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POWER SUPPLY TECHNOLOGY FOR ADVANCED WEAPON SYSTEMS

. INTRODUCTION

1. Subject. Advanced weapon systems under study by DOD require large energy
inputs. Certain classes of these devices require electrical energy at high voltage and/or
high current. These requirements vary from high, continuous power to high-repetition-
rale pulse generation, It is apparent that no single type source can satisfy all these re-
quirements: however, a number of existing and developing technologies appear to offer
practical solutions to the problem of supplying these needs. This report summarizes
the status of the most promising methods of power production to support advanced
weapon systems,

2. Background. The basic types of power source considered here are magneto-
hydrodynamic (MHD) generaters, diesel- or turbine-driven rotating machinery, both
normal and superconducting, and fuel cells. Methods of producing low-repetition-rate,
high-power pulses from moderate-level sources are considered separately. The support-
ing technologies of refrigeration and superconducting materials are seen as overlapping
a variety of systems and are therefore covered in detail. Briefly, the fundamentals of
the referenced technologies are as follows.

MHD describes the behavior of electrically conducting fluids in the presence
of electric and magnetic ficlds. In the present sense, it will be limited to the production
of eleetric power through this means. The MHD generator is based on the Faraday cffect:
an induced electrie field is produced in a conductor moving in a magnetie field. In the
MHD generator, the moving conductor is an ionized fluid, frequently a gas which has
been heated by chemical or nuclear fuel, which flows through the generator channel.
The simplest geometry, and the one we will use as an example, is the lincar MHD chan-
nel. In this configuration, the fluid flows through a lincar duct with a magnetic field
at right angles to the flow velocity (Fig. 1). This induces a Faraday field normal to hoth
the magnetic field and the flow velocity; electrodes located on the sides of the channel
and connected to a load allow a current to flow through the fluid, electrodes, and load.
Other configurations are possible, along with variations on the linear scheme, but the
principles are the same. The basic requirement is a component of the fluid velocity
normal to the magnetic field so that a v x B field will be established. Interaction be-
tween this eleetric field and the charged particles (ions) in the fluid provides the driving
force for currents in the plane normal to the magnetic field. Encrgy is extracted directly
as eleetrical energy throngh the electrodes at the channel walls. This type of conversion
eliminates the prime nover needed to drive the windings in conventional rotating ma-
chinery and is therefore referred to as a direet-conversion process,
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Fig. 1. Linear MUD) channel.

Rotating machinery represents the most common type of energy-conversion
device presently in use. Like the MHD generator, it is based on the Faraday effect; in
this case, the electric field which drives the load circuit is produced by the relative
motion between the armature windings and the magnetic flux produced by field wind-
ings or a permanent magnet. A prime mover, e.g., a diesel or turbine engine, is required
to drive the rotating member. A simple example (Fig. 2) is the dc homopolar generator,
or Faraday disc. Magnetic flux, generated by the solenoidal windings, passes through
the metal disc. Rotation of the disc produces a Faraday electric field radially in the
plane of the disc; contacts at the axis and circumference collect current which flows

through the external circuit.

MAGNETIC F!ELD

SOLENOID

CURRENT
COLLECTORS

Fig. 2. Homopolar generator.
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Fig. 3. Hydiogen-ony gen fuel cell.

The fuel cell is another example of direct conversion in which the energy of
chemical fuel is converted directly to electrical energy without an intermediate step.
In operttion, fuel and oxidizer are supplied to the electrodes in contact with a suitable
clectrolyte. If the electrodes possess sufficient electrochemical activity, electrode po-
tentials are established. The fuel and oxidizer electrodes hecome, respectively, the
negative and positive electrodes of the cell; if the clectrodes are connected through an
external load circuit, electrons freed at the fuel electrode flow through the cireuit to
the positive electrode. As an example, let us consider the hydrogen-oxygen fuel cell.
As illustrated in Fig. 3. platinum electrodes are immersed in an acid electrolyte, e.g..
H,804, and supplied with hydrogen ind oxygen. The reactant gases are separated by
a permeable membrane, At the negative electrode surface. cach hydrogen molecule
dissociates into two atoms by cataly tic action of the electrode surface. These go into
solution as ons leaving two electrons at the electrode to pass through the external eir-
cuit. Al the positive electrode, oxygen reacts with hvdrogen ions in the electrolyte
picking up two electrons from the clectrode to give water. The emf is in the range 0.9
to 1.2 V. Many combinations of fuel. oxidizer, and electrolyte are possible, but. in
general, the emf is of the order of 1V so that usually it is necessary to conneet a num-
ber of cells in series.

For this study , systery power requirements are Laken to be 0.5 to 25 mega-
watts (71W) for continuous applications and the same range of average power when de-
signed Jor pulse systems. For the pulse-power requirement, pulse widths are taken to
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be 1073 sec or less, with an encrgy of 10° J/pulse or higher. The repetition rate is con-
sidered to be on the order of 10%s to 100°s/sec. The energy is to be delivered at high
voltage (10 to 300k V).

For the continuous-power requirements, current designs and estimates indi-
cate that below about 0.5 megavolt ampere (MVA) conventional alternators have specif-
i weights below those of superconducting machines. From 0.5 to 1 MVA| supercon-
ducting machines (excluding refrigeration) begin to become competitive; while above
1 MVA they have a definite advantage in specific weight. Although the weights of
superconducting alternators can be estimated with moderate accuracy, the weight esti-
mates of helium refrigerators are not as firmly established. A recent survey indicates
that operating refrigerators (with loads at ubout 4K) have a specific mass on the order

ke
of 100 W:: but with considerable scatter in the data. The refrigeration weight can be re-

duced at the site of the generator by the use of tanked (ryogens, and this may be de-
sirable for specific types of devices or types of mission; however, certain trade-offs must
be made. Including intc grated refrigeration, the superconducting machines as packages
do not appear to offer specific weight advantages over conventional machines below
about 5 MVA.

MHD devices are still under development, possibly to an even greater extent
than superconducting machines; however, projections indicate specific weights compa-
rable to superconducting devices at high (10 MW) ratings. Considerable research has
been and is being done on MHD, particularly by the Air Force; the results indicate that
for high ratings or some pulse applications MHD should receive consideration.

Although fuel cells offer power densities or specific weights in the same range
as superconducting machines and are quieter, they tend to be limited in voltage output;
thus, for the projected applications mentioned above, they are generally unsuitable with-
out the addition of a significant weight in power-conditioning equipment.

Taking a specifie system requirement, we may make a comparison between
units utilizing cach of the referenced technologies. The assumed requirement is a 10-
MW, 400-Hz continuous power supply. At this level, 0.6 I/KV A is considered achiey-
able in conventional rotating machines so that the generator would have a weight of
about 6000 Ib. A superconducting generator is expected to have a specifie weight of
0.2 1Ib/KVA which yields a weight of 2000 1b. In both cases, the weight of the prime
mover must be added. In this range, gas turbines offer size-weight advantages over
diesel power plants. To allow for generator efficiency and deratings imposed on mili-
tary equipment by high altitude/ambient temperature requirements, an engine rated
about 20,000 hp at standard conditions would be required. Based on aireraft practices,
it is believed that an engine of this rating would be built with a weight of approximately
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5000 Ib, although such may not actually exist today. To this must be added the neces-
sary refrigeration in the case of the superconducting machine. Westinghouse supercon-
ducting machine experience indicates a total heat load of 25 W for a 15 MV A machine.
Taking 16 W for the case under consideration and using the refrigeration specific weight
estimate quoted above yields 3250 Ib for the refrigeration system. In addition, the
refrigerator will consume power at about 1000 W per W of refrigeration, representing a
drain of 0.16% on the system. The gas turbine will consume fuel at about .5 Ib/hp-hr;
for an assumed running time of 24 hours, 240,000 ib must be added for both systems.

By contrast, an MHD system at the 10 MVA level is projected to have a spe-
cific weight of 0.3 to 0.45 Ib/kW (based on the assumption of combustion-type MHD)
and includes a superconducting magnet, channel, burner, and de to de converter. The
weight of refrigeration must be added although, as before, local weight could be reduced
by cryogen tankage for certain applications. A conservative estimate of the heat leak
for a magnet of this size is 2 W, so a refrigerator would add about 400 b, If the MHD
generator is of the de type, an inverter will be required to satisfy our requirement for
400-Hz power. An inverter capable of handling 10 MW adds about 10,000 Ib to the
system weight (using a projection of 1 Ib/kVA, a factor of ~ 6 down from present
hardware). Fuel consumption is ~ 6 1b/kWh, so fuel for 24 hours of operation adds
1.4x108 Ib.

If we base estimates of fuel cell systems on a requirement for using logistical-
ly available fuels and extrapolate from current development, specific mass of fuel cell
systems will be about 100 Ib/kW. A 10-MVA system would weigh about 1,000,000 1L
which is not competitive for this application even without considering the extra weight
of power conditioners. If we allow operation from hydrogen and oxygen rather than
from hydrocarbon fuels, the specific weight becomes more favorable. A development
program underway has 0.5 Ib/kW as its goal; using this figure, we get ~ 5000 1b for the
module plus ~ 10,000 Ib for the power conditioner. Reactant consumption is ~ 0.44
Ib/kWh so that 105.600 Ib of fuel would be necessary. The weight of equipment for
production of hydrogen and oxygen is not included here, nor is the efficieney of a
process to convert hydrocarbon fuels.

