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SECTION I

SUMMARY

This is the final report on work completed under Contract F33615-72-
C-1394. The goals of the program were twofold: (1) To develop the
technical base to allow for the design and construction of lightweight,
multimegawatt deflagrating solid explosive driven MHD (C-MHD) and, (2) to
evaluate the feasibility of multikilowatt, high-repetition-rate detonating
solid explosive MHD (X-MHD) generators. This work was to include demonstra-
tion of 4 MW power nutput from a deflagrating explosive generator with a mass
flow rate of 4 kg/s and 25 kJ energy from a detonating explosive generator
at an efficiency of 5%.

The report is divided into two sections which are organized in a
roughly parallel format. Part I covers the work on deflagrating explosive
MHD while Part II covers detonacing explosive MHD. Each part has an introduc-
tion, a description of the experimental apparatus, the test results, conclusions
and recommendations for future development. 1In addition, Part I has a section
covering the selection of a solid propellant while Part II has a separate
section with some additional discussion of the X-MHD channel performance.

The early part of the program dealt almost exclusively with the theory
and design of X-MHD systems involving explosives, generator geometry, and
magnet. That portion of the program has already been reported in an interim
report,1 AFAPL TR-73-16 (DDC-AD 762934) dated May 1973 and is not included
in the present discussion. The fabrication of the experimental apparatus
wacs not covered in the earlier report and is, therefore, discussed in
the present report. Additional detail is also given on the design of the

C-MHD channel and fuel since they were not covered in the earlier report.
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Although it cannot be claimed that the very ambitious goals of the
program were fully achieved, some significant positive steps toward
fulfillment were taken. A maximum power output of 2.4 MW was achieved
in the C-MHD channel at a mass fiow rate of 3.2 kg/s. This corresponds
to a power extraction of 0.74 MW/(kg/s). The X-MHD device produced a
maximum energy output of 11.8 kJ from 1/2 of the dual linear channel using
0.05 kg of Composition C-4 explosive. This corresponds to an efficiency
of 5.7% based on the heat of explosion .f the charge material. As is
shown in the following sections of the report, the reasons for reduced
performance have been identified and a future course ¢f action has been

suggested to obtain the desired performance from both types of generator.
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PART I

DEFLAGRATING EXPLOSIVE MHD STUDIES
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SECTION II

INTRODUCTION

Deflagrating solid explosives have found extensive application in
tactical and strategic rockets because of small size and high energy
content. The propellant contains both the fuel and oxidizer which
eliminates any requirement for separate storage of these components or need
to provide a way of mixing prior to ignition. This is particularly important
when long-term storage or portability is required. The lack of valves or
cryogenics for the combustor also increases reliability of the system.

The advantages of a solid propellant in an MHD application are expected
to be as follows:

(a) High conductivity of combustion products

(b) Relatively constant conductivity with expansion

(c) Efficient conversion of gas dynamic energy to electrical
energy

(d) Compact, high density source of high temperature gas

(e) No valves or cryogenics for combustor

(f) Long-term storage capability

(g) TFast startup even after long, inactive period

(h) High reliability

Figure 2-1 shows the calculated conductivity of a cesium-seeded propellant
as a function of channel entrance pressure starting from a 20.4 atm chamber
pressure. This figure demonstrates that the expected conductivity is
several times higher than normally associated with seeded combustion
products of liquid hydrocarbon fuels and oxygen.

Both the high conductivity and its relative constancy are due to

the extremely high flame temperature, the relatively slow temperature
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drop with pressure along the isentrope, the high sced concentration, and
the relatively greater importance of electron-ion collisions which tend
to make the conductivity insensitive to temperature.

High power density and a small length-to-diameter ratio with reduced
friction and heat transfer losses and low weight are direct results of
high conductivity. Additional benefits include reduced field requirements,
reduced breakdown probability for fixed power density, and greater factor
of safety. The benefits of the relative constancy of the conductivity are
more subtle and can be described as ease of diagonalization over wide
static pressure ratio and much greater design flexibility.

The first experiments with a deflagrating solid explosive as an energy
source for MHD power were performed in 1963 at Hercules Incorporated. This
work was continued through 1967 under both IR&D and contract funding and
it included demonstration of 1.5 MW at an efficiency of 5.3 percent.

A well documented example of the use of solid propellants for an
MHD application is given in Reference 2. Thic example shows clearly that
excellent performance can be obtained from solids even though the channel
used for the testing was not designed for use with this propellaat. This
work began in mid-1967 when Hercules obtained a contract to furnish 20
10-pound solid propellant grains, motor hardware, and a mating transition
section to the University of Tennessee Space lnstitute (UTST). These
grains were fired in the UTSI diagonal conducting wall gencrator aad also
in a UTSI Hall channel. The basic conclusions that can be drawn from the
UTSI work are as follows:

(a) Solid propellants offer an increase of at least a factor

of 4 to 5 in the specific energy over that provided by RP-1
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and gaseous oxygen.

(b) The solid propellant gave a sp:cific power of 0.23 MJ/kg
with an average efficiency ot 3.5 percent and a one-
test efficiency of 5 percent.

fc) Condersation of aluminum oxide on elcctrodes and
channel walls is not detrimentai to the gencrator
performance.

The solid propellant wes of a type similar to the double-base
metallized propeilants used for rocket applications, except for the high
potassium nitrate loalding (12.7 wt percent). The solid combustor used a
cylindrical core solid rocket motor operating at 23.8 atm through a heat
sink graphite nozzle and a transition section connected to the generator
channel. The nozzle throat area was a 3.2 cm2 with a channel inlet ratio
of 16:1. Computations indicate the following chamnel entrance conditions:
Mass flow rate, 0.52 kg/sec; pressure, 0.211 atm; gas temperature, 2630°K;
mixture velocity, 2250 m/sec; electrical conductivity, 73 mhos/m; and

wt/B, 2.1 mz/volt-sec (where w is the cyclotron frequency, T is the mcan
time between collisions for an elecctron, and B is the applied magnetic
field). The calculation did not consider heat transfer or particle lag
so the corvect temperature would be below 2630°K.

UrSI fired the Hercules propellant in two different types of
channels. The first type was a Hall channel while the second set of
tests were performed in a 45° diagonal concucting wall (PCW) device.

Both conductivity and power output were measured in the DC7 channel.

2
The results of these tests”™ were as follows:
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Hall DCW

Conductivity (o) 40-55 mho/m --
Hall Parameter (wT) -- 0.47 - 0.73
Peak Power® 18 KW 117 XwW

Peak Specific Output Energy”  0.021 MJ/kg 0.23 MJ/kg
The average power produced during the first test run in the DCW channel
was 162 KW at a load rrsistance of 7 ohms. The maximum power produced

was 208 KW during part of onc test.

The most significant aspect of these tests was the fact that the
45° DCW channel with a solid propellant produced a generator output of
three to four tirmes that produced by a 20 percent higher mass flow rate
of RP-1 and gaseous oxygen. For an airborne system this would be a sub-
stantial advantage in addition to the greatly superior handling convenience
of a solid propellant over liquid or gascous reactants.

The efficiency of converting the total mixture enthalpy into

electrical energy can be calculated from

Eff = Electrical Power Out. x 100%
Total Mixture Enthalpy per Unit Time

The available total enthalpy for the UTSI experiments was 6.6 MJ/kg which,
at a mass flow rate of 0.52 kg/sec, gives an energy per unit time of 3.4
MW. This input power gives an efficiency of 3.5 percent. It should be
noted that the channel used in these tests was not designed for use with
solid propellants.

This part of the report covers all work which was performed on defla-
grating explosive MHD (C-MHD) under Contract No. F33615-72-C-1394. The

work was mainly experimental, although a significant amount of analysis was

*
Based on best fit, voltage-current characteristic curve.
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done as a part of the channel design task. The following sections discuss
the solid propellants used, give a description of the experimental apparatus,
including the subscale test hardware, prescat the test dats optained with
two different propellants, and give a description of problem areas. The
final section of this part contains suggestions for future development

of C-MHD.

2-6




REFERENCES

C. D. Bangerter, A. H. Peterson and E. E. Covert, "Operation of Solid
Fuel MHD Generators," Proceedings of the Eighth Symposium on Engineer-
ing Aspects of MHD, Stanford, 1967.

D. L. Denzel, L. J. Davis, J. Muehlhauser, Y. C. L. Wu, R. E. Raylor,
R. H. Oliver and J. B. Dicks, "Performance of Solid Propellants in
Diagonal Wall Generators," in proceedings of the 9rh Symposium on Eng.
Aspects of MHD, Tullahoma, Tenn., Apr. 1968. Also see "Experimental
Study of Diagonal Conducting Wall Generators Using Solid Propellants,"
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SECTTON IIi

SELECTION CF A [OLID PROPELLANT

A. general Criteria for Solid Combustors

Deflagrating solid explosives or solid propellants, as used in tnis
application, refers to a propellant in solid form containing the oxidizing
material and fuel within the same matrix. This discussicn will further be
limited to the double-base matrix, as opposed to a composite system. This is
due to the higher temperatures achievable with the double-base system. The
double-base system is so named because, classically, it has as principle
ingredients nitroceliulose (NC) as *he fuel and an energetic plasticizer,
usually nitroglycerin (NG), as the oxidizer. Various other materials are
added such as aluminum to increase temperature and various plasticizers and
burning rate modifiers. For MHD applicaticus, it is also necessary to add
metal salts as seed materials. These are usually added in the form of an
oxidizing salt such as KNO3 or CsNO3. Composite propellants are made by
embedding a finelv divided solid oxidizer in a plastic, resinous or elasto-
meric matrix. This matrix usually provides the fuel for combustion of the
propellant.

Solid fuels burn by parallel layers such that all burning surfaces
regress in a direction normal to the burning surface. This allows the
designer to predict the burning surface area as a function of time and
allows the design of neutral burning surfaces. The burning rate of a solid

fuel depends on the combustion pressure. In simplest form, this can be

expressed as:

where b and n are constants characteristic of the given fuel system and
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P. is the chamber pressure.

The mass flow of the fuel can be written as
m = Spr

where S is the grain surface area, p is the fuel density and r igc the

regression rate. The mass flow rate can also be written as:

m = pCCdAt

where Cd is the discharge coefficicnt which depends only on composition
and temperature of the exhaust gas, and At is the cross-sectional area of
the throat. Under steady-state conditions which are reached very rapidly,

these two equations are equal so that
C,A_=Spr = Spbp "
Pctafe P PP,

or
1

_ (Sgb 1-n
pc T VA C
vt d

The ratio of S/At is called K.
For an ideal gas with constant specific heats and no viscosity or

thermal conductivity,

1l
d a. w1l

where a_ is the sound speed in the chamber and v is the specific heat

ratio for the gas. Aluminized rocket propellants usually have
a, ~ 1100 m/s

Yy ~1.18

3-2
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Cy ~6.6x 10"+ s/m

In real situations, the values of r and K as functions of pressure
are determined experimentally. Figure 3-1 shows the dependence of r and
x on pressure for a specific propellant. A value of K is determined from
the experimental data which yields the desired pressure and this, in turn,
determines the buraing rate. The mass flow rate can also be rewritten in

another useful form as
m = KAtpr.

B. Special Ccnsiderations in Applying Solid Propellants

The combustion of solid propellants prnduces a gas togecher with
aluminum and aluminum oxide droplets. The general treatment of a chemical
reacting flow containing solids or liquids which participate in the chemistry
and undergo phase changes throughout the flow is extremely complex. Conden-
sation rate, particle growth, size distribiution, and reaction rate all
interplay with details of the flow s locitv, temperature, and
pressure gradients. Phenomena such a 1sed phase temperature and
velocity lag and chemical nonequilibrium can complicate the genera: analysis
of such flows considerably.

In general, complications due to presence of condensed phases are
pronounced in regions of high gradients and tend to become of minor
importance where gradients are small or nonexistent. Large gradients are
commonly present in boundary layers, shock waves, DeLaval nozzles and,
occasionally, in combustion chambers, and consideration of the detailed
effects of condensed phase loading is often rnecessary in these situations.
On the other hand, in situations where there is moderate "run'' at low

gradient, near equilibrium conditions may be expected.
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Figure 3-1. Plot of Burning Rate and Grain Surface Area to Throat Area (K)
Versus Combustion Pressure
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An MHD generator empioying solid fuels usually operates at supersonic
velocity so the generator working-fluid can pass through regions of high
gradients prior to reaching the MHD channel. However, in practice, the
regions of high gradient will be well v 'stream of the M{HD gererator because
the expanding supersonic nozzle flow mus: match the expansion angle of the
MHD generator at the channel entrance. This generator expansion angle is
usually quite small (0-4°} so the nozzle expansion resembles that cf a long
wind tunnel nozzle designed to produce nearly parallel flow rather than the
widely divergent propulsion nozzle commonly associated with solid provellanc
rocket motors. Since the gradients do turn out to be smail, at least in
the generator, the gas-condensed phase mixture can te treated as a single
component continuum in most MHD applications.

C. Related TR&D Activivies

During the past several years, Hercules has maintained an IR&D program,
one of whose objectives was to formulate and evaluate MHD propellants. The
propellants used for the present contract were developed under this IR&D
program. The following is a summary of these activities as thev relate to
the present work.

1. Propellant Formulation

A major factor in obtainin-, the optimum performance from the
MHD generaLor is selection of the optimum propellant formulations. The
properties that are required to achieve the highest possible level of
electric energy generation are:
(a) High conductivity of the exhaust gases
(t} High gas mixture velocity
In general, the velocity increases and the conductivity decreases as the

exit pressure decreases at a constant chamber pressure. Propellant
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characteristics that increase gas mixture velocity are high flawe
temperature and low molecular weight gases.

These requirements dictate the use of the highest possible bjader
cnergy consistent with processibility and mechanical pruperty considerations.
The high flame temperature requirement also dictates a high level of a
metallic fuel such as aluminum.

Hercules has conducted a large number of calculations using a
thermochemical computer code which has an electrical conductivity option
to determine the propellant formulation parameters that give the necessary
properties for obtaining maximum electrical power generation. The program
ugsed is rrimarily a "free energy' procedure for calculating equilibrium
composition of complex gas mixtures; the basic premise being that chemical
equilibrium in a gas mixture at a given temperaturc, and pressure is
attained when its total free enecrgy (Gibbs' function) is minimized. The
theory on which the program is based has been extended by several authors
to include the effect of condenseud and ionized molecular species on equilibrium
composition, and procedures based on this work are incorporated in the program.

The principal use of this program is the evaluation of rocket
propellants by simulating their performance in a rocket motor by taking
the theoretical specific impulse as a performance criteria. Chamber con-
ditions in the motor are determined by assuming a balance between the heat
of forma.ion of the reactants and the enthaipy of the products of combustion.
From these conditions, the entropy in the chamber can be determined. Taking
this entropv as a base and assuming an isentropic process, the products
of combustion are expanded to specified stations in an (ideal) nozzle.
Conditions at these stations are then determined, and the theoretical
specific impulse anu product composition are calculated from the enthalpy

difference hetween the chamber and the subject stationm.
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The program also includes an optimization procedure and the
capability of calculating equilibrium composition at a specified tempera-
ture and pressure. Transport properties for the mixture can be obtained
from a separate program. An electrical conductivity option is available
to modify this program giving the conductivity and gas mixture velocity
at any specified station.

The parameters studied in these free energy runs were as
follows:

(a) Level of electron generator. Pctassium nitrate and
cesium nitrate were the two electron generators
studied with this program,

(b) Binder energy:

(1) 1Increasing nitrocellulose (NC) and the expense
of nitroglycerin (NG).

(2) Increasing NG at the expense of the low energy
polymer, polyethyleneglycol adapate (PGA).

(c) Aluminum level.

(d) Solid oxidizers in place of energetic binder.

(e) Trade-off between potassium and cesium nitrate
to determine whether synergysm exists.

Each of these factors are discussed in the following paragraphs.

a. Electron Generators

Alkali metals are the obvious choice for an electron source
because they readily give up an electron to form a complete orbital shell.
The alkali metal that has the lowest ionization potential is cesium but
potassium was also considered because of its substantially lower cost.

The logical manner to incorporate the alkali metal into

3=-7



the propellant &z, -~1rs co be in its nitrate salt. The nitrate provides
considerable energy and oxygen to the propellant without adding electron
sink atoms such as the haiogens. The pure metals are much too reactive
to consider for use in propellants. Both potassium and cesium nitrate
are commercially available and both are chemically compatible with other
common double-base propellant ingredients.

A comparison of the conductivity O and gas mixture velocity
u, using the relationship ouz, indicates that the cesium nitrate should
outperform potassium nitrate by roughly 20 percent when CsNO3 is substituted
for KNO3 (in the same propellant that was used at UTSI). Additional tailor-
ing of the ingredients provides a further increase in the conductivity.

Because potassium nitrate is cheaper than cesium nitrate,

a cost-effective advantage might be obtained by replacing part of the
CsNO3 with KNO3. Also, the possibility of synergism between the two might
result in higher performance from the mixture than could be achieved from
either by itself.

Free energy equilibrium flow calculations indicate, however,
synergism does not exist and a nearly linear reduction in conductivity occurs
when replacing CsNO3 with KNOB. Cost effectiveness studies will be required
at some future time to determine whether an advantage could be obtained

from using some or all KNO3 in place of the CsNO3.

b. Binder Energy

One of the important properties in the gas stream tlat
determines the conductivity and gas mixture velocity is the exit temperature.
The energy of the binder (or heat of combustior) greatly affects the exit
temperature; the higher the energy, the highe: the temperature. Therefore,

an important part of the development of a pripellant is the development of
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the highest energy binder that is attainable while retaining manageabie
mechanical properties, processibility, and low hazards.

The most energetic binder presently in uce is the double-
base binder. This binder, which is based on NC, NG, and a low energy
plasticizer, triacetin (TA), can be made even more energetic by lowering
the NC level and the amount of low energy compounds such as TA. One methoc
for accomplishing this while retaining the good mechanical properties is to
chemically crosslink the NC to make a continuous gelled polymer matrix
throughout the entire propellant

Figure 3-2 shows the changes in conductivity that are
obtained by these adjustments in binder composition. Increasing the NG
content by 4 percent at the exninse of NC or by 2 percent at the expense
of low energy organic compound such as TA increased the conductivity by a
factor of 1.4 and 1.9 respectively, accompanied by slight increases in gas
mixture veiocity in both instances.

of Aluminum Content

T'ie oxidation balance of the gas mixture also markedly
atfects the conductivity of the exit gases. A propellant having an OMOX
ratio of near 1.0 has the highest conductivity. (An OMOX ratio of 1.0
indicates that gas composition consists of metal oxide, CO, and H2.)

The most effective way to vary the OMOX ratio is to vary the aluminum
level. Computation of the conductivity and gas mixture velocity versus
OMOX are shown in Figure 2-3 in which the only change is varying the
aluminum content at the expense of NG. The condictivity has a sharp
maximum slightly below an (MOX of 1.0, whereas the gas mixture velocity
continues to increase above an OMOX of 1.0. The product OUZ, however,

achieves its maximum value very close to 1.0 so the aluminum level should



£31ATI0NPUO) U0 4Baduz iaputy Jo 21093319

"Z-¢ 2an814

(%) INJINOD 9N NI dASVIMONI

9 7+ o+

TAAIT TOJINOD

0¢1

[4A}

%1

NI OH ONISVIHONI

ON 40 HOVid "

— -———9z1

— — 821

UNNOdHOD A9¥ANT MOT QY

40 HSNAJXA LV ON ONISYIAMONI

—a o1

— : 2€7

(4413 /0HKW) ALIAILONANOD

3-10



L31007094 9INIXTW SBH pue KITATIONPUO]D U0 OTIRY XOWD JO 392334

*€=¢ 2angtA

0%70°1

020°1

000°T

XOWO

086°0 096°0 0%6°0

026°0 0056°0

\

/

\

\

7/

1°0

70

%0

G'0

970

L*0

ALIDOTAA ANV ALIATLONANOD (AZITVINHON

3-11



be selected so that the propellant formulation is near an OMOX of 1.0.

d. Soitid Oxidizer

The use of two different solid oxidizers has been inve=tigated
to determine if increased performance could be realized by replacing part
of the binder with a solid. Cycl.tetramethylene tetranitramine (IMX) and
pentaerythrital tetranitrate (PLIN) were selected because of availability,
high energy, and becausc they contain no halogens which are electron sinks.
In each case, replacing binder with cither of t'.ese solid oxidizers lowered
the conductivity and gas velocity.

The above discussions indicafrc *<aat propellant development
efforts should be concentrated on achieving
(1) High chamber temperature
(2) High binder energy
(3) OMOX ratio near 1.0

(4) CsNO, as the major electron source

3

2. Conductivity Measurements

A diagrostics channel (Figure 3-4) was usced for measuring
conductivity and pressure for vari 1s expausion ratios and combustion
chamber pressures. The channel is constructed of copper discs insulated
with shecets of zirconia. The channel has an inlet diameter of 5.1 cm,
an outlet diameter of 8.4 ¢ and an active length of 40.6 cn. It is
configured to handle mass flow rates of 0.5-4 kg/sec. In operation,

a voltage is applied between the two end eleetrodes and the voltage
distribution and pressure is monitored as a function of distance along
the channcl.

