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This Final Report is submitted for completion of Contract NAS3-25420. The period of
performance of this contract was from June 1988 to October 1990. The work was performed by
the contractor team of McDonnell Douglas Aerospace (MDA), Martin Marietta Aerospace Group
(MMAG), and Air Products and Chemicals, Inc. (APCI) for the NASA-Lewis Research Center
(NASA-LeRC). The MDA Program Manager was Mr. Edwin C. Cady. The NASA-LeRC
Program Manager was Mr. G. Paul Richter. The contractor team responsibilities were as follows:

MDA: Program Management; STF design ; pre-STF testing at Norco; data analysis.

MMAG: STF design, procurement, and fabrication; pre-STF subscale testing at
MMAG, Denver; support data analysis.

APCI: Design, fabricate, and supply slush hydrogen (SH3) generator; support SHp
testing and data analysis.

This contractor team also provided a substantial amount of private resources to help make the
Slush Technology Facility (STF) an affordable success; we are grateful for these efforts.

In addition to the contractor team, a NASP SHj Technology Advisory Group was constituted
and provided direction, advice, and support to the team. The members of the Advisory Group,
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whose efforts were appreciated, were as follows:

NASP JPO

« Kent Weaver

+ Steve Van Horn

NASA-LeRC

o Paul Richter
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NIST

Frank Berkopec
Terry Hardy
Margaret Whalen
Richard DeWitt

e Paul Ludtke
 Roland Voth

This Advisory Group met at approximately quarterly intervals to provide guidance to the SH2
technology contract to insure that the plans and test results sought would be responsive to the
needs of the government and the NASP contractors.

ockwell
e  Frank Chandler

General Dynamics
* Glen Yates

McDonnell Douglas
» George Orton

« Ed Cady
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1.0 SUMMARY

Efforts to advance the technology base for slush hydrogen (SHp) were initially pursued under
this NASA-Lewis Research Center technology maturation Contract NAS 3-25420, and are
continuing under the NASP program.

The overall objective of this contract was to resolve the technical/design issues associated
with the use of SH> as fuel for the NASP by a comprehensive test program utilizing a large-scale
test facility to be developed under contract. Four tasks were initially defined:

TASK I Design and Fabrication of the Slush Technology Facility (STF)
TASK I Technology Testing Using SH2

TASKIII  Ground Operations Technology Study

TASK IV  Large Scale SH, Production Facility Study

Only Tasks I and II were funded under this contract. The task descriptions for these tasks are

as follows:
Task I - Design Fabrication of lush Technol Facili TE

The design of the STF allowed maximum flexibility for concurrent testing and employed a
subsystem approach to enable early use of the facility. Six subsystems were defined and
provided support for studies in production, storage, aging, transfer, pressurization and expulsion,
and subscale testing: 1) SHy generator, 2) 1.9 m3 (500 gallon) test tank, 3) 1.273 m3/sec (2700
CFM) vacuum pump system, 4) transfer subsystem, 5) recycle triple point liquid hydrogen
(TPLH,) storage tank and 6) subscale test area. A 45.6 m3 (12,000 gallon) storage tank was
incorporated into the STF. Several components of the STF (e.g. 1.9 m3 - 500 gallon test tank)
already existed and were transported to the test site. Development engineering drawings were
prepared for all other components. Vacuum jacketed lines were used for SH2 transfer.

All elements of the STF were assembled at the MMAG Engineering Propulsion Laboratory
(EPL). The new and existing hardware were carefully analyzed to assure their contribution to the
STF design resulted in an integrated system that provided quality data. Data acquisition and
handling was provided by the existing EPL Data System.
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Task II - Technology Testing Using SH

Technology testing using SHy was to be performed in two stages: initial testing using the
existing MDA facility at Norco, California, and testing in the STF. A test plan was prepared for
the staged series of tests that was to provide a comprehensive understanding of the fluid and
handling properties of SH2 from production through vehicle distribution and use. This database
of properties, characteristics, and techniques was to enable the formulation of:

1. Fluid specification,
2. Standard practices and procedures for handling SHp,
3. Acceptance test criteria for components to be used with SHp,

Following approval of test plans by the NASA-LeRC program manager, the SH3 technology
testing was conducted. The initial testing was performed at the MDA SH> technology facility at
the Wyle Labs site in Norco, California. Wyle Labs supported this testing through a subcontract.
Additional early testing was also conducted at MMAG's small-scale glass SH» test apparatus.
These initial tests were completed in five months, after which the MDA 1.9 m3 (500 gallon) test
tank with LH7 pump/controller was shipped to MMAG's EPL for integration into the STF.

