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FOREWORD
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Lewis Research Center of the National Aercnautics and Space Administration,
Cleveland, Ohio. The study was performed from December 1979 to March 1981
and the NASA LeRC Project Manager was Mr. John C. Aydelott.
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William A. Johns Thermal Analysis
G.R. Cunnington
John P. Gille

Robert L. Berry Dynamics and
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Terence Coxall

John S. Marino Design

Paul E. Bingham Technology Evaluation

The data in this report are presented with thc¢ International System of
Units as the primary units and English Units as secondary units. All
Calculations and graphs were made in English Units and converted to the
International Units.
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SUMMARY

Mission plans for future NASA and DOD payloads include a ~vide variety of
applications which require orbital cryogenic liquid storage and supply
systems. These applications range from the use of small -uantities of liquid
helium for experiment cooling to the use of thousands of liters of cryogens in
the next generation of orbit-to-orbit transfer vehicles. Liquid storage
requircs the use of a fluid management system in low-g to accomplish gas-free
liquid expulsion and efficient thermal control. One means of thermal contro.
is to feed single-phase liquid to . thermodynamic vent system (TVS) to
intercept heat leak and control tan' »ressure. A cryogenic storage and supply
concept, which utilizes a fine mesh screen fluid management device ana a vapor
cooled shield TVS, known as the Cryogenic Fluid Management Experiment (CFME),
»8 being developed by Martin Marietta under contract NAS3-21591 to the
NASA-Lewis Research Center. The CFME is to be flown with liquid hydrogen as a
Shuttle/Spacelab experiment.

A conceptual design and trade study was completed to extend the usefulness
of the CFME storage tank concepc to other fluids and tank sizes.
Specifically, the fluids and tank sizes studied, included:

1) Spherical 0.62 m3 (22 ft3) argon, helium, oxygen and methane tanks;
2) Spherical 12.5 m3 (440 f£t3) argon, oxygen and methane tanks; and a
3) Spherical and Cylindrical 27.4 m3 (1320 ft3) hydrogen tank.

Missions for each of the tank/fluid combinations were specified; they
included constant liquid or gaseous supply, low-earth-orbit (LEO) to
geosynchronous orbit (GEO) transfer, GEO stationkeeping, or on-orbit liquid
resupply. For all cases except orbital resupply, each mission represented a
relatively long-term (years) storage. Each tank configuration was assumed to
be transported to low Earth orbit by the Shuttle.

Conceptual designs for each tank/fluid combination were generated. Fluid
dynamic, steadv-state thermal and preliminary structurai snalyses were made
for each storage and supply tank concept. Numerous conceptual design trades
were made to address the design paradox of a conservative support structure
and minimum thermal input.

Relatively low weight and thermally efficient designs were configured for
shuttle application for each tank/fluid combination. Parametric data,
generated for each conceptual design to describe the orbital performance,
include: 1) maximu.: liquid outflow ratcs and residuala, 2) rate of heat
addition, 3) vent rate, 4) helium pressurant requirements, and 5) weight. A
technology evaluation was completed. outlining deficiencies and
recommendations for future analytical ar.i experimental work.

xi.
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I. INTRODUCTION

Mission plans for future NASA and DOD payloads include a wide variety of
applications which require orbital cryogenic liquid storage and supply
systems. These applications range from the use of small quantities of liquid
helium for experiment coolinz to the use of thousands of pounds of cryogens in
the next generation of orbit-to-orbit trar -fer vehicles. Liquid storage
requires the use o. & fluid management system in low-g to accomplish gas-free
liquid expulsion and efficienlL thermal control.

Recent analytical and experimental efforts have resulted in designs that
include cryogenic tankage containing fine-mesb screem liquid acqu.sition
devices and thermal couatrol systems coneisting of thermodynamic vent systems
(TVS) to intercept heat leak and control tank pressure (Ref. 1-4). However, a
thorough characterization of low-g liquid expulsion and thermal performance
nas rot been made for cryogenic tankage. This infurmation is needed to
provide an adequate data base from which efficient therm.l designs can be
generated. An orbital flight test is required because ground-based low-g test
facilities are limited to a maximum of 25 seconds and thermal stabilizationm
may require two to four days.

The Martin Marietta Corporation is currently developing a Shuttle/Spacelab
experiment under contract NAS3-21591 to the NASA~Lewis Research Center
(LeRC). The experiment, designated as the Cryogenic Fluid Management
Experiment (CFME), consists of the systems necessary to store and expel liquid
hydrogen in a low-g environme.t and to measure the performance of these
systems. The CFME liquid hydrogen storage and supply tank is mounted on a
Spacelab pallet and carried into orbit within the cargo bay of the Space
Shuttle Orbiter.