D. Solid Fuels Selected for Testing

Three of the fuels which werc developed under the Hercules IR&D program
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vere found to meet the program requirements.
had 27 KNO,; as a seed material while the other two used mainly CsNO
These latter fuels differed in the fact that one (VQX) utilized KNO
an oxidizer and seed in addition to the CsNO3 seed whereas the other (VQW)

used only CsNO, seed. All testing performed on this program used either

3

the 27 XKNO, fuel or VQW.

3
. 27, XNOQ., Fuel

The first fuel selected for testing was a double-base propellant

with 27, KNO3 seed added.

propellant. Table 3-I1 gives a summary of the elecctrical properties of

the 2% KNO3 fuel

2. VQW Fuel

The first cross-linked MID fuel is designated VQW.

77, cesium nitrate by wei

the major ingredients of this propellant.

3

Table 3-I lists the major ingredients of this

as seed material. Table 3-II1 gives a list of

the electrical properties of the combustion products of this fuel.

3. VQX Fuel

The second cross-linked MHD fuel is designated VQX.
also contains 7% cesium nitrate as seed material together with 10% by

weight of potassium nitrate which replaces part of the HMX as an oxidizer.

It has similar characteristics of VQW but has a 197 higher value for

conductivity and a 757 lower value of wr.

E. Fuel Fabrication

Fuel grains up to 4.5 kg made from all three propellants have been
fabricated and fired at Hercules on the previously discussed IR&D program.

In addition, 18 . grains of both the 27 KNO3 fuel and VQW were cast as

a part of this progr.n.

The processing of these propellants was the

3-14
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Table 3-IV gives a summary of
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TABLE 3-1

COMPOSITION OF 2% KNO3 FUEL

[ Ingredient ! Weight Percent |
i Aluminum 26.0 .
¢ HMX 10.0 i
Nitrocellulose 15.0 ‘
E Nitroglycerin 44..0
i
I\NO3 2.0
Micscellaneous Binder Ingredients 3.0
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TABLE

3-11

SUMMARY OF CALCULATED 27 KNO., FUEL ELECTRICAL PROPERTIES

Clhiamber Pressure 48.0 Atm (705 psi)

! * ok
Parameter g wT/B u
Chamber 49.9 0.016 -- -
Throat 53.2 0.027 1015 1.000
4 Atm 57.7 0.193 2070 2.809
2 Atm 54.5 ] 0.393 2301 4.711
1 Atm 48.6 ; 0.802 2496 8.090
0.8 Atm 46.2 1.00 2554 9.662
0.6 Atm 42.9 i 1.36 2624 12.17
0.4 Atm 37.8 2.06 2719 16.91
0.2 Atm 28.5 4.22 2862 29 .86
0.1 Atm 21.0 8.53 2990 53.45

k3
In meters per second.

M{ I3 .
Expansion ratio.
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TABLE 3-III

COMPOSITION OF VQW FUEL

B Ingredient Weight Percent
Aluminum 22.5
HMX 25.5
Nitrocellulose 4.2
Nitroglycerin 26.4
CsNO3 7.0
Miscellaneous Binder Ingredieats 4.4

3-17
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same as cross-linked rocket propellants and no difficulties were encountered

because of the use of cesium or potassium nitrates.
Firing these fuels also proceeded in the same way as firing rocket

propellants. No special precautions were required and no difficulties

were encountered.
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SECTION IV

EXPERIMENTAL APPARATUS

This section gives a description of che hardware developed under
the contract and includes the combustor, ~hannel, diffuser, and magnet.

A description of the load resistor bank, which was available from previous
company programs, is also given.
A. Combustor

The sc id fuel combustor is essentially a pressure vessel with
nozzle containment on one end and a facility for loading the fuel grains
on the other.

The original design which was used during the initial period of
testing is shown in Figures 4-1 through 4=4. As can be seen in Figure 4-3,
a four piece rectangular graphite nozzle was used which was machined to
a very precise contour. A four piece design was used due to the problems
and expense of machining the internal contours from a monolythic block.
The reduced exterior dimensions were required by the necessity of using an
external flange to attach che combustor to the channel.

As seen in Figure 4-4, the forward end which was used for loading
the fuel grain contained a rupture disc that is designed to fail in the
event that excessive pressure is generated in the combustor by nozzle
blockage or grain fracture. It was also planned to hold this disc on
with explosive bolts which could be cut on command to provide for emergency
termination of the test. Due to problems in developing a fault sensing
circuit, these were not used.

As a result of a failure in a thin-wall sectior of the nozzle during
one of the early tests which resulted in channel damage, the nozzle design

was changed to a washer concept embodying thicker wall sections. A copper

-



1030H OHW-3 " 1-% aanft4

T1Z70H HVINDNYLOEM 32314 Hnod

Z

ASIQ FdNLANY
o

§5dVD ¢-T

LANIVH

TANNYHD

/V e

1an4d

4-2



iaquey) uOIISNQUO) PITOS JO MITA TTBAILG

s ——— = ———— =,

SFINDEIH

“¢-t 9an314

4-3



1

Figure 4=3.

] 1 L] & =

View of Nozzle Tnd of Combustor
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Figurc 4-4,

Ignitor Eud of Combustor
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standoff flange was placed between the channel and combustor which
allowed the dimensions of the nozzle container to be increased to the
combustor diameter.

The new design is shown in Figure 4~5. The last 7.6 cm of the

nozzle expansion ring is constructed of ccpper. The throat assembly
was machined from a solid billet of HIM=-85 graphite.

Detailed two-dimensional therma! and stress analyses were performed
on the new nozzle design to insure that it would not fail as the earlier
design did. The models used in these analyses vepresented 2-D cross
sections at i.ae throat and the exit of the nozzle, and because of
symmetry, a une-fourth section was modeled in the finite-element grids.
The nozzle material is HIM-85 graphite.

1. Thermal Analysis

The 2-D models used for the thermal analysis which are illustrated
in Figures 4-6 and 4-7, neglect heat tre .sfer in the third dimension (axial
direction). This is expected to be a reasonable approrimation because of
the lower thermal gradients in this direction. Temperature distributions
in the throat and exit sections at 1 second, 2 seconds, and 4 seconds
(end of burn) are shown in Figures 4-8 through 4-13.

The backside temperatures of the HLM~85 graphire are below
530°K at the narrow side of the throat and below 810°K on the wide side
of the throat at 4 seconds (see Figure 4-10). At the thinner exit plane
section, the backside temperatures are between 810°K and 1370°K at &4
seconds, except for the corners which are between 530°K and 810°K
(see Figure 4-13).

2. Stress Analysis

Two-dimensional (plane stress) analyses for thermal and

L=6 ]



13queY) UOT3SNQUOD P3 T3 TPOR

"G-% 2an3t1g

V-¥ NOILD3S

4-7



T19POW 3Je0ayl af122oN JHW

'9-t 2an813

9K L34 flgﬁ J
lllll sg
H "
f
". o £E
: / 2E —x
~ 1
A ok B
FH [—
S LL] ong [:48 L4 -4 T OO, 178 Jnu._ﬁud._ T +d —— ~ S}
s5 e g
m
- - SN — - S S . AN IV S I‘FTII....[ =N = Lp—— .
% g r —_ - -
_ 1
€5 - —
G |74 T — S I —F— I..j
L T TR
i
J
oS 3 — -
[ ™ i s € 23 TIT ESTSH Ly L - g

4-8



1°POKW 3TXd 3T7220N (UHKN

“L-% 2an31]

ﬂnﬂ-—z.lg J T
S 1 4
‘ L3 S
| B DT i
1 e ' e L )
S /MV 28 3
11
o
62
ac
I:} UNS A% L4 k34 34 or %a 9T WY ssﬂ.n T Y S
) e
| Pe 3
*Sq T rd
85 [1&
.a..\L' c4 .
1S, [m - L
[ ou—— C4 —
[ 3 b [41 TG 11 (241 'Y 1y 3 [AY g € #




e

Puod3s 1 ‘Y, UT IBOIYL 2722Z0N (HW UT UOTIINQTIISIQ aanieiadwal

8- 2an814

/
%

0LET

=018

01t

4=10




Spuodasg g ‘M, Ut IeOIY] 97220N QHW Ul uoTINqIAISIq 2anjeiadwsl - g=t aind13

OLET

018

OLts

\\\\

an

4=-11

e . .



Spuoo2ag
7 ‘M, ut
T JBOII
2yl 9z
1220N QHW ul uoI3Ingya
I I1SIQ 9an
T Iexadud
€L

"0T-% 2an814g

8%t

018

oLEl

DES

0Es

-

4-12



puosas 1 M, mu ITXF 97220N QHW utl uoIINgTIISTIQ Ianjeiadwa]

"11-% 2an814

-

018

0cs

4-13



Spuodas gz ‘M, ur IIXT 912Z0N (QHW uT uoranqriazstd 2anzexadwa]

"C1-% 2an314g

o018

b-14



Spuod3g 4 ‘M, UT IIXY D1ZZON JHW U7 uoTINQTIISIQ aanjeiadus]

*€1-% 2ans1g

0Ll

4=-15



pressure loads were also performed on the exit section. The temperature
gradients at 4 seconds (see Figure 4-13) and a pressure of 2.7 atm (40 psi)
were used in the stress analyses (see Figure 4-14). Two conditions of backside
restraint were modeled:
(a) A 0.127 mm gap betweea the HLM-85 nozzle and
the steel housing (growth of the outside
dirensions was limited to 0.127 mm).

(b) Free unrestrained growtl of HIM-85

The maximum stresses (tension, compression and shear) conditions
of restraint are shown in Figure 4-15. Also listed are the allowable
stresses (strengths) of HIM=-85. The results show the stresses are
generally lower when the HIM=-o5 is unrestrained at the exit section.

An exception is the tensile stress on the outside of the wide side which
was higher when the HLM-85 was not restrained. The unrestrained growth
of the narrow and wide sides was 2.11 to 2.39, and 1.09 to 2.06 mm,
respectively.

Based on this analysis of the exit section and two restraint
conditions, it appeared that complete restraint would cause compressive
and/or shear cracks starting on the hot inside surfaces. Nc restraint
would probably cause tensile cracks starting on the outside surfaces of
the wide side. Thus the gap and restraint conditions between the
graphite nozzle and the steel housing shown in Figure 4-16 were used.

B. Channel

Both the C-MHD and X-MHD channels used in this program were designed
and fabricated by MEPPSCO, Incoiporated under subcontract from Hercules.
The X-MHD channel is discussed in Section IX.

The C-MHD design objective was to provide potential for achievement
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of an energy extraction of one (1) MJ/kg. Since flight applications
were of interest, compactness is important. Thus, operation near optimum
power density, or more particularly power/unit length of channel, was
raquired. Single circuit output was desirable since it was felt that
the power dissipated on a complex set of bleeder resistors would, in
fact, be unrecoverable in a practical, lightweight, power conditioning
system. The highest energy extraction previously achieved is 0.62 MJ/kg with
the original Mark V channel (1965), and recen*ly duplicated in the Viking I.
The highest single load output is 0.45 MJ/kg with the second Mark V channel,
which was of the continuous electric Faraday (CEF) configuration. TIf
compact C-MHD combustion chambers could be built at 10-12 atm combustion
pressure, the CEF configuration could probably be considered for energy
extraction in the 0.65 MJ/kg range vsing the high seed, low mobility
propellants previously developed by iercules.

Assuming a local overall equivalent turbine efticiency (including
friction) in the 0.5 - 0.6 range, and an cnergy extraction of 1.0 MJ/kg,
the available energy, A, at the generator inlet must be in the range of
1.7 - 2.0 MJ/kg. A is composed of two terms, an impulse term due to
reduction in kinetic energy, and a reaction term due to expansion. If
it is assumed that the flow can be decelerated to 807 of the inlet
velocity without separation, the impulse term, Ai’ may be written

A, = (1.02 - 0.82) i 2 Ui’ =0.18 Uf

where U, is the inlet velocity. The reaction texr, Ar’ is 2 fuoztion

1

of the static pressure ratio across the channel uuder condi:. .im. that
permit recovery to atmospheric pressure or higher. For the present
design, the impulse and reaction terms with an inlet velocitv of 2240

m/sec are about equal at 0.9 MJ/kg, and the static pressure ratio is 5.
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The design equivalent stagnation pressure at the channel inlet is 30 atm
(440 psi). The cffective stagnation pressure ratio across the expansion
nozzle in the high field is 1.5, and is calculated by assuming a CEF
configuration in the nozzle.

The magnet is a constraint. The magnet was designed for dual use
with both the C-MHD channel and the lincar X-MHD configuration. With
the predicted conductivity values, the channel inlet is in the high
field region. The exit channel outside dimensions are constrained to
fit in the 0.36 m x 0.36 m magnet aperture, but this is compatible with
exit conditions permitting recovery to the atmosphere.

The channel could have been designed with greater length, but at the
present length and at design energy extraction, the boundary layers are
essentially merged at the exit and the momentum defect under full load
conditions occupies almost 207 of the channcel area.

The channel built for this program is a peg wall design with
diagonalization of the electrodes provided externally. The pegs in
the forward part of the channcl are of copper whereas those in the aft
section of the channel are aluminum. The electrodes and power removal
box liners are of high density graphite. A castable ceramic was used
between the electrodes and the pegs.

The channel nozzle and entrance area is fabricated from graphite.
Since it is located at an axial station with near peak magnetic field,
inlet pressure losses due to circulating eddy currents in the conductin:
nozzle have been estimated in order to adjust combustion pressure to
compensate for these losses. The inlet losses were calculated by
assuming that the nozzle flow was equivalent to that in a short circuited

single electrode Faradav generator. The throat area was decrecased from
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the value that would be appropriate to the selected inlet conditions
(equivalent to 30 atm combustion pressure) wit hout losses until overall
expansion length was reduced to 0.228 r to keep the losses in bound. As
was mentioned above, it was found that a stagnation pressure ratio of
1.5 was required to compensate for the inlet losses. Therefore, the
actual combustion pressure is 45 atm (660 psia) with an effective
stagnation pressure of 30 atm at the beginning of the active region in
the channel. The design operational characteristics of the channel are
given in Table 4-I.

Figures 4=17 thru 4-25 give the design parameters of the channel
as a function of axial distance. Figures 4-26 through 4-34 show the
various operations performed while fabricating the channel.

The assembled channel is shown in Figure 4-35 with the lower
external diagonal wires installed. Figure 4-36 shows the "as built"
internal contours of the channel. Figure 4-37 shows the location of
pressure taps in the peg walls and also the position of the first and
last electrode on both the top and bottom of the channel.

The channel 'as damaged during a conductivity run which necessitated
its disassembly. Figures 4-38 through 4-40 show the disassembled channel
and entrance box. Figure 4-41 shows the repaired channel side wall.
During the repair operation, the first few electrodes were replaced
due to an erosion pattern developing at the point where the electrode caps ?
are bolted to the aluminum electrodes. No measurable e¢rosion was found {
anywhere clse on the electrodes. No operational problems would have
occurred by using the existing electrode caps but it was felt that

they should be refurbished while the channel was disassembled. Originally,
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TABLE 4-1
OPERATIONAL SUMMARY

Mass Flow: 4,07 kg/sec

Propellant Composition: 26% Al, 2/ KNOj, 107 X, 15% NC, 447 NG, 17 NDPA,
37 Miscellaneous Binder Ingredients

Combustion Pressure: 45 atm (660 psia)
Throat Dimensions: .070 (E) x .018 (B)
Channel Inlet Location: STA 22

Throat Location: STA 16
Channel Inlet Dimencion: .052 (B) x .110 (E) meter (2.09" x 4.33")

Chennel Inlet Wall Half Angles: Peg: 9.54°
Electrode: 3.75°

Channel Inlet Static Pressure: 2.9 atm .
Channel Active Peglion Degins: STA 25 (.076 meter into channel)

Active Region Inlet Varancters:

Stat!c Pressure: 1.50 atm
Velocity: - 2240 m/sce
Dimensions: .077 m x .1l15 meter

t1all Halt Angles:  Pegzs 7.2°
Electrode: O°
Conductivity: 35.9 mho/m

Channel Active Region Ends: STA 064,375 (1 mcter active length)

Active Region Ixit Parcneters

Static Pressurc: 0.32 atm
Velocity: .1831 m/sec
imensions: .254 (8) x .240 (E) (can be opered to

.25 x - ,254 m)

Wall alf Angles: Peg: 1.6°
Electrode; 8°

Con.iuvctivity: 32.9 mho/m
Velocity Ratio: 0.82
Exit Recovery Pressure Including Boundary Layer: 1.54 atm
Recommended Diffuser Vall Half Anglcs: 0
Current Deicity: 12.9 - 2.4 amp/Cm2
Maximum Llectric Fleld: x: 4350 v/m, y: 5692 v/m
Maximum Ha2ll Coefficicnt: 3.5 '
¢/D at Exit: .07
Hi o At bxit: 1.47

Exit Flange Face Location: STA 73.75
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DEVELOPED VOLTAGES (KV)

DEVELOPED PO.rR (MJ)
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Figure 4=-26

Partial assembly of peg boards; boards are
bonded to side panels after assembly, packing
vith refractory and surface machining.

Figure 4=27

Completed exit flange-power takeoff. Made of
aluminum, inside surface of exi. and inlet
flanges is lined with graphite to make good
contact with the plasma for power takeoff.
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Figure 4-28

Pre-assembly for illustration showing mating of
peg walls to exit flanges. Longer pegs (dark)
at inlet of channel are of copper to accept high
heat transfer rate. Shorter light colored pegs
of aluminum are used in the downstream portione
of the channel.

Figure 4-29

Electrode boards prior to mounting of electrodes.
Bottom boards for bottom wall have "presseets "
inserted for electrode mounting. Electrodes sare
demountable for channel repair in the event of
an interelecirode breakdown.
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Figure 4-30

Peg boards drying in floodlsmp oven
after packing with high alwnina refractory,
The boards are clamped to prevent distortion
during drying.

Figure 4-31

Nearly completed electrode wall.
Several electrcdes just installed to reyplace
those broken during assembly are visible: the
refractory cement has not yet been installed
in the mounting holes for these electrodes,
or between them.
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Figure 4-32a

Channel mounted on tape machine for drilling of
tie rod holes. Channel has been assenbled to the
flanges for the match dril’ing of these holes.

A water solubl#z cutting lubricant is being used.

Figure 4-32%

Another view of the channel during tie rod hole
drilling showing some details of the side panel
mounting ©o the exit flange.
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4-33

Figure 4-33

Channel during assembliy
shown in inverted position. Note
graphite liner on inlet power
takecff, Peg board on left side
is in process of fitting for
clearance with electrode wall.
Gun drilled tie rod holes are
visible on top of peg walls,

Figure 4-34

Another view of channel
in same stage of assembly as in
Figure 3. View is looking up
through exit power takeoff, and
si.ows the graphite lining. Graphite
mounting holes and rib voids will
be filled with alundum cement
at final asseudly.
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Figure 4-38. View of Damaged Entrance Box
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Figure 4=39. View of Disassembled Electrode Wall
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Figure 4-40.

Figure 4-4].

View of Disassembled Peg Wall

View of Repaired Peg Wall
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a soft ceramic was used to fill the countersunk holes and came out

very easily. A harder ceramic, Sauereisen No. 78, was used for repotting
the assembly. In future designs, it would probably be worthwhile to
stagger the bolts from electrode to eclectrode so that they are not
aligned in the direction of flow.

C. Diffuser Design and Fabrication

The function of the diffuser is to increase thlie static pressure
in the channel flow to atinospheric pressure or above so that the flow
can be discharged into the atmosphere without causing a shock to form in
the channel. Typicallv the supersonic MHD channel, with a Mach number of
2, will have a static pressure of one-third an atmosphere while the
stagnation pressure is about 3 atmospheres. This means, in principle, if
the flow could be deevlerated iscentropically ro zero velocity, the static
pressure would increase to three atmospheres. In superso-ic flow, either
a converging-diverging channel or a long constant area channel, or a
combination of the two is generally used as a diffuser. Tn operation, a
normal shock ceccurs in the ditfuser, decelerating the flow to subsonic
Mach numbers, with a concurrent recovery of pressure and an increase in
encropy .

In this programr there were three design {lows which had to be
considered: These were:

a) The Channel Proof Test., A static firing conducted

outside of the magnet with no clectrical loading.

h) Optininm Load Test., Conducted in the magnet with

the designed load of 3.4 ohws.

c) Short Circuit Test. Conducted in the magnet with maximunp
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load eurrent flow.

0f the above possibilities, t' channel procf test places the most
stringent requirements on ti diffuser. Taole 4-IT lists the physical
parameters for cach of these tests. 1In the proof rest the flow continues
to accelerate as the channel expands, reaching M = 4 at the exit with a
very low static pressure. 1In the p wer gencration case the velocity is
slower, M = 2.2 and the static pressure is about one-third atmosphere.
In the short circuit case the flow is just barely supersonic, but the
static pressure is almost atmosphcric. From a theoretical basis, we
can say that the required diffuser performance will depend upon the
strength of magnetic induction, gencrator leoad and plasma conductivity.
Since these paramcters can vary widely, it is clear that the diffuser
must be eapable of operating etfficiently over wide limits.

Two different supersonic diffuser designs have been evaluated;
a converging-diverging nozzle and a constant-area pipe.