The detailed test plan for the STF testing incorporated the information learned in the initial
testing at Wyle and MMAG. Following design, fabrication, successful checkout of the STF, and
STF test plan approval, the SH» technology testing was to be conducted at the EPL.

Significant NASP programmatic and fiscal modifications occurred in FY1990. Delays in the
government funding activities resulted in delay of FY1990 NASP funding until January 1990.
This delay required NASA-LeRC to stop work on the STF in late November 1989 due to
expenditure/funding limits. In addition, in early 1990, the NASP program contractors agreed to
form a consortium. As a result, the Technology Maturation program, of which this contract was
a part, was terminated late in 1990. The technology efforts, including SH», which were to be
done under the Technology Maturation program, would be done by the contractor team as part of
the team work-split. At the time the Technology Maturation contract NAS 3-25420 was
terminated, Task I was essentially complete, but Task II STF testing had not quite started.
Ultimately, the Task II test program was completed in the summer of 1991 under the MDC
NASP contract. As a result, only the early testing under Task II was accomplished under
Contract NAS 3-25420, and Tasks III and IV were never funded.
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2.0 INTRODUCTION

Slush hydrogen (SH2) has been investigated as a fuel for advanced aerospace vehicles for
over 20 years. In this context, SH2 is defined as a mixture of solid hydrogen particles in liquid
hydrogen (LH2) at the triple point (13.8 K, 52.8 torr). A slush fraction of 50% means the
mixture is 50% solid particles by mass. SHj is an attractive fuel for these vehicles because of
two attributes: increased density, and increased heat capacity. The density of 50% SH3 is about
15% higher than normal boiling point (NBP) LHj, which leads to smaller tank volumes and
smaller, less costly vehicles. The heat of fusion of the solid, together with the heat capacity of
the liquid from triple point (TP) to NBP, adds about 24% to the cooling (heat of vaporization)
capacity of NBP LHj. The extra heat capacity is available without boiling and potential
(venting) loss of LH», which leads to reduced quantities of fuel, smaller tanks and smaller, less

costly vehicles.

A variety of advanced aerospace vehicles could benefit from use of SHj as fuel. The
National Aerospace Plane (NASP) is the ideal vehicle to use SH2 because: 1) it has a very large
structure cooling requirement because of flight through the atmosphere; and 2) smaller fuel tanks
due to density increases and displaced cooling fluid have a magnifying effect on vehicle size due
to drag/propulsion effects. The net effect of these two items results in a SHp-fueled NASP which
may be as much as 30% smaller than a NBP LH»-fueled NASP.

Along with these advantages, there are a number of system design issues associated with the
use of SH» as a vehicle fuel. Most of theses issues result from the low vapor pressure of SHp
(52.8 torr) and its rather low heat of fusion (117.5 J/mol). Five of these design issues are:

1. Pressure control of the vehicle SHy tanks during ground hold, flight maneuvers,
outflow, circulation for engine/subsystem cooling, and mixing.

2. Efficient use of the SH» to condense excess cooling Hp, through SH2 melting, without
excessive SHj tank pressure rise.

3. Assured SH» fraction (e.g. 50% solid) in the vehicle tanks after loading, upgrading,

and mixing operations.

4. Achieving specified SHy quality (e.g. 50-60% solid) throughout SH» production,
aging, storage and transfer.

5. Safe, automated, integrated SH7 ground storage/vehicle operations at all times.
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3.0 TASK I - DESIGN AND FABRICATION OF THE SLUSH
TECHNOLOGY FACILITY (STF)

3.1 STF Design Objectives

The basic STF design objective was to provide a slush hydrogen (SH3) test facility which
would allow appropriate tests to resolve the technology issues previously described. The STF
should include SH2 production facilities, ground handling/distribution, simulated vehicle fuel tank,
and receiver tank. In addition, the STF should provide the visibility and flexibility of research
facilities to allow viewing and measurement of the SH» and its behavior.

