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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.

1-2




REFERENCES

C. D. Bangerter, L. R. West, T. R. Brogan, D. B. Sheldon, Z. J. J.
Stekley and J. Farrh, Explosive Magnetohydrodynamic Program, Interim
Technical Report No. AFAPL-TR-73-16, May 1973.
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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.
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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
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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.

3-16




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

-
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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 ]
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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




ITXJ 91220N QHW JO [2pOW S5213§

aueld

"H1-% 2an814

\\\
HAIIA S,

(g 214) 235 4 © SINAIAVED TVWMIHIL Sn1d (Isd ov) WIV L°F

AN

;

.

\

QANIVHLSHENN F3¥d = ¢

W a v W2
WA LZT°0 = 1 mm.ﬂuvmu J4NSs JAISLI0 HC SLLAWAOYVILSIA

s

4=17



5NUOD3S # I 59551

S Tewaay] pue (wie /Z) sanssaad 912zoN

QHW 3O UO0TID3§ ITXF U S255213S WNUIXEK JO opnlTule puB UOTIIRI0]

*C1-4 2and14

N

0Txg'z  ,O0TX€0°T (OTXET'E  wvaus

Lotxor-c  [OTX60°Z= ,01%9%°9=  gHoD

£ il - A1ISHAL
STIEVROTIY  Jawa TETG

ha_xm¢.~ = MY

gOT¥L0"8 = dH¥d

NE___qzhExmm.H = GZ1°0
4.9001 = 1

J45 % @ SSIYLS FTISHIAL XVH

d BISZ = 1 235 % g SS3YLS Hﬁz/r

,OTXE5°T (OTX0S T 10TXRL°¢E AVAHS
0TX01° S 01X60° €~ ,01X9S L~
L L _— ¢ - mqum:ou o1x1y gz ;O0T*9C°1T ,01X1Z°¢ AVIHS
== SN Moﬁxmw.¢ OTXIS T 01X 7= guoy
STTIVMOTIV cice. L21°0 - - =i FIISN: T
Mo2891T = 1 D8 % @ SSHTULE XVW SITIVMOTIV  HH¥d LZ1°0

AEE€CT = L DdS % © SSHYLS XVH

RA €0°7 3x44

| Le

N[

._\\

MW 11z 3344

[0TXSH" 1
,01%05° 1

2%/ N01%29" g~

AEE0T

OES % © SSTULS TTISNAL

= NIV
= 3q44
= LZT°0

(OTX8E T = MOTIV
g0TX9L"9 = mA¥4
Ns\zooﬁxem.w = [Z1°0
Ao228 = L

0dS % © SSHYLS ATISNIL XVW

4-18



u31sag a1zzo;;

MON UT psSfl 212Z2O0N @QHW UT [2231S pue ajtudeid usamiag (sden) 3urealsay

"91-% 2an3t1g

dLIHAVYI-WIH
]

S

ONISNOH TIILS

o
7

/
w s \\\\\\w N\

W £02°0 OL £LZ1°0 3AIS 3AIM NO dVD

HADEVI 40 WH /77170
ddIS MO¥MVN NO dV9

4-19



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

4-21



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,

4-22




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.

4-30




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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