1. Converging=Diverging Nozzle

The design of the converging-diverging nozzle diffuser is
based on the premise that a shock forning in the MHD channel wiil move
through the generator and be swallowed bv the diffuser throat. For
most efficient operation, the design should be such that the equilibrium

position of the shock is in the diffuser throat so that the shock occurs

at the minimur possible tach number in the diffuser. lowever, the most
critical condition is arting, where the shock nest move down the channel
and through the converein. section of the nozzle. The area ratio which

will allow swallowing ot the shoek to be accomplished is called <, and

is given by the expressi
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N 2 1 1
u(M) = (m') (=) [l = 12 (1 -~ f—g) .
M '

An isentropic diffuser would have a much larger area contraction ratio.
Hence, if the diffuser is of fixed geometrv; i.¢ , the area ratio cannot
be changed after flow is started as is cometimes done in supersonic wind
tunnels where the diffusers have movable walls, this form of diffuser

has low efficicency. (Diffuser efficiency is expressed in terms of the
fraction of the enthalpy recovered by the diffuser.) For subsonic and
slightly supersonic diffusers, the experimcntally determined efficiency

is about 757%. For higher Mach numbers the diffuser efficiency is slightly
higher than the efficiency of a normal shock occurring at the inlet Mach
number.

The value of -, the minimum area ratio for starting the diffuser,
is shown in Table 4-IT for the various test conditions. The short circuit
experiment, Case IIT, requircs only a small reduction in area ratio to
start, whercas the channel proof test could use almost a 2 to 1 area
ratio reducticn. It is clear that each case would require an individuallv
designed diffuser. Because of the uncertainty in the plasma conductivity
and clectrode voltage drops, the diffuser for Cases II and III would have
to be designed with a suitable margin f safety to insure that supersonic
flow would start under the most optimistic conditions. This would require
less contraction than shown in Table 4-1T. llowvever, if design conditions
were achicved, the result would be reduced bicssure recovervy. While this
reduced pressure recovery could be tolerated, it illustrates the problem
of operating the experivent with a tixed geometryv converging-diverging
nozzle.

2. Constant=-Area Pipe Diffuser

It is known that friction slows a supcrsonic tlow, and that if

Leli?



the pipe is sufficiently long the flow will be decelerated to Mach number l
unity. At this point a acrmal sheck will occur with static pressure 1
recovery. This type of diffuser has the advantage that for velocities
lower than the design Mach number the shock will move upstream in the
diffuser to the appropriate station. thereby making the system much more
flexivie, i.e., it is in a way self-adjusting.
The conditions for the shock to occur in the diffuser are
given by the relation
T e 0 B (-,f,—i—)2

D “P
e e

where Pi and Pe are the stagnation pressures at the inlet and the outlet.
L is the length of the pipe, f is the {riction factor, and D is the
hydraulic radius. We can use the isentropic relations to present this
equation in terms of the Mach number, M, and the specific heat ratio,

vy, as follows:

2 vl 2
max (l%qi) i) 4
5 2 Tt Vel ..
M7 1+ -—M
2 i

Because of the relatively low value of + in the solid propellant {low
stream (i.e., v = 1.C4 to 1.15), the L/D's required for a shock to occur
are somewhat le-ger than is the case for air, where v = 1.4

The appropriate L/D values for the three eases are shown in
Table 4-T11, undcr the assumption that £ = 0.005, a valuce appropriate for
supersonic f{low over smooth surfaces where the Reynolds number is about
5 X 103. It may be scen that the L/D's required for the proof test are
very high. For this test it would appear appropriate to :se a fixed

di ffuser with the throat areca ratio of 0.53, given in Table &4-1T.
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For the power generation experiment, Case II, it was decided
that a combination pip:¢ diffuser and diverging section be used as shown
in Figure 4-42. The straight pipe should be about 9 diameters in length,
and then diverge with a 3° half-angle. For proof tests, inserts we:ie
installed in the supersonic section to form a fixed arca ratio diffuser.
This design was fabricated as shown in Figure 4-43.

D. Magnet

The magnet utilized in this program was designed and fabricated
by MCA, Incorporated under subcontract from Hercules and was designed
for multiple use. That is, it was designed to handle both the combustion
driven generator, which required the 0.36 m window and the explosive
generator which, in some cases, could require access perpendicular to
the bore. The magnet is shown in Figure 4-44 with the specifications
given in Table 4-III. The power supply consists of 300 truck batteries
tied in a configuration of 10 parallel connected elements of 30 batteries
each, in series, to produce an unloaded voltage of approximately 360 volts.
Uider load, with the magnet, the battery bank delivers up te 11,000 amps
at 200 volts. The bank is shown in Figure 4-45, with the batteries
and magnet shown schematically in Figure 4-46.

The parametric analysis used to develop the magnet are given in
Reference 1. Figure 4-47 gives a calculated plot of B field versus the

axial distance, Tigures 4-48 through 4=52 show the magnet under construct-

ion.
E. Load B ﬁ

The resistive load bank consists of two identical sections, one of
which is shown in Figure 4-53. Each section has 60 constantan strips of

L=l4



wd CT11

SUOT 3098 I3SNIJI( OTuUosSgng pue druosiadng

. ‘T ——  __wd 0g

Th=t 2an31 g

VvV 995

(P1e1d 19213S)
w> o _

W T X T ey A

4=45



_-.._.._..:__ .ﬂja._ Wi H__._J___.__ _r..__.r.'.._.__..
el | M

it . L] UL (TTTTLAATRLEL r..._._:_.:_____f/..
Ll TR PYepen LLTPRET TR A | ....._.___._:_..,__
dh _

ity - N

£y

b=ty!



T A
, TR B 1

447

View of Magnet and Diffuser Assenbly

rigure 4-4¢4.

—



>

TABLE 4-T1I1

LINEAR CHAwnLL TUGHET DESIGH

Operating Temperature (Initial)

Working Time for 10% Resistance Change

Total Central Magnetic Field
Power

Current per Coil talf

Coil Voltage

Connection

Conductor

Turns per Coil lalf

Resistance per Coil Half

Toutal Inductance

Cenper Current Density

Transverse Force per Unit Length
per Coil Half

Compressive Force per Unit Length
per Side

Coopressive Stress

Erd Turn Force per Coil Half

Copper Weight

Iron Weight

Bore Size

Length Betweon End Turns

Iron Dimcunsions

L=48

25T

2,54 MW

5760 A

223V

parallel
2,08 ca (0.82") square
154

39.2 ud
95 mH
1330 ﬁ/cmz

H
1.53 x 107 /m
(8730 1t/in)

11 « 106 I"/'m
2,050 1b/in)

. 6 .,
(A6 2 100 1/m?)

(956 psi)

1.5 x 106 §
(3.35 x 107 1b)

0850 by
(15,309 1v)

35,900 kg

(79,C0u0 1b)

C.256 n - 0,356
(1(’“ < ]_/‘u)

1.63 1 (64")

1.63m % 2,11 m = 1,57 w
(64" x 83" x 62')

g
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Figure 4=45. View of Battery Bank

Network

———0/70 —0_‘_:

Charging QZS; )
Battery :: Discharge Magnet
Bank " Protection

Figure 4-46. Schematic of Magnet System and
Power Supply
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0.067 ohms resistance eact. Various scries parallel combinations can
Gtilized with a maximue: of & ohms per section wnen all 60 strips are
coanected in series. Using both sections, a maximur ot ¥ ohms may be
attained. In operation, the load panks arc submersed in a tank of

transformer oil to aid in cooling,

b
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SECTION V

TEST RESULTS

This section covers experimental work cowpleted in both conductivity
measurement and power generation. Two fuels are discussed in cach area,

the original 27 KNO, fuel and the 77 CsNO3 (VQW) tuel.

3

A. Conductivity Tuests

The hasic conductivity tests were made using the diagnostic channel
showts in Figure 3-1. The channel is fabricated of 1.27 cn thick copper
aircs separated by sheet zirconia. 1t expands at a constant half angle ot
2-1/2°. 1n operation, a DC voltage is applicd across the ends of the
channel. The current and axial voltage distribution are rmeasured which
yields a value of gas resistivity as a function ot axial position. This
is then converted te a value tor conductivity,

Figures 5-2 and 5-3 give voltage Jdistributioon and conductivity as
a tunction ot channe! position tor the 2 KNUj tucl.  As can be scen, the
conductivity 1s about 29D mhos/meter at the ¢ntrance conditions ot the
power channel .

Two conductivity tests were made in the sawe manner using the 27 KNO3
fuel in the large power channel. These tests vielded a conductivity
slightly less or about 16 rhos/r at the channel entrance. A voltage of
100 volts DC was imposed across the channel in the axial direction.

Figures 5-4 and 5=5 give the pressure and voltage protile, respectively,
for test MHD-1 along the channel. Data arce given tor three different times
with the nete that the ait part of the nozzle broke up at about 0.8 seconds.
The data for conductivity test MID=& is given in  igure 5-14 (Section B

below).

The pressure measurements were made along the insulator wall of the
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ABSOLUTE PRESSURE (ATM)
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\
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Figure 5=4,

Plot of Pressure Versus Distance for Power Channel
Test MHD=~1.
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power channel while the voltages werd taken from the cathode (upper
electrode) wall. Note that significant pressurc anomalies occurred in
the last half of the channel.

when the VQW fuel became available, two conductivity tests were run
again using the diagnostics channel. This data vields conductivities of
about 40-50 mhos/meter at the planned channel operating conditions.
Figure 5-6 shows a plot of conductivity for both the original fuel and
the VQW.

B. Subscale Diffuser Tests

Prior to fabricating the full scale diffuser, a subscale model
was tested on the diagnostic channci. This was felt to be necessary
since certain operating ccnditions require pressure recovery from 0.14
atm. Figure 5-7 is a photograph of the subscale diffuser attached to the
diagnostic channel which was fired with a exit-throat arca ratio of 50
resulting in 0.17 atm at the diffuser entrance. The diffuser was scaled
from the large system by utilizing a 10 diametcr constant area supersonic
sectior, followed by a 5 diameter (entrance) expanding subsonic section.
Pressure measurements were made cach 15 cm of diffuser length. These
were taken by attaching 1/8" Teflon tubing betwcen the ports shown in
Figure 5-7 and absolute pressure gauges. These gauges were then photographed
at 64 frames/second. Figurc 5~8 shows a typical plot of pressure vessus
distance for 3 times during one run. The diffuser worked well, as is
noted from Figure 5-8. Essentially the same paramcters were noted in
the full scale diffuser.

C. Channel Power Tests

Two conductivity tests and two power tests were run with the 27 KNO4

fuel before the channel was damaged. In the first power test (MHiD=-2),

5=7
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the channel was tested at a 1.8 second burn time using a &.2.. load.
Stall had been predicted at load values in excess of 5.5 ohms, as
shown in Figure 5-9.

Figure 5-10 shows a cathode voltage and centerline pressure data
from MUD-2. As can be secn, a maximum of 1800 volts was reached at a
point 65 cm from the channel inlet. This then decreased to 900 volts
at the channel exit. The data again shows the pressure anomalies near
the 65 cm position that were noted in MHD-1.

The second power test (MHD-3) was a & second burn using a 2.. load
for about 2.5 seconds and a short circuit for the remaining 1.5 seconds
of the burn. Figure 5-11 shows a plot of the voltage distribution vs
generator position for the 2. load portion of MUD-3. The developed load
voltage is 1400 volts which corresponds to 1 MW of power delivered to the
load. Figure 5-12 shows the voltage distribution after the load had been
short circuited. Figure 5-13 shows the measured pressure distribution
for both load conditions. As can he seen, the channel pressure and voltage
distribution still show anomal 2s in the 63-90 cm region of the channel
but the behavior was scmewhat clcser to that expected than was the
4.2.¢« firing.

Afte. a careful review of the data from the 2 power tests, it was
concluded that the voltage and pressure variations observed after the 65
cm position were probably aue to the gas conductivity being well below
the channel design value of 33 mho/m. This was in accord with the
results of firing MHD-] at 0.5 sec., which showed an entrance conductivity
of 16 mho/m. 1t was decided that another grain should be fired to remeasure
the gas conductivity.

This conductivity firing (MHD-4) was normal for about 2.5 sec., after
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which an apparent failure of the nozzle exit cone caused the exhaust gas

to burn through the side of the nozzle retention section in the combustor.
The hot gases were also directed against the entrance flange of the channel,
causing some damage. In addition, the channel wiring was destroyed and

the insulation on the magnet coils was scorched by the hot exhaust gas.

Sore very minor erosion of one magnet pole piece also took place.

An examination of the nozzle parts indicated that the rear ring in
the nozzle assembly may have cracked due to pressure and thermal stress.
After cracking, pieces of the ring probably fell into the exhaust stream
leaving the metal retention section unprotected. A post-firing examination
showed that part of the failed ring had, in fact, moved into the exhaust
stream deflecting the gas against the unprotected metal wall.

The main reason for failure of the last ring appears to have been
insufficient wall thickness. This is supported by the fact that cracking
of the last ring had been observed in other nozzles after firing, whereas
the thicker rings in the upstream parts of the nozzle rarely showed cracks.
The 'imitation on the wall thickness at the last ring was imposed by the
need to make the nozzle retention section smaller than the bolt pattern
on the channel entrance.

Figure 5-14 shows the voltage and conductivity data taken during
MHD-4. The conductivity at the channel entrance is the same as was
measured in MHD-1 and is substantially less than the 33 mho/m entrance
value used in designing the channel.

Since it was apparent that the conductivity ot the 2% KNO3 fuel was
much too low for the channel to operate as designed, a new fuel was

required. This fuel (VQW) and its attendant conductivity measurements
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have been discussed previously. It was found after this fuel had been
cast into full size grains that the burning rate was much lower than
had been expected. This restricted the mass flow rate to 3.1 kg/sec in
the grain geometry in which the fuel had been cast. This mass flow
rate is compared to a design value of 4.1 kg/sec in the channel. The
restriction in mass flow rate because of burn rate can be reasoned by
referring back to Section III where it was stown that mass flow rate is
determined by:

m = pr As

where the density, p, and surface area, AS, are fixed by the fuel
composition and grain geometry, respectively.

Five power tests were made with the VQW fuel in spite of the reduced
mass flow rate. The load resistance was varied from 3.9.. to 8.. The
first power test (MHD-5) resulted in an extremely low pressure burn due
to the low burning rate and produced essentially no power.

Figure 5-15 shows a plot of voltage versus axial distance for the
four remaining tests. It can be seen that the experimental data at 3.2
kg/sec generally follows the predicted curve at 4.1 kg/sec for the first
60 cm of channe: length. After this point, the voltage curve is flat and
no more power is being produced.

It should be noted that the power level shown is taken at 0.6
seconds for all tests except MHD-9. Tests MHD-6, 7 and 8 dropped to
about one-half the power after this time. Data suggests that this occurred
after a series of shocks moved out of the diffuser and into tne channel.

This did not occur on MHD-9, which remained at its original power level ]

for the entire test.
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Current data taken in the diagonal wires indicates areas of extremely
high current (> 150 amps) occurred at various locations in the downstream
end of the channel. It is not clear what caused this, tut it is believed
that this occurred from shocks inside the channel. It is fuither believed
that these shocks occurred because the diffuser was not .ible to recover
the pressure at the reduced mass fluw rate. It should be remembered that
the diffuser is required fto recover from about 0.17 atm with full mass
flow. Tat'e 5-I shows the diagonal current as a function of position
and time on MHD-9. During any test in excess of 2 seconds, the wires
used to make the diagonal connections burned up, again suggesting the
locally high current value. It should be noted that this never occurred
on any tests with the low conductivity fuel, even though they burned
for up to 4 seconds.

Plans were made to increase the surfaecc arca on the remaining five
grains of VQW to raise the mass flow rate to the design value ot 4.1
kg/sec. Present runding did not allow this, however.

Test MHD-7 produced 2.4 megawatts during the first 0.6 seconds for
an "efficiency'" of 0.74 megaw tts per kg/sec of mass flow and a power

density of 80 MW/mB.
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SECTION VI

CONCLUSIONS

The goal of the deflagrating explosive investigation was to develop
the technical base to allow for the design and construction of lightweight |
multimegawatt deflagrating explosive driven MHD generators with a wide
range of ouperating parameters. It cannoc be claimed that this program has
fully satisfied this goal, but it did produce some very positive steps toward
the desired ¢ 4. As was mentioned at the close of the last section, test
MHD-; produced 2.4 MW during the first 0.6 seconds for a power extraction
of 0.74 MW/(kg/s) and a power density of 80 FW/mB. This is a 19% imprecvement
ove: the previous maximum power extraction, 0.62 MW/(kg/s) produced on the
Viking I program. In addition, the channel proved to be mechanically sound,
showing very little erosion after 9 firings with rocket=tvpe propellants
which produce a very crosive exhaust stream with a high weight fraction of
liquid aluminum oxide.

The channe!l (and other hardware) were designed to produce &4 MW at a
power extracticu of 1.0 MW/ (kg/s) and a power density of 130 Mw/mj.
Lnfortunately neither test serics veally satisfied the conditions assumed
in the design of the channel. The 2% KNO3 propellant only had half the
conductivity assumed for the design. The tests with VQW propellant had
a mass flow rate about 3/4 of the design value. Thus these tests cannot
be considered a complete evaluation of the channel design.

The pressure anomalies noted in the last half of the channel with the
KNO3 fuel and their relationship to the reduced voltage in this same section
remain to be explained. Raising the conductivity by the use of VQW fuel

brought the voltage profile verv close to the predicted value in the first

-




65 ecm of the channel. The last 35 cm still showed no voltage gain and
furthermore the whole channel voltage dropped by roughly a factor of 2
after 0.6 second of firing time in 3 of the last 4 firings. It is likely
rhat the flat voltage distribution is related to low mass flow rate, as
was suggested in Scction V, bit with the limited data at hand it 1s
certainly not possible to rule out flow separation or some other proble
The sudden change in performance at 0.6 second is probably related to burn-
out of the diagonalizing wires, but again, other problems cannot be completely
ruled out

Clzarly one of the most immediate needs for future development of solid
propellaat MHD is to fully characterize the channel that was constructed
for this inwvestigation. A program for doing this is suggested in Section VII.
This one step would make a considerable contribution to the tvchnical base
needed to design and build lightweight solid propellant MID gencrators in

the 10-20 MW range.
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SECTION VIi

RECOMMENDATIONS FOR FUTURE DEVELOPMENT OF SOLID PROPELLANT MHD

As was mentioned at the end of Section VI, the first step in the
development of C-MHD should be to complete the characterization of the
channel used in the present program. This should be done in more depth
than simply firing VQW at 4.1 kg/s. Once this has been completed, attention
should be given to designing and fabricating a lightweiglt channel with about
the same power outprt as the present system. After the lightweight channel
has been constructed and thoroughly tested with a single pulse combustor,
it may be desirable to consider a multipulse combustor with this lightweight
channel. The following paragraphs discuss these phases in somewhat more

detail.

A. Phase I - Characterization of the Existing Channel

This phase would involve a test sequence of 62 successful firings.

Throughout tnis phase, diagnostics and instrumentation would be developed
to the extent possible, as nceded. The parameters to be varied to characterize
the channel include:

(a) Chamber pressure

(b) Load impedance

(c) Magnetic field level

(d) Fuel variation (2 and wT)

(e) Electrode trimming resistors

(f) Slant angle

The test matrix would consist of a baseline composed of 24 tests at 8
load conditions with the other parameters set at the design conditions.

This diagnostic series of tests would be run first to show any basic

7-1



problems in the channel design. Single variations would then be made at
selected loads to determine off-design operating characteristics. T[his
places load resistance as the prime independent variable at each condition.
The matrix is shown in Table 7-I.

The two additional fuels shown in Table 7-I would be formulated after
the baseline tests are run. This would allow the fuels to be designed
within the characteristics of the channel. They would also be designed
to be compatible with the existing slant wall configuration.

B. Phase II - Lightweight Channel Development

A design would be developed for an MHD generator channel based on the
concept of using stacked graphite washers overwrapped with filament epoxy
corposite. The channel would be designed for a &4 kg/sec flow (~4 Mw power
output) and use with the existing magnet. The channel would be designed
to operate continuously for 4 sec, at the 4 kg/sec flow rate without
external cocling and be capable of continuous operation for 16 seconds.
Cooling would be accomplished by forced convection using water for this
longer run time.

After the channel has been fabricated, it should be subjected to
a complete characterization program with emphasis on determining its
wear characteristics.

C. Phase 1II - Development of Multipulse Combustor

As stated previously, the purpose of this portion of the program
would be to develop a combustor-fuel combination for multiple pulse
cperation. The first task would be to conduct an analytical study of
either a multiple wafer design or a multiple shot cartridge system. The

results of this study would then be compared to mission requirements since

7=2
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TABLE 7-I
TEST MATRIX - PHASE I

Load Resistance _
0 1;;' 2:u. 3‘4 ‘h& 5;2 6:71 10‘4

Baseline Tests 3 3 3 3 3 3 3 3
P. - 650 psi

B - 3.5 Tesla

Fuel - 7% CsNOj4

Slant Angle - Existing
Pressure Variation

P. - 500 psi 1 1 1
P. - 800 psi 1 1 1

B - 3.5 Tesla
Magnetic Field Varvriation

P, - 650 psi

B - 2.5 Tesla 1 1 1 1

B - 1.5 Tesla 1 1 1 1
Fuel Variation

P. - 650 psi

B - 3.5 Tesla

Fuel #2 1 1 1 1 1 1 1 1
Fuel #3 1 1 1 1 1 1 1 1
Slant Angle Variation

© = 30° 1 1 1 1

o= 70° 1 1 1 1

NOTE: Numbers indicate number of successful tests at that
condition.
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each has areas of pulse length/pover level dominance. One system would
thern. be selected ftor further dc.elopment.