The CFME storage and supply tank, shown schematically in Figure I-1,
consists of the follcwing major elements:

o a pressure vessel containing a liquid acquisition device (LAD);

o a thermodynamic vent system (TVS) consisting of heat exchangers
attached to a vapor-cooled shield (VCS);

o multilayer insulation (MLI); and

o a vacuum jacket and girth ring assembly with trunnion supports
for holding the pressure vessel.

The LAD is the key element of the storage and supply tank because it
provides the means of expelling gas-free liquid in a low-g environment. The
single-phase iiquid feed is available for satisfying user requirements or
supplying the thermodynamic vent system. The TVS uses the liquid hydrogen to
control tank pressure. The hydrogen flows through two heat exchangers, each
having an orifice that reduces the hydrogen temperature. These heat
exchangers are mounted to the tank penetrations and the vapor-cooled shield,
which is located concentricaily between the tank and the vacuum jacket.,

I-1
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The MLI coufiguration consists of a 0.15-mil double aluminized mylar
radiation shield separated by two Dacron B4A net spacers, assembled to a layer
density of 60 reflectors per inch. This insulation blanket surrounds the
vapor-cooled shield, and the entire tank assembly is contained within a vacuum
) jacket which provides efficient thermal control during launch operations and
. ascent.

A pressurization system, data acquisition and control system (DACS) ard
instrumentation make up the other major elements of CFME flight hardware. A

sketch of the experiment hardware mounted on a Spacelab pallet is shown in
Figure 1-2.

The objective of this Orbital Cryogenic Storage and Supply System study
was to establish the range of application of the CFME storage and supply tank
assembly design, and determine modifications, as required, for other cryogenic
liquids and large tank sizes. More specifically, the study involved expanding
the CFME liquid hydrogen fluid dynamic, thermal and structural analyses to the
matrix of tank sizes and cryogenic liquids presented in Table I-!. The CFME
0.62 m3 (22 ft3) hydrogen tank assembly was the "baseline" for the study,
and this designation is used in the remainder of the report. As part of the
study, changes to the CFME were identified, as required, to accommodate
storage requirments. Total liquid acquisition devices and thermodynamic vent
techniques for thermal control were ground-ruled for the study. Emphasis was
placed on concepts and designs (e.g., support structure, components, control
systems, etc) suitable for more than one cryogenic fluid.

Table I-1 Study Matrix of Tank Size/Cryogenic Liquid Combinations

Tank Volume Cryogenic Liquid
m3  (fe3) Hydrogen Methane Argon Oxygen Helium
0.62 (22) CFME
(Baseline) X X X X
12.5 (440) X X X
37.4 (1320) X

A simplified schematic of the CFME baseline is presented in Figure
1-3. A dark boundary line is drawn around the elements of the CFME that
represent the tankage system evaluated in this study. The outflow, fill and
drain, ground servicing vent and thermodynamic vent lines and valves were
, considered part of the tank assembly. Additional description of the CFME
: baseline is included as Section B of this chapter.

1-3
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A. Study Approach

The plan for conducting the study is presented in Figure I-4. It
consisted of three tasks: Task I - Concecptual Design, Task II - Fluid,
Thermal and Structural Analysis, and Task 1I1 - Technology Evaluation.
The baseline CFME design was used as the initial conceptual design for
each tank size/fluid combination. Mission requirements and study ground
rules specified by NASA-LeRC at the beginning of the study effort guided
the trade studies, resulting in preliminary conceptual designs of each
system in the study matrix.

The Task I1 analysis effort was then performed, using techniques,
computer models, and data previously used for the CFME detailed design
and analysis. The fluid dynamic analysis consisted of hand calculations
to establish the behavior of the liquid in the tanks, acquisition
devices, inflow and outflow lines and thermodyanmic vent systems.
Orbital performance predictions were prepared similar to those compiled
for the CFME (Ref. 5). The steady state thermal analysis was conducted
using the Cryogenic Storage Analysis Model (CSAM) thermal model and
computer prog:am. Tris program is a general thermal analyzer program,
and includes 1 transient heat transfer network analysis, internal tank
thermodynamics and a heat exchanger simulating the thermodynamic vent
system. A brief description of the program is included as Appendix A,
and a compilation of the preliminary analysis performed for CFME is
contained in Reference 6. Fluid property subroutines were added to the
program for the oxygen, argon, methune and helium cases. Thermodynamic
vent system operations and helium pressurant requirements were
determined.