For the example asumed above, the weight of consumables dominates the
fixed weight of the system by a large margin, as expected for a system supplying con-
tinuous power. If we now consider a requirement for bursts of “continuous” power
separated by periods of no demand, the situation changes. Let us take the requirement
to be 10 MW at 100KV de for 2 minutes oceurring at some unspecified time during a
no-load period of several hours; rapid startup is required. A conventional generator for
this application will have to be sized for approximately the full-load output: therefore,
its size will be about the same as in the previous case (down by perhaps a factor of 2),
A superconducting machine has more favorable overload characteristios due to its low
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internal impedance: it is estimated that for times of ~ 1 1o 2 min, given adequate cool-
ing, the superconducting machine could be overloaded by about a factor of 5. This
would make itself felt in fixed weight; the conventional machine would weigh ~ 3000

Ib while the superconducting machine would weigh ~ 500 Ib. Refrigeration required
during the full-load period could, to a certain extent, be averaged over the no-load period
s0 as to bring the average load down. Taking ~ 4 W as an average adds about 800 1b for
the refrigerator. To obtain the high-voltage de required, it will be necessary to transform
and rectify the output of these alternators. A short-duty transformer adds about 2000
Ib, while the rectifier adds about 600 Ib at the 10 MW level, The totals are 10,600 b for
the conventional machine and 8900 1b for the supercondueting machine, including

5000 Ib for the prime mover. Fuel is a negligible contribution if rapid start-up and

short idle time are assumed. The fuel-cell system would have approximately the same
weight as in the previous case if we allow operation from hydrogen and oxygen. A
power conditioner having a weight of around 3200 Ib must be included. The combina-
tion is ~ 8200 Ib, not counting fuel (negligible) or the process of converting from hydro-
carbon fuel to Hy and Q5. An MHD system would offer rapid start-up (assuming the
magnet is energized) and no fuel consumption on standby. The channel, combustors,
magnet, and retrigeration would weigh ~ 4900 1h. The power conditioner converter
adds ~ 3200 Ib for a total of 8100 1b.

Table | contains a tabulation summarizing estimated weights and fuel re-
duiirernents for the aeumed examples, Invheled in this report are sammaries For Uwe
various technologies considered applicable for high power/energies anticipated for ad-
vanced weapon systems. These summaries present more detailed information concern-
ing background, current state of the art. and projected advancements for superconduct-
ing machinery, superconductors, MHD, fuel eells, helium refrigeration, and pulse power
production. They also include a section on current state-of-the-art for turbine generator
sets (400 Hz).

. SUPERCONDUCTING GENERATORS

3. Current Technology. The technology of constructing electrical machines i
significantly increased power density by employing superconducting elements is in its
infuney. The annvunvement by rescarchers from Bell Laboratories in {961 that Uhe
intermetallic compound Nb;Sn (niobium-tin) was observed to carry a current density
greater than 100,000 A/em? in a magnetic field of 8.8 Tesla “T) (8% Kilogauss) was the
first real indication that the phenomenon of superconductivity «e.ald be applied to
practical electric power devices, Discussion of the ensuing develo, mental efforts will
separately consider ac and de machines and will indicate possible applications for each.

a.  AC Superconducting Machines. There have been six significant efforts
aimed at building ac machines in the United States — all contributing to our current

6
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Table 1. System Weight and Fuel Consumption Summary

Continuous Operation

Turbine-Generator

Parameter Conventional Superconducting MHD Fuel Cells
(Ib) (1h) (Ib) (Ih)

Generator 6,000 2,000 4,500 5,000
Engine 5,000 5,000 = =
Power Conditioner = - 10,000 10,000
Refrigeration - 3,250 400 -
Total 11,000 10,250 14,900 15,000
Specifie Fuel ./hph S/hph 6/kWh -44/kWh
Consumption
Total Fuel for 242000 240,000 1,400,000 105,600

24 Hours

Intermittent Operation

Generator 3,000 500 4,500 50600
Engine 5.000 2.000 - —
Power Conditioner 2,600 2,600 3.200 3.200
Refrigeration - 800 400 -
Total 10,600 8.900 8.100 8,200

technological base. An early effort was undertaken by Dynatech Corporation under
the sponsorship of the Aeropropulsion Laboratory, WPAFB. In a series of contracts,
Dynatech performed a feasibility study, specific problem area R&D. and the design,

construction, test, and evaluation of a 50-kW, laboratory-model superconducting gener-

ator.  Overall emphasis was directed toward determining the feasibility of a 1000-kVA
power supply for space applications. The test machine specifications demanded a
24,000 rpm, 2-pole, $00-cy cle machine having a rotating, superconducting ficld coil
and a 3-phase superconducting armature. Mechanical problems associated with high-
speed operation and resulting eleetrical contact difficulties proved too severe for de-
finitive test resulls to be obtained on the machine. The machine was operated at 7500
rpm at extracted powers less than 1 kW, Total Air Foree funding on this project over
the 1963-67 time frame covered by these contracts was $591K.
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Though the results of this effort were not all that was anticipated, the
considerable heat-transfer analysis and the demonstration of the feasibility of operating
a superconducting winding in a rotating, vacuum-insulated vessel were significant con-

tibations from this program.

A second carly cffort was initiated at MERDC (ERDL) in 1963 with
Avceo Everett Research Laboratories as the prime contractor. This effort concentrated
on clectrical design analysis and resulted in the construction of an 8-kW test machine.
The machine employed a stationary, central superconducting field coil and an annular
ambient temperature armature; this configuration minimizes eryogenic cooling system
problems. The 4-pole device had a 3-phase air core armature rotading at 12,000 rpm,
delivering the 8 kW at 400 Hz via a set of slip rings and brushes. This was the first
successful demonstration of a superconducting machine of significant power rating.
Later (1969-70), an iron-core armature was designed, huilt, and tested; it delivered in
exeess of 16 kW from an identical armature envelope. The results of the effort verified
the design equations for iron-free and iron-core machines, demonstrated that the elec-
tromagnetic torques experienced by the field coil would not result in the loss of super-
conducting properties as some carly investigators feared, and lucidly demonstrated the
thermal advantages (as well as electromagnetic improvement when magnetic saturation
is avoided) of using a ferromagnetic stator core with tecth. Total Army funding on the
contractual part of this cffort was $80K.

Another Army sponsored effort was conducted by Aveo for AAVLARS—
Fort Eustis (AVCO=Eustis) in 1967-68. This resulted in a 2-pole, 12,000-rpm, 15-hy
design-rated test rig having a rotating, superconducting ficld winding and a 3-phase arm-
ature which could be either superconducting or cryogenically cooled. The object of
this effory was to provide a demonstration of the feasibility of a rotating, cryogenic field
coil system and to determine experimentally the losses in superconducting windings due
to alternating currents and to rotating magnetic fields. This test rig suffered a seized
bearing in early testing and the resultant mechanical damage limited the rotor to speeds
less than 3000 rpm. The primary results of this effort were the clear demonstration of
high swept-field losses in unshie® ied superconducting stator windings and a good tran-
sient response analysis based on application and removal of a short cireuit or of a resis-
tive load. This test rig is now at MERDC where the rotor is being assessed for possible

utilization in a demonstration deviee employing a conventional stator.

More recently, imvestigators at MIT have been pursuing the demonstration
of the feasibility of superconducting alternators for vower station applications under the
auspiors uf U Filiwn Elmtrie lndidote Theie fird demonsteation deviee was g weetial
shaft. rotating field coil machine in which mechanical design of the rotor and a rotating
liquid helium transfer coupling were the predominant features. The 2-pole, 3600-rpm,
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3-phase machine was rated at 45 kVA on the basis of open-circuit voltage and short-
circuit current tests.

A follow-up cffort has resulted in the design and construction of a
2000 to 3000 kVA machine operating ai 3600 rpm, 60 Hz. This machine is iron-free
in the rotor and stator windings and employs either an aluminum eddy current shield
(2000 kVA) or an iron shicld (3000 k VA) to reduce stray magnetic ficlds outside the
machine envelope. Construction is complete, but no tests have yet been reported on
this device.

Westinghouse Electric Corporation has two superconducting .Iternators
under development — one under Westinghouse internal funding and one as an Air Force
sponsored development. The Westinghouse-Air Force (WAF) machine is to be a 4-pole,
3-phase, 400-Hz device producing 5000 volts line-to-line and rated at 1000 kVA continu-
ous with a 10-second overrating of 5000 kVA. This machine has been designed, and a
test rotor is in the construction phase. This rotor is subject to more severe require-
ments than those of the commercial power frequency machines because of its 12,000
rpm rated speed.

The Westinghouse internal (WEC) machine program was intended to
show the feasibility of developing superconducting generators for central station use
and to identify technical problems not initially apparent in the design and operation of
a substantially rated machine. The machine is a 2-pole, 3600-rpm, 3-phase device having
a 5000 k VA rating and operating at 4160 V. The machine rating was verified experi-
mentally by open-circuit voltage and short-circuit current tests but was not loaded to
5000 kVA. The only problem known to have existed was a vacuum leak in the rotating
field coil dewar, and this has apparently been remedied.

A diagram of a typical altenator is shown in Fig. 4.

b.  DC Superconducting Machines. There have been only two significant
efforts in the development of de machines in the U.S., both related to naval applications.
General Electric built and tested an acyclie generator using a superconducting field as
part of a theoretical and experimental study of the performance of a liquid metal (Nak),
current-collection system. This test deviee wad a simple solenoid for the field coil: the
Nb3Sn ribLon pancake-coil arrangement could produce up to a 5.7 T central tield at
300 A, Operating at 3000 rpm and 2 T, this device delivered about 5 kW at 7000 A,
0.72 V; the generator was nominally rated at 20 kW, 2V, 10,000 A, 4000 rpm. 4 T.

The main coatributions from the experimental effort were the demonstration of
collector current densities to the range of 2000 A/in.2 and verification of the theore-
tical predictions of the loss characteristics of liquid metal colleetors in high magnetic

fields.
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The Navy’s sccond effort is an in-house program at NSRDC-Annapolis
to develop *“shaped field” superconducting motors and generators. This concept uses
stationary superconducting field coils (solenoids) and an appropriate iron field shaping
and shielding layout for cither disk or drum type homopolar machines. Liquid metal
current contacts are used. Design and test data have not been published, but an initial
laboratory test machine is designed to be rated near 400 hp (300 kW) with anticipation
of up to 1000 hp output.

