers the exister;ce of

a large sheath drop despite electrode heating.

rTo determine I" .lectrode temperature was a factor, a run was

mnade with the electrodes at Tb = 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 temperature would help. The load was changed

to I ohm with the magnetic field remaining the same (1. 07 w/ra ). The shot

was normal. The resulting voltage drop across the load for this shot is shown

in Figure 3.7. The maximum power level in Z9 watts. The current trace had a

shape similar to that of the previous shot. The maximum currents for both shots

wert of the same magnitude. The open circuit voltage on the downstream

probe was abnormal. At run commencement the voltage went to -- 3 v•Its where

it remained until burnout. This could indicate .ubsonic flow at this location or

shorting across the sidewalls.

From this run it can Vie concludetd that either the poor electrode contact

or subsonic flow, or both, *.ere fatlors limiting the power output in these experi-

ments. Suosonic flow can 4* cauoed by the presence -.( the electrodes which

produce local shuc•k wave*.. /he maximum power generation, about 30 imatts.

occurred durl.ng the borning of 14yer A of the propellant at a prcsure between

n00 and 400 poi. Layer I consioti. of S girs of 92% CNOIIA* and F1 K NO* .

rho, higher power iv.'l o.t thr hi4h pressurr voulc' h- tht, r4-sult t)( (Iir fa•torv

whith Are 4M1 h pakrt o4 the proprllanmt iormulation:
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B'e l/ KNO 3 increas' i the burning rate. This raises the

cilahcber pressare for a constant nozzle area; hence the combustion

Lernperature is higher. Since the initial electron density is highly

icrnperatore depeýndent, the resulhant jet is hotter and has more free

A•-trons; hence, higher c nductivity. The power varies directly with the

c onductivity.

(a) 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.

(b) When some B/KNO is prerent, the average molecular weight

oi the products is lower, producing a higher velocity jet for a given initial

tem-penrature.

(c') At any given temperature a mixutre of K and Cs bearing products

rn-ty yield a higher electron density than that of a compound containing only

Cs b.ccause of the large mass difference between K and Ca. There are about

three times more pota.ssium attnims/gram of burned material than cesium.

FA~ven though there is a large djifference in ionization potential it is possible

to obtain a higher electron density from a mixture in these experiments since

the temperaturcs are high enongh (%-4000 0 K) so that large percentages of both

Cs an,! K are ionized.

(d) The manufacturer of the charges had indicated that electron yields

for the AIiCsNO. charges are •atisfactory only when the combustion

pr.o%'irk ik higt'er thin inn ,ý-i; thiw tends to aupport statement (a) 41ýtwo.

Ditt to the wide dif'•'vvn in indicated gas velocity during tht'

diff,, rent runp, it was docided to abandon the free jot appruach awl hrottud tl,.

o•vt - roties with .t supersinic ilotie. IrhM* in ti,4ii -Ai y Otwv . 't•. in

I it
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ir . F. Ihe el(- trodes were xvidened to 3/4 inch to form a rectangular

flow channel (3/4 inch by I inch at the center of the electrode station) giving

ain area ratio of 80. 'his would indicate a flow Mach number of 4. 7 for a gas

with y -1. . A motor-driven rý)tary switch apparatus was arranged to

,, 1 ii•,- , :;nn1 v four different loads (10, 1.0.. 0. 1. and 0.01 ohms)

to the electrodes.

Th(e channel was tested with the Series 3 charges in a run where C

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

and occurred without incidrent. On development of the recording chart, it was

seen that the characteristic- pressure trace was recorded. However, the current

trace wtnt off-scale steeply on initiation of the first layer of the charge. It

was found that the gain had been set too high through plugging in the wrong

talvanonieter. The current during, the run was always in excess of 3 amps.

Inspection of the channel afte~r the run showed that supersonic flow had

existed in the diverging .4,k-tiun. Proof is given by shock reflection patterns

tn the sitidevw.tll at thv en.i of thc divrging section. There was extreme

ýýrosion of the rnit-a rta forting the supersonic portion nearest the throat and

*onrt 1la. -Irpo(tion dowtnstrr-awn. mar~ the electrodus.