A fuel system w uld be designated using fuel requirement data, such
as ignition requirements and burn rate, conductivity, wr and thermodynami~
requirements. A computer study would then be undertaken to provide the
basic candidate fuel to be made.

After the combustor design and the fuel had been selected, the
combustor could oe fabricated and tested. This testing would, of course,
include firings with and without the lightweight channel.

In addition to the above channel and combustor development phnses,
it is assumed that parallel work would be done on a superconducting
magnet. This would allow testing of a complete & MW lightweight solid

propellant generator prior to making a commitment to scaleup.




PART I1

DETONATING EXPLOSIVE MHD STUDIES




SECTION VIIT

TNTROP'JCTION

The detonating explosive magnetohydrodynamic (X-MHD) gencrator was
conceived and studied during the early and mid-1960's as a compact source
of intense electrical impulses of from 10 microseconds to 1 millisecond
duration. This carly work was carried out at MHD Research, Incorporated
and at llercules Incorporated, Bacchus Works, Utah.l—S Peak power output
of 280 megawatts and energy output of 25 kilojoules were attained at
Hercules5 using a sheet of 0.45 kilogram of Composition C-4 detonated by
a plane wave generator and seeded on the surface with cesium picrate.

These experiments were carried out with an X-MHD channel of cross section
dimensions 0.20-0.15 meters in a 2.8T magnetic field. The channel was
evacuated to a pressure of approximately 1.3 x 103 newton/m" prior to
detonation of the explosive. The performance corresponds to 1.5, corversion
of explosive chemical cnergy to electrical output. The present program was
conducted to improve X-MHD conversion cfficiency as well as study fundamental
X-MHD processes under controlled conditions.

For efficient and practical operation of the X-MHD, two factors
becore of prime importance and are interrelated. First, the conversion of
explosive cherical energy to electrical output should be maximized in order
to minimize the amount of cxplosive as well as reduce stress and heat loads
on the generator. And seccad, the X-MHD channel should provide acceptable
performance with residual or purge gas pressure equal to ambient pressure
in order that heavy, bulky and power consuming vacuum pumping equipment
will not be required.

This part of the report details the work completed on the detonating

explosive MHD generator portion of Contract No. F33615-72-C-1394 since

$-1



the publication of Technical Report AFAPL-TR-73-16, dated May 1973°
That report covered the theoretical studies associated with the X-MHD
channel design, magnet design, and the experimental work completed on
containment of 1 kilogram detonating charges. Coverage of this earlier
work is not repeated in this document.

The following sections of this report contain a description of the
experimental apparatus with descriptions of ecach component. The test data
is then presented in its entirety with an analysis of the results and a
description of problem areas. The final section contains a discussion
of the future outlook for explosive MHD along with a suggested development

program to be pursued.
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SECTION IX

EXPERIMENTAL AFPARATUS

A. Magnet

The magnet utilized in this program was developed under the
contract, as was discussed in Section IV. This magnet was designed for
multiple use. That is, witu the combustion driven generator, which
required the 0.36 m window, and with the explosive generator which, in
some cases, requires access perpendicular to the bore. The magnet is
shown in Figurc 4-42 with the specifications given in Table 4-111. The
power supply consists of 300 truck batteries tied in a configuration of
10 parallel connected elements of 30 batteries each, in series, to produce
an unloaded voltage of approximately 360 volts. Under load, with the magnet,
the battery bank delivers up to 11,000 amps at 200 volts. The design features
of the magnet arc given in Reference 1. The design magnetic field is 3.5
Tesla at a current of 12,000 amperes.

B. Channel

The generator channel used for this part of the program utilizes
two identical channel sections. They are placed on opposite sides of a
detonation chamber or driver and utilize the bi-directional nature of the
gas flow out of the chamber.  The channcli-driver configuration is shown
schematically in Figure 9-1 and photographically in Figurc 9-2. The
channels are fabricated ot stainless stecl with an internal liner of
phenolic. The aluminum clectrodes are set inte the phenolic liner and
attached tn the stainless steel through a series of bolts. The bolts used

for the upper elcctrodes are insulated from the case. Bervllium copper
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Fiqgure 9-2.

t-'t -

Photo of X-MHD Channel and Driver
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bolts are used at the end of the channel for power removal.

The detonation section of the explosive channel is shown in
Figure 9-3. Firings were conducted using 0.1 kg charges of Composition
C-4 explosive. The explosive was shaped with a cylindrical disk with
diamond shaped edges, as shown in this figure. The explosive was bonded
into a split ring of stand-off material made of EA 946 epoxy and glass
microbeads. The steel blast ring and deflector plates direct the gases
down the channel. The steel blast ring was used for tnree or four shots
before it required replacement. The phenolic liners, used to prevent
shorting of the gases across t! » channel, were used two or three times
before requiring replacement.

C. Instrumentation

The instrumentation for the explosive MHD firings consisted of a
voltage divider and a Rogowski coil for voltage and current measurements
on each MHD channel. 1In addition, the west channel was fitted with four
pairs of ionization pins for the purpose of deterrining the velocity of
the conducting layer.

. Voltage Measurements

The voltage output of each X-MHD channel was measured with
a high impedance voltage divider placed across the applied load. The
schematics for the dividers are shown in Figure 9-4. The cables connecting
the dividers to the scopes werc appreximately 40 mcters of RG58AU coaxial
cable. Each cable was terminated with a 50.. resistor in para.lel with the

scope. In many cases, a 10 to 1 attenuator was inserted in a line just
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* I3
before the termination resistor. Figure 9=5 shows a schematic diagram of

the voltage measuring circuit with the termination in place.

The system was calibrated by applying a knoun DC voltage to
the voltage divider and observing “he oscilloscope output. The resulting
calibration factors for bot!. data channels used are given in Table 9-I.

The rise time response of the system was checked by applying a 10us long
square pulse to the divider ard recording the oscilloscope trace. The rise
time of the system, defined as the time between 107% and 90% of final amplitude,
was found to be O.l.s, which is well below any requirements of X-MHD.

2. Current Measurements

The current output of each X-MHD channel was measured with a
Rogowski coil. The coils were constructed by stripping the ground shield
of a length of RG-11 coaxial cable back a few inches from the end, attaching
a fine wire to the shield and winding approximately 720 turns on the exposed
dielectric. At the end of the turns, the coil wire was connected to the
center conductor of the cable. In use, the end of the cable with the wire
winding is bent around the current path to form a closed loop and taped
in position. This functions like a continuous coil but it can be placed
in position without breaking the load circuit.

The Rogowski coil must be used with an integrator since its
output is the time derivative of the current passing through the locp. An

RC integrator was used in this work to perform the necessary integration.

* . : . . ,
This attenuator still provided a 50.. termination for the coaxial cable.
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TABLE 9-I

CALIBRATION DATA

Data

Data

Data

Data

L. v

Channel #21: =

<
]

Channel #23: v = 45.0 v

t
(10.5 x 10° A/W)[v, + (10°/s) [ v_d7]
o]

H-
]

Channel #24:

H-
1}

t
Channel #25: (10.4 x 10> A/V)[v_ + (10°/s) [ v dT]
[¢]

voltage divider output as measuraed by scope.

integrator output as measured by sc.pe.
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Approxinately 40 meters of RG58AU coaxi:il cable was used to transmit the
signal from the coil to the integrator. Appendix A gives a detailed
discussion of the circuit used and its calibraticn. A schematic of the
circuit is shown in Figure 9-6. The relationship between oscilloscope
voltage and X-MHD channel current for each data chaunel is given in
Table 9«1 with the voltage calibration factors.

3. Ionization Pins

The ionization pins shown in Figure 9-7 were installed to
determine the velocity of the conducting sheet in the generator. They we.e
connected electrically, as shown in Figure 9-7. Basically, the circuit
involves a capacitor for each pin which is charged to a negative 50 volts
DC. As the pin is sh.rted out by the conductive layer, a path is provided
which allows the capacitor to discharge through the plasma to ground. The
current flow through this circuit is monitored on the oscilioscope. TIdeally,
one should be able to detemine conductivity and sheet thickness from exam=
ination of the voltage level and wave shape. This hac mot been possible,
however, because the ionization pins appear to have been triggered by the
shock which precedes the conducting sheet. The data is, however, useful
for determining velocity of the conductive sheet.

D. Test Procedure

As seen in Figure 9-3, the system has four flanges. Under the

present test setup, all of these must be disconnected to reload the detonation

chamber.

The detonation chamber is loaded at a separate location from the :

channel using the following steps:

1. The molded explosive charge is cemented into place using
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SEE DETAIL A
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/A /A 4
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IONIZATION PIN

‘

—

Figure 9-7. $Schematic and Circuit Diagram of Ionization Pins
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one standoff spacer and Eastman 923 cement.

2. A paste composed >f CsNO3 and cellulose dissolved in
Methyl-1-Ethyl-Ketone is then spread on the face of
the explosive and the plane wave generator.

3. The explosive detonator is cemented to the plane wave
generator cone, which is then placed inside the second
standoff spacer.

4, The standoff spacer containing the plane wave generator
is then cemented to the charge holder.

5. The charge holder assembly is placed in the detonation
chamber along with the deflector plates. The detonator
leads and scope trigger pin 1eads* are connected to the
electrical lead-outs, which completes the assembly of
the detonation chamber.

The detonation chamber is mounted between the two channels using

a rubber gasket seal between the flanges. The entire assembly is then
slid into the magnet and the exhaust tubes attached with Mylar diaphragms
placed between the flanges. This allows a vacuum to be drawn on the
channel. Load resistors and Rogowski coils are mounted to each channel
and the current and voltage leads connected.

The channel is evacuated and flushed with the fill gas to be used

and then evacuated to the pressure desired. The magnet is brought up to

full field and the detonator fired.

* , : . .
A pair of ionization pins were inserted into the explosive to provide a
trigger signal for the oscilloscopes which record current and voltage.

9-13
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SECTION X

TEST RESULTS

A totai of 19 X-MHD firings were made under this program. The complete
raw data from each firing is included in Appendix B. Appendix C shows the
measured currents, voltages and the energy output for firings X-MHD-13 thru
X-MHD~19 as derived from the raw data.

There are secveral general observations that can be made about the data.
First, the voltage traces for all shots show an inductive overshoot at the
beginning and end of the current flow. The loads used were constructed to
be low inductance but the inductance was measured to be on the order of 0.1 uh.
With a load current rising from 10 to 100 kA in 40 .s, as was the case in
some of the better firings, the voltage appearing across the inductive part

of the load would be

3
~ (10“7 h) 20108, < 240 Reice.

40x10"°s

di

Av = L dc

This is about 107 of the total voltage appearing across the load. 1In
principle, this should not cause a problem in evaluating the energy
delivered to the load, provided that the load inductance is constant.

This can be seen as follows:

T, m, Ty
. ¥ p di
W= vidt = i Rdt + L, i It de
T T Ty
?2 2 1 2 2 T? 2
= i“Rdt + = L Ti7(T,) - i (T ) = i Rdt.

N 2 2 1 J

g 5

Here W is the energy delivered to the load and it is assuned that the times

T1 and T2 are chosen so that i(Tl) = i(TZ)' This would be true, for example,

jo-!



if T1 and T2 were the times at which current was 107, of the peak current
on rise and fall, respectively. 1In practice, this equality between J'vidt
and JriZRdt was found to be approximately true for data taken on the west
chanrel but the east channel data showed : vidt was generally much larger
than i 2rde.

The discrepancy in west channel data might be explaiued as a departure
of the load inductance from constancy but this seems unlikely because two of
the load resistors were used on both channels with no change in the relation
between these integrals. Another hypothesis that can be advanced to explain
this observation is that some ground loop or other internal =zurrents may
have been flowing in the east channel. This is supported by the observation
of voltage variations during open circuit tests that look like inductive
overshoots even though no current should have been flowing in the system.
Between shots X-=MiID-14 and X=MiID-15, the system was changed to provide a
more positive grounding of both channels but this did not solve the
problem. 1Tt was also suggested that the true resistance of the load might
be higher than that measured with a Wheatstonc bridge. These "effective
load resistances" are considered in Section XI but are also shown to be an
unsatisfactory explanation to the phenomena.

Another observation about the data is that X-MHD-14 shows much better
performance than X-MHD-13, even though the load resistances were the same.
One difference between these two firings was careful sanding of all surfaces
used to conncct the loads to the channel. This was done to reduce the contact
resistance (which could be on the order of milliohms without sanding) down to
a level below the load resistance. Although this did improve the agreement
between the vi and the iR products, it did not recsolve the discrepancy

completely. For the purposcs of this report, energy calculations were made
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2

by integrating vi as well as iR but the latter are corsin 'red more reliable
because of the problen with the voltage measurement.

A third important observation is that the performance of the channel
containing the driver is much worse than the one without it. The low
performance of the channel with the driver is probably due to the fact that
the blast products from the main charge propagates into the relatively dense
products of combustion of the plane wave generator, and must accelerate them
as well as the residual gas. Since the mass of the plane wave generator is
nearly 207 that of the total charge, this is not too surprising. On run
X-MHD-19, a cap and small piece of Deta Sheet in the center of the charge
was used to fire the round. While the front produced by this method of
firing the explosive probably jets in the center and is far from plane, it
is likely to be symmetric with respect to the two channels, or nearly so.
The data from X-MHD-19 indicate that this is so. 1In fact, the output of
the east channel was greater than that of the west channel, although well
below that of the non-driver channel when the charge is fired by the usual
plane wave generator. The obvious solution to this problem is to split the
main charge in half and put the plane wave generator in between.

Finally, it is to be noted that decay time for the current pulse is
much longer than the rise time. It is probably due to the drop in applied
magnetic field as the current sheet travels down the channel, which causes
the current to fall with a characteristic time somewhat longer than the
inductive decay time. The observed decay time is too long to he due to
thickening of the conducting sheet. It also could not be due to inter-

*
action with rarefaction waves propagating thru the explosicn products

because the ionization pin measurements suggest a sarlyv constant sheet

ot
See Scction VI of Reference 1.
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velocity.

Table 10-I gives a summary of the firing results for the last six
firings. The most important result is that the channel without the driver
achieved more than 47 efficiency in 3 of the 6 shots. On shot X-MHD-14, the
efficiency of the best channel exceeded 57. The average efficiency of the
best channels on shots X-MHD-14 and X-MHD-15, which have approximately the
same load, is just under 5%.* Note also that the efficiency for the 4.89 mu
load on shot X-MHD-16 is nearly as good as the average of the 2 previous
shots.

All efficiency calculations were based on the heat of explosion of
the charge material, Composition C-4. This parameter was computed by two
different methods. The first method was a simple weighing of the heats of
explosion for each of the components of the material. The second method was
a free energyv calculation similar to that of Reterence 2. The results of
this calculation are given in Table 10-11.

It should be noted that heat of cxplosion is not the only vardstick
that could have been used to judge the efficiency ot the generator. One such
parameter is the "ballistic potential"™ of an explosive. This is the amount
of work done by the explosion products in an adiabacic revercible expansion
process from the Chapman-Jouguet point to ambient pressure (areas A1 + A2 +
A3 % A& in Figure 10-1). A somewhat more accurate measure of the explosion

energv can be obtained by deducting Areas Al + A3 from the ballistic potential.

This is suggested bv the formula

1 1 1
= e - 0 - — -4 —_— - ———
Q= gy = &g = (Poy * P T )

The reason for the discrepancy between the two energy outputs with approxi-
mately tie same load appears to be due to increased internal resistance in

the later shot (see Section XI). The loading on the opposite channel was not
the same in both cases (open circuit for X-MHD-14 and 8.42 mi, for X-MHD-15),

but there should be little connection between channels on a given shot.
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TABLE 10-1I

PROPERTIES OF COMPOSITION C-4

Calculated

Heat of Explosion
Weigi.ted Composition Method* 4.10 MJ/kg
Free Energy Method 4.16 MJ/kg
Average 4.13 MJ/kg

%
Composition C-4 components are as follows:

RDX 91.00%

Polyisobutylene 2.10

Motor 0il 1.60

Di-(2-ethylhexyl) sebacate 5.30
10-6
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which relates the explosion energy, Q, to the internal energies, e,
pressures, p, and densities at the Chapman-Jouguet point (subscript CJ)
and starting conditions (subscript o). Note that the second term c¢n the

right is just the sum A, + A3. Normally A4 can be neglected compared to A

1 2°

The value of the area A, for Composition C-4 is calculated to be

2

A, = 3.59 MJ/kg

which is not greatly different from the calculated heat o“ explosion. Heat
of explosion has the added advantage, however, of being subject to relatively
simple experimentai determination.

Table 10-III gives data taken from ionization pin pairs placed in the
west channel. The pins were only used on the last five firings in the
program. Figure10-2 shows x=-t diagrams of the pin response for these firings.
Of particular interest is the fact that the front velocity increases somewhat
from the beginning of the electrode to Pin No. 2 (0.46 meter) and then becomes
essentially constant. This was found in earlier tests with the 0.4 m channel
and reported in Reference 1. This is probabliy due to a high-speed center
core jet which imparts energy to the outer edge in an attempt to become
planar.

An examination of the current duration suggests the ionization pins
were triggered by the shock rather than the conducting sheet formed at the
contact surface between the explosion products and the inert fill gas. A
shock with a Mach number of 8 or less, as indicated by the ionization pin
response, would produce at most 6300°K, so neither helium nor argon would
be expected to have significant ionization behind the shock. 1t is
very likely that the residual cesium seed material left on the walls from

the previous shot provided enough ionization to trigger the pins even
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wheun the fill gas was helium. No special effert was made to clean the
channel walls between shots so some cesium was undoubtedly present. This
assumption allows a much better reconciliation of the estimated conducting
siieet speed and the pulse length.

The conducting sheect speed listed in Table 10-I was calculated by
assuming the shock speed was constant after contacting the el.ctrodes with
the average value taken for the whole electrode length The indication at
the front of the electrode is weighted about equal to Pins 1 and 2 together
because all of the indications could have some time delav and the nigher
field strengr across the electrodes should make the delay smaller for the
electrodes. The sheet speed was assumed to be constant and equal to the
gas velocicy just behind this shock. For the purroses of this calculation,

the sound speed and specific heat ratio for the fill gases used were as

follows:
Sound Speed Specitic Heat Ratio
Fill Gas (n/s) ()
He 1020 1.667
807, 11e=207 Ar 924 1.667

The average shock speeds uscd in the calculations were as follows:

Average Shock Speed Average Shock

Test No. (m/s) Mach Number
N=MHD-14 7010 6.87
X=MHD-15 7690 T .54
X=MHD~16 6160 6.67
X=-MHD=17 6639 7.19
X-MHD-18 5054 5.47
X-MHD=-19 7010 7.59

The use of these average specds allows a relatively simple decermination
of generator internal resistance and inductance, as is shown in Section XI.
During the course of the experimental program, several problems occurred

which nindered the recovervy of data from the tests. First and foremost of
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these was data loss when the oscilloscopes were either oft scale or failed
to trigger. This problem was eliminated as experience in firing the channel
increased. Midway through the testing program, the diode protective system
on the magnet began to arc. On examination of the diode system it was

found that a carbon knildup, probably due to smoke from previous firings,
had occurred on the Micarta standoff insulators, which had initiated the
arcing. It was necessary to completely disassemble the diode system for
cleaning. It was then reassembled with new Micarta standoff sheets and

reinstalled on the magnet. No further arcing problems were experienced.

10-1¢
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SECTION XI

ANALYSIS OF CHANNEL PERFORMANCE

The phvsical operation of the X-MHD generator has been assumed to he
that presented in Section 1II of Reference 1 for the purposes of this
discussion. No further gas dvnamic analvses of this type presented in
Reference 1 has been done for this report. The starting conditions just
after detonation of the charge are so complicuted that they are difficult to
model with any greater accuracy than was done in the original report. Thus
there was little fo be gained from additional numerical calculations.

The analysis of generator inductance has been improved and the inductance
for the linear channels used in our experiment has been determined. The effective
internal resistance of the generator has also been determined from the inductance
analysis. A rough evaluation of the majcr energy losses in this generator 1s
given in the last part ot this seetion.

A. Effective Resistance of the Loads

As was mentioned in the previous section, the terminals used for
mounting the load resistors werc sanded on the later firings to reduce contact
resistance. In spite of this precaution, the agreement between measured voltage
and the product of maximum current and resistance is still rather poor. We
could assume that this is due to some change in the load resistance due to

high current flow and define the effective resisrance of the load, Reff’ by

Rcff - V/lmax

where imax and v are the maximun current and corresponding voltage measured
at the load. The results of this analysis are shown in Table l1-I for the
voltage-current data from several firings.

The use of these cffective resistances generally impreves the

agreement between " vidt and 'izReufdt as is shown in Table 11-II. The
e A PR
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TABLE 11-I

EFFECTIVE RESISTANCE OF LOADS

East Channel West Channel
Test No. (m:.) (m.)
X-MHD=-6 53.8 (25.0)" -- --
X-MHD~12 1.46 ( 4.89) -- =3
X-MHD-13 -- - 7.53 (8.42)°
X-MHD-14 -- -- 8.40 (8.42)
X=MHD-15 36.2 ( 8.42) 10.2 (8.22)
X-MHD-16 32.1 ( 8.42) 6.71 (4.89)
X=MHD-17 16.3 ( 8.42) 10.9 (8.22)
X=-MHD-18 -- -- 10.0 (8.22)
X=-MHD=-19 22.9 ( 8.42) 9.89 (8.22)

*
The numbers in parentheses are the load values measured on a
Wheatstone Bridge.