Based upon the performance of the machines discussed, we can summa-
rize the status of our current basic technology of superconducting machinery in the
U.S. In the realm of ac machines, two configurations have been investigated, viz., the
superconducting, stationary central field-rotating, ambient temperature, annular arma-
ture (AVCO-MERDC) machine; and the superconducting, rotating central field-station-
ary ambient temperature annular armature (AVCO-Eustis, MIT 1&11, WAF, WEC). The
design equations have been verified for both configurations. Electrically, no problems
exist which cannot be accommedated by proper design, including increases in the ficld
current under transicnt conditions. Superconducting ac machines can be constructed
to be either high-voltage or high-current devices; thus, they are applicable to either
capacitive or inductive energy storage systems. With appropriate development, such
machines, including the eryogenie refrigeration system required, promise to be smaller
and lighter than conventional machines of equivalent ratings for high-power applica-
tions (megawatts average power level).

Superconducting de machines are inherently low-voltage, high-current
machines. They are gencrally simplest from the cryogenic system standpoint but re-
quire cfficient current-collection means. These devices are best suited for high-current,
inductive-cnergy storage systems.

4. Limitations of Existing Technology. It is clear from past and present pro-

grams that superconducting eleetrical machinery can be built and operated satisfactorily.

Since such devices operate at eryogenice temperatures, a compact, lightweight eryogenic
refrigerator is required for all but short-term (several hours) military missions. Develop-
ment of such a refrigerator with a long life and high reliability has been a major part of
MERDC’s eryogenic efforts. All machines investigated in the U.S. to date have relied
on open-cycle cooling. Development of superconducting machinery will be best accom-
plished by having not just a closed-cycle refrigerator system but an integrated refrigera-
tor — refrigerator-load system: this has not yet been attempted by anyone.

The high-current, stationary -field ae machines and the de machines require
efficient current-collection means. The liquid metal collector sy stems are the most
promising for greatly increasing current-collection densities but add system complica-
tions and require additional auxiliary equipment. Losses associated with liquid metal
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collectors can be quite high. British developments on more conventional brushes indi-
cate that significant improvements in solid brush, current-collection densities can be
obtained as will be discussed later.

The rotating, superconducting field ac machines require careful mechanical
design of the rotor in order to provide adequate structural integrity while minimizing
the heat leak to the lowest temperature regions and accommodating the differential
contraction experienced as the rotor is cooled to liquid helium temperatures. A rotat
ing shaft seal for helium gas must also be incorporated in these designs. Such seals have
been designed and tested, and satisfactory operation has been achieved. These are
pointed out as limitations simply because there is not a widespread experience in de-
signing such components in the electrical equipment industry.

The larger ac machines under development are iron free in the armature wind-
ing arca, employing iron as a shicld at a larger diameter. Such construction required the
use of phenolics, fiberglass, and epoxies to support windings.” This leads to higher eddy
current losses in the windings, lower armature heat capacity, and lower heat-rejection
capability. Until the armature loss and cooling require ments data become available for
the larger machines, it will not be clear if such construction is really desirable. Tests at
MERDC indicate that a more conventional toothed ferromagnetic lamination structure
is preferable if magnetic saturation of the laminations can be avoided.

5.  Pacing Problems. The primary problem retarding the development of super-
conducting machines for high-power, landmobile applications is the lack of a compact,
highly reliable cryogenic refrigeration system. Superconducting machinery is certain to
be applicable to utility power sized fixed installations and ship propulsion type applica-
tions (high-power, low-speed de motors; high-power, moderate-speed de generators)
where higher ratings in a given frame size are achievable and ship design flexibility is
significantly enhanced.

For some short-duration missions, it may be acceeptable to provide cryogens
by tankage from a central or remote liquefier. In these cases, open-cyele cooling designs
will be required, and such machines would be similar to laboratory test versions being
studied. Generally, closed-cycle cooling is assumed to be preferred, and MERDCs pri-
mary emphasis in this regard has been toward development of the relrigeration system
with the superconducting devices given a lower priority at this time.

The de machines require additional development of current-collection means—-
cither solid brushes or liquid metal contacts. Improving colle “or current densities will
have a signficant impact on the general range of application of de machinery.
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6. Current DOD Programs. There are four existing DO programs which could
impact on the development of superconducting machines as power sources for pulsed-
power supplies. The three-phase program being performed by Westinghouse at Lima,
Ohio, for the Air Foree is aimed at developing a superconducting generator for airborne,
high-power application. The three-phase program is as follows: (1) analyses, prelimi-
nary design, and critical component tests, including full-scale rotor tests, seal tests, and
superconductor tests; (2) extended seal and rotor testing, detail design, machine fabri-
cation, and checkout; and (3) performance verification tests of 1 MVA continuous and
10-sccond pulses of 5 MVA with | minute between pulses. This cost-plus contract was
initially estimated to have a cost of $564,000; reported FYT1 and 72 obligations total
$315,000.

The development progran is a reasonable and necessary step; the objectives
of cach phase represent a logical grouping of efforts which must be successful to war-
rant continuing to the next phase. The requirements of emerging high-power weapon
systems will demand power sources with the capability achievable in machines of the
type being developed. The optimum power source for the specific applications and
mission profiles for cach of the Services may be quite different even though the basie
technology is identical.

A second Air Foree program is aimed at the development of lightweight trans
formers for airborne, high-power supplies. Thermal Technology Laboratory of Buffalo,
New York, has contracted to establish design eriteria and techniques for transformers
having specific weights less than 0.4 1h pee KVA at power ratings of 1 to 100 MVA,
Flectrical, magnetic, and thermal characteristios are being modeled, and final design
of a to-be-specified transformer will be undertaken. Estimated funding over FY72-74
is $70,400. The program is apparently aimed at providing high-power, step-up trans-
formers for high-voltage applications. Minimizing weight is desicable for airborne, land-
mobile, and seafaring applications; and an analytical and experimental program which
considers electrical, magnetic, and thermal characteristies with cmphasis on heat-rejee-
tion capabilitics is worthwhile. The results of the effort will likely be applicable to
high-power weapons technology for all Services in systems where an ae generator is the
prime power source,

The Navy s in-house machine development program being condueted at
NSRDC-Annapolis would, if successful, provide a means to design high-current. de gen-
crators for supplying current to inductive energy storage deviees, The shaped-field con-
ceptisas yet unproven, and the liquid metal, current-collection sy stem requires further
development. Program costs were carlier estimated at $1.000.000 per vear for 10 vears.
The primary objective of the ¢fTortis to provide eleetrie generators and motors for ship
propulsion (20 MW and up) which would yield enhaneed shiphoard design flexibility.
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A fourth DOD sponsored effort which could impact on the development of
dc power sources for inductive energy storage devices is being performed by Westing-
house for ARPA. The program calls for the development of a Westinghouse conceived
segmented-magnet, homopolar torque converter (SMHTC); the largest part of the experi-
mental effort will be aimed at the study of liquid metal, current-collection systems. A
segmented-magnet, homopolar generator would have low-voltage, kigh-current capability ;
such a machine might be considered as a power source for inductive energy storage de-
vices. In any case, further development of liquid metal current collectors should result
from this effort.

7. Other Programs. Three utility power type efforts also could impact on the
development of ac superconducting machines for high-power applications. The details
of the Westinghouse and MIT efforts have been deseribed earlier. The Westinghouse
5 MVA rated machine seems to have been deliberately overdesigned mechani-ally as
insurance against first-time oversights which might cause difficulty, and the MIT 2.3
MVA machine has not yet been tested. The machine coneeived for utility power apphi-
cations may not be ideal for military applications, but the suceess of these programs
will further establish the feasibility of developing superconducting machines as power
sources for high-power applications.

A third development which is apparently underway is being pursued by Gen-
cral Electric in Schenectady, New York. Indications that a substantially rated (10°s of
MVA) machine probably of the utility power variety is under development can be in-
ferred from recent publications, though no direet mention of such a program exists,

8. Foreign Technology. The most significant total effort in the development of
superconducting machines for a varicty of high-power applications has been undertaken
by the International Research and Development Company, Ltd. (IRD), Newcastle-upon-
Tyne, England. Funding is primarily through the British Ministry of Defense-Navy
(MOD-N) and the National Research and Development Corporation (NRDC), a “seed
money” company for promising commercial endeavors. IRD has had a team of some
40 people working on the development of high-power superconducting machines since
1963. Their 50-horsepower Faraday-dise type motor completed in 1966 was the first
operable motor of significant rating employing superconducting windings.  Subsequent
development led to the osign, construction, and test of a 3,250 horsepower (2.4 MW)
motor designed to dirci. drive a 200-rpm cooling-water-pump at the Fawley Power
Station. The motor employs the segmented disc principle developed by IRD as a means
to increase the voltage and reduce the current requirement of homopolar moters; solid
brushes are employed. The segmented-dise principle allows operation at 430 V., 5800
A as compared to a single solid disc device requiring 21.5 V and 116,000 A in the same
sizc machine. Technological advances during the development time of this motor would
allow the rating to be boosted to about 6 MW in the same machine size. IRD is currently
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building a superconducting generator-motor set designed for marine propulsion. Present
plans are for land tests only.

As an clement in the development of high-power machines, IRD conducted
extensive investigations of solid brushes. A metal-plated, carbon fibre brush construc-
tion resulted which promises to increase brush-current collection densities to the range
of 300 to 600 A/in.? as compared to 100 to 150 A/in.? generally achievable for con-
ventional brushes. This brush development will have significant impact on the design
of high-power dc machines and could extend the range of applicability of rotating-
armature ac machines,

Since the devices developed by IRD are equally uscable as generators and the
status of development is relatively complete by now, it is prudent to usc this source for
the supply of high-power de machines where such sources are required. Qutput voltages
up to a few thousand volts might be achievable. Such machines could be used to charge
a capacitor bank where parallel-to-series switching or pulse transformation is employed
to obtain the final output voltage or to power inductive-energy storage co’'s at high de
curre.ts,

This developmental program and other foreign efforts are reasonably well
documented in the final technical report prepared by Westinghouse Electrie Corporation
for the U5, Navy —Office of Naval Research. The report on Contract #N000 14-70-C-
0246 is entitled, “*Survey of the State-of-the-Art of Superconducting Electrical Machin-
ery it includes summaries of all significant efforts and an international bibliography
of papers and reports on the subject. Developmental activities were reported in England,
France, Germany., Sweden, Japan, Switzerland, and Russia. As an example, a 100-kVA
alternator has been built (and now tested) in Russia and a 1000-kVA machine with a
rotating, superconducting field winding is reportedly under construction.