11he , onfiZrution ohown in Figtre 3. L was then used in a run with

the, Svrivi 4 chargvs. rh- Soeri' 4 charge dlflr~s mainly in that the 1001.

;1'KN()j l~vvr i- not uxed. i%:turc- $. $ *htwe- thet upon circ'uit voltage, and the

vot4iia ro- 4 10. 4' olvni kI ri o ý- 4Ž 1 tunction of time during this run.

Vrr~t, tht- t~v i' lsia p#;int , xxp'*ti t ~ utlalt A 10. 4, tOn loati, volta.w c rrntt

Afqi Atv atr litut~v~ a~~~*vrt' l~-udrW.I(.*f u
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It is seen that the velocity, as indicated by the open circuit voltage,

''rc.scs with time, as the combustion chamber pressure drops. The flow

is initially supersonic, as indicated by the high open circuit voltage, then

bcomies subsonic at about 1. 0 seconds. However it is seen that the highest

%*otductance, which is proportional to conductivity, occurs during the burning

of the AI/CsNO 3 portion of 'the charge. The peak power generated during

this run was approximately 3 watts which occurs early during the run when

all is a maximum. It would thus appear that a B/KNO 3 -. AlCsNO3 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

channel 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 power generation

runs, experiments were conducted to measure the conductivity by means of

the following techniques:

1. 60-cycle current-voltage relations,

Z'. 14 mc radio frequency coupling measurements, and

3. 35 Gc microwave interferometer.

IZI
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The complete details of these experiments are reported in Reference (Zf.

The radio frequency coupling measurements and the microwave

interferometer data provided limited information because of the high cork-

ductivity. However, they did confiim the mcasurements made at 60 cycles -,

t!hat the measurements made 25 cm downstream indicated a conductivity of

100 nho/meter, at the time of peak combustion chamber pressure.

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 were conducted to measure the conductivity. In the first,

a 3/16 inch diameter carbcn nozzle was used and the pressure did not build

up sufficiently to maintain combt~stion; the c-harge burned for 1/8 Inch and

went out. The total burning time was 0. 4 seconds. During the run the

cturrent was so high through electrode pair •1 that the shunt solder meltcd

causing the shunt to fall out of the circitit. The final layer (layer 2) burned v.

this run -onsisted of 40% B/KNOt and 60% AI/CsNO 3.

The 361 galvanometers have A flat responaic to 8 KC: hence, frit',t I

reproduction of the current is assured when operating at 60 cps, A maximurr.

of 3PO amps was drawn at the first electrode pair about 30 milliseconds afte.-

ignition. The voltage drop across the electrodes, as indicated by the lnstantarle

voltage at the start of current conduction, was measured to be initially '7 vol't

total for both anode and cathode. This value decreaoed to 29 volts 160 inilli-

%v'und* after ignition, The measured conduetau.c at 160 milliseconds (after

overcoming the vnltage drop acro*#. the elerfrode}) ,-as A "thi,.

It
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The measured condluctance can be reduced to an equivalent

conduc~ivity in a number of ways. Assuming the column of conduction to be

c onfined to a cylindrical channel between the electrodes, the conductivity

would be 4600 mho/meter. However, the confinement of the current to this

channel is not realistic and an appropriate fringing 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

adjustmenzt 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 113 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 P., 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 conductivity measurements are on the high

side since the current (measured as 370 amps) heats the gas, increasing the

level of ionization. However, the average electrical power input for the above

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

123



ATID) research, inc.

-pproximately 10 time.,s this value. Rf-oc-, vcrv Jittlp beating rhno1d be

expecled.

To prevent a flameoult, the next run used a smaller nozzle (1/8 inch

dia) and ran successfully for 0. 62 seconds. In anticipation of high c,,,rents

at #i electrode a ballast resistor of 2. 2 ohras was added in series with the

electrode gap. The other electrodes remaived the same as the previous

run. All electrodes began conduction (in both directions) 10 trniUisecs after

ignition and ceased simultaneo-sly when the charge was expended.