TABLE 11-I1

2

COMPARISON OF  vidt WITH i R ¢ dt
East Channel West Channel
. v 2 . b 2 .
Test No. i vidt HE Reff dt | vidt i Reff dt
X=-MHD=0C 5.79 kJ 4.95 kJ -- --
X=-MHD=12 1.08 0.55 -- --
X=-MHD-13 -- -- 6.52 kJ 5.77 kJ
X-MHD-14 - -- 12.7 11.8
X=-MHD=-15 5.36 5.16 10.9 10.6
X=-MHD-16 6.16 6.42 12.0 12.2
X=MHD=-17 0.67 0.42 3.09 3.24
X-MHD-18 -- -- 0.73 0.62
X-MHD-19 12.6 13.7 3.26 2.80

11-2
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exceptions to this statement are tests X-MHD-12 and X-MiD-13, wherce the
effective resistance is less than the nominal value. It is tempting to

leap to the conclusion that these effective resistances are the proper ones

to use in evaluating energy, cspecially since it would give total energy outputs
of 15.8 kJ, 18.6 kJ and 16.5 kJ for shots X-MHD-15, X-MHD-16, and X-MHD-19.

The covresponding total efficiencies would be 3.8%, 4.5% and 4.07%, respectively.
Nevertheless, it is very difficult to see how the same 8.42 m:: resistor had
very close to its nominal value or the west channel and from 2 to 4 times its
nominal value on the east channel. 1In addition, the voltage divider was
connected to the resistor rather than to the channel so contact resistance
between the resistor and its channel connections would not have been counted

in the voltage measurement. For the purposes of this report, we will not

use these effective resistances.

B. Inductance and Internal Resistance

The inductance and internal resistance of the generator were obtained
from a 2 parameter fit of the measured current-time history to Equation (14&)
of Appendix D. The inductance of the generator was taken to be of the
form

L(t) + LL

where L. is a constant and includes the inductance of the load. The time
variable part of the inductance, L(t), was assumed to be due to the variation
in magnetic flux passing through a currvnt loop formed by the two electrodes,
the current sheet and the flange at the end of the channel (see Figure 1 of
Appendix D). One of the electrodes was connected to the channel shell but
the J X B force still keeps the current flow opposite the insulated

electrode.




The two parameters in the fitting procedurce are, therefore, LL
and the internal resistance of the generator, RC. The velocity-time history
for the conducting sheet, which is necded for the fit, was taken from the
simplified wave diagram shown in Figurell-l. As was mentioned in Section X.
this has been assumed constant through its residence time in the electrodes.
The space variation in magnetic field due to the position of the channel
relative to the magnet was also included in the calculation.

Figure 11=2 shows a plot of the current-time history of test X-MHD-14,
with both the experimental measurements and the calculated current with
LL = 0.11 .h and RC = 21 m... Figure 11-3 shows a plot of the variation of
inductance with time. Table 11-IIT lists the values R, obtained from the
last 6 firings by this same method using L; = 0.11 «h. Note that the
internal resistances obtained in this manner have a considerable range of
variation. This may be duc to variations in mixing at the contact surface,
causing variation in the amount of sced material that is heated by the
shocked helium. The internal resistance for X-MHD-18 is expected to be much
higher than that of the other firings because of the lower shock velocity and
consequent lower heating of the seed material.

The magnetic Reynolds number for the svstem can be estimated from

the internal resistance by the relation

where . is the magnetic permeability of vacuum, ¢ is the sheet conductivity,
)

u is the sheet velocity, and a is tle sheet thickness. If D is the diameter

of the duct,

11-4
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TABLE 11-I1I

INTERNAL RESISTANCE OF GENERATOR
(Load Inductance of 0.11 _H)

X-MD~-14 21 x 1073 .
X=MHD-15 35 x 1073 &
X-MHD-16 20 x 1072 =
X-MliD=17 54 X 1072 2
X-MHD~-18 > 150 X 10™°
X-MHD-19 72 x 107 ¢,

|
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b (4m x 1077 H/m) (5140 m/s)

e 21 x 1073 @

Rm = 0.31
a

This is about a factor of 2 smaller than had been expected for these experiments

(see Section VB of Reference 1). A significant improvement in the generator perfor-

mance could be obtaiued by increasing Rm, to 1.5 or 2.0.
c. Losses

The major losses in the present X-MHD tests were the residual
kinetic and internal energy contained in the explosion products after the
conductive sheet leaves the generator. These losses are difficult to
assess accurately either experimentally or theoretically. Nevertheless,
order of magnitude estimates of these quantities can be made by assuming
density is independent of position when the conducting heet leaves the

generator. At this time the explosion gases" occupy 456 times their

original volume and the average density is
o .. ~3.44 kg/m3.
av

The average of the gas velocity squared can be estimated as (1/3) of the
square of sheet velocity so the kinetic energy is
2

(u )
Kinetic Energy Au% Pav ——EE%EE—"'V

~% (3.44 kg/m>) (5140 m/s)? —E(o.lss my2(1.0 m)

~ 290 kJ.

where V is the volume of the channel and Uiteet is the conducting sheet

velocity.

The residual internal energs in the explosion products can be

*
Including the standoff and seed materials.

Kk
Using data from X-MHD-14.
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estimated as

~ - -]
Internal Energy cV(T 300°K) paVV

cal " o 4184 g
~ 0.246 2°K (454°K=-300°K) (65 &) (—Z1 )

~ 10 kJ.

The values of ¢y and temperature were obtained from a thermochemical
calculation of the explosion product expansion. As with density, the
temperature has been assumed constant through the generator for this
calculation.

Most of this energy will be exhausted from the machine since the
products occupy 1440 times their original volume when the pressure is at
1 atmosphere. This means only a small part of this energy (less than 1/3)
would remain in the channel for eventual transfer to the walls as heat.
In ordinary blast waves in air only about 157 of the explosion energy is
expected to remain with the products. Since 2/3 of the products end up
outside of the channel, it is possible that as little at 5% of the explosion
energy might remain inside for eventual heating of the channel.

The vaporization of seed and standoff materials does not contribute
to the losses of the system because of the oxygen available in these materials.
In fact, there is a calculated 2 kJ gain in energy due to combustion of
these materials.

The residual kinetic and internal energy of the helium fill gas
is very small, 0.2 kJ each. The heat loss from the shocked helium is even
smaller. This can be roughly estimated by using gun ballistics techniques.2

Reynolds' analogy is used for the heat transfer coefficient, h,

11-10



where c¢_ is the specific heat of helium at constant pressure, Ais a

dimensionless friction factor, and u is the gas velocity. If the diameter

of the channel, D, is in centimeters, then

1
- 2
(13.2 + & log, 4 D)

1 1

(13.2 + 4 log 15.5)2 323

with a shocked helium density of 2.41 x 10°3 kg/m3,

h = 100 W/m? °K.

The total heat transfer as the gas moves down the channz2l is thus
tf
Q= hﬂD(U-u)t(T-Tw)dt
o}

where U is the shock velocity, T is the gas temperature, Tw is the wall

temperature and te is the time at which the helium leaves the channel.

Evaluating Q gives
Q~7J

Thus the main losses in the generator are associated with the explosion

products, at least under the operating conditions used here.
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SECTION XII

CONCLUSIONS

The goal of the detonating explosive MHD studies was to evaluate
the feasibility of multikilowatt, high-repetition-rate X-MHD generators.
The authors believe that the results of this program show that these
devices ave feasible at the present time. The achievement of 11.8 kJ
electrical output from a single channel, at an efficiency vf 5.7% with a
0.1 kg charge shows that high power output can be obtained from a device
of modest dimensions. The use of symmetrical charge initiation togerher
with a more uniform space distribution of the applied magnetic field would
make a very significant contribution toward this end.

There are, of course, significant problens that must be solvea betore
the X-MHD generator could be considered a fullv developed power source.
Not the least of these problems is providing for high repetition rate
pulsing of the device. Section XI1I shows how this could be done for
ten 0.1 kg charges at a repetition rate of 100 shots per second. Demon-
strating this concept together with solving some of the other problems
that contribute to reduced performance of the X-MHD generator will require
a significant development program. A suggested outline for such a program

is presented in Section XIII.
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SECTION XIIX

RECOMMENDATIONS FOR FUTURE DEVELOPMENT OF EXPLOSIVE MHD

In viewing the future of explosively driven MHD as a viable energy
source, a number of items must be examined. Of prime importance is the
application to which this power source will be directed. The load has a
direct bearing on the efficiency of the generator inasmuch as its ability

to use the energy directly or the requirements that it presents for pulse

shapin; 1 .d power conditioning will effect both weight and total efficiency.

Ideally, the genemto. likes a purely resistive load. The off-design
effects of feeding a load with either inductance or capacitance must be
examined in greater detail.

To date, the system has met most expectations and it appears that a
total energy conversion efficiency (heat of explosion to electrical output)
of 87 can be achieved upon solution of the problem areas now exposed.

A brief discussion follows on the areas which require further
definition.

A. Energy Losses

The scope of energy loss mechanisms in the X-MHD generator is
complex and not completely understood. They can, however, be divided into
‘nrernal and external losses. Internal losses to be considered are: Low
interaction parameter (low magnetic Revnolds number), internal impedances,
nonuniformities in velocity and magnetic ficld, wall friction, heat loss,
and the slowing of shock velocity by ambient gas backpressure. External
losses arise when coupling into a load which has a complex impedance and
when any power conditioning is required to wmeet voltage and wave shape
requirements. Losses have been covered rather extensively in Reference 1.

One area which developed during the cour:se of the cxperimental prograr
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was the asymmetry of the detonation wave when the detonation was being

driven from cne side. The channel on the plane wave generator side of the
detonation chamber produced less than half the energy of the opposite channel .
Removing the plane wave generator produced more energy on the low channel but
less on -he channel which had previously produced high power. It is apparent
that work will have to be conducted to change the charge/driver geometry to
give symmetric waves.

B. Vacuum Requirements

As seen from the experimental data, and from Reference 1, the effect
of residual gas density is very crucial in the efficiency of the system.
The most desirable condition would be to operate the X-MHD generator with a
residual gas pressure equal to ambient pressure to avoid the use of a high-
capacity vacuum system for repetitive pulse operation. For this to be practical,
the backpressure imposed on the conducting front by the shocked residual gas
must be minimized to achieve maxiwum velocity. At the same time, it is
necessary to achieve the 8000°K or better temperature requirement. AS both
backpressure and shocked gas nthalpy for a strong shock are proportional
to the square of the shock Mac number, these requirements are contradictory.

Optimum X-MHD performance can be attained by purging with monatomic
gases. Monatomic gases available for purging are helium, neon, and argon.
Neon is rejected because of very high cost. The most practical purging
gases are helium or mixturcs ol helium and argon.

Even at 9C00°K in a monatomic gas, tittle ionization ovccurs, and
near periect gas conditions apply in the shocked was. Therefore, a uniquc
relationship exists between the required shock Mach nurber and the initial
temperature of the residual gas to achieve a spucified temperature in the

4
shocked residual. T1f the vesidual gas pressure is fixed at 8.29x10 n/w2

13-2



there is also a unique relationship between the backpressure imposed on
the conducting front and the initial temperature of the residual gas for
final temperature. These relationships are shown in Figure 13-1 for a
gas heated to 9000°K by the shock.

The effect of preheat in reducing backpressure requirements is
dramatic. For instance, an ambient pressure monatomic gas preheated to
2200°K and shocked by the blast to produce a temperature of 9000°K will
impose a backpressure identical to that imposed in the previous high-
power Hercules experiments by air at 10 mm Hg (1.32x103n/m2), that is 10
atm. On the other hand, at ambient temperature, a Mach 10 shock is required
and a backpressure of 124 atm will be imposed. These two extremes correspond
to a very significant 20 percent difference in interface velocity.

Low-repetition-rate X-MHD generators should be designed for channel
purging by a preheated monatomie gas. Specific recommendations are preheat
temperature capability of 1250°K and helium/argon mixtures. The mole fraction
0f argon need not exceed approximately 15 percent. These recommendations are
arrived at on the basis of preliminary N-MHD gas dynamic calculations described
in Reference i.

At low repetition rate, the helium expenditure to purge is not a
significant factor, and the time between shots permits a thorough purge.

With hot helium purge, a verv low backpressire and high inrerface velocity
is achieved, and -"a values approaching 200 mho may be expected.

At high repetition rate (100 pps), the hot helium purge is
probably not practical. {ielium expenditure would be substantial, and

the 10 msec period might prevent a thorough purge. Turbine engine exhaust
or combustion bleed gases are a possibility; however, the spent explosion

products frou the previous round would seer to be the most artractive
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purge gas.

When the explosion products from an X-MHD round have completely
expanded, > barrel wiil be at a pressure of one atmosphere. Mixing with
external : ubient gases will be minimal during the 10 msec period. The
spent explosion product temperature, Tl’ is, at the very least, the
temperature which would result from an isentropic expansion from explosion
conditions to oue atmosphere. The temperature is probably somewhat greater
than this value, since all phases of the expansion are not completely
isentropic. Using the isentropic expansion, the residual gas temperature
will be appicximately one fifth of the explosion temperature and the sound
speed approximately 45 percent that of the value of the initial explosion
products.,

Under these conditions, shock-heated residual gas temperatures of
6000° to 7000°K and interface velocicics ot approximately 5500 m/sec
should result. Since the conductivity of the conducting interface is
proportional to the 1.5 power of the temperature of the shock-heated
gases (Spitzer conductivity with seed), oa products of approximately 100
mho may be expected. While this value of 0a is below that obtainable
with hot helium purge, good X-MHD performance can still be obtained.

with spent explosion products as the residual gas, the back-
pressure will increase to 100-125 atm, as compared with about 25 atm
using hot he'ium. This accounts for the decrecase in interface velocity.

With hot helium purge in the low-repetition-rate generator; a
thorough and complete purge would be required in order to achieve the high
values of ca predicted., With spent explosion products as the residual gas,
impurities do not present a problem since they are unlikely to be more of

an energy sink holding the shock temperature rise than are the explosion
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products themselves. Thus, while the performance, though acceptable,
is somewhat below that of the low-repetition-rate generator, very little
can occur to reduce performance below that expected.

One other point is the influence of magnetic Reynolds number, Rma,
effects. A low-repetition-rate, high-energy-per-pulse generator will be
of large diameter, with the cenducting zone thickness small by comparison.
With this thickness-to-diameter ratio, the Rmyeffects predicted on the infinite
sheet basis can be a good approximation. High-repetition-rate X-MHD for lower
energy per pulse will lead to thickness-to-diameter ratios of order unity.
Under these circumstances, low Rmgapproximations will be valid to substantially
higher values of Rma,probably approaching two. For this reason, low Rma
approximations can be utilized in calculations for the high-repetition=-
rate devices.

C. Power Conditioning

As noted previously, any power conditioning required will effect the
total efficiency of the generator. The two areas where power conditioning
apply are wave shaping and impedance matching.

The voltage output of a direct coupled X-MHD gencratov is limited
by the size since the sustained voltage gradient is limited to about 25 kv/
meter under load. For a channel of the size being tested in this program,
this would yield 3 kV per channel or 6 kV if the two channels were tied in
series. This voltage would be increased by the square root of the power
for larger generators. Tor applications requiring larger voltages than this,
one if left with the cloice of inductively coupling, in which the current
sheet acts as the primary winding of a t“ransformer or designing a transformer

type load. The effect of load inductance is covered in Reference 1.
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D. Proposed Program for Development of X-MHD

Future X-MHD development is aimed at low volume, lightweight
systems with a minimu of complexity. Prototype design goals are to obtain
a proven power density ihased on total generator volume) of 1-2 kW/cm3 and
a specific energy output of 250 J/g.

Studies, conducted as part of the current program, indicate that
the explosive containment concept will enable achievement of rates up to
100 pulses per seccond (pps) using feed mechanism designs developed for high
rate-of-fire canrons.

The future program should be directed toward demonstrating 100 pps
operation for a 10 pulse train. From that point, the necessary cooled channels,
cartridge magazines, and prototype feed mechanisms could te developed for
longer pulse trains.

The X-MHD device offers a method of producing multi-MW average power
at modest pulse rates without tihe complexity, weight, and volume of power
conditioning for most applications. This may be the only practical method
of obtaining high energy pulses in the 50 to 100 microsecond range.

1. Technical Discussion

The X-MHD is a unique direct prime power source of high energy
electrical impulses at the multi-MW average power level without the need
for power conditioening equipment. Thus, X-MHD can be an optimum selection
for applications requiring repetition rates up to 100 Hz at pulse energies
to 50 kJ.

The basic principles and potential of the X-MHD have been
described in Reference 1. This report shows that the ideal linear X-MHD
geometry with essentiallv complete confinement and utilization of the

cexplosion products should lead to energy extraction in the 5-10 percent

13-7

o



range while operating into awbient backpressure so that vacuum equipment
to evacuate the charnel is not required. As a part ol the current program,
an experimental dual linear 0.155 m diameter X-MHD geometry has been evaluated.
In order to provide baseline data, the 0.155 m channels are of constant
cross-cection along the channel, and 0.1 kg charges are utilized.
The areas of prime importance to be addressed in future develop-
ment programs are as follows:
a. Efficiency and power geueration effects related to
firing into residual detonation products.
b. Synchronizing cetonation firing circuits to insure
detonation while the charge is in line with the channel.

Determining channel heat loads under high rate

[#]

conditions.

The first area is covered quite extensively in Reference 1 with respect
to pressure, temperature, density and molecular weight of the detonation
products.

The second area involves the development of a fail-safe means
of detonating the charges which takes into account detonation delay times,
charge velocity and the problems of electromechanical contacts for
initiation.

It is expected that the present channel design could handle
the heat loads generated during a 10 pulse test without additional cooling.

A proposed baseline mechanism for firing ten (10), 0.1 kg
charges at the rate of 100 per second is shown in Figure 13-2. As indicated
in Figure 13-2, the charges to be fired are mounted ipn a rigid slider plate
and ¢ .anected to a large air cvlinder. A roller release system prevents

the motion of the plate while the drive cylinder is pressurized to about
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3.5x106N/m2. To initiate the test, an air cylinder is used to pull the

roller release system thus allowing the 2.2x104N load (applied by the air
cylinder) to accelerate the charge holder and slider plate. The delay between
application of voltage and charge detonation is less than 30 pc. During

this tine the charge moves about 0.5 mm so no major problems are ancicipated
with timing of the detonations.

By the time the center of the first charge coincides with the
center of the channel, the system will have attained a velocity of about
15 m/s. At this time the piston has advanced to the point that the exhaust
orifice is uncovered and the driving gas is vented. As the piston continues
its travel down the cylinder, the gas in front of the piston is compressed
to prevent additional acceleration of the system. By proper sizing of the
exhaust orifice and vent orifice, it should be possible to attain a nearly
constant velocity of the charge holders.

As the charges approach the center of the channel, electrical
contact is made with the firing line thus detonating the charges as they pass
the center of the channel.

After the last charge is fired, the piston passes the vent
orifice and begins to compress the remaining gas in the cylinder. The
compression of this gas decelerates the system and brings it to rest.

Although a significant amount of testing would be required to
insure that the feed mechanisms operates properly, it appears feasible to
build and demonstrate the apparatus with components that could either be
purchased or fabricated within a reasonable length of time.

i3 Program Plan for Further Development of X-MHD

i

1. Objective

The objective of the proposed program would be to demonstrate
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that an explosive generator can be operated at a pulse rate up .o 100 Hz
with a pulse energy up to 50 kJ and a pulse width of 50 us.

28 Work Statement

The work to be accomplished during the proposed program would
consist of detonation chamber design, fabrication and testing followed by
complete testing of the system for power characterization. The development
of a more detailed program plan would take place during the initial part
of the program.

a. Detonation Chamber Development

The detonation chamber and charge holder would utilize
the basic designs developed under tae present X-=MHD program but would be
modified to allow rcpetitive operation. The detonation chamber development
would proceed as follows:
1) Taskl
Design a breech and feed system to provide explosive
pulses at a rate of 50 to 100 Hz for approximately 10 pulses. The breech
and feed system would be designed to utilize the explosive containment rings
developed for the current X-MHD program This system would be designedu
specifically for use with the channels ard magnet that were used on the
present X-MHD program.
2) Task 2
Fabricate the equipment designed in Task 1 above.
3)  Task 3
Test the breech hardware both separately and mated
with the channel and magnet.
b.  Channel

Channel work would be restricted to liner replacement in

13=11




the channels that are being used in the current explosive MHD program.
c. Testing
Testing would start with the breech and feed system
hardware alone and proceed to complete testing of the system for power
characterization under repetitive pulse conditions. This testing would
include a demonstration of up to 50 kJ per pulse electrical power output
at a pulse repetition rate of 50 to 100 Hz for approximately 10 pulses.

3. Program Schedule

The proposed program would be carried out over a 12 month
period, as shown in Figure 10-3. This consists of a 9 month technical

effort followed by a 3 month period allocated for preparation of a technical

report.
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APPENDIX A

CALIBRATION OF ROGOWSKI COILS

The Rogowski coils used for current measurements were constructed
by stripping the ground shield of a length of RG-11 coaxial cable back a
few inches from the end, attaching a fine wire to tine shield and winding
the wire around the vxposed dielectric. At the end of the e¢xposed section
the coil wire was connected to the center conductor of the cable. In use,
the end of the cable with the wire winding is bent 2round the current path
and taped in position. This functions just like a solid ccil but it can
be placed in pusition without removing the load.