9. Technology Forecast. The technology forecast for cryogenic refrigeration
systems is included in the discussion of refrigeration developments. Solid brushes capa-
ble of 300 to 600 A/in.2 are under development in the UK. (see Foreign Technology
Section): at present the British will not sell these brushes. The technology of liquid
metal contacts might be sufficiently developed in 3 to 5 years to warrant their employ-
ment in high-current machines, depending upon the progress of Navy and ARPA pro-
grams.

Results of the MIT and Westinghouse MV A range alternator tests are expected
to be available in the next 1 to 2 years. The iron-free armature losses and cooling re-
quirements determined in these programs might have a significant impaet on optimum
designs for machines in the 1 to 20 MV A range.
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Fig. 5. Estimated weight vs. rated power for iron-core superconducting alternators.

16




T TR LI

AR AT

Xl 4, PR SR

Insofar as the forecast for superconducting machines regards potential size
and weight vs. power ratings, estimates for a 1/MW-rated 12,000-rpm, 400-Hz alternator
include 0.5-1 #kW for the alternator alone (Fig. 5), 0.8-2 #/kW for alternator with
closed-cycle refrigerator, and 3-5 #/kW for a complete package including alternator, re-
frigerator, gas turbine, and auxiliaries. Power density for the ¢ iternator alone should
be in the range of 20 W/cc or higher.

10. Priorities. The best approach to providing tiic high energy and high power
required by weaponry uncler development will depend on the operational characteristics
of the weapons and on land mobility/transportability requirements. Since these char-
acteristics are not well defined at this stagc of development, many possible alternatives
to supplying the power required need to b considered at this time so that a more opti-
mum combination of device and power supply can be selected at the appropriate point
in the system development cycle.

Both ac and dc superconducting machines promise to be more compact and
lighter than conventional machines at sufficiently high power ratings. The design and
construction technology for dc machines has been sufficiently advanced by the British
so that it is prudent to license from that source for sysems where such a de supply is
the optimum. The de machine technology for propulsion drives being developed by the
U.S. Navy should be followed with an eye to the high-power weapons applications, but
it is not essential to providing a good dc source for energy-storage systems.

For ac systems, it is preferable to develop the rotating-field-coil configuration
for ultimate use at high power because this configuration is most amenable to being
developed into machines having ratings of 10’s of MVA in transportable sizes. With the
advances in solid brush technology pioneered by IRD, the limits of the extension of the

power range of stationary central field superconducting machines need to be established.

To do this it is desirable to design, construct, test, and evaluate the performance of a
full-scale ra:-4 machine (500 to 1000 kW) and base performance extrapolations and
limitations on such data.

In cousidering the development of rotating, superconducting field coil ac
machines, the primary problems to be faced are the rotating, vacuum insulated dewar
and the rotating helium transfer coupling. The primary helium transfer seal configura-
tion investigated to date relies on surface contact of a face seal; the ferrofluidic rotating
shaft seal seems to be much more reliable and should be investigated for its range of
applicability with varying ambient temperature.

The rotaling, vacuum insulated 'ewar requires good mechanical and thermal
design. A simple three-walled dewar with an intermediate temperature electrothermal
shicld and a sealed vacuum space is currently used. An interesting MIT design for large
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systems would employ a stationary outer wall with rotating vacuum seals: this configu-
ration would allow the use of multilayer superinsulation to reduce radiative thermal
losses and sealed or continuous pumping of the vacuum space and to eliminate windage
losses by virtue of rotor operation in the high vacuum. Again, ferrofluidic shafi seals
are good candidates for the rotating vacuum seals.

The weapons applications of the power supplies discussed will be somewhat
similar for the three services, but the final installed configurations are likely to be quite
different because of the variation in mobility/transportability and mechanical require-
ments. Of the devices discussed, only the British de machines can be considered to
have essentially completed the exploratory development stage, and even these will need
a detailed evaluation to determine their applicability to weapon systems power supplies
as currently conceived.

AC machines of both stationary and rotating field coil configerations need to
be further investigated, and a development which in some ways paralle’s the current
Air Force program, but which is specifically geared to Army requirements, is worthwhile,
This would allow a redundancy in general development which is desirable in the event
of difficulties in either program and a sustained effort directed at an optimum power
supply for Army weapons system applications.

HL. CONVENTION AL TURBINE GENERATOR SETS

11. Background. Turbine generator sets in the exaet configuration suitable for
Advanced Weapons Systems (AWS) have never been built. Turbine generator sets used
by the Military have characteristies that generally are suitable but have never heen
attempted in the large ratings anticipated for AWS: most have a capability of less than
100 kW. Turbine generator sets used by industry have generally been emergencey power
plants (in the order of 1500 kW or smaller) or ~peaking power™ units (in ratings to
about 20,000 kW) usedl by electrie utility companies as a inecans to handle peak power
demands for relatively short periods of time (hours per day). Industrial turbine genera-
tor sets will not be suitable for AWS because of exeessive size and weight: the equip-
ment is 60 Hz which results in large. massive generators: and the engines, while often
derived from aireraft designs, have stressed low cost and long life resulting in versions
of the engines in which both weight and bulk are inconsistent with AWS requirements,

12. Current Technology. The above discussion should not be taken to mean tha
existing turbine generator st technology is hopelessly inadequate and does not warrant
constderation for AWS, Relatively small, lightweight equipment ix believed possible by
extending aireraflt practiee Lo larger ratings and by aceepting compromises in life. cost,
and noise level of the equipment (as compared to industrial machinery). MERDC is
currently involved in the design of an 885-kW generator set which will weigh
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approximately 2900 lb—not including facl. While this power density s still not adequate

for AWS, it is indicative of progress being made. 1t is expected that turbine generator
sets will employ high-speed (up 1) 12,000 rpm) alternators at frequencies of 400 Hz or
higher driven by engines running at higher speeds and higher turbine inlet temperatures
than is acceptable for industrial equipment. The larger ratings are anticipated to be van
or trailer mounted while smaller sets could be skid mounted. In some cases, several
smaller engines would be ““ganged” to provide capability to power a generator set of
intermediate capacity. *“Ganging” of engires is an attractive consideration since it
could allow declutching of one or more ergines to conserve fuel during periods of low
power demand. Starting of turbine generator sets is relatively simple and quick. Even
the larger sets can be started and loaded at full output within 2 minutes; in an emer-
gency, this time could be reduced to as little as 45 seconds. Turbine generator sets

can be built to accept a wide variety of fuels, both gaseous and liquid, with relatively
good efficiency (heat rates in the order of 12,500 Btu/kWh).

Table 2 is a chart indicating weight and fuel comsumption for turbine gener-
ator sets utilizing generators and engines which can be derived from current technology
based on comparatively long-life considerations. By accepting compromises in life,
noise, and cost, it should be possible to do substantially better than the weights shown
in the table.

Table 2. Conventional Turbine Generators for AWS Anticipated Weights

Generator - Fuel

KW Weight (Ib) Speed Cons Fngines Possibly Suitable
Rating Generator Fngine  Set (rpm)  (Gal/Hr) Make and Model
1,000 920 1000 3,500 8.000 145 lLycoming Model TF 258

2,000 1,430 1.100 4,000 8,000 230 Lycoming Model TF 40

3,000 2,600 3300 7,300 8,000 85 Lycoming Model TF 35A (Three)
10,000 5,000 700 50,000* 6,000 1070 GE Model 3142
20,000 7,800 14,000 86,000* 6.000 1960 Pratt & Whitney Model FT' 4

* Includes weight of van or trailer,

IV. FUEL CELLS

13. Current Technology. Fuel cells are basically still in a development stage.
They offer the advantage of low-noise-level operation. Currently available stacks exhib-
it power densities in the range of 25 Ib/KW.  Militarized systems (as opposed to stacks)
operating from hydrocarbon fuels are in the range of 100 to 200 IL/AW. Development
programs underway have goals of 0.5 Ib/kW (excluding power conditioners) for mega-
watt size devices using H,, O,.
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Efficiencies of ~ 70% starting with H, and O, are achievable; counting pro-
duction of H, and O,, the efficiency drops to ~ 40%. Militarized versions mentioned
above are about 10% efficient. Reactant consumption is about 0.2 to 0.3 (kg/kWh).
Although the fuel cell is not particularly sensitive to on-off switching of the output line,
it nevertheless would cause an inefficiency in that the reactant flow would continue
during the off time. Pulsed operation is not physically damaging, and fuel cells have
been operated significantly above rated power in a pulsed mode.

14. Limitations. The position of technology, as demonstrated by H,, O, fuel
cell employment in the space program, can be regarded as satisfactory for certain appli-
cations both in regard to woi ing life and electrical characteristics. Improvements in
the areas of clectrode structure to increase limiting current density and in cathode cata-
lysts to improve efficiency are needed.

Volumes and weights of stack elements are relatively low, but overall density
is limited by auxiliary equipment. The output voltage of fuel celi batteries tends to be
low due to the clectrochemical reaction involved which limits, to a certain extent, high-
voltage application.

15. Pacing Problems. For this applicztion, development of high power densities
is critical. Programs such as those of Pratt and Whitney, sponsored by Air Foree, are
defining constraints at present.