A preliminary structural analysis was performed for each conceptual
design to establish that the structural integrity was adequate for
transport to low earth orbit by the Shuttle. Hand calculations were
used to define the dynamic loads, hand calculations and selected
Buckling of Shells of Revolution (BOSOR) runs were used to size the
storage vessels, and hand calculations were used for the vacuum jacket
buckling analysis. Similar analyses for CFME are documented in
Reference 7.

A conceptual design iteration and update was performed following the
fluid, thermal and structural analyses. The resulting conceptual
designs were used as the basis for conducting the technology evaluation
and determining recommendations for future analytical and experimental
efforts,

B. CFME (Bas,ciine) Description

The specific configuration of the CFME storage and supply tank
assembly was influenced by the experimental objective of evaluating a
thermodynamic vent system in combination with a fine merh screen
acquisition cevice for thermal control. A total communication device
was selected for the LAD. The configuration of the LAD is shown
schematically in Figure I-5. A four-chdnnel arrangement encircles the
interio: of the tank, providing a flow path between the liquid in its
low-g vrientation and the tank outlet. One side of each channel is
covered with 325x2300 Dutch Twill fine-mesh screen.

I-6
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Horizontal
Drain Line

Vapor-cooled

The screen on the flow channels is truncated to keep the
screen-covered portions completely submerged within the liquid during
the ground hold and boost phases of the mission. The truncation is at
the 10 percent level, and the initial ullage volume is approximately 5
percent, allowing some margin for liquid sloshing and venting. A 4.0-cm
(1.6-in) by 2.0-cm (0.39-in) channel cross-section was selected to
provide a residual of less than one percent at a minimum nominal flow
rate of 1.5 Kg/hr (3.3 1b/hr). Performance was considered in both the °*
omnidirectional acceleration environment produced by the Shuttle
Reaction Control System of 0.04-g and the settling acceleration
environment due to the Shuttle Orbital Maneuvering System of 0.077-g.
Safety considerations required propellant outflow (and dump) in a low-g
environment (non-RCS operational at point of depletion) at a flow rate
of 81.8 Kg/hr (180 1b/hr). In this case a residual of less than two
percent can be achPeved with the selected channel configuration.

The location of the ullage in low-g is not controlled to permit
efficient (gas only) venting, so the increase in pressure due to heat
leak is relieved by withdrawing liquid through the acquisition device to
feed the thermodynamic vent system, which is illustrated schematically
in Figure I-6. The vented liquid is used as a refrigerant to reduce the
heat input to the tank. This is accomplished by routing the vent fluid
through heat exchangers which intercept heat entering through the
insulation and along tank penetrations. Liquid withdrawn from the tank
outlet flows through a Viscojet (Trademark, the Lee Co.) at the entrance
to each heat exchanger. The Viccojet is a multiorifice flow restrictor
(Joule-Thompson device) which meters the vent flow while reducing the
pressure and temperature.

Pressurization/Vent
Line

Vapor-cooled
Shield

Outflow Line

Heat Exchanger 1 (HX1) Heat Exchanger 2 (HX2)
(Bottom~-to~top) (Top-to-Bottom)

Figure I-6 CFME Thermodynamic Vent System
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Heat exchanger one (HX1) 1s configured in a bottom-to-top direction
and provides greater cooling to the botcom of the tank. The flow of
heat exchanger two (HX2) is in the top-to-bottom direction, providing a
means for limiting the temperature difference between the poles of the
tank. The heat exchangers provide some degree of cooling to the entire
tank since they are attached to the vapor-cooled shield. A thermal
short is provided between the heat exchangers and composite trunnions to
decrease heat input to the storage tank through these support members.
Additional cooling capacity of the vent gas leaving the VCS is used to
reduce heat leak along fill, vent, drain and outflow lines. Flow in the
two heat exchangers is controlled by on-off latching solenoid valves
actuated by a microprocessor. HXl is designed to remove approximately
60-80 percent of the input heat leak and HX2 is sized to remove 150-200
percent.

A summary of the steady state heat leaks for the CFME is presented
in Table I-2. Heat leaks are listed for cases with and without HX1 of
the TVS operating. The major heat input 1s through the MLI, accounting
for 42 percent of the total heat leak when the TVS is inoperative. With
HX1 operating at a flow rate of 0.023 Kg/hr (0.05 1b/hr), a heat leak of
1.8 W (6.1 Btu/hr) is obtained (accompanied by a slow tank pressure
rise). This table will be useful for comparison purposes as the thermal
performance results are reviewed in Chapter IV.