3.2 STF Description
3.2.1 STF Design Criteria

Criteria for the design of the STF were developed, along with the design approach and details
to satisfy these criteria, as shown in Table 3-1. Table 3-1 shows specific design details planned
for the STF to satisfy the design criteria. Some of these design details were not carried through in
the final STF design. In “SHj Production,” the entire line “Determine effect of surface area” was
deleted. Surface area effects were indirectly determined by operating with 2 or 3 vacuum pumps to
change the effective pumping rate per unit area. In “SHp Transfer,” the 0.1 m (4-in) transfer line,
although built, was not actually installed for testing, due to problems in sealing the glass-to-metal
joints in the transparent sight glass. The 0.025 m (one-inch) diameter transfer line to the
500-gallon test tank was increased in size to 0.05m (two-inch) diameter. In “Pressurization/
Expulsion” the line to “Vary pressurant diffuser configuration” was deleted; the existing test tank
diffuser was to be used for all tests. In “Loading/Upgrading” many of the operational techniques
described were not actually used during testing, but the capability to perform these operations was
designed into the STF.

3.2.2 Overall STF Arrangement

The STF, shown schematically in Figure 3-1, was an integrated system which combined new
and existing components to perform system level testing in support of the critical issues for both
the ground and aircraft systems for the NASP. The SHy GENERATOR SUBSYSTEM consisted
of a 4.9 m3 (1300-gallon) slush generator designed and fabricated by Air Products and Chemicals,
Inc. This generator will produce a batch of 2.84 m3 (750 gallons) (227 kg-500 lbs) of slush at a
quality of 50% solid using the freeze-thaw process. The VACUUM SUBSYSTEM for the slush
generator consisted of three 0.424 m3/sec (900 CFM) vacuum pumps combined to provide a
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Table 3-1. STF Design Criteria

STF Design Details

Criteria STF Design Approach to Accomplish
General
m SHj test tanks allow thermal, Multiple temperature trees 1-in sensor spacing in ullage;
pneumatic, hydraulic tests with * Cryo-diode 6-in spacing in liquid

SHy

* MDA thermosensors

GHe and GH7 pressurization

Variable speed submersible
pump with submerged venturi

Variable diameter test section

Sensor trees removable from
outside tanks

GHe at 20K (through LHoHEX);
GHj at 300K and 80K (LN2HEX)

Pump performance characterized
in early Task II testing

2-in (w/annulus) for slush

(sight-glass) characteristics, 4-in for flow loss
m STF quasi-portable All major subsystems mounted
on pallet
m Test tanks with accessible Interior of all test tanks Manhole designs for access and
interiors accessible to allow installation plumbing/electrical feed throughs
and maintenance
m Test tanks vacuum jacketed All tanks vacuum jacketed Slushmaker and TP tank LN
shielded; test tank vacuum
jacketed w/perlite
SH2 Production
m Freeze-thaw method Slush generator employs freeze- Produces 500 1b of 50% slush
thaw
® Accommodate auger Slush generator accommodates 6-in nozzle in slush generator for
auger auger accommodation
m Determine rate of SH2 production Densitometer to determine Densitometer backed up with
production rate melt-back, cap. gage, and H gage
m Determine effect of surface area Slush generator insert allows 42-in insert reduces area by 23%
surface area variation
m Determine penalty for off- Pumps varied for off-nominal 3 x 900 CFM pumps provide
nominal production production greater/less capacity than 2200
CFM nominal required
m Determine maximum SHp
fraction attainable
SH2 Aging
m Characterize particle size/shape as Mixers in SH7 generator and test High performance (LN2-shielded)
a function of age tank tank for aging studies
* Variable speed mixer in slush
generator
m Accelerated aging « Electric heaters in slush
 Heating generator
» Mixing/transfer
m Determine maximum SHa Transfer line sight glass in test 2-in (w/annulus) transfer line for
fraction as a function of age section slush characterization

20 gallon glass Dewars

« Possible use of 20 gallon glass
Dewars for melt-back




Table 3-1. STF Design Criteria (continued)
STF Design Details
Criteria STF Design Approach to Accomplish
SH7 Transfer
m Transfer of SHy ® Variable diameter sight glass 2-in (w/annulus) for entrainment

e Determine solid flow
entrainment
» Effect of aging on flow loss

studies, flow loss; 4-in transfer
line for flow loss

» Efficient transfer of upto 300 | m MDA slush fraction gage MDA slush fraction gage, cap.
gallons of 50% SH2 ® 1-in diameter transfer line to gage, melt back