19. Technology Forecast. Fuel cells for fixed applications, e.g., consumer power,
such as the 12% kW modules being developed by Pratt and Whitney, should become
available in the near future. Given adequate funding, programs underway will provide
units suitable for Army applications in the 5- to 10-year time frame. A high-power-
density system (goal: 0.5 Ib/kW) capable of supplying megawatts for minutes is cur-
rently being developed.

17. Current Programs. The Air Foree (Wright-Patterson Air Force Base)
(WPAFB) has a contract (3200K, FY 73) with Pratt & Whitney for developing high-
power-density fuel cells for airborne applications. The goal is to obtain megawatts for
seconds o minutes at a power density of 0.5 Ib/kW.

Army. Navy, and Air Force have supporting programs in arcas such as elee-
trode processes, catalyst recrystallization, advanced developments, improved matrix

materials, and low-cost electrodes.

NASA's program is fairly broad covering basic research as well as fuel cells
for space cratt but is not directed toward high-power applications.
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18. Priorities. The Air Force-Pratt and Whitney effort should be followed.
Modules should be obtained and tested if warranted.

V. MHD

19. Current Tcchnology. The generation of electricity by MHD generally falls
into three classes:

a.  Open-cycle plasma generators.
(i) Combustion generators.
(2) Detonation or explosive generators,

b.  Closed-cyele plasma generators,

¢.  Closed-cycle, liquid-metal generators,

Plasma and liquid metal MHD generators are often confused with cach other
because of the coincidence that the alkali metals such as potassium, cesium, and lithium
are used as the working fluid in the liquid metal MHD systems: and these same alkali
metals are also used as seed materials to enhance the conduetivity of the plasma in the
plasma MHD systems.

At the 5th International Conference on MHD Electrical Power. April 1971,
Munich, it was concluded that all three classes of MHD generators are technically proven
concepts and promise the generation of highly efficient electrical power, MHD power
generation possesses the following attractive features: relative simplicity | high power to

weight and volume vatios, favorable scaling charaeteristies, continuous and pulsed power,

and instantaneously available power. Ina rapidly growing electrical market. the in-
creased power output for given fuel costs air pollution. and thermal polliution could be
important factors in favor of MHD power generation. Although MD power generation
hax been technically proven. it has not been demonstratedd that MIHD power generation
can compete cconomically with comventional. central-power seneration.

Open-cyele combustion MHD sy stems have now reached the protots e stage.
Several countries, particularly the USSR have programs in open-exele SIHD and are
developing systems capable of overall efficiencies between 8% and 33, By compari-
son, central commereial power plants have overall efficiencies between 10 and 43¢,
Feonomic studies on large-seale, open-ey ele MID power stations for continuous opera-
tion on base load indicate that these svstems in conjunction with conventional generat -
ing systems could be made economically attractive. even considering the requirements

o)l

v

PRECV I 2

RSP IE

= —

Py

ke 2




- i R

g s T

o e

s v

Ty

for minimizing air pollution duc to sulfur oxides. However, the economic usefulness

of open-cycle MHD systems, whether for base- or peak-load operation, must differ from
country to country due to the large variation in costs of fossil fuels and the nuclear
generation of power. ‘

In the field of open-cycle explosive MHD, the Soviets recently succeeded in
obtaining useful power from explosion of hydrocarbon fuels and oxygen. Explosive
MHD appears promising for the dircct generation of pulsed de. -

Small, closed-cycle plasma MHD experimental generators in a number of
countries have been operated suceessfully. The results of these experiments indicate
that is is possible to predict the performance and characteristics of multi-megawatt
generators. As of April 1971, the West German facility “ARGAS 2” is the only MHD
device to employ a superconducting magnet.

Experimental liquid metal MHD genecators in the 1 kW range have been
demonstrated in a number of countrics including the United States. The goal of liquid
metal MHD is the development of very reliable generators which would be suitable for
space applications and submarine propulsion systems. Liquid metal MHD does not
appear practical for commercial power applications because of its limited output.

In general, military technology of MHD is not related to commercial power
plant technology. Only in the field of peaking power plants do the technologies over-
lap. For emergency sources of central power, peaking power plants will be required
to provide megawatts of power “almost instantancously” and to operate at these power
levels for short periods of time. These requirements are similar to military require-
ments for high-power-density power supplies with short duty cycles and can be supplied
by open-cycle plasma MHD. Explosive MHD appears to be attractive for pulsed-power
applications because of the direct application of pulsed de power.

Superconducting magnet technology has advanced to the point where super-
conducting magnets of various designs can be incorporated into MHD systoms.

20. Limitations. Plasna MHD generators are restricted to the generation of de
power due to the comparatively low electrical conduetivity of the plasmas. Ty pically,
the conductivity is hetween 10 mho/meter to 100 mho/mic cer. This low eleetrical con-
ductivity results in low voltage generation, and, consequently, ac power cannot be
efficiently produced because the magnetic ficld cannot be efficiently varied to induce
ac voltages. On the other hand, the electrical conductivity of liquid metals is about 10®
mho/meter which is only about 100 times smaller than the conductivity of copper at
room temperature. Liquid metal MUD generators offer the capability of generating
either de or ac power, with a wide range of frequencies, at seleeted voltages,
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An important limitation of existing open-cycle combustion MHD generators
is their expenditure of fuels which are not readily available in the Army s logistical
system. Ordinarily, these devices are fueled with a liquid fuel (typically a hydrocarbon).
an oxidizer (usually gaseous oxygen), and a seed compound (potassium or cesium
carbonate). Present-day combustion MHD genevators have to use oxygen or nitrogen-
oxygen mixtures as the oxidizer no matter what fuel is employed. Future MUHD deviees
may be able to use air as an oxidizer, and the logistic problem of supplying tanked
oxygen will be eliminated. Fuels which yield plasmas with significantly higher electrical
conduectivities than JP4 are not presently available in the Army’s logistical system. An
example of such a “high conductivity™ fuel is evanogen (€, N,). The logistical problem
of supplying seed material can be minimized with the development of an effective seed
recovery device,

The lifetimes of the major components of plasma MHD generators such as
channel, nozzle, and burner will be limited due to the erosion effects of high-temperature
and high-velocity plasmas flowing through these components, Lifetimes of these com-
ponents are further shortened due to erosion and spalling caused by thermal shoeks that
oceur cach time the generator is run,

The efficiency of explosive MHD generators is presently limited to 1.5
The inefficiency of the comversion of explosive chemical energy to eleetrical energy
means that relatively large amounts ol explosives per pulse will have to be detonated to
achieve usable power levels for pulsed operations. In addition, the containment of the
comparatively farge explosions per pulse will cause the generator itself to become bulky.
The lifetime of explosive MHD generators will be severely limited by the erosion caused
by the passage of the explosive products through the channel.

2]1. Limitations of Existing Devices. The current upper imits of operation for
MHD sy stems are:

a.  Continuous combustion MHD for low-duty eveles:

b 10 VW
| he/sce .02 h/he
sSpecifie Fuel Consumplion e B
. . . 0.2 ke 0.43 1y
Specifie Weight (fess fuel and oxadizer) T = frige
Output Voltage T 30KV
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b.  Pulsed explosive MHD:

Power 10 MW

Pulsed Energy 50Kk

Pulse Duration 100 y see

Pulse Rate < 10 pulses/see
Efficiency 1.5%

Current Rise Time 10 g see
Output Voltage s of RV

22. Pacing Problems.

a. Asummary of eriical teehnical problems for open-eyele combustion
MHD is as follows:

(1) Channel and electrode crosion due to high temperature and high

veloeity plasma,
(2) lnsulation breakdown.
(3) Recovery of alkali seed material.
(4) Current distribution in the plasma.
(5) Reduction of component size and weight,

b. A summary of critical technical problems for pulsed explosive MHD

is as follows:

(1) Improved conversion of explosive chemical energy to electrical

cnergy (higher efficiency).
(2) Multi-shot capability.
(3) Reduction of component size and weight.
¢. A summary of critical problems for liquid metal MHD is as follows:

(1) Flow channel erosion due to velocity of liquid metal.
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(2) Reduction of friction losses in the generator and liquid metal flow
components.

(3) Thermal and electrical insulation of the generator from the liquid
metal.

(4) Control of slip losses and shock losses in the two-phase flow.

(5) Corrosion and handling problems of liquid metals.

23. Current DOD Programs.

a. Overall DOD Effort. Current DOD MHD cfforts are listed in Tables

Jand 4.
Table 3. Current Navy MHD Eiforts
a i T I
Pie No. Agenes Contractor Completion i f""'l’(ks)‘ _ Title
: Date FY-T3 Y74
562 ONR GE CONT 199.9 MHD Gen Studs
2009 ONR GF CONT 92.3 (ARPA) MHD Laser
2670  ONR Argonne Nat Lab CONT 350.0 Two-Phase MHD Gen
2087 ONR Argonne Nat Lab CONT 130.0 Liquid Metal MIID
2020 ONR Colorado State U, CONT 32.99 MHD Plasma
lnvestigation
2174 ONR Argonne Nat Lab CONT (FY-72:35.0) Exaluation of Liguid

Metal MID for

Power Gen

*These figures are based upon data taken from the latest PLC sheets available in the Electrical Equipment fikes (Jan
1974). 1In some cases. the PLC sheets have not been hept up to date. Supplemental ARPA funds are shown where
these figures weee available.

b. Air Force. The Air Foree Acro Propulsion Laboratory (AFAPL) has an
extensive MHD program (over 908 K dollars in FY7T3) aimed at developing high-power
pulsed and continuous MHD generators suitable for airborne applications. They have
two pulsed explosive MHD contracts (Avec and Hereules) whose common objective is
to demonstrate operation of a 50 kJ/pulse, 100 gsee pulse width, and at least 10 pulses/
see explosive device, Aveo’s explosive MHD generator will use a liguid explosive and
Hercules will use a solid explosive. Hereules has already obtained a single pulse of 25
kJ using a seeded mixture of a military explosive (C-4) and cesium. In the field of con-
tinuous combustion MHD, the AFAPL’s high-power density combustion generator
effort at AVCO has been suceessfully completed. A specifie power output of 0.5 MW/
(kg/sec) (400 kW output at 0.8 kg/see total mass flow) was obtained using a seeded
conventional hydrocarbon (toluene)-oxygen fuel. In MHD magnet technology , AFAPL
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has a program to develop and test a lightweight (1000 Ib). 4 T superconducting magnet.
Supercondueting magnets were built at the Magnetic Corporation of America (MCA)
and Ferranti-Packard, L.td. The MCA magnet produced a peak field of 3.8 T, but the
problem of excessive conductor m-vement has not yet been climinated. Currently,
APAFL. has a contract with MC’ 1o test the Ferranti-Packard magnet.