Figure 3. 9 shows characteristic traces for electrode 01 at three

different times. A value of conductivity derived from the last current (*t

620 millisec) yields 600 mho/meter, 1/3 the value of the previous run (1800)

As the ballast resistor liSmits the current (55 amnps peak) this would support

the view, that heavy currents are joule heating the plasma resulting in false

conductivity values. Electrodes #2 and 43 which did not use a ballast resistor

gave conductivity measurements higher than the #I electrode. Comparison

of the 02 electrode with the previous ,shot yielded a decrease of conductivity

y a factor of two irom the previous shot.

Figure 3. 9 ilatratef the rhanqe in electrode voltagse drop as a

function of time. notice the deadband decreasing. Without forced heating of tht

electrode by "he impresscd current and heat transfer from the flow stream,

one would not exp-,ct it current to hsrtn flowing with Ics than SO volts. In th,

present experimants. where B 1,0 %*m1 , m u - kmlsec. and d the electrode

separation as 2. S cm. the rnaximrnb generated voltage, u x B 'Id would be

only 50 volts. Expert-nce of 0t6-r invvittigatora ha* %hown the #xistence of

eloctrode drops of this order. Thi•, re*,alt is one 's4i'lt gxplanstioa for the

poor output iro'u the power genwration run,* not etploying the beated eve"trwv*.

: = •
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Thf 'Lwt: r oaLput w~s approximately 5 %.stts. A number of generator load

curve, w-rý. taken which showed an increase in conductivity when the cesium

,i t r•,t -durni :ur powder purtion .0 the charge was burning. While this

PrPo• h appea•rs to hfve pron;it., it is indicated that further exp-riments
e .... e•:';., ,, k+ ia :• --,,vhat 'la oe+• s¢,-lP.
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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

b iipc....... z-s the energy source. The work with the con-

densed explosives has been -_,;rticularly successful in that large pulses

of power have been obLdined with relatively high conversion efficiencies.

The s'caling of these results to larger sizes to produce systems with

greater outputs appears relatively straightforward. Additional work is

needed to determine the optimum values for the various parameters,

however, the basic principles are well understood and the direction for

future work to increase 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

explosive charges. It was possible to generate power from the highly con-

ductive flow stream, but scale 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) flow,. With the

measured conductivity and the known high temperatures, very high specific

power outputs should be attainable using this technique.

127
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APPENDI. A - SCALI-NI AND OEOME'FRY CONSIDERATIONS
OF EXWLOSIVE-DRIVEN MFID GENERATORS

P-. R. Srnm and C. N. McKinnon

Measiuremen~s on the shaped charge-driven pulsed MHD generator

indicate that high power, high energy outputs will be obtained when this

type of device is scaled to a larger size. Already 23 MW (lasting about

3 0A secs) has been delivered to a resistive load. Important consider-

ations that arise therefore, are:

I. What scaling relations apply to this device?

2. Can the device compete favorably with capacitor

storage or some other form of conversion?

3. How can the power be delivered for times longer

than tens of l4 secs, 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 generation of electrical pulses of high power.

Irhe most obvious competi~tor is the capacitor bank. A typical capacitor

bank occupying a total volumc of I cubic meter might possess a stored energy

of 2 X 104 joules and provide a peak power of 1010 watts. Power supplies and

switching equipment would of course take up more space. One drawback of

this system is that, although a capacitur bdnk discharge can be initiated "i" 1

little delay, the capacikors must be char-;ed prior to discharge. The

A-I
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-apacitors ran be maintaiz(:Jd in the charged condition indefinitely, how-

,ver, this puts a severe stress on the dielectric and reduces their life-

tLne ard evCn in this event the inevitable leakage current would require

a S,.pply jX eectrical power to the bank. In this respect, capacitors are

strrage devices and not indapeLident energy sources.

The properties of compactness and zero power consumption in the

"primed" state make an explosive- driven generator an attractive

proposition compared to capacitors. A very large amount of chemical

energy is stored in a very small volurne of explosive and no power is

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

power cuneumed hy the triggering device. Neglected here is the power

re,luirernent tor the tnagne~ic field as this could be supplied by permanent

mag-,e..r in evrtw inotance=i. ['he pr,.bieiu i., Wo onviert this cxploi:'e

energy into electricel energy.