MDA 500 gallon test tank
Pressurization/Expulsion

® Pressurize with GHe or GHp ® GHe and GHj available for Cold GHe at 20K in LHoHEX;
pressurization share with slushmaker

® Determine pressurant flow rate ® Flow measurement for GHe and Ambient GH3 at 300K
GHj3 by venturi meters possibility of 80K (w/LN2HEX)

®m Determine SH7 and ullage ® Temperature trees in test tanks Temperature trees w/1-in spacing
temperature stratification (ullage); 6-in spacing (liquid)
® Vary pressurant diffuser Alternate diffusers under
configuration development
m Examine ullage pressure collapse | ® Mixing pumps simulate Flows up to 400 GPM to
due to mixing/sloshing sloshing simulate sloshing-evaluate in pre-
STF testing
® Provide ullage pressure External pressure sensors damped
measurement against TAO
m Pump transfer ® Submersible pump in 500 Provide pumped flow to TP tank
gallon tank provides pump
transfer
m Effects of recirculation of hot H, | m Hj submerged diffuser Diffuser design checked out in
pre-STF tests
Loading/Upgrading
® Develop loading procedure for ® Precool lines and 500-gallon test STF schematic arranged to
X-30 tank with NBPLH» accommodate loading/upgrading
 Loading initially with  Load 500-gallon test tank with
NBPLH) " gg;‘in&; i*;fn‘;;pg’adc w2tk 250 gallons of NBPLH,
» Upgrading to SHj at ~50% o * Pressurize 250 gallon ullage
« Maintain SH; at ~50% ® Maintain test tank above with cold GHe during
atmospheric pressure with cold upgrading
GHe « Level sensor required
750-1000 gallon TP tank
e Evacuate TP tank to 1.0 psia
during loading (minimum
control)
m Verify 50% SH> fraction intest | ® SHj gage in test tank Determine SH7 quantity required
tink for loading upgrading
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nominal capacity of 1.273 m3/sec (2700 CFM) for the freeze-thaw process. The TEST TANK
SUBSYSTEM was an existing 1.9m3 (500-gallon) Perlite insulated tank provided by MDA. The
tank was used as a receiver from the slush generator for loading/upgrading tests and to perform
pressurization and outflow tests. The TRANSFER SUBSYSTEM was designed to include a
section of removable plumbing and was the area where all dynamic measurements and
observations were made (the transfer subsystem includes a transparent section for flow
visualization). The TRIPLE POINT TANK was a newly designed 3.8 m3 (1000-gallon) unit to
receive hydrogen liquid from the transfer subsystem and serve as a supply source for TPH; to be
used in the slush generator during future possible continuous slush production operations. A
SAMPLE BOTTLE, consisting of a 0.076 m3 (20-gallon) glass vacuum jacketed Dewar, was
positioned adjacent to the SH2 generator to allow periodic samples to be taken from the generator
during production and aging studies. The PRESSURIZATION SUBSYSTEM consisted of liquid
nitrogen (LN2) and LH7 heat exchangers to condition the gaseous hydrogen (GHj) and gaseous
helium (GHe) pressurants to temperatures from 20 K to ambient.

3.2.3 Major Component Descriptions
3.2.3.1 Slush Generator

Air Products and Chemicals, Inc. designed and built the slush generator installed at the STF, as
well as an identical unit installed at NASA-LeRC Plum Brook Station’s K-Site.

The SHj generator subsystem was the test bed for slush generation methods and early aging.
It also provided the slush used in testing for other subsystems. It was a free-standing subsystem
consisting of a slush generating tank and associated hardware. The subsystem was capable of
producing slush using the "freeze thaw" method and had the flexibility to allow future testing using
the "auger" method.

3.2.3.1.1 Background and Selection of Slush Generator Production Method

Slush hydrogen production is a complex process involving heat and mass transfer. Several
basic production technology approaches have been tried by various experimenters. The most
thoroughly investigated approach, and one which, in laboratory testing, appeared to generate a
slush product suitable for propellant applications, is the freeze-thaw process, which relies upon
repetitive fluctuations in pressure around hydrogen’s triple point of 52.8 torr (1.02 psia) to create
and disperse hydrogen ice crystals.