Finally, the Air Force has a spectrum of research contracts in MHD
with universities and research companies. These efforts are funded primarily by
AFAPL and AF Office of Scientific Research.

c¢. Navy. The Office of Naval Research (ONR) has a program in liquid
metal MHD for power generation. Currently, ONR is funding an effort at Argonne
National Laboratory to design and construct a two-phase MHD generator; ONR is
also funding a study on the possible Naval applications of liquid metal MHD at Argonne,
a liquid metal generator study, and an experimental study to determine the feasibility
of an MHD laser at GE.

d.  Army. The Army has a small surveillance program in MHD.

24. Foreign Technology. The USSR has the largest MHD research program in
the world. The Soviets have major efforts in three arcas: open-cycle and closed-cyele
plasma MHD, and liquid metal MHD. The largest effort has been in open-cyele MHD
and has led to the construction (1971) in Moscow of a pilot MHD plant (U-25) with a
power rating of 25 MW. The U-25 is being slowly brought up to full power. Valuable
data on the service life of the basic components of MHD plants is being obtained. A
significant effort in liquid metal MHD is the construction of a model plant with a
thermal input of 300 KW.

The Japanese have the second largest MHD program in the world, and their
major goal is the building of a complete model of an open-cyele power plant. A pre-
vious effort has resulted in an open-evele generator (ETL-Mark-11) which has produced
a mega-watt. Presently, a generator (ETL-Mark-V) with a superconducting magnet and
a model power plant (ETL-Mark-VI) have been constructed and preliminary tests are
underway. The Japanese have excellent capabilitics in applied superconductivity —
especially in materials and magnets, and they can be expected to employ superconduct-
ing magnets with their MHID generators,

The Federal Republic of Germany had an exwensive program in MHD but
has recently teeminated these efforts for economice reasons. The FRG Government
felt that it would be cheaper to buy the technology rather than pay for the develop-
ment. Some of the MHD workers are now working on controlled fusion; the rest have
been scattered throughout West Germany. Tl lalians are also phasing out their
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excellent, but small, effort in closed-eyele MHD in favor of fusion rescarch. The French
effort in liquid metal MHD is slowly being shut down. The only West Europeans to
have a viable large MHD effort at present are the Dutch. They have recently put an
open-cycle plasma installation rated at 5 MW thermal input into operation. Other
Furopean countries with small rescarch efforts in MHD are Austria, Czechoslovakia,
Poland, Sweden, and Switzerland.

The Canadians are doing rescarch in non-cquilibrium MHD and are building
a large thermal blow-down experiment having a thermal input of 10 MW, They are
also planning the development of a small, open-eyele facility (2 MW eleetrie). Initially,
this facility will have a conventiona; magnet. Future plans call for replacing the con-
ventional magnet with a superconducting magnet. The Australians also have a small
research MHD effort at the University of Sidney.

25. Priorities. Two classes of MHD generators are attractive candidates for
specific military high-power-supply requirements. The military s requirement for a
lightweight, multi-megawatt generator with short duty ey eles can be satisfied by an
open-evele combustion MHD generator with a superconducting channel magnet. Such
a generator could use a seeded conventional hy drocarbon fuel and gaseous oxygen as
the oxidizer. The Air Foree has previously demonstrated a protots pe of this variety
with a conventional channel magnet. This combustion generator had an output of
400 KW and an attractive specifie power output of 0.5 MW /(Re/se).

The military s requirement for a pulsed power supply capable of supplying
multi-h ] pulses could be filled in the future by an explosive MHD generator with a
supereonducting channel magnet. The \ir Foree has successtully demonstrated an
explosive MHD generator. A solid explosive (C- 1y generator (Hereules) has produced
a 25K} pulse to date. Multi-shot capabilities are currently being investigated by
Hereules.

The extensive \ir Foree programs in MHD should be closely monitored.
The results of their investigations could fead to MHD generators suitable for Army re-
quirements for high-power. pulsed and continuous power supplies,

VI PULSE POWER

26. Current Technology. Some weapon systems under current consideration
require high-cnergy pulses of electrical energy . For this [y pe of application, rotating
machines are generally not satisfactory. In many cases it is not practical to size a
machine for the peak power reguired or o design for overload. Incany event. it s dit'-
ficult 1o supply pulses of 10% ) or greater having widths of < I msee direetly from the
machine. However, MHD generators offer this capability . (See Seetion V) Inosuch
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instances, pulse production may be obtained through discharge of circuit elements.
Both capacitors and inductors can be used as the energy storage element in these
circuits and each offers special characteristics.

At lower energy level (<10°]) and for fixed installations where size (or
weight) is not of primary importance, capacitors are presently the best choice. Present
capacitor devices offer energy densities of about 500 kJ/m? or 275 J/kg for the storage
clement alone at the S KV level. In terms of specific weight, i.e., weight per unit

energy stored, 275 j/kg is about 3.6 x 10 ?Milg . Capacitors offer the advantage of rel-
atively easy switching using previously developed techniques.  Low jitter spark gap
switching is presently available for fairly low repetition rates. For higher repetition
rates, the clearing time of the spark gap switch limits the application to ~ 10 pps.
[enitrons permit higher repetition rates (~ 400 Hz) but are relatively expensive (~ $10K
not counting control circuits) and bulky.

Although the specific weight of capacitors is dependent upon voltage level,
it is not a function of energy level. This can be seen by noting that the plate separation
is determined by breakdown strength: thus both the energy stored and the weight are
proportional to plate area and, therefore, specific weight is constant to a first approxi-
mation. For inductors, however, the weight is approximately proprotional to the
number of turns as is the field strength. Since the stored energy is proportional to the
square of the field, the specific weight is inversely proprotional to the number of turns.
Therefore, the specific weight is inversely proportional to the square root of the energy.
This reasoning is borne out by the energy-weight relationships for existing systems:
typical values are ~ 2 to 3 x 102 kg/M] (coil and structure) at the 1 M] level, deereas-
ing with increasing energy.

The favorable specific weights for inductors indicated above are promising:
however, utilization at present is limited for several reasons. The use of inductors to
supply pulses of power at high energy levels requires opening a high-current switeh
in an induetive circuit. No suitable solid-state switches are presently available. High
voltage/high current mechanical switches have been used as interrupters but are de-
signed for use in ac lines where a “natural” current-zero will oceur within % eyele.
To use similar switches for the de application entails the addition of a counter pulse
circuit to foree a current-zero in order to avoid high losses in the switceh, Such cireuits
require capacitive storage of a pereentage of the total system energy : this depends on
system energy level but is estimated at ~ 10% for the megajoule level. Some schemes
would allow recovery of this energy in the load.

Mechanical stress will be a significant consideration in any high-cnergy sys-
tem in the range of interest. In this respeet. both capacitive and inductive storage
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share similar problems. The high electromagnetic fields associated with these elements
and with the transmission of large currents at high voltages exert large forees on the
leads and support structure as well as on the elements themselves. 1t is also possible
for non-negligible forees to be exerted on surrounding materials. An estimate for a
particular solenoid storing ~ 10% J indicates (under static conditions) stresses on the
order of the yield strength of copper (@ major constituent of some conductors). The
problems of winding movement and similar effeets can be minimized at the expense
of system weight by careful design.

Superconducting inductors have generally been maintained below the super-
conducting transition temperature by immersion in a bath of helium liquid. Such a
technique is convenient for some purposes, but integrated refrigeration is more de-
sirable from an efficiency standpoint as well as from a consideration of the difficulties
mherent in making a two-phase system a self-contained unit while retaining mobility.
Cryogenic refrigerators are available, but some development is necessary to make them
sufficiently mobile and reliable for field use. (See Section VL)

Great progress has been made in materials deselopment in the decade sinee
the first high-field superconductors were discovered. Materials are now available which
remain superconducting during charge or discharge rates of 5 to 10 T/see. Such ma-
terial appears to be marginal, at best, for pulse rates of 5/see, assuming deep discharge.
Improvements in materials with the goal of practical application are required. (See
Section 1)

Voltages of the order of 10%s to 100s of KV will be developed across the
storage element during discharge.  Insulation capable of withstanding this voltage at
low temperature is required.

The external field of an inductor in a solenoid configuration is quite high:

this presents a problem in shielding neighboring equipment. Even if no electronie
equipment is located nearby, the surrounding metal structures can be subjm-lv(l to
significan? forees by the magnetie field. A shicld would therefore be required for many
applications. Active shiclding seems to be a possible method of accomplishing this.
\n inherently fow external field can be achieved with a toroidal configuration; this
would consideraldy reduce the shield required. For convenience of construction, a
torus can be approximated as closely as desired by pancake or short, eylindrical seg-
ments. Other configurations with low field at a distance are also possible.

The preceding discussion has been devoled prineipally to high-energy pulses.
I pai 14 (AN
For systems requiring lower energy pulses at the same average throughput of power.,

) 4 EY | 4 - I
different techniques may be used. Pulsed MHD, for example, appears attractive for
pulse energies in the 10%s of kJ and repetition rates in the 102 Hz range (see Seetion V).
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More conventional techniques are based on the use of a pulse-forming network (PFN)
; fed by avoltage or a enrrent source. Some form of energy buffer. for example, an in-
ductor or a fly wheel-generator combination, may he used to case the demand on the

|
i
.r
3

souree of prime mover. Flywheel technology. in particular, has been investigated for
transportation systems. Consideration has been given to the use of the field windings
ol generators (MHD, especially) as an indactive portion of the PFN.