An#,thter ,ampvt-tor in the g.ierativn of pulse power are th. new

ptezo•c•vtric n-teriais. which transtorm a dir'ct mechanical stress into

41gh iowv V rieal Powrr, ..... ,.tir ewn-rgyv oitptit that car. Le

Y'prcttd from a cubic ryiettr is 4,oti $ 104 io|les, which could he delivered

in about I," .oct for a power outpot 0 the urder of IU w'ttv. Nih• probleto

:5 in providing the me•ihanical pressu•r of 1;A06o• psi over tho direfd sour-

face. Agtain, explo.ie vrtnray may hie cipa~h of providing the quick

1*k~rW~olvt tr4?i nt-cc* -4Rry for high ptower puise get,ozation.

ro d~ji,, Anf tow~ pw~iod powrr iPctrrhtoJf it to

A,
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FrncŽ! applications it sees ,-ca :-! desirable properties are high power,

r-ih energy, compactness, and in cer.air, instances, s-nall or zero

power consumption in the "prinned" condition. These properties arc

of course desirable in a continuous generator, but it should be noted

that efficiency, a property essential in a continuous generator, has been

ornitted. It is this omission that lends a certain flexibility to the desi•gn

of a pulsed MHD generator.

In the present experiments, the explosion products were channeled

through a linear MHD geenerator to provide a peak power of approximately

23 MW for a period of about thirty microseconds. The volurne of the
3

,.enerator for this power level is about I] 00 cm . Properties of the gas in

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

mentally determined nuantities are:

Velocity u %o 10 x !0• n/sec,

Electrical 3
conductivity&,~ 2 x 103 mho/m

vhe Pankine-Hugzniot equations imply a minimum gas density of about 5 kg/rn•.

".ith these e.perimental results, it is possible to estimate the power

output from a generator with the much larger demensions of 1 meter x I

meter s I meter, and so compare Lhe generator performance directly with the

capacitor bank or piezoelectric7 system described above.

In an MHD gencrator in which the magnetic field sstrength is i, the

power oUt'pUt pC!' ulit. vC'It;M V is:

A2

A -
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Thus with the experimental values for 4', u, and with B equal to

I weber/m2 (feasible for permanent magnets), the resulting power dernsity

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 P'vol

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

two reasons for this:

I. 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 (1 meter x

1 n.etcr x 1 meter) will be effective in power

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.

2. As the dimensions of the generator are increased,

the appropriate magnetic Reynolds number (Rm)

becomes much greater than unity,

R A& O'Lu.

In this equation/ 4 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

generator of

p m-a B Au
m•lax •

where A is the flow cross-sec'tion.

The upper limit imposed here is a result of the generator design, and

does not take into account the possibility of recovering inductivelyenergy

extracted from the gas system and stored magnetically. The usual "low"

R relationship

P u wu B

no longer applies.

The conditions for the present generator are:

Lip 2 x 10"z meters

R ow 0. 12.

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

w~tts 3. Fo" the ge,,erator with L tqual to one meter, Rm has a VIl~ui

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

given by the high relationship. Therefore,

Pmax (L : I meter) --, 8 x 109 watts.

rhis is somewhat less. but cn the same order, as that i~vt,ia) Oi.

low Rr M lationship. Anotht:r v.ery similar effect which also te44mes

Af, 1
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inportan. if i? is much greater than unit,, is the internal inductance of

the generator. It a'-n be shown that the power output from the generator

wili be substantially inhibited for the time it takes the gas shock front 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.

However, a one cubic meter generator would still produce respectable

quantities of power:

P ' 10 watts

-4
Extrapolating frc.n. present experiments, a duration of 10" secs

seems reasonable. giving an energy output of:

E z I x 105 joules.

rhis is more than competitive with other pulse power sources.