The theory of Rogowski coils is well known (see Reference 1), but it
will be briefly repeated here. If a current i(t) passcs thru a circular

contour, C, at its center, the magnetic flux

Figure 1. Magnctic Flux Density Around Current
Path

density is given by

B(r) = =) (1)

2

where _ is the perneability of the material along path C, and r is the
radius of C. Note chat the displacement current parallel to i has been
neglected. 1f we have windings around the contour C so that each turn

has its plane essentially perpendicular to C, then the voltage gain for

rl

PPV gy
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Figure 2. A Typical Turn Around Path C

each turn is given by

d
e e (BA)

ba

where A is the area of the turn. for N turns the voltage gain is

_oua 9B _ [NoA) di
Vi T NA dt (Zﬂr) de (2)

This can be written in terns of the self-inductance of the coil, Lc’ as

L .
cl di
q - (N ) dt (3
where
L - NA
C 2 T

The Rogowski coil must be used with an intcgrator since 1ts output

is the time derivative of the current. An RC integrator is suitable for this

3 . . : . . .
purpose. The circuit used in this work was as shown in Filgure 3.

Scope

Integrator

Rogowski Coil e | <::>
R )

|

L__]C;/
|
2

z

I
]
i
1
I
I
]
i
]
i

Figure 3. Schematic of Current Measuring Circuit



Since the coaxial cable is approximately terminated in its characteristic

impedance, Zo’ the current in the left hand loop, ;1, satisties

o

dif , , , >, -_cdi
LC — 1lzo WV A, e (4)
dt
This equation can be solved to yield
N t
i = (Zo~ 11d~ 4 Lcll) (5)
d o

where it has been assumed that il =0at t = 0.

The right-hand circuit representing the terminating resistor, the
integrator and the scope can be solved approximately bv noting that when
C = 0.1 of and the time scale for current changes is 100 s or less, the

impedance of the integrating capacitor is

2. % 10 ¢

This is much less than the scope resistance so we can neglect the scope
current. R is 10 k so we can consider i1 to flow thru ZO only. Therefore,

the right-hand circuit is approximately as follows:

¢ = v (t)

; ol

Figure 4. Simplified Representation of Integrator
Circuit

The charge flowing in this circuit satisfies
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q
R__2+é_2=vf?iz : (6)

The woltage, Vo measur=d Ly thde scope is

v =
(o]

2
C
so (6) can be written as
1 dVo
11= -Z—-(VO+ RC-a-t-—). (7

o

Substitucing (7) into (5) we have

N t LC L clvO
- i y d- + — e Y —
i LC i v + (RC 5 ) vy RC(Z ) T (8)
o o o]
where it has been assumed that IR 0 at t = 0. In most systems,
Lc
- << RC
o
S0
L dv t
~ NRC C o 1 '
| & == + (= + == vdT}.
YT [Vo )3 tRe . VoS ] (%)
C &) 0

For well designed systems, the second and third terms will be small compared
to the first so a simple proportionality will exist between observed voltage
and current. With rapidly changing or long pulses, this will not be the
case and it will be necessary to carry one or both of these extra terms.
The system used at Hercules for the X-MID testing had ZO = 500,
k = 10k{, C = 0.1.f, and
96 uh Coil #25

102 uh Coil #24
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Thus, if changes take place in a time greater than (10 LC/ZO) £20 us, we
can neglect the second term in Equation 9. Sirmilarly, if we are interested
in pulse lengths shorter than (RC/10) =109 .s, the third term in Equation 9
car be neglected.

Calibration of the coils was accomplished by detecting the current
flowing thru a small resistor during a capacitor discharge. The discharge

circuit was as foliows:

Rogowski Coil

L Q vm
i
——————e
Figure 5. Capacitor Discharge Circuit
The current flow during discharge is governed bv
a . +1) i ri L =0, (10)
W R7 dt 0 CO

For convenience of notation, the inductance of the resistor, T and the

R’
inductance of the remainder of the circuit, L will e lumped together

as L,

L=L_+0L.. (11)

Differentiating (10) and using (l1) gives

2.

1

el

o,
o,

i1 ..
= + e ¢ 0. (12)
t o

|
|

)
L

(o8]
o,

L i,

(=9
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Solving for i gives

i = ae™' 4+ pe’" (12)
where
R 4(L/R )
m+=-i 1 + 1-_§T0_ (13a)
and
R0 A(L/RO)
m_ = - o 1 - 1-_E_C— (13b)
o o
At t =0 i =0s0B=-A. Inaddition, at t =0
di _
L a't-l = Vo
t=o

where VO is the initial voltage on the capacitor. Thus

\Y
i 0__—- ’l'+L _ mat
T R =
or

| Vo(cm+[ _ LP-I)
1 =

A(L/Ro)

Ro 1 R C (14)
0 o

The voltage, v measured across R and LR is given by

. di
vm = 1Ro + LR at

1

Y/ m L
- 2 (L + =By Mt 4 Mlpy oM

N[ B@R) %s R
I R C

o 0 (15)
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! ) m, t .
Since |m_| < |nu|, the e ¥ portion of both current and measured voltage
will become small after sufficient time and the current and mecasured

. m . . )
voltage will decay as e When this is true, the current is given

by

i= . (16)

The parameter m_ can be determined by plotting v, Vs t on a semi-log plot
for large times. Then m_ can be calculated from
1 V2

m_ = (;;":—;;Y' In (;;I) (17)

whe re Vo and v ) are voltages measured in the linear region of the plot.
m

(LR/RO) is somewhat more difficult to determine. Direct measurement of
LR gave

LR o 1.5 4h

with the uncertaintv due to strav inductarces in the measurement setup.

With Ro = 0.700,,

o

R—Riz.l LS. (18)
o]

Another way of determining (LR/RO) is to measure the time, tp’ at which Vo

reaches its maximum. According to (15) this satisfies

dv A m L m L myt
2=0- 0 m (1 + —= Rye™'p - m (1 + ; Rye P
v A(L/RO) o] o]
S
0O 0
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Solving for (LR/RO),

(my -m_)t

L :
R | ™ -
A = . (19)

m_ is known from measurements of v, and (17) and m,_ can be found as follows:

Solve (13b) for (L/RO) to get

-mRC -1
-0 0

(20)

Wll“

and then substitute this result into (13a).

The procedure for calibrating Rogowski coils with a capacitive
discharge can be summarized as follows:

1. Plot v, asa function of time on a semi-log plot,

2. Calculate m_ from Eyuation (17);

3. calculate (L/R)) from Equation (20);

4. Calculate m, from Equation (13a);

5. Calculate (LR/RO) from Equation (19);

6. Calculate i at times t >> (-1/m) from Equation (16);
7. Determine the calibration factor from Equation (9) in the
form
_ NRC,_ i
Cal. Factor = (L )= Lc dvo . s . (21)
c . €y _O 0
Yo * Mz ) dt i RC Vv VodT
o )

The system parameters that must be known in order to make these calculations

are



Tables I and II show calibration voltages taken from oscilloscope
displays of capacitor discharge data. All parameters necessary for
arriving for the cal. factor are also recorded on the tables. Figures
6 and 7 show semi-log plots of both v and v for the parpose of deter-
mining m_. Tt is worth noting that in both figures the "best=fit"
lines thru the Vi, and vy data were drawn narallel even though v, has
a slightly larger slope than A This was done because the theory given
above requires that for times much greater (LC/ZO) but much less than RC,
v and Vs must have the same time dependence. In both figures, a compromise
was made between the two actual slopes to arrive at an appropriate average
slope.

Table III gives the calculated parameters for calibration of both
Rogowski coils used in this program. It is to be not 4 taat {LR/RO) is
different for the two coils even though (he same load was u«cd tor poth
tests. This 8% variation would, hoo-ver, only cause a lj, var.ation 1n

the calibration factor - it cun ve tegazde i as unizpcreant.




TABLE I

CALIBRATION OF CHANNEL #24

Time v v
m o

(ps) (volts) (volts)
9 643 0.128
11 551 0.112
13 505 0.100
15 459 0.089
17 422 0.076
19 367 0.066
21 321 0.057
23 275 0.054
25 252 0.046
27 220 0.039
29 188 0.036
31 170 0.029
33 152 0.026
35 138 0.024
37 119 0.020
39 101 0.018
R = 0700 Al Z = 50 {:
o o

Co = 27 uf R = 10 ki

tp = 3.1 us = 0.1 uf

Lc = 102 uh

A-10
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TABLE II

CALIBRATION OF CHANNEL #75

L
Time vm vo
(us) (volts) (volts)
9 648 0.120
11 561 0.105
13 497 0.093
15 440 0.082
17 389 0.072
19 350 0.063
21 302 0.055 ;
22 268 0.050
25 250 0.043
27 216 0.038
29 194 0.033
31 173 0.029
33 151 0.025
35 134 0.022
37 121 0.020
39 108 0.018
R = 0.700 & z =50¢0
o o
Co = 27 uf R = 10 kQU
tp = 2.5 Hs = 0.1 uf
L =66 ih
c
A-11
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TABLE III

CALIBRATION PARAMETERS

Parameter Channel #24 Channel #25
m_ - 1/15.6 us - 1/16.2 us
(L/Ro) 2.69 us 2.33 us
m - 1/3.25 us - 1/2.72 us
(LR/RO) 2.00 us 1.85 us
Cal. Factor = (E—E) 10.5 x 103 amp/volt 10.4 x 103 amp/volt
[
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APPENDIX B

RAW DATA FROM X-MHD TESTS



Firing No. X-MiD-1 Date

Charge Specifications:
Composition C-4 Weight: 97.3 gm
Seed (CsNO3) Weight: 3.0 gm (bulk)
Standoff Material: 17 gm (west), 21.4 gm (east)

Driver Location: East (Channel
Fill Gas: Air . Initial Pressure: 40 Torr.

Magnet Current: _11’000 amps.

Upper Trace: West Channel Voltage, 1000 Q Load

Vertical beflection 20 v/em
Horizontal Deflection 30 s/ cm

Data Channel ¥

Lower Trace: East Channel Voltage, 1000 Q Load

Vertical Deflection 2C v/em
Horizontal Deflection 20 ys/cm

Data Channel *

B-1

June 4, 1974




X-MHD-1 (Continued)

Upper Trace: West  Channel Voltage, 1000 Q Load

Vertical Deflection 10 v/cm
Horizontal Deflection 50 s/cm

Data Channel * (10X attenuation)

Lowar Trace: East Channel _yoltage, 1000 Q Load

Vertical Deflection 10 v/cm
Horizontal Deflection _50 ks/cm
Data Channel _ * (10X attenuation)

Notes:

*
Data channel not recorded. Use v = (44.0)vm as conversion factor.

B=2
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Firing No. X-MHD-2

Charge Specifications:
Composition C-4 Weight: 97.3 gm
Seed (CsNO3) Weight: 2.7 gin (bulk)
Standoff Material: 12.5 gm each side

Driver Location: East  Channel
Fill Gas: __Air . Initial Pressure: 10 Torr.

Magnet Current: 11,000 amps.

Upper Trace: _East Channel Voltage, 975 O  10ad

Vertical Deflection 20 v/cm
Horizontal Deflection 10 s/em

Data Channel _21

Lower Trace: _West (Channel _Voltage, 994 Q0 144

Vertical Deflection 20 v/ecm
Horizontal Deflection _10 _s/cm
Data Channel 23

Date June 11,

1974




Firing No. _ X-MHD-3

Charge Specifications:
Composition C-4 Weight: 97.3 gm
Seed (CsNO3) Weight: 2.7 em (bulk)
Standoff Material: 12.5 gm each side

Driver Location: East Channel
Fill Gas: Air . Initial Pressure: 10 Torr.

Magnet Current: 11,000 amps.

Date June 11, 1974

Upper Trace: East Channel Voltage, 25x10-30 Load

Vertical Deflection 20 v/cm
Horizontal Deflection 50 [s/cm

Data Channel 21

Lower Trace: _West Channel Veltage, 25x10-3Q Load

Vertical Deflection 20 v/em
Horizontal Deflection 50  s/cm

Data Channel 23



X-MHD-3 (Continued)

Reproduced from {
best available copy. \On

Upper Trace: Channel Current, 25x10-30 Load

Vertical Deflection 10 v/cm
Horizontal Deflection 50 us/cm

Data Channel *

-3
Lower Trace: Channel Current, 25x10 "Q 10ad

Vertical Deflection 10 v/cm

Horizontal Deflection 50 Ls/cm

Data Channel *

Notes:

*
Scopes displaying current did not trigger at correct time.



Firing No. _X-MHD-4 Date  June 13, 1974

Charge Specifications:
Composition C-4 Weight: _100 gm
Seed (CsNO3) Weight: 2.7 gm/side (surface)

Standoff Material: 12 gm

Driver Location: East (Channel
Fill Gas: Air . Initial Pressure: 10 Torr.

Magnet Current: 11,000 amps.

Upper Trace: West Channel Current, shorted Load

Vertical Deflection 20 v/cm
Horizontal Deflection 350 [ s/cm

Data Channel 25

Lower Trace: West Channel Current, shorted Load

Vertical Deflection _2  v/em
Horizontal Deflection _50 ps/cm

Data Channel 23



X-MHD-4 (Continued)

di
Upper Trace: West (Channel dt , shorted

Vertical Deflection 20 v/cm
Horizontal Deflection _50 ps/cm

Data Channel 25 with 1000X attenuation
di
Lower Trace: EaSt Channel dt , shorted

Vertical Deflection 20 v/cm
Horizontal Deflection 50 ws/cm

Data Channel 24

Notes:

Load

Load



X-MHD=4 (Continuead)

..-+[11r- LR e S e

Upper Trace: E@St  chappelCurrent, shorted Load

Vertical Deflection 20 v/cm
Horizontal Deflection 50 ps/em

Data Channel 24

Lower Trace: _East Channel Current, shorted  proad

Vertical Deflection 2 v/cm
Horizontal Deflection 50 Ls/cm

Data Channel 24

Notes:

No current was observed on east channel due to internal short in

channel .



Firing No. X-MHD-°®

Charge Specifications:
Composition C-4 Weight: 200 gm
Seed (CsNO3) Weight: 2.7 gm/side (surface)

Standoff Material: _12 gm/jgidz

Driver Location:; East Charnel
Fill Gas: Air . Initial Pressure: 10 Torr.

Magnet Current: 11,000 amps.

-3
Upper Trace: _East  Channel Current, 25x10 "0 Load

Vertical Deflection 10  v/cm
ilorizontal Deflection 30 | s/em

Data Channel 25

West 1 Voltage, 4.89x10-3QLoad

Lower Trace: Channe

Vertical Deflection 20 v/cm
Horizontal Deflection 50 _s/cm

Data Channel 21

Date

June 20, 1974




X-MHD-5

(Contirued)

Upper Trace: WeSt Channel Ionization Pins

4.89x10-3_

Load, *

PP

Pin Spacing

Vertical Deflection 10 v/cm

Horizontal Deflection 50 us/em

Data Channel 22

Lower

Trace:

Channel Ionization Pins

Load,

Vertical Deflection

Horizontal Deflection

Data Channel

Notes:

*

Pin No.
Pin No.
Pin No.
Pin No.

1 located 24.8
2 located 20.8
3 located 41.6
4 located 59.4

Pin Spacing

cm from scope trigger pin.

cm
cm
cm

_ v/em

us/cm

from
from
from

B-10

pin No. 1.
pin No. 1.
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Firing No. X-MHD-6 Date

Charge Specifications:
Composition C=4 Weight: 100 gm
Seed (CsNO3) Weight: 2.7 gm/side (surface)

Standoff Material: 12.6 gm/side

Driver Location: EasSt (hannel

Fill Gas: Helium . Initial Pressure: 5 Torr.

Magnet Current: 11,000 amps.

-3
Upper Trace: EdSt  Channel Current, 25x10 "Q 1.4

Vertical Deflection 5§ v/em
Horizontal Deflection 50 [_s/cm

Data Channel 25

Lower Trace: East Channel Voltage, 25310-3Q Load

Vertical Deflection 20 v/cm
Horizontal Deflection _50 us/cm

Data Channel 23

B-11
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X-MHD=-6 (Continued)

*
*
-
-
M
+
L

-3
West ChannelCurrent, 4.89x10°°Q Land

Upper Trace:

Vertical Deflection 5  v/em
Horizontal Deflection 50 | s/cm

Data Channel 24

-3
Lower Trace; West (Channel Voltage, 4.89x10 (I 10ad

Vertical Deflection 20 v/cm
Hor!zontal Deflection 90 s/cm
Data Channel 21

Notes:

Voltage across 4.89 m{l load is larger than voltage across 25 mil
load. This could indicate voltage leads were incorrectly identified.
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X-MHD-6 (Continued)

Upper Trace: WeSt Channel Ionization Pins
4.89x10730 Load _* _ Pin Spacing
Vertical Deflect'on ____ v/em
Horizontal Deflection 50  us/cm

Data Channel 22

Lower Trace: Channel Ionization Pins
Load, ___ Pin Spacing
Vertical Deflection ____ v/cm
Horizontal Deflection ____ us/cm

Data Channel
Notes:

%
Refer to Test No. 5.
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firing No. X-MHD-7 Date _ June 24, 1974

Charge Specifications:
Composition C-4 weight: 100 gm
Seed (CsNO3) Weight: 2.7 gm/side (surface)

Standoff Material: 12.5 gm/side

Driver Location: East Channel
Fill Ggas: Helium . Initial Pressure: 650 Torr.

Magnet Current: 11,000 amps.

Upper Trace: West ChannelVoltage, 975 Q Load

Vertical Deflection 5  v/em
Horizontal Deflection 30  _s/em

Data Channel 21 with 10X attenuation

Lower Trace: East Channel Voltage, 994 ( Load
Vertical Deflection * v/em

Horizontal Dcflection 50 | s/cem

Data Channel 23 with 10X attenuation

"Vertical deflection uncalibrated, correction factor of 2.8 times the
setting of 5 v/cm should be used.
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X-MHD-7 (Continued)

Upper Trace: WeSt Channel Ionization Pin
975 Q0 Load, _* _ Pin Spacing
Vertical Deflection __ v/em
Horizontal Deflection 30 .s/em

Data Channel 22

Lower Trace: Channel Tonization Pins
Load, ___ Pin Spacing
Vertical Deflection ____ v/cm
Horizontal Deflection ____ us/cm

Data Channel

Notes;

*
Refer to test No. 5.



Firing No. X-MHD-8 Date June 24, 1974

Charge Specifications:
Composition C-4 Weight:
Seed (CsNO3) Weight:
Standoff Material:

Driver Location: Channel
Fill Gas: Helium . Initial Pressure: 5 Torr.

Magnet Current: 11,000 amps.

No data obtained due to failure of scopes to trigger properly.

Upper Trace: Channel 1000 (Load

Vertical Deflection v/em
Horizontal Deflection us/cem
Data Channe! ____

Lower Trace: Channel 1000 QLoad

Vertical Deflection v/em
Horizontal Deflection us/cm

Data Channel ___
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Firing No. X-MHD-9

Charge Specifications:

Composition C-4 Weight: 100 gm

Seed (CsNO3) Weight: 2.7 gm/side (surface)

Standoff Material: 12.5 gm/side

Driver location: East Channel
%*
Fill Gas: Helium :

Magnet Current: 11,000  amps.

Date

Initial Pressure: ]] Torr.

Upper Trace: West cpapnel Voltage,

975

Vertical Deflection 20 v/cm
Horizontal Deflection 50 .s/cm

Data Channel 21

East 1 Voltage,

Lower Trace: Channe

994 O

Vertical Deflection 20  v/em
Horizontal Deflection 50 [ s/cm

Data Charnel 23

Leak in channel-gas was probably helium-air mixture.

B-18
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X=MHD-9 (Continued)

Reproduced from
best available copy.

Upper Trace: West  Channel Voltage, 975 { Load

Vertical Deflection _5 v/em

Horizontal Deflection 50 yus/cm

Data Channel 21 with 10X attenuation

Lower Trace: East Channel Voltage, 994 & Load

Vertical Deflection 5 wv/cm
Horizontal Deflection 50 _s/cm

Data Channel 23 with 10X attenuation
Notes:
On disassembly, "0" ring was found to be out of groove at

combustion=channel interface. This may have caused air to
leak into channel.
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X-MHD=9 (Continued)

Upper Trace: WeSt Channel Ionization Pins
975 !  Load, __* Pin Spacing
Vertical Deflection 20  v/em
Horizontal Deflection 30  us/cm

Data Channel 22

Lower Trace: Channel Tonization Pins
Load, __ Pin Spacing
Vertical Deflection __ v/em
Horizontal Deflection _ _ us/em

Data Channel

Notes:

*
Refer to Test No. 5.
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Firing No. X=MHD=-10

Charge Specifications:
Composition C-4 Weight: 100 gm
Seed (CsNO3) Weight: 2.7 gm/side
Standoff Material: 12.5 gm/side

Driver Location: WeSt (channel

Fill Gas: Helium Initial Pressure: 2 Torr.

Magnet Current: 11,000 amps.