A potential alternative to the freeze-thaw process, the auger process, utilizes an external
refrigeration system to create a film of hydrogen ice on a surface which is then scraped off and
dispersed. This process also appears capable of producing propellant grade SH» , but is much less
well understood with regard to critical process and mechanical design variables and the overall
energy requirements of the refrigeration and scraper systems.

Other processes (such as liquid spray, cold helium injection, magnetic refrigeration, etc.) have
been applied only in very small scale laboratory apparatus, and are not at a stage of technological
maturity which would suggest that they are viable candidates for commercial scale production of
SHj in the near future.

Selection between batch and continuous processes is a function both of the availability of
proven technology, and the type of operating environment. Low time-average usage requirements
and sporadic patterns of demand (the conditions expected at both the STF and K-Site) when the
SH7 generator is operating as a “utility” supplying SH to storage, transfer, and instrumentation
development experiments, suggested that batch production would be more suitable than continuous
production. However, the desirability of also utilizing the generators as part of a continuous SHp
production cycle development program argued against limiting the system to operation in the batch
mode only.

The final production mode selection decision was to design a flexible, R&D system in which
the generators would be optimized for freeze-thaw batch production operation, but also equipped
with additional nozzles and other features which would allow operation in the continuous freeze-
thaw production mode as well as permit the installation of an auger for large scale testing of that
production technique. In the continuous production mode, the slush generator would be fed
TPLH3, and produce up to 50% SHj. The slush generator is designed to accept a transfer pump
and the slush generator vessel has been installed in an elevated position to provide sufficient NPSH
for the pump. These features permit the generator to be used for testing large scale production in a
continuous mode.

The primary system components (see Figure 3-1) consist of a vacuum pump system, throttling
valve, vacuum line heater, slush generator system, storage vessel, vacuum jacketed piping/valves
and instruments. The vacuum pumps (which at both the STF and K-Site were selected from
available surplus equipment) must attain a nominal vacuum level of 50 torr while maintaining the
required evacuation rate for hydrogen vapor removal from the liquid surface. A system heater is
included to warm the evacuated hydrogen vapor to near ambient temperature prior to entering the
vacuum pump.
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3.2.3.1.2 Process Description

The production of 50% SHj by the freeze-thaw batch process consists of several steps. These
steps include vacuum pumping, freeze-thawing, and aging of the solid hydrogen.

The freeze-thaw production cycle begins with filling the SH2 generator vessel with NBPLHj3.
The next step is withdrawal of hydrogen vapor using vacuum pumps. During this evacuation step,
a portion of the LH is evaporated, which provides refrigeration for the remaining liquid and which
reduces the liquid temperature from the normal boiling point of 20.3 K (36.5°R) to the triple point
[P = 52.8 torr (1.02 psia), T = 13.8 K (24.8°R)]. The withdrawn vapor is warmed by a heater
prior to entering the vacuum pumps. The vacuum pumps discharge to atmosphere through a vent
stack which is purged with nitrogen.

After the temperature of the liquid has reached the triple point, the freeze-thaw portion of the
process begins. Through flow control of the vapor, pressure oscillations of approximately 5 torr
(0.1 psi ) about the triple point pressure are produced. These cause a porous layer of discrete
crystalline solids to form at the vapor-liquid interface when the generator pressure is below the
triple point. When the flow rate to the vacuum pump is reduced, the pressure rises to (and slightly
above) the triple point, causing a film of hydrogen liquid to form on the crystals and allowing them
to slide into the liquid. As the mass of solid crystals settles into the liquid region, it fragments and
disperses and, with the aid of agitation, creates finely dispersed particles.

The freeze-thaw generator has been designed for an optimum relationship between the vapor-
liquid interfacial area and flowrate to the vacuum pumps. This relationship determines the slush
particle size by setting the character of the “froth” of solid hydrogen particles formed when vapor
erupts from the layer of liquid just below the interface. There is a small range above and below the
optimal vapor evolution rate which is suitable for SHp production. At the lower end of this range,
vapor is withdrawn too slowly causing a “crust” of solid to form, which can bridge the entire
surface. When this occurs, 