If low electrical power consumption prior to triggering is not a prime

considleratior, then electromagaets could be used (rather than permanent mag-

nets); this -Ao uld boost the applied field strength up to *ay 5 webers/m2 and

,so boost the power and tnergy output by a factor of Z5. In any event, the

source of magnetic field tvoitld occupy a substantial vclhame and would probably

inrerset the total size Vd the power soirce by a large fact.-r with the results

that an MlD generator ant! conden-er bank Loth eapahle of delivering between

ID anti 10 6 jtules would xC€up, much the simte volume.

i. ~~p~~lim d vilinr, t~*uh a to ot

.tmpk '~eof the 'i~..dyhiqh .I'lur itte

A."
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duce a high R interaction fia which the usual

low Rm generator relation- do not apply.

2. Proposed Radial MHD Generators

From the above discussion it --eems thEt the explosive

driven rectangular MHD generator is a relatively inefficient device when

reactily attainable magnetic field strength:• are used, the reason being that

the dynamic pressure, (Du2 of the inciient flow is much greater than the

available magnetic pressure.

"BO

Also it appears that much of the explosive energy is wasted in inelastic

expansion of the explosion cmamber due to the small solid angle that the

generator subtends at explosive. Even optimum charge shaping results

in no more than 5% of tho chemical eiergy converted into directed motion

in the MHD channel.

A notable improvement in bath respects should be achieved by using a

cylindrical confgsurailon in which a stick of explosive explodes radially. In

this case the density of the .xploding gas must perforce decrease with

increasnlu.radius to provide a more efficient match between the dynamic and

ma4retic preecrses and also ensure a much greater interaction crossseectios.

The ts o types of radial MHID interactions which have been considered are

adapions of the wellwknown* and Zpinch diecharge.

A*?
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f)-Pinch" MHD Device

This device 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

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

crease in the magnetic energy of the system

f Bdv.
vol

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. rhe smallest volume of the

aaiwtulu& (if we &ssuote aeilligible attenuation of radial explosion vclocity) is

determined by the velocity and conductivity distribution within the exploding

column, and this limit ts a consequence of the imperfect diamagnetism of the

explodiAg columu. This cross- section will be

SZ~r

It shoulu be emphasized that this is a very approximate relation. It should be

fairly simple to obtain a much more accurate rela ton for a simple model, but

thfs has not been attempted since the actual physical pruperties of the system

A-$
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are not well known. Assuming the above relation is correct, we can work

out the enhanced magnetic energy of the system. if the initial field is B 0

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

dr
B = O' 7F• " o ro

2

and so the final magnetic energy is,

dr B2

",42 i • o ~="•-- x original magnetic energy.

raking A = I meter2,. I meter, B. = I weber/meter 2, and R m ~ 6, we

have a final magnetic energy, E . of I megajoule.

Mobt of this magnetic energy could be converted into electrical energy

in a time, 3 04•4secs.
u VAo 10

'rhic would correspond to a power of approximately 3 x 10 watts.

While these figures are unduubtvdly optimistic, it scems probable that

both power and energy would be greater than one-tenth of the above vel.ips.

This indactive removal of energy has several advantages. For example, it

eliminates electrode sheath effects togethr with their absociated power losses

and by varying the number of turns of the solenoid, one can vary the output

impedance to match a particular load.

A-t
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",Z-Pinch" MHD Device

In the " G-pinch" device, only field strengths which could be

obtained using permanent magnets were considered. In the "Z -pinch"

device, see Figure A. Z, the initial interacting magnetic field is generated

by a current along the axis of the system, i. e., along the center of the

cylinder of explosive. rhis 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.

effectively acts as a current amplifier; the azimuthal magnetic field and

the radial velocity of the explosion produce an axial E field which aug-

ments the existing 'i1l current and so strcngthcns the magnctic inter-

action. We will consider a radial explosion in which the exploding column

increases in radius at a constant rate from an initial radius ro, the

conductivity of the exploding; gas is constant, and the initial current is I

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 energy of the explosion into electrical energy has been achieved.