27. Limitations. Principal limitations of existing capacitor banks and normal
machinery are refated to size and weight. Inaddition, the number of components
required may be large, adding to the complexity and reducing the reliability of the
system. Capacitors themselves are limited by achieved energy density. Systems using
capacitors morcover require cither the production of high voltages for charging or a
large number of switeh elements. 1t appears, however, that an inductive system can
be made in a reasonable size-weight configuration for the application and that the
number of circuit components could be reduced as compared to an equivalent capa-
citor svalem  The limitations to such an inductive system are in the switehgear and in
cooling the energy-storage device. High voltage/high current switching is being de-
veloped as is refrigeration, but improvements in refiability and capacity are essential.
For supecevndutivg imdoctons, matetial properlios impose spovial lanilalione: o
example, the maximum dB/dt whicl can be tolerated.

28. Pacing Problems. The development of reliable refrigeration for use in the
ficld will be a controlling factor in the development of systems utilizing superconduct-
ing or eryogenic devices. Capacitor development to increase energy density will control

E capacitor-based systems. Refinement of switching systems will be necessary in either
case, but for low-repetition rates solutions appear to be available.

29. Cwrrent Programs. Air Foree (Acro Propulsion Lab, Wright-Patterson Air
Force Base) (WPAFB) has several programs underway at this time relating to inductive-
energy storage. In FY’s 71 and 72, contracts with AVCO and Magnetic Corporation
of America (MCA) for inductive-energy storage investigations totalled $389.2K. This
led to the FYT3 cantract with MCA for SITTK to build the 100 k. 5 pps coil. Addi-
tional contracts with Westinghouse (8§154K, FY73). MCA (326K. FY 73). Hughes
(3145K, FY73). and Purdue (§17K, FYT3) treat the switching problem separately.

NASA-Lewis has programs i capacitor improvement, notably for high-
energy-density. thin-film capacitors and polycarbonate capacitors. Army (MERDC)
has shown that some improvements in VA rating are possible using heat pipe cooling.
In industry, Lawiess at Corning Glass has shown high-energy-density storage to be
possible at 77 K using Corning titanate-glass-ceramic materials. In addition, increased
energy density appears possible through development of carbon capaciiors,
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The French have an active program for investigating superconducting,
inductive-energy storage and have made some progress as evideneed by publications in

the open literature,

Publications by Soviet bloe seienty ts indicate considerable interest in indue-
tive storage and pulse production. The extent of the program is not known.

VI SUPERCONDUCTING MATERIALS

30. Current Technology. Currently, there are several alloys used to make com-
mercial superconductors. The most common are niobium titanium (NbTi) and niobi-
um tin (NbySn) which are integrated in a matrix of a good normal conductor, usually
copper. An enlargement of the eross section of a typical eonduetor is shown in Fig. 6.
This matrix is essential to produce a stable, current-carrying wire.  Each superconductor
has intrinsic limitations in magnetic field and in temperature. The magnetic field limi-
tation is called the critical ficld. If a superconductor is subject to a magnetie field
greater than its critical ficld, it will become a normal conduetor. The temperature
limitation is called the critical temperature, and above this temperature a supercon-

ductor reverts to its norinal conducting state.

Niobium titanium. which has a eritical temperature of 10°K ind a critical
field of 12T (120 kilogauss). has the advantage of being very ductile so that fabrica-
tion is casicr and the superconductor cheaper. Reducing the size of the current-carry-
ing, superconducting filament reduces hy steresis losses and thus leads 1o more stabie
characteristics under transient ficld conditions. Because of its high ductility, NbTi can
be casily manufactured in multi-filament conductors. These are wires with many small
superconducting filaments imbedded in a matrix of copper. The NbTi filaments have
diameters typically in the range of 1 to 30 microns, and over 1000 filaments can be
incorporated in one wire approximately 0.015 inch in diameter. In the most recent
materials, these filaments are twisted inside the matrix so that they spiral along the
length of the conductor with a twist pitch of 1 to 10 per inch.

Twisting is especially important in applications involving large transiert mag-
netie fields because it eliminates induced cross currents flowing in the matrix between
filaments. A matrix of relatively high resistivity copper-nickel alloy (ecuproniekel) is
sometimes used to impede these cross currents, Typical matrix to superconductor
ratios are between 1 to 1 and 2to 1. The major disadvantage of NbTh is thau it has a
much lower critical ficld than NbySn which must be used in high field pplications.

Niobium tin which has a eritical temperature of 18°K and a critical tield of

25 T is used in applications where fields of T T or more are required. However, NbySn
is extremely brittle and cannot be drawn into wire form. Currently, Nhy Seoas available
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only in rectangular cross section tape or ribbon. This ribbon consists of a deposit of
Nb;Sn a few microns thick laid on a metallic substrate with a normal stabilizer as the
outside layer. This construction allows the composite to be bent without damaging
the superconductor. Coils made fron Nb, Sn tape are usually of the pancake variety.

A pancake is simply a length of tape wound on a spool just as a roll of scotch tape.
Many of these pancakes are stacked on top of one another and connected in series to
make a solenoid. Solenoids made from Nb; Sn tapes have good high-field performance;
but, not having the advantages of small filamentary twisted conductors, their transient-
field behavior is generally not as good as that of NbTi.

A vanadium — gallium alloy, V ;Ga, is the most recent commercially avail-
able superconductor and has even better high-field performance than Nb3Sn. It is also
very brittle and thus available only in ribbon form. Since it is relatively new on the
market, V;Ga has not been used in many applications.

Recently (1973) a new record high critical temperature of 23.2°K was re-
ported for an alloy of niobium and germanium (Nb;3Ge). Even though it is not pres-
ently known that this material will be commercially practical, its discovery represents
a significant advancement since its critical temperature is almost 3 degrees above the
boiling point of hydrogen. This means that future applications of Nb;Ge could utilize
liquid hydrogen as a coolant rather than liquid helium. NbyGe also has outstanding
high magnetic field characteristics.

31. Limitations of Existing Technology. Present superconducting materials are
severely limited by their operational temperature which is less than 9°K for NbTi and
18°K for NbySn.

There are several other limitations for practical superconductors. Niobium-
titanium filaments can presently be no smaller than a few microus, and there is a
coupling limitation on the number of filaments in a composite. Twist rates cannot ex-
ceed 10 twists/inch due to material strength. In practical applications, NbTi is also
limited to magnetic fields below approximately ©T. Above this field, superconducting
NbTi has a low current density.

Due to brittleness, Nb3ySn and V;Ga cannot at this time be commercially
produced in the form of wires. This is a very severe limitation for if these alloys could
be manufactured in wire form they would offer the advantage of a high-field, high-
current density conductor with the transient-ficld advantages of twisted, multifilament
conductors. The higher operating temperature of NbySn greatly reduces the problem

of removing the heat generated in cotls,
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32. Technical Forecast. Several American companies have current rescarch pro-
grams aimed at a flexible wire conductor of Nb; Sn, and development is possible in the
next few years.

There is considerable effort in the development of higher temperature super-
conductors. This work is performed in many countries, in universities, industry, and
government. There are no indications of major bre ikthroughs in the foreseeable future.

New conductors with smaller and thus more superconducting filaments of
NbTi have appeared on the market the last few years and this trend is likely to continue.

A Japanese Company has recently marketed V;Gain ribbon form. This
material is useful in coils which generate over 10 T and its use is likely to increase in
the future, especially if multifilament wires can be commercially produced at a com-
petitive price. Small lengths of multifilament V;Ga have been produced in the labora-
tory by a new solid-state diffusion process.

There is some interest in the development of high-field superconductors of
alloys in porous glass. Although some suecess has been experienced. it is very question-
able that these materials will be able to compete with the more established supercon-
ductors in the near future.

Other materials with potential future use in superconducting coils are Nby
(AL ogGe.gg) and NbAlj, both brittle compounds, and the proprictary alloy of
NbTi-Hf which can be casily drawn into wire form.

33. Current Programs. While there are many DOD sponsored programs in the
field of superconductivity, there is currently very little effort directed toward the
development or improvement of supercondueting materials,

The following American Companies are engaged in rescarch, development,
and production of high-field superconductors:

Norton Co., Supercon Division:  NTi single- and multi-filament copper
stabilized conductors. Up to 400 filaments/conductor. Filament diameter (0005 in.

twisted or untwisted.

Magnetic Corporation of Amesica: NbTi alloy embedded in high-condue-
tivity copper. Single and multi-inlament conductors up to 360 filaments/conductor,

twisted 1-5/inch or untwisted. They also have a research program in multifilament
Nb;Sn composite conductors,
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Intermagnetics General Corp: Nb3Sn tape for high-magnetic-field applica-
tions. The tape consists of a niobium-tin strip bonded to strips of copper. If greater
strength is needed, stainless steel strips can be laminated to the conductor.

New development in which NbySnis clad with very high purity aluminum.
This also includes a stainless-steel member. This is the only American based company
preseatly marketing Nb;Sn conductors and they huve a rescarch program in Nb; Sn
multifilament composite conductors.

Supertechnology Corporation: NbTi single- and multi-filament copper
cladded conductors. Up to 20 filamients/conductor twisted or untwisted are available.
This is a very small company with limited resources.

Brookhaven National Laboratory: Considerable R&D on superconducting
malterials has been done in-house and on contract. Small lengths of multi-filament
V3Ga and Nb;3Sn have been prepared and tested at BNL.