Upper Trace: _West Channel Voltage, 975 Q Load

Vertical Deflection 5 v/em

Horizontal Deflection 50 | s/em

Data Channel 21 with 10X attenuation

Lower Trace: _East  Channel Voltage, 994 Q Load

Vertical Deflection 3 v/cm
Horizontal Deflection 50 zs/cm

Data Channel 23 with 10X attenuation

B=-21
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June 27,

1974




X-MHD-10 (Continued)

Upper Trace: WeSt Channel Ionization Pins
975 & ioad, _* Pin Spacing
Vertical Deflection __ v/cm
Horizontal Deflection __ us/cm

Data Channel 22

Lower Trace: Channel Ionization Pins
Load, ____ Pin Spacing
Vertical Deflection ___ v/em
Horizontal Deflection ____ us/cm

Data Channel
Notes:

Ionization pin lead wire apparently shorted to high potential
electrode

hRefer to Test No. 5.
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Firing No. X-MHD-11 pDate June 28, 1974

Charge Specifications:
Composition C-4 Weight: 10C gm
Seed (CsNO3) Weight: 2.5 gm/side (surface)
Standoff Material: 12.5 gm/side

Driver Location: EaSt Channel
Fill Gas: Helium . 7Tnitial Pressure: _2 Torr.

Magnet Current: _11,000 amps.

Data lost when scopes failed to trigger properly.

Upper Trace: Channel Load

Vertical Deflection v/em
Horizontal Deflection us/em

Data Channel

Lower Trace: Channel Load

Vertical Deflection v/cm
Horizontal Deflection us/cm

Data Channel ___
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Firing No. X-MHD-12 Date July 2, 1974

Charge Specifications:
Composition C~4 Weight: 100 gm
Seed (CsNO3) Weight: 2.5 gm/side (surface)
Standoff Material: _12.5 gm/side

Driver Location: East Channel
Fill Gas: Helium . Initial Pressure: 2.9 Torr.

Magnet Current: _9,500 a-ys.

Fast

1 Current,4.89x10-3(2Load

Upper Trace: Channe

Vertical Deilcction 20 y/em
Hlorizontal Deflection 50 _s/em

Data Channel _EE_

~

=3
Lower Trace: East — ChannelVoltage,4.89x10 “() 1,44

Vertical Deflection 10  /cm
Horizontal Deflection 20 ws/cm

Data Channel _ 23 with 10X attenuation

Note: No data on west channel due to failure of scope to trigger
properly.
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Firiag No. X-MHD=-13

Charge Specifications:
Composition C-4 Weight: 100 gm
Seed (CsNO13) Weight: 2.5 gm/side (surface)
Standoff Matcerial: 12.5 gm/side

Driver Location: East channel
Fill Gas: Helium | TInitial Pressure: 2.5 Torr.

Magnet Current: _9,500  amps.

-3
Upper Trace: We€st  Channel Current,8.42x10 0 1,ad

Vertical Deflection 10 v/cm
llorizontal Deflection 50 _s/ca

Data Channel 24

Lower Trace: West Channel \Loltage, 842}(10-3Q L.oad

Vertical Deflection 5§ v/em
hiorizontal Deflection 350 ws/em

Data Channel 21 with 10X attenuation

Date

July 3, 1974




v

X-MHD~13  (Continued)

Upper Trace: EaSt  (Channel Current, shorted

Vertical Deflection 20 v/cm
Horizontal Deflection 50 | s/cm

Data Channel 25

Lower Trace: P35t  (hanpe] Current, shorted

Vertical Deflection 5 v/cm
Horizontal Deflection 50 | g/cm

Data Channel 25

Notes:
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Firing No. X-MHD-14 Date July 9, 1974

Charge Specifications:
Composition C-4 Weight: 100 gm
Seed (CsNO3j) Weight: 2.5 gm/side (surface)
Standoff Material: 12.5 gm/side

Driver Location: East (Channel
Fill Gas: Helium . Initial Pressure: 3 Torr.

Magnet Current: 9,500 amps.

+
+
-
-
pe
+
+
+

3

West 1 Voltage,8.42x10"

Upper Trace: Channe QLoad

Vertical Deflection 5 v/cm
Horizontal Deflection 50 _s/em

Data Channel 21 with 10X attenuation

Lower Trace: West Channel Current,8.42x10-3Q Load

Vertical Deflection 10 +/cm
Horizontal Deflection 30 | s/cm

Data Channel 24
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X-MHD-14  (Continued)

Mﬂl‘=====|

| 3 |
T —— ——

= ww¥h FUTTN TN N

di
d -3
Upper Trace: W€St (channel dt, 8.42x10 © Q 1,9

Verticai Deflection 20 +4/cm
Horizontal Deflection 350 yus/em

Data Channel _24

Lower Trace: FEast Channel Voltage, 994 Q Load

Vertical Deflection 20 v/em
Horizontal Deflection 90 |s/cm

Data Channcl 23 with 10X attenuation

Notes:
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X=-MHD-14 (Continued)

Upper Trace: West Channel Ionization Pins
K wle . .
8.42x10 "010ad, * Pin Spacing
Vertical Deflection 2¢_ v/cm
Horizontal Deflection 30 ,g/cm

Data Channel 22

Lower Trace: Channel Tonization Pins
Load, ____ Pin Spacing
Vertical Deflection ___ v/em
Horizontal Deflection ____ us/em

Data Channel

Notes:

Contact surfaces on load and channel were sanded before attaching
load to channel.

*
Refer to Test No. 5.
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Firing No. XMHD-15 Date August 14, 1974
Charge Specifications:

Composition C-4 Weight: 100 gm.

Seed (CsNO3) Weight: 2.5 gm/side (surface)

Standoff Material: 12.5 gm/side

Driver Location: East Channel
Fill Gas: Helium . Initial Pressure: 2.5 Torr.

Magnet Current: 10,500 amps.

Upper Trace: _West  Channcl voltage,$§ 22x10-3 Q Load

Vertical Deilection § viem x 10
Horizontal Deflection 50 .s/cm

Data Channel 21

Lower Trace: West Channel Current, 8.22x10-3 () Load

Vertical Deflection 10 v/cm
Horizontal Deflection 50  _s/cm

Data Channel 24
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TR PN TN, gy

XMHD-15  (Continued)

A

s madan by hi-—;hu!a
|

Upper Tracc: East

Vertical Deflection

Channel Voltage, 8.42x1073Q [0ad
5

v/em

Horizontal Deflection 920 (g/cm

Data Channel

23

Lower Trace: East

Channel Current,8-4ZX10-3C Load

Vertical Deflection 10 v/cm

Horizontal Deflection 90 ws/cm

Data Channetl

Notes:

25

B-31
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XMHD-15 (Continued)

PRI PR FEEETE BOE E BEAER

Upper Trace: WeSt (Channel Ionization Pins

8.22x103Q1 024, *  Pin spacing

Vertical Deflection 20 v/cm
Horizontal Deflection 50  .s/cm

Data Channel 8

Lower Trace: Channel Tonization Pins
_ Load, ____ Pin Spacing
Vertica” Deflection ___ v/em
Horizontal Deflection ___ wus/cm

Data Channel

Notes:

%
’Refer to Test No. 5.
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Firing No. _XMHD-16 Drte August 15, 1974

Charge Specifications:
Composition G-4 Weight: 100 gm.
Seed (CsNO3) Weight: 2 5g/side + 5 gm bulk
Standoff Material: 12.5gm/side

Driver Location: _East Channel
Fill Gas: He-Ar . 1Initial Pressure: 3.5 Torr.

Magnet Current: 10,500  amps.

Upper Trace: WeSt  Channel Voltage,4.89x10730 Load

Vertical Deflection 5 v/em
lorizontal Deflection 50 [s/cm

Data Channel 21

Lower Trace: West Channel Curreng4.89x10-3Q Load

Vertical Deflection 10 v/em
Horizontal Deflection _50 us/cm

Data Channel 24



R b e e R L Y

XMHD-16  (Continued)

-3
Upper Trace:® East Channel VOltagE, 8.42)(10 Q Load

Vertical Deflection 5 v/em
Horizontal Deflection 90 |s/cm

Data Channel 23

Lower Trace: East Channel Current, 8.42x10-30 Load

Vertical Deflection 10 v/em
Horizontal Deflection 50 ,s/cm

Data Channcl 23

Notes:
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XMHD=16__ (Continued)

West Channel Ionization Pins

Upper Trace:
4.89x10-3f2Load, __* Pin Spacing
Vertical Deflection _20 v/em
Horizontal Deflection _20 s/cm

Data Channel 8

Lower Trace: Channel Ionization Pins
Load, Pin Spacing
Vertical Deflection v/em

Horizontal Deflection us/cm

Data Channel

Notes:

hRefer to Test No. 5.



Firing No.

Charge Specifications:
Composition C-4 Weight: 140 gm
Seed (CsNO3) Weight: Sgm/side (surface)

Standoff Material: None

Driver Location: E3St Channel

Till Gas: He-Ar . Initial Pressure: 280 Torr.

Magnet Current: 10,500 amps.

-3
Upper Trace: WeSt  channel Voltage, 8.22x10 Oy oad

Vertical Deflection 5 v/cm
liorizontal Deflection 50 |s/cm

Data Channel 21

Lower Trace: _West  Channel Current, 8.12x10-3f2Load

Vertical Deflection 10 v/cm
Horizontal Deflection 50 ys/em

Data Channel 24

B-36
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XMHD=-17 Date



B o LT T

XMHD-17  (continued)

-3
Upper Trace: EA3St  Chappel Voltage, 8.42x10 “Q .4

Vertical Deflection 5 v/em
Horizontal Deflection 50 yus/cm

Data Channel _22__

-3
Lower Trace: East Channel Current, 8.42x10 ~Q Load

Vertical Deflection 5 v/em
Horizontal Deflection 50 _s/cm

Data Channel _EE__

Notes:
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XMHD=-17 (Continued)

Upper Trace: West Channel Ionization Pins
8-22X10-39Load, _* _ Pin Spacing
Vertical Deflection 20 v/em
Horizontal Deflection _EEL ws/em

Data Channcl 8

Lower Trace: ____ Channel Tonization Pins
Load, ____ Pin Spacing
vertical Deflection _ v/em
Horizontal Deflection _ . usfem

Data Chuannel

Notes:

hRefer to Test No. §.



Firing No. _XMHD-18

Charge Specifications:
Composition C-4 Weight: _140gm.
Sced (CsNO3) Weight: 2 gm/side (surface)

Standoff Material: None

Driver Location: West (Channel
Fill Gas: He-Ar . Initial Pressure: 280 Torr.

Magnet Current: 10,500 amps.

-3
Upper Trace: West  ChannclVoltage, 8.22x10 " 1pad

Vertical Deflection 2 v/cm
Horizontal Deflection 50 _s/cm

Data Channel 21

-3
Lower Trace: West (Channel Current,8.22x10 “Q ;.4

Vertical NDeflection 2 v/em
Horizontal Deflection 39 | s/em

Data Channel 24

B-39
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August 19, 1974

ey T



XMHD-18  (Continued)

Upper Trace: East Channel Voltage,8.42x10-3s1Load

Vertical Deflection _2  v/em

Horizontal Deflection 50 | s/em

Data Channel 23

..3_
Lower Trace: _East  channel Current, 8.42x10 “{/load

Vertical Deflection _E__ v/cm
Horizontal Deflection 90 _s/cm

Data Channecl 25

Notes:

Driver changed to west channel this test to determine if
driver was causing lower power output in east channel.
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XMHD-18 (Continued)

Upper Trace: West Channel Ionization Pins
8.22x10-3()Load, __*__Pin Spacing
Vertical Deflection 20 v/em
Horizontal Deflection 20 ws/cm

Data Channcl 8

Lower Trace: Channel Tonization Pins
Load, Pin Spacing
Vertical Deflection _  v/em
Norizontal Deflection _ is/em

Data Channcl
Notes:

7‘-Refer to Test No. 5.
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Firing No. X-MHD-19

Date August 21, 1974

Charge Specifications:
Composition C=4 Weight: 100 gm.
Seed (CsNO3j) Weight: 5 gm/side

Standoff Material: None

Driver Location: (3 Channel
Fill Gas: He-Ar . Initial Pressure: 3 Torr.

Magnet Current: _ 10,500 amps.

-3
Upper Trace: West Channel Voltage,8.22x10 "Qp a4

Vertical Deflection 5 v/ecm x 10
llorizontal Deflection 30 | s/cm

Data Channel 21

Lower Trace: _West Channel Current, 3 22x10"2QL0ad

Vertical Deflection 10 /cm
Horizontal Deflection 50 s/cm

Data Channel 24

*
Cap placed perpendicular to channel axis at center of charge.
One-fourc.h inch diameter x one-eighth inch thick deta sheet
cemented to end of cap.
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X-MHD-19 (Continued)

-3
Upper Trace: East  channel Voltage,8.42x10°°Q 1.4

Vertical Deflection 5 viem x 10
Horizontal Deflection 50 s/cm

Data Channel _23

-3
Lowe~ Trace: _East  Channel Current,8.42x10 °Q 10ad

Vertical Deflection 10 v/em

Porizontal Deflection 50 _s/em

data Channel 25

Notes:
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__X-MHD-19  (Continued)

B P e ii*i1+*+* +

J
L
|

Upper Trace: _West Channel Ionization Pins
8-22"10-3QLoad, _* _ Pin Spacing
Vertical Deflection 20 v/cm
Horizontal Deflection 20 ks/cm
Data Channel __§___

Lower Trace: Channel Tonization Pins
Load, ____ Pin Spacing
Vertical Deflection ____ v/em
Horizontal Deflection __ us/em

Data Channel

Notes:

*
See Test No. 5.
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APPENDIX C

VOLTAGE, CURRENT AND ENERGY OUTPUT
FOR
SELECTED X-MHD TESTS

m



X-MIID-6

T EAST CHANNEL _B WEST CHANNEL
CURRENT VOLTAGE CURRENT VOLTAGE
TIME * wok * ok
(us) |l ourPUT (V) [MEAS. (kA) |oUTPUT (V) |MFAS. (V) || OUTPUT (V) [MEAS. (kA) OUTPL-KIV) MEAS. (V)
0 0 0 0 . 0 0 0 A
10 0.2 2.1 0 0 2.3 24 .4
20 0.8 8.4 24 1080 3.8 40.5
30 - 1.3 13.8 31 1400 4.5 48.4
40 2.0 21.2 34 1530 5.0 54.1
50 2.3 24.6 37 1670 5.3 57.8
60 2.8 30.1 39 1760 5.6 61.6
70 2.9 31.4 39 1760 - 6.0 66.4
80 3.0 32.8 39 1760 6.3 70.2
90 3.0 33.1 39.5 1780 7.0 78.3
100 2.8 31.3 39.5 1780 7.3 82.2
110 2.5 28.5 40 1800 7.7 87.2
120 :.3 26.6 39 1760 7.8 89.1
130 2.0 23.7 36 1620 7.3 84.6 © @
140 1.5 18.7 30 1350 7.0 82.2 = «
150 ¢ 1.1 14.6 24 1080 6.3 75.5 a “
160 0.6 9.5 16 720 5.5 67.7 o &
170 0.2 5.3 10 450 d| 4.4 56.6 © ©
180 -0.2 1.2 5 225 3.6 48.6
190 -0. 1.0 0 0 2.5 37.3
200 -0.6 |-3.1 -6 - 270 1.4 25.9
210 0.7 |- 4.2 -12 - 540 0.2 13.3
220 -0.7 |- 4.3 -17 - 765 -0.6 4.9
230 -0.5 |- 2.3 =20 - 900 -0.8 2.7
240 -0.4 |-1.3 -16 - 720 -0.9 1.5
250 -0.3 |-0.3 -12 - 540 0.9 1.4
260 -0.3 |-0.3 -10 - 450 -0.9 1.3
t t
* 1= (10.4x10°a0 [vg+(10%/9) [ vode] * 1= (10.5%10°AM v+ (10°/s) [ v de -
T (o]
** v = (45.0) VY
[vide 5.79 k7
T P 4 -3 T 5 -3
[ 12gae = (9.18x10°3/Q)( 25x10°°Q ) =2.3 kJ J 1°rde & (8.44x10°3/()(4.89x107°0 ) =
° ' 4.13 kJ |

c-1



X-MHD-12

EAST CHANNEL f

i WEST CHANNEL =
TIME CURRENT VOLTAGE i CURRENT VOLTAGE |
* Yok Ir %* *%
(Bs) f OUTPUT(V) IMEAS. (kA) [OUTPUT(V)|MEAS. (V) || OUTPUT (V) |MEAS.  (kA) louTPUT (V) |MEAS. (V)
0 0 0 0 0
10 -3.5 -36.8 +3.0 +1350 {
20 1.0 10.1 -1.0 - 450
30 2.0 20.7 +2.0 + 900
40 2.5 26.2 1.8 810
50 3.5 37.0 1.2 540
60 4.0 42.6 0.9 405
70 4.0 43.0 0.8 360
80 4.5 48.7 0.7 315
90 5.0 54.4 0.6 270
100 5.0 54.9 0.5 225
110 5.5 .60.7 0.4 180
120 5.5 61.3 0.3 135
130 5.5 61.8 0.2 90
140 50 571 0.0 0 NO DATA OBTAINEHN DUE TO FALLURE
150 4.5 52.4 -0.1 - 45
160 4.0 47.6 0.2 - 90 [OF_SCOPE TQ TRIGGER
170 3.0 37.5 -0.5 - 225
180 2.5 32.6 -0.8 - 360
190 1.5 22.4 -1.0 - 450
200 1.0 17.3 -1.0 - 450
210 0.0 6.9 -0.8 - 360
220 -0.5 1.6 -C.5 - 225
230 -0.5 1.6 -0.5 - 225
240 -0.5 1.5 -0.2 - 90
250 -0.5 1.5 0 0
3 t
* 1= (10.4x10 A/V)[Vd+(103/S)J;Vodt]
v o= (450 ) v_
j‘vidt £1.08 kJ
I i2Rrdt 9’(3_75x1053i0)(4.89x10-30 ) = 1.83 kJ




X=-MHD-13

F‘ FAST CHANNEL f WEST CHANNEL
— CURRENT VOLTAGE CURRENT VOLTAGE
* *x * Tk
(us) )] ourPUT (V) [MEAS.  (kA) JOUTPUT (V) |MEAS. (V) || OUTPUT (V) [MEAS. (kA) |OUTPUT(V)|MEAS. (V)
0 0 0 0 0 0 0
10 1.25 1341 6.0 63.6 0 0
20 3.0 31.6 7.5 80.2 1.3 560
30 3.75 39.8 8.5 91.6 1.6 690
40 4.25 45.5 8.1 88.2 2.0 862
50 5.0 53.8 7.5 82.7 2.1 905
60 5.5 59.6 7.2 80.3 2.0 862
70 6.1 66 .4 7.5 84.2 1.9 819
80 6.5 71.3 7.0 79.7 1.9 819
90 6.7 74.1 6.7 77.3 1.75 754
100 6.5 72.6 6.2 72.7 1.5 647
110 6.25 70.7 5.5 65.9 1.3 560
120 6.0 68.7 " 4.7 58.0 1.0 431
130 6.0 69.3 o 3.5 45.8 0.75 323
140 6.1 71.0 o 2.5 35.5 0.5 216
150 6.2 . 72.7 %, 9 0 L.5 25.2 0.2 86
160 5.75 68.6 3 0.5 14.7 0.0 0
170 4.5 56.1 b -0.2 7.4 -0.2 - 86
180 2.75 38.2 5 -0.7 2.1 -0.2 - 86
190 1.1 21.1 -0.8 0.9 -0.1 - 43
200 0.0 9.7 -0.8 0.8
210 || -0.5 4.4 -0.8 0.7
220 || -0.75 1.8 -0.8 v.7
230 || -0.75 1.7 -0.8 0.6
260 || -0.75 1.6 -0.8 0.5
250 || -0.75 1.5 -0.8 0.4
. 3 t t
* i = (10.4x10 A/V)[v°+(103/s)fnvodt] * i = (10-5x103A/V)[Vo+(103/5)j. vodt]‘
o]
** v = ( 431) Vo,
[ vidt = 6.52 kJ
j‘izkdt 2 (7.66x10°3/0) @.42x1 = =
. .42x10 Q) =
6.45 kJ
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X~-MHD-14
1 EAST CHANNEL WEST CHANNEL
CURRENT VOL.TAGE CURRENT VOLTAGE
TIME * *k * L
(us) |l OUTPUT (V) [MEAS. (kA) |OUTPUT (V)|{MEAS. (V) ll OUTPUT (V) [MEAS. (kA){OUTPUT(V)|MEAS. (V)
0 Y | 0 0 0 0 0 0.0
10 -3 -1350 0.5 5.3 0 0.0
20 8 3600 0.0 5.3 0 0.0
30 7.5 3380 1.5 15.0 2.0 862
40 6 2700 6.0 63.8 3.0 1290
50 5 2250 80 85.7 3.0 1290
60 4 1800 9.0 97.1 2.8 1210
70 3.5 1580 9.5 102 2.6 1120
80 3 1350 12.0 116 2.5 1080
90 3.0 1350 10.0 111 2.4 1030
100 25 1130 10.0 112 2.3 991
110 2 900 10.0 113 2.2 948
120 1.5 675 9.5 109 2.1 905
130 J o 1 450 9.0 104 2.0 862
140 & o 0 . 0 8.5 99.9 1.7 733
150 o o -0.5 - 225 7.5 90.2 1.4 603
160 a a -1.0 - 450 6.5 80.4 1.1 474
170 = = -1.5 - 675 5.5 79.5 0.8 345
180 g 4 -2.0 - 900 4.5 50.4 0.5 216
190 S o -2.0 - 900 3.0 45.0 0.0 0.0
200 -1.5 - 675 1.5 29.4 -0.4 - 172
210 -1.9 - 450 0.0 13.7 -0.6 - 259
220 -0.5 - 225 -1.0 3.1 -0.7 - 302
230 0 0 -1.5 0 -0.6 - 259
240 0 0 -1.5 0 -0.4 - 172
250 0 0 -1.5 0 -0.2 - 86
260 0 0 -1.5 0 -0 0.0
y Loy
. 3 t
* * i = (10.5x105AN ) [v+(10 /s)[ v de)
[o]
v o= (450 ) v ¥ v = (431) Vo,