For simplicity, we consider the electrodes to be short circuited and calculate

the enhanced magnetic energy of the system. If B"o is the field at some
AO0

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

from !he wire then 1 iA.

r

A-II
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I v is the radial vclocity at any point (the assumption of constant uniform
ivclocity is made for theoretical simpl-icity; it is virtually certain this

would not apply in practice), then the induced electric field at a point, r,

from the axis is
v x 2 IAo

and so the total current

1r=A4 o v(r - ro)

0e
R

0

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

seen that considerable current and hence electrical energy amplification might

be obtained. Here again the power output might be inhibited to some extent

by the self-inductance of the generator for the useful casc of Rm much

greater than one. This system i• ,,rv sensitive to Rm For example, if -

equals 5 x I10 mhosin-eter, then

I 15 3
"T-- = e rather than e

0

Significance of R in These Configurations

There are basically two types of power conversion systems described

in the foregoing devices. In the cartesian M14D generators which have been

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

converted from kinetic to electric energy. It is this feature that allows an

A-13
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cNPres.quon of mraximurn powver ouitput to be dcrived. In the radiai con-

fitgrations, the kin-tic C ,gy of the stream is first stored magnetically

and then r•ýcovered by inductive methods. Thus, the peak power output

,-•t iuh a systemn jq regulated by the recovery method, and not by the

energy flux oi the strea-m or "he initial energy content of the magnetic

fitici. The value of Rrn determines to a large degree, the effectiveness

of :he magnetie storage type oi device, because as Rm tO this

type of device becim'es efficient. Increasing Rm beyond a certain limit

would be of IiZtie value in the cartesian generator with direct extracvion.

.4)wever, it inductive removal of tnergy is utilized with this geoametry,

it can be generally sitated that optimum operation of MHD v,!nerators will

occur at the hz' piossible R-

We have .r-qutnýIy takoin VtL. applied field strength to be I weber/m

a . field vrength veadily ,btanable with perimansot magnets. If we

cosidor !.he Qt Ove tl higher fields obtainabit with electromagnets then

the rati#3-
enwrt otiuptut

initiatl i~netw•i enrgry

bvft€mci very si nificant parameter store in this case the initial m&tltetL:

energy ran in any case br readfly runverted to electra1al eneruy by switcnt4g

If fivid mtronthv greater thea I weberfmZ art r-luirtd in Ot it-ov

rtdlal gtf4rtt~rs. it 10i.'W* that Rm must t appreciably Or"ater tho, unity

for thq toI.raLOrs to be pre• t-:Ai.

i'Ab ra*hal vIgtieatur* bvtotno rlifi# tent AtW0 ci ow( whi'n their

dim~asioaa are increased to axmt i 'veterr h4eve-r, It k4 cit,*ry that all

tlhý vxvAodi041 %so he highly ods.inig rat~ttr thaik regn ý4 fr- c-* -1

esL*4 at pr#*'ent.
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APPENDIX B - ANALYSIS OF ENERGY STORAGE CAPACITY
OF RADIAL FLOW-PULSED MHD GENERATORS

A. preliminary analysis has been conducted to determine the anticipated

energy 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 u.7e in a space environment (i.e., the low pressure surrounding a

satellite would be used to maintain solid hydrogen at about 4°0 K).

It is vcry clear that a major portion of the weight of such a pulsed

power 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.

For instance, if Rely>> I then the power output in a pulsed generator, as shown

in Appendix A, should be:
Z 2•

P~a 2B 2Avmax o

A'o

where A is the cross sectional area of the flow moving with a velocity v and/o

is the permeability of free space. Thus, rather than put great emphasis on in-

creasing the gas conductivity CO, it is necessary to maximize B 2 . The most

feasible way to do this is to use superconducting coils.

B-I
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IJ. a- nalysis, it is assunted tLat 50, 000 gauss will be attainable

titl •,iperconducting coits at 5 K. fhz average specific gravity of the

.aDerconducting wire i-. taken a• 8 and the current density, i/A, a, Lainable,

as 1S" amps/cm.

The energy density in the rnagnetic field at this .trength is

FB Bz 7 3
"•-- - ----- 4W- = 10 joules/m

ii >e working volume is 10° m 3 then EB = 106 joules.

A Helmholz coil vould be used to gener Ate the 5. 0 wi/m2 over . volume
of 10 �r 3 , Taoiing th l coi radius as 0.5 m and separatiort as 0.5 m

th.en the magnetic field is given ttV

or the C'grrelt.