34. Foreign Programs. Foreign programs are as follows:

Great Britain: Great Britain has a very advanced and versati'e program in
NLTi wircs.—_lmpvrial Metal Industries (IMI) in conjunction with the itutherford High
Fnergy Laboratory are continually developing improved materials for alternating
current applications. They were pioneers in the concept of filament twisting to im-
prove ac characteristics. Currently, a wide variety of NbTi conductors are available
from IML A cupronickel lining is applied around each filament to impede cross
currents, and coil protection is provided by incorporating copper in the matrix. Con-
ductors are produced with filaments as small as 10 microns: the number of filaments
per conductor ranges from 61 to 1045; and there has been limited production of a
9000-filament conductor. The twist rate varies with the application. .

Japan: Several Japanese companies produce superconducting materials for
high-ficld applications. NbTi superconducting wire is produced in single- and multi-
filament form with copper cladding. The Japanese are also doing developmental work
in a proprietary NbTi-Hf alloy and in Nb3 Sn conductors. A tape of V;3Ga is produced
in Japan and is the only V;3Ga conductor commercially available in the world.

Canada: The Canada Superconductor and Cryogenics Company Limited
(CSCC) has acquired the complete production facility formerly owned by RCA Cor-
poration. They produce a wide variety of vapor deposited niobium-tin ribbon includ-
ing very-high-current-capacity conductors.
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USSR: The standard superconducting material in the Soviet Union is NbTi.
Itis prmlm_w'(l in single- and multi-filament of up to 400 filaments/conductor and is
copper cladded. Although Nbj Sn esmductors are available, they are not being pro-
duced on a large scale. According to available information, the USSR Nb; Sn ribbon
is similar to that produced in the Western World. The Soviets are inécrested in V3 Ga
but apparently produce none of their own,

35. Priorities. Applications of superconductivity such as electrical machinery
and energy storage in superconducting coils greatly benefit from research programs,
cither to discover new materials with improved performanee or to modify existing
materials so that their performance is improved.

Of the existing R&D programs, the efforts to produce Nb3Sun and V;Ga
multi-filament wire promise to have the most immediate impict on superconducting
technology. Presently, two American Companies — Magnetie Corp. of America and
Intermagneties General Corp. — have rescarch programs investigating Nb; Sn multi-
filament conductors. Both of the companies are technically competent, but they
are small and it is doubtful they can bear the entire cost of the rescarch. Many foreign
manufacturers, however, aie generously subsidized by their respective governments
in support of high-risk industrial efforts. This allows these manufacturers to maintain
a high level of effort thus increasing the likelihood of discovering new materials or
methods. The outeome of this situation could be to put the United States in a posi-
tion of lagging behind many foreign countries in the development of superconducting
materials; and, as the market for these materials increases, we would become depen-
dent on foreign countries for our supply of the materials.

Based on recent laboratory success, there is little doubt that with sufficient
funding (several hundred thousand dollars/year) a successful program to develop
commercial multi-filament Nb; Sn type superconductors could be established by any
one of several American companies within | or 2 years,

VI, HELIUM REFRIGERATION TECHNOLOGY 1

36. Current Technology. The scope of cryogenic machinery in use today is ;
extensive including such commercial applications as food processing and the produc-
tion of liquid natural gas. The bulk of these ervogenie cooling applications is at tem-
peratures where the use of helium is not mandatory, and helium is generally not used. 1
For superconducting applications. helium temperature refrigeration is mandatory
where, in the present context, helium temperature refrigeration will be understood to
be refrigeration at temperatures below the boiling point of hyvdrogen: 204 K. A dis-
tinction will be made between liquefiers and refrigerators. A liquefier is a machine
that produces liquid helium (for any purpose) while a helium refrigerator is a machine




that maintains some item (e.g.. a superconducting winding) at a temperature below

‘ 20 K with or without the production of a liquid. This distinction will assume added
importance as superconducting materials near 10 K become avaitable for practical de-
signs. A typical refrigerator schematic for high-current power applications is shown in

Fig. 7.
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Fig. 7. Aty pical refrigerator schematic for high-current power applications.
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Considerable experienee is available on helium liquefiers for low-temperature
research and for cooling. in a liquid bath, of large superconducting magnets being used
in high-field research. The liquefier technology provides a solid basis for present high-
reliability refrigerator development work, Present-day helium refrigerators are used in
a variety of applications such as vaeuum chambers for space simulation. and there is
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increasing developrient activity. However, at present. reliable heliume refrigeration for
the load profiles characteristic of superconducting power equipment is not availabie.

37. Limitations of Existing Technology. Military refrigeration equipment for
pulsed superconducting coils, MHD magnets, or rotating energy converlers using super-
conducting excitation will have special requirements, 1t is in the area of engineering
for military requirements that many limitations exist (e.g.. compressor technology
transportability, final heat rejection to air). Equipment must be mobile and reliable,
without the need for complex field maintenance. Integration of the design of the
refrigerator with the equipment being cooled will be exsential to meeting military
needs: however, little if any , experience is available in the arca of integration. For
the majority of applications where high current must be condueted to a low-tempera-
ture region, integration of equipment which allows intereeption of thermal loads at
intermediate Lo mperatures will be important to size and efficiency. Factors of 5 to 10
are involved as regards bulk and power input. Cool-down times and overload perfor-
mance of such systems cannot he easily estimated and destgn procedures need to be

developed.

Size, weight, or input power of refrigeration equipment may offset the ad-
vantage of using ervogenies in some cases, Existing refrigerators having their main load

at 1.3 K can be roughly sized using the following rules:
a. 100 kg/watt refrigeration.
b. 015 cubie meter/watt refrigeration.

e.  Input power approximately 1000 W per W oof refrigeration. Since cool-
down time restrictions, heat rejection temperature, reliability requirements, and upper
stage loads can result in order of magnitude errors, the above rules should be applied
with caution. In many applications, it will be possible to circumvent apparent size and
efficieney limitations when integrated desien procedures are developed.,

Another current limitation is reliability. Present technology is based on
minimum capital cost for fixed-site installation. The primary application of the
refrigerators is in high-technology environments where regular maintenanee is almost
universally performed in an expert manner. and continuous operation of cquipment
is not essential. For these reasons, components suitable for long-life and seliable field
refrigerators have not been needed and have not been developed. Military deselop.
ment support is required to fulfill the special malitary needs for transportability | long

life. and low mamtenanee.

e e skt acd: Tl




AT R T Y R R

. o Vs snial

38. Pacing Problems. There is no single paramount problem impeding develop-
ment of refrigerators to meel Army requirements: indeed, there appear to be several
viable alternative approaches. However, effort will have to be expended to uncover
and solve a myriad of problems caused by the specific needs of the military. Impor-
tant areas in which exploratory development is needed are integration of refrigeration
equipment into overall designs: provisions for upper stage loads and transient loads;
and development of compact, reliable components for long-teem operation with mini-
mum maintenance. Ambient temperature helium compressors represent the compo-
nent area most in need of development. The compressor and associated heat rejection
equipment account for a large part of the bulk of the entire refrigeration system. Piston
compressors are commonly used and are bulky. Nou-lubricated piston compressors
have a mean time between maintenance (MTBM) of about 2500 hours, while labyrinth
seal oil lubricated compressors have about 8000 hours MTBM. To meet size and
weight eequirements for military applications, more compact compressors will be
needed. Depending on power level, helical serew compressors and turbomachine com-
pressors have to be evaluated. Serew compressors are extrapolated to operate 40,000
hours MTBM. and turbomachinery combines compactness with potential reliability.

39. Technology Forecast. Applicd superconductivity is rapidly coming of age,
bringing with it the need for helium refrigeration technology. During the next decade.
the commereial pressure to improve existing equipment, introduee new items, and
realize cost savings will aceelerate the introduction of superconduetivity and the pace
of refrigerator development. Superconducting systems will be designed to operate at
temperatures above the eritical point of liquid helium, and integrated refrigeration will
replace tanked eryogens within 10 to 12 years,

40. Current DOD Programs. The discussion will be limited to helium refrigera- !
tion as defined in paragraph 36 and will not treat higher temperature ery ogenie cooling
of sensors, The Army at MERDC has an ongoing program of turbomachinery deselop- 1
ment for helinm refrigeration, started in 1968, with a 1ol funding level to date of
SEO00K. Other Army interest has been limited to elassitied paper studies of helium ]
o Crignrabion apliod Lo spesial not-pooner cguipoent. The Navs quosed 4o ludude -

Government conference on eryogenie refrigeration in April 1972 to discuss their needs

and to announce an intention to start a refrigerator program. Soch work isan essential i
part of the Navy s planned development of superconducting clectric drives for ships” ;
propulsion.  \n in-house effort is now in progress at NRL and MBS, ARP A has imitiated !
a program with General Eleetrie which, to date, has been limited to a paper study and ;

which will support the Navy s plans in supereonducting machinery . Initial reports are
not vetavailable, The Nir Foree is sponsoring low-power helinm refrigeration work
for unattended sensor applications. The \ir Foree work includes N willeumier deselop-
ment by Haghes and North Nmerican Philips:rotary free piston deselopment by
\rthur D Littlezand turbomachiners development at General Electrie. The latter
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effort is being terminated, after an expenditure of $2000K, apparently due to funding
limitations. It is understood that plans have been made for in-house completion and
evaluation of this equipment, including low-temperature tests.

41. Other Programs. NBS has an engoing in-house effort in helium refrigeration
as well as a substantial background in hydrogen work. Both England and Japan have
reported work on turboexpanders for helium refrigeration in the open literature; how-
ever, the details of their current refrigeration development programs are not known.
The British Navy has reported in-house work on a multi-stage regenerative turbocom-
pressor for helium using a single wheel. The present state of this development is not
known.

42. Priorities.

a.  Include integrated refrigeration in future superconducting equipment

development.

b.  Build a system to provide operating experience with turborefrigeration
component and intermittent loads and heavy upper stage loads,

c.  Fund component development of ambient temperature helium com-

pressor equipment.

d. Develop refrigerator interface and heat-transfer techniques for vapor

cooling of superconducting windings.
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