[ vide 12.7 «3

[ 1%rde = (1.40x10%5/0) (8. 42x10700) <
11.8 kJ




ol

X=MHD-15

EAST CHANNEL f WEST CHANNEL —3
T CURRENT VOLTAGE CURRENT VOLTAGE
* ke * *%
(us) || OUTPUT(V) [MEAS. (kA) |OUTPUT (V)|MEAS. (V) jj OUTPUT (V) |MEAS. (kA) |OUTPUT (V) |MEAS. (V)
0 0.0 0.0 0.0 0 0.0 0.0 0.0 0
10 0.0 0.0 0.75 338 0.0 0.0 0.0 0
20 0.5 5.25 5.3 2390 4.0 42.4 3.8 1640
30 1.5 15.8 6.0 2700 7.0 74.7 3.2 1380
40 2.0 21.2 5.5 2480 8.0 86.0 3.0 1290
50 2.5 26.7 4.8 2160 8.1 87.9 2.7 1160
60 2.8 30.1 4.4 1980 8.0 87.7 2.5 1080
70 3.0 32.5 4.0 1800 8.0 88.5 2.2 948
80 3.2 34.9 3.6 1620 7.8 87.2 2.1 905
90 3.5 38.4 3.6 1620 . 8.0 90.2 2.2 948
100 3.5 38.7 3.1 1400 8.2 93.1 2.2 948
110 3.2 36.0 2.8 1260 8.0 91.9 2.0 862
120 3.0 34.2 2.4 1080 7.8 90.6 1.9 819
130 2.9 33.4 1.9 855 7.2 85.1 1.5 647
140 2.7 31.6 1.2 540 6.8 81.6 1.3 560
150 2.3 201 0.3 135 5.5 58.5 0.8 345
160 2.1° 25.9 -0.75 | - 338 4.2 55.3 0.4 172
170 1.5 19.8 -2.0 - 900 3.0 43.0 0.1 - 43
180 0.9 13.6 -3.2 1440 1.3 25.3 -0.6 - 259
190 0.0 4.27 -3.3 -1490 0.2 13.8 -0.8 - 345
200 || -0.2 2.17 -3.0 -1350 -1.0 1.06 -0.9 - 388
210 || -0.2 2.15 -2.1 - 945 | -1.2 -1.17 -0.7 - 302
220 -1.3 - 2.35 -0.5 - 216
|
. t t
*x i = (10.4x103A/v)[vo+(1o3/s)jovodt] * i = (10.5x103A/V)[v°+(103/s)J'v dt}
’ (o]
. (o]
¥ v = (450) vy, * oy o= (431) v

j‘vidt = 5.36 kI

[ i2rae = @ .42x1057/0) (8.42x10730 ) = 1,20 kJ

[ vidt = 10.9 k3

j'izkdt £

(1.03x10%7/0)(8.22x10°3Q) =

8.50 kJ




X-MHD-16
EAST CHANNEL WEST CHANNEL
CURRENT VOLTAGE CURRENT { VOLTAGE
TIME * *ie * s
(us) || OUTPUT(V) |MEAS. (KkA) |OUTPUT (V) |MEAS. (v) || OUTPUT (V) |[MEAS. (xA) louTPur (v)[MzAS. ™ (V)
0 0.0 0.0 0.0 0 0.0 0.0 0.0 0
10 0.0 0.0 0.0 0 1.0 10.6 1.5 647
20 0.2 2.10 3.0 1350 4.8 51.0 2.8 1210
30. 1.4 14.7 5.7 2570 7.0 74.8 2.8 1210
40 1.6 17.0 5.7 2570 9.0 9¢.8 2.7 1160
50 1.9 20.3 5.3 2390 10.0 108 2.7 1160
60 2.4 25.7 5.3 2390 10.5 115 2.5 1080
70 3.0 32.3 5.4 2430 | 108 119 2.3 991
80 3.5 37.9 5.0 2250 10.9 121 2.1 905
90 3.9 42.4 4.5 2030 H. 10.9 122 1.9 819
100 4.0 43.9 4.0 1800 10.7 121 1.8 776
110 4.2 46 .4 3.3 1490 10.3 118 1.5 647
120 4.0 447 3.3 1490 10.0 116 1.4 603
130 3.9 44.1 2.5 1130 9.5 112 1. 517
140 3.7 42.4 2.0 900 9.2 110 3 431
150 3.4 39.6 1.2 540 8.5 103 \ 345
160 3.0 35.8 0.3 135 ‘l 7.0 88." 9. 172
170 2.3 28.7 -0.8 - 36 5.5 18k -0.1 - 43
180 1.5 20.6 -2.1 - 945 3.5 52. -0.6 - 259
190 1.0 15.5 -3.3 -1490 2.0 36.9 -1.0 - 431
260 0.5 10.3 -3.8 -1710 0.3 19.0 1.3 - 560
210 || -0.1 4.09 4.2 -1890 -1.0 5.29 -1.3 - 560
220 || -0.2 3.03 -4.0 -1800 -1.5 |- 0.12 -0.9 -~ 388
230 || -0.3 1.96 -1.8 |- 3.45
240 || -0.3 1.92 -1.8 |- 3.64
* i = (10,4x103Alv)[vo+(103/s)j;vodt] * 4= (10.5x103A/V)[Vo+(103/s)j'v dt 1
odt ]
' (o]
¥ v = (450 ) Vo _ *% v = (431) Vs
[ vidt ¥ 6.16 «J [ vide = 12.0 ks
[ i2pae = 5 0730y =i i Zhan & 6 -3
i4Rdt ¥ (2.01x107J3/Q)(8.42xi3 "0 ) = i.69 kJ Il Rdt = (1.81x10°3/Q)(4.89x10°°Q ) =
‘ 8.86 kJ

Cc-6



X-MilD-17

T
f i2Rdt £ ©.60x10%3/0)(8.42x10 3Q) = 0.219 kJ

EAST CHANNEL WEST CHANNEL
— CURRENT __ VCLTAGE | CURRENT VOLTAGE
(us) Il ouTPUT (V) [MEAS. (KA) |OUTPUT (V) weas. " (v) Il ourpur (v) wEAs. " (ka) lourpuT (v) MEAS. (V)
0 0.0 0.0 0.0 0 0.0 0.0 0.0 0
10 0.0 0.0 -0.1 - 45 0.0 0.0 0.0 0
20 0.0 0.9 1.1 495 0.2 2.12 0.0 0
30 - 0.1 1.05 1.8 810 1.8 19.1 1.0 431
40 0.3 3.16 2.1 945 2.1 22.5 1.2 517
50 0.5 5.29 2.4 1 80 3.0 P 2 1.4 603
60 0.7 7.45 2.6 1170 3.9 42.1 1.6 690
70 0.9 9.62 2.7 1220 4.2 45.7 1.7 733
80 1.0 10.8 2.5 1130 4.9 53.6 1.7 733
90 1.1 11.9 2.4 1080 f| 5.5 60.4 1.7 733
100 1.2 13.1 2.1 945 5.7 63.1 1.6 690
110 1.3 14.3 1.6 720 5.5 61.6 1.3 560
120 1.4 15.4 1.1 495 5.0 56.9 1.0 431
130 1.5 16.6 0.6 270 4.3 50.0 0.7 302
140 1.4 15.7 0.1 45 h 3.3 39.8 0.4 172
150 1.3 14.8 0.0 0 7.9 35.9 0.2 86
160 1.2 13.9 -0.5 -~ 225 2.0 26.7 0.0 0
170 1.1 13.0 -0.7 - 315 1.0 16.3 -0.3 -~ 129
180 1.0 124 -1.1 - 495 0.3 8.99 ~0.5 - 216
190 0.9 11.1 -1.1 - 495 -0.2 3.72 -0.6 - 259
200 0.7 9.11 -0.5 - 225 -1.0 -~ 4.79 -0.5 - 216
210 0.5 7.08 -0.4 - 180 -1.0 - 4.89 -0.3 - 129
220 0.3 5.03 -0.3 - 135 -1.0 - 5.00 -0.1 - 43
230 0.1 2.96 -0.3 - 135
240 0.0 1.92 -0.2 -~ 90
250 -0.3 -1.23 -0.1 - 45
260 -C.3 ~1.26 0.0 0
270 -0.3 -1.29 0.0 0
t t
2 47 (10.4x103A/V)[Vo+(103/5)J;Vodt] * Q= (10.5x103A/v)[vd+(103/s)j v de]:
' (o]
¥ v o= (450 ) v, * v = (431) v,
[ vide & 0.673 kg { vide = 3.09

f 12Rdt £ (2.97%10°3/0D (8.22x10 ¢ ) =

2.44 kJ




X-MHD-18

EAST CHANNEL i WEST CHANNEL
CURRENT VOLTAGE CURRENT VOLTAGE
TIME * % * %%
(1s) | oUTPUT(V) [MEAS. (kA) [OUTPUT (V)|MEAS. (V) |l OUTPUT (V) [MEAS. (kA) |[OUTPUT(V)|MEAS. (V)
0 0.0 0 0.0 0.0 0.0 0
10 0.0 0 0.0 0.0 0.2 86
20 0.0 0 0.0 0.0 0.1 43
30 1.1 495 0.0 0.0 0.1 45
40 1.6 720 0.7 7.42 0.5 216
50 1.7 765 0.9 9.62 0.6 259
60 1.9 855 1.4 15.0 0.8 345
70 2.1 945 1.5 16.2 0.8 345
80 < 2.2 990 Jlew 18.5 0.9 388
90 5 2.4 1080 || 1.9 20.8 0.95 409
100 < 2.2 990 2.0 22.1 0.9 388
110 o & 2.1 945 2.1 3.3 0.8 345
120 = % 1.9 855 2.2 24.6 0.7 302
130 8 o 1.6 720 2.3 25.9 0.6 259
140 “ X 1.3 s8s || 2.1 24.0 0.5 216
150 . 9 1.0 450 2.0 23.2 0.4 172
160 g 0.7 315 1.7 20.2 0.3 129
170 0 0.5 225 1.5 18.3 0.2 86
180 = 0.3 135 1.2 15.2 0.1 43
190 S 0.1 45 1.0 13.3 0.0 0
200 0.0 0 0.8 11.2 -0.1 - 43
210 -0.2 - 90 0.6 9.20 -0.15 - 65
220 -0.4 -169 || 0.3 6.08 -0.2 - 86
230 -0.5 - 225 0.1 3.99 -0.3 - 129
240 -0.5 - 225 -0.2 0.82 -0.3 - 129
250 -0.4 - 180 -0.4 -1.32
260 -0.3 - 135 -0.4 - 1.37
t t
* 1= (1o.ax1o3A/v)[vo+(103/s)fovodt] * i = (10.5x103A/v)[vo+(1o3/s)jvodt]-
. o
#* v = (450) vg * v o= (431) v
[ vide =g 732 45
. 2 ot 4270 -3
[ 1%Rde = (6.25x10°3/0)(8.22x107°0 ) =
0.513 kg

Cc-8




X=MHD-19

il EAST CHANNEL . WEST CHANNEL
CURRENT VOLTAGE CURRENT VOLTAGE
TIME * *v * wek
ks) Il OUTPUT(V) IMEAS. (kA) [OUTPUT(V)|MEAS. (V) |l OUTPUT (V) [MEAS. (kA)|OUTPUT (v)|MEAS. (V)
0 0.0 0.0 0.0 0 0.0 0.0 0.0 0
10 0.0 0.0 1.5 675 0.0 0.0 0.0 0
20 0.0 0.0 1.0 450 0.0 0.0 1.5 647
30 3.0 31.5 5.3 2390 2.8 29.7 2.0 862
40 4.5 47.6 5.8 2610 3.9 41.7 1.8 776
50 5.0 53.3 5.1 2300 4.2 45.2 1.6 690
60 5.6 60.1 4.9 2210 4.3 46.7 1.5 647
70 6.0 64.9 4.8 2160 | 49.3 1.5 647
80 6.8 73.9 4.7 2120 4.6 50.9 1.6 690
90 7.0 76.7 4.5 2030 4.8 53.5 1.6 690
100 7.1 78.5 4.0 1800 t 4.9 55.0 1.5 647
110 7.0 -78.2 3.5 1580 7 5.0 56.6 1.3 560
120 6.5 78177 2.8 1260 4.5 51.8 1.1 474
130 6.0 69.1 1.8 810 4.0 47.0 0.7 302
140 5.5 64.5 0.6 270 3.2 38.9 0.3 129
150 4.5 54.5 -0.5 - 225 2.0 26.5 -0.2 - 86
160 3.8 47.7 -1.8 - 810 0.8 14.0 0.8 - 345
170 3.0 39.7 -2.5 | -1130 .0 5.62 0.7 - 302
180 2.0 29.5 -2.7 -1220 -0.8 - 2.87 0.6 - 259
190 1.0 19.2 -2.8 -1260 -0.9 - 4.01 -0.5 - 216
200 || -0.5 3.52 -2.5 -1130 -1.0 - 5.17 -0.4 - 172
210 || ~-0.8 0.31 -1.5 - 675
220 || -0.8 0.23 -1.0 - 450
t t
= (10.4x103A/V)[Vd+(103/5)J;Vodt] *oi= (10.5x103A/v)[vd+(103/s)j vde] -
o
**ovo= (450 ) v **ovo= (431) v
T 5 T
[ vide & (107s)g(vi) = 12.6 kJ Jvide = (107%s)p(vi) = 3.26 kI
o Q
~ T -
J 12Rdt ¥ (5.99x10°3/0) (8.42x10730 ) = 5.05 Ky J'i%Rdt = (2 g3x10%5/0)(8.22x10720) =
9 2 2.33 kJ




APPENDIX D

CURRENT AND INDUCTANCE IN THE X-MHD GENERATOR

Faraday's Law, applied to a circuit with moving boundaries, is

- -— d S ~
§E'-dl = -5 ;B nds (1)

c(t) A(t)

where E' is the electric field measured in a_frame of reference attached

to the moving element of path length dl and B is the magnetic flux density.
The unit vector n is normal to the surface bounded by the closed path C(t).
The path of interest for the explosive MHD generator is in the x-y plane*

Gas Dynamic

Electrode (/a\ Shock D
\\\:> N
- \ 9 ¥
—rrarre e g T o ¥

(R A A = g
=~ -

Explosion | " ‘

Products i b5

Helium Fill Gas i

SRR S : E¢
/1' ¢ G g .

(/ Assumed Current

s Conducting -7 Electrodes Path, C(t) Through
Sheet Electrodes

Figure 1.

as shown in Figure 1. The unit normal, ﬁ, is parallel to the z-axis so
Equation (1) becomes
B o D E

— -

n

| E)',dy+J‘ E}'{dx+J‘E'- dl + | E'- dl
A B C D
A
+ TE'dx=-L ([B, dxd (2)
v o x dt JJ “z y
F A(t)

*
Note that we are assuming a single current path between C and D, whereas
the real current flow is through the duct walls and flange on both sides
of the channel.
D-



The integral
B
" et
J Eydy

can be written in terms of current density by using

T+ BEEA(E/B)

E' =
o
= (J/0) + (1/nee)TAB (3)
where

J = current density,

o = plasma conductivity,
n, = electron density in the plasma,

e = magnitude of the charge on the electron.

If we assume that

J3F3 %o
X z

in the plasma, then
IAB) =0
(JAB),

and
E' 573 /c.
y y

With this substitution,
B B
J'E;dy ;JJ (Jy/c)dy.
A A

We will also take

3, 7 - i) wy) ()

(3a)

(4)

(5

D=2



where

i(t) = (counterclockwise) current flowing through the load,
w(y) = width of the duct at height y,
(&¢). = thickness of the conducting sheet at height y.
Then B B
fE'dy T - i(r) J'_‘_’L__
y ow(y) (&%),
A A
A
&=, . dy
= 1(t
(®) ow(y) (&%)
B
= i(t) R, (6)

where R, is the resistance of the conductor defined by

A
T -
e T oaw(y) (),
B

A similar treatment of the current paths B-C, C-D and F-A using the
conductivities of the electrodes and the flange give

C

; E;dx = i(t) R p(t) (7a)
B

A

J‘E;dx = i(t) Rg(t) (7b)
F

D

e dT = i(t) R. - (7¢)
C

The upper and lower electrode resistances, Ryg and Rpg, are functions of
time because their working length grows shorter as the conducting sheet
moves down the channel. Because of the high conductivity of these parts,
however, these resistances will be neglected as will the flange resistance,

Rp, for the same reason.

The integral over the current path D-F gives the voltage drop across the
load,



F
fE"dT=iRL+LL-;% (8)
D

with

load resistance,

at
L

Both of these parameters will be assumed to be constants.

load inductance.

Substitution of (6), (7a) through (7c), and (8) into (2) yields the
approximate equation

: di ~ d. pp
1(Rc + RL) + LL el Bzdxdy (9

A(t)

which governs current flow in the explosive MHD generator.

The magnetic flux, F? B, dxdy, can also be written in terms of i by
using Ampere's Law as follows:

- u =, o
B(r) =B 2+ = [[f LD ER avay' dar
o) Grr Jod RZ
with
r = position of observation point with components x, y, z,
Bo = magnitude of applied magnetic flux density,

Z = unit vector along the z-axis,
i = permeability of vacuum,

=
r' = position at which current density is evaluated, with components
1 |} 1
X', ¥, 2,

R = unit ve:tor pointing from r' to T,

R® = (x-x')2 + (y-y')2 + (z-z)2 (square of the distance from r' to T).

This expression can be transformed into a slightly more useful form:

~ “t Trh
=, = [8) pprJSr 2 t ] ]
B(r) Boz + in vx ] R dx'dy'dz

o



where the operator v only applies to unprimed coordinates. With this
expression,

L”' Bzdxdy

A(t)

ff B-Z ds

IurBodxdy + r—:’T H v/\jdrjjig—')- dx'dy'dz':l . Zds

Xp
= D'J‘ B, (x)dx + 7— § ”f IED dx'dy’ dz] -dT
X, Te(o)
where
D' = diameter of the duct + 2/3 of electrode thickness?
X, =X position of path through the conducting sheet,

x position of path through flange.

ot

If we assume the current is uniformly distributed across each conductor
cross-section, A |, then

I =—A—i(%.?—) &

where & is a unit vector along the direction of the current density. With
this expression,

L

i(t) %

”dedy—n'rn(x)dx+——§ rjr—dxdydz:l-cu
A(t) X, C(t) "L

(10)

The inductance, L, of the generator is just the coefficient of i in the
second term on the right:

EZ——?T§ Fﬁ—dx dy" dz:|°di‘ (11)

c(t

*
The integration path was assumed to include only 1/3 of the thickness of an
electrode on each side instead of 1/2 as a rough compensation for the

curvature of the electrodes.



Using this definition, JJ'Bzdxdy can be written

J/ B,axdy = p' | B_(x)dx + Li (12)

A(t) X

The use of Equation (12) in (9) allows us to write

di ~ d
» + = i ' S .
1(RC RL) + LL it D UBo(xc) Te (Li)

with the conducting sheet velocity, U, defined by

Reorganizing and noting that Ly is constant,

~

S L@ +10)1]+ (R + R TD'UB_(x ) (13)

Equation (13) can be integrated to give

E g(L E'LL)[GXP (- I} C (EIC*%%) S_X)}

xe
*c = R + '
[Jr' B, (x) exp(ur' ( f+ ::) dg dx] (14)
X

where xe is the position at which the electrodes start (i.e., the position
at which current can start to flow).

The inductance, L, can be calculated by the techniques outlined in
Reference 1. This results in an inductance of the form

\
L= (0.004 “h/cm) D' in p' +.V(D')2 + :(0.2237)(W + x)]2 ]
0.2237(w + s)

‘\ﬁ'2+ [ 2
2 (0.2237)(w + s)]° + 0.2237 (w + s)



(ﬁ‘ - xc) +-\/(_>%-xc)2 + [(0.2237)(w + s)]:Z
+ (%p = x )0 0.2237 (w + 5)

"\/("F 3 xc)2 + [(0.2237)(w + s)]° + 0.2237 (w + s)

D' + (1)')2 + Rl2
- 0.004 ph/emd D'4n

R

mloiig o 2
()" + R1 + R1

AN
G +'\/(xF ¢ xc)2 + [1.022 D' 2 ]
+ (g = %) In T.022 D
‘\/7 % o (iegzd D W 085 B! 1
- Vg - x % + (1,022 D) .022 D (15)

where
D' = 16.30 cm,
w = width of electrodes = 8.731 cm,
s = thickness of electrodes = 1.588 cm,
R, = [k - 0.2644(w/xp = x.)] (xp - xc) + 0.2237 (w + s),

k = parameter from Table II of Reference 1.

Note that in arriving at (15), the currents through both the conducting
sheet and the flange have been assumed to have the same width and thickness
as the electrodes. The departure from this ideal will be assumed constant
and lumped in with L.
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