7 I
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For design purposes a conservative value of, I tota = 5 x 106 amperes is

used.

Nowv the current density,

I = 105 amps/cm

so thaL Lhe Lotal conducting area (cross section of the coil:) = ould be

A 22

A - x I = 50 cm or 25 cmru/coil.

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

will be doubled so that

2
A(each coil) = 50 cm

Thus, total volume of superconducting material plus associated insulation

at an average specific density of 8 is:

Volume = JA

= 2 (27'r(o. 5) x 5 x 10 3)
-2 3

- 3. 1x 10 m

and the mass = PV

= 8 X 104 x 3. 1 x 10 m
m

= 250 kg = 550 lb.

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 morc attractive uses for a pulse power systmrn

would be in space, some thought has been given to the best manner of cooling a

B-3
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sliierccrducting coil in tcrrns of verall mass of the cooling system and its

complexiy, The temperature required for superconducting coils to operate

efficiently is about 5 K or less. Liquid helium, of course, with a boiling

point of 4.1i. K is the first thouAght for use in the system. However, from

the point o:f 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 complexity and require electric power. On the

other hand, solid. hydrogen has a much higher thermal capacity as a thermal

heat sink.

When liquid hydrogen is exposed to an ambient presaure of 50 mm 1-g

or less, a S•rNall p.rcentage will "flash" to vapor and the remaining major

portion will freeze to a solid form at a temperature of 140K or less. At an

amoient pres3ure of approximately I mm Hg, the sublimatibn temperature

of the hydrogen "ice" will be reduced to 100 K, and at 10-5 mm Hg further

reduced to 5 0 K. This relationship between temperature and pressure is

shown in Figures B-I and B-2.

As the vacuum envirornment surrounding a cryogenic coolitig system .n

space will be less than 10-6 mm I-g, the temperature of the solid hydrogen

heat sink can be maintained at temporatures as low as S K by proper cntrol

of venting.

A pre'iminary analysis was couductv"d L t, " the .. s.ful N ,hrfo te

weight ratio for a cryogenic container suitable for cooling superconductirg

magnet coils. It was estimated that I m ,ef volume was required and that a

steady- power dissipation of 0. Z wdtts occurred duo to the coils. With propcr
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insulation and vacuum venting, power absorbed from the outs:-de could be

kept to the sarre level, 0. 2 watts. The total weight of hydrogen 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 I m3 .

3
The I m 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, Z40 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 2 50 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 coilb fully =aicrgized sLo,'e

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.
13-7
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The power per unit volume that can be produced. is based upon

nmesentlv obtained values of oand v. Conservative values for these

quantities are:

velocity v~5 x 103 m/sec

conductivity W€# 3 x 103 mho/mr

P/vol = Iv-B-
4

Now, ,i:

B - 5 wlrA

P/vol 3 x 45 x = 470 x 109 watts/mr
3

4

4.7 x 10 wattsm3.

If the active volume is limited to the 0. 1 m3 over which B o 5 w/m2

then the maximum power level would be 4. 7 x 1010 watts. However, experi-

mert has shown that a "slug" )f gas only about 5 cm in length is active in

4%tuaatiaii powr. In the rresent case this would reduce the power level

to4. 7x 10,9witts.

rhe time duration of this power would be approximately'

d .25

T14k;kii, hc C•pectc"I er"-gy Into A o04.A would be

-E P4 x tO")tl.

0 -h

4. 7 x D X I I 10i

W) 10' )i i i
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Now 1 pound of explosive co.- .. 7 joucz A-ich woud 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 should have a mass of no more ,'than 250 pounds.

Summary Table of the System

Coils 550 lbs.

Supports 750 lbs.

Cryogenics 240 lbs.

Power Supply 260 lbs.

Explosives 40 lbs.

Cartridge System 60 lbs.

Explosion Tube 250 lbs.

Total Weight 2, 130 lbs.

Total energy out is Z40 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 pcrccnt. This, however, would have to wait

experimental and engineering development.

B-9
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