Experiment flexibility and safety considerations resulted in the
numerous servicing line penetrations of the storage and supply tank, and
the relatively large safety factors used in the design. The relatively
severe environments encountered in the Shuttle cargo bay, and the
purposely conservative design approach associated with the safety
aspects of hydrogen, resulted in a quite heavy tank assembly weight,
which is presented in Table I-3.

The liquid hydrogen tank consists of two 6061-T6 aluminum alloy
hemispherical domes which are welded to a ring. The wall thickness is a
minimum of 0.142-cm (0.056-in) with increased thickness at the poles and
the support ring. The wall thickness in these areas tapers from 0.64~cm
(0.25-in) to 0.142-cm (0.056-in). The wall thicknesses resulted from a
2.5 safety factor imposed on the design yield point. A factor of 1.5
was applied to limit load to obtain ultimate load.

The vacuum jacket and girth ring are 6061~T6 aluminum. The vacuum
jacket consists of two hemispherical domes of thickness 0.28-cm
(0.110-in) which are welded to the girth ring. This thickness provides
a safety factor ot 1.5 against a collapse pressure of 101 KN/m2 (14.7
psi). The girth ring has a diameter of 1.16-m (45.7-in) and is a forged
and machined channel section.




Table I-2 Steady State Heat Leaks for CFME (Baseline) Configuration

Conductor TVS Tnoperative TVS Operative (HX1)
Heat Input Heat Input
Watts Watts/mé % of Total Watts Watts/mé
(Btu/hr) | (Btu/hr ft2) (Btu/hr) {(Btu/hr ft2)
Multi-layer
Insulation 3.0 0.85 42 2.7 0.77
(Thickness =
31.8 mm) (10.2) (0.27) (9.2) (0.25)
Supports 2.1 0.59 30 1.8 0.51
(7.2) (0.19) (6.1) (.16)
Penetrations 1.6 0.45 23 0.9 0.26
(5.5) (J.14) : (3.1) (0.08)
Thermodynamic ~*
Vent System 0.4 0.11 5 3.6% 1.03*
(Flowrate =
0.023 kg/hr) | (1.4) (0.03) (12.3)* (0.33)*
TOTAL 7.1 2.0 ! 100 1.8 V.51
|
(24.3) (0.63) (6.1) (0.16)

* Indicates heat flow from tank to conductor

Table I-3 Storage and Supply Tank Assembly Weight Summary

Weight
Tank Assembly Element Kg (1b)
LHy Storage Tank 32.3 (71.1)
Thermal Control System 29.5 (64.8)
(TVS and VCS)

LH Tank Supports 3.4 (7.4)
Outflow Valves 3.2 (7.0)
Vacuum Jacket 36.9 (81.1)
Girth Ring 23.4 (51.6)

Total 128.7 283.0

I-11
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II. MISSION AND OPERATIONAL REQUIREMENTS

Mission criteria were speciiied by NASA-LeRC for each of the tank/fluid
combinations in the study matrix. Operational requirements such as tank
pressure, user system and abort flowrates, and duty cycle, were then
established as the criteria for preparing the conceptual designs and
evaluating performance. Shuttle environments were also defined for each of
the tank/fluid combinations. Because the weight and thermal performance of
each tank assembly are so closely tied to the methods of support, particular

s, emphasis was directed toward the dynamic environments associated with launch.
The mission and environmental requirements are presented in Sections A and B,
and fluid properties and material properties summarized in Sections C and D,
respectively.

A. Mission Requirements

The following mission functions were defined for each fluid/tank
combination in the study:

1) Methane 0.62 m3 (22 £ft3) - Experiment cooling

2)  Argon 0.62 m3 (22 ft3) - Electric propulsion for stationkeeping

3) Oxygen 0.62 m3 (22 ft3) - Life support

4) Helium 0.62 m3 (22 ft3) - Experiwment cooling

Electric propulsion for orbit raising
and stationkeeping

5) Argon 12.5 m3 (440-ft3) -

6) Methane 12.5 m3 (440 ft3) - Low thrust chemical stage
7)  Oxygen 12.5 m3 (440 ft3) - Orbital Supply module (Tanker) for OTV
8) Hydrogen 37.4 m3 (1320 ft3) - Orbital Supply Module (Tanker) for OTV

: From these basic mission designat® ns, & typical set of specifications for
duty cycle, loaded mass, mission flowrate and abort flowrate vere defined, as
shown in Table II-1. The loaded liquid mass for each storage and supply
system represents a 95-percent liquid load, except for the 12.5 m3 (440 f£t3)
methane tank which has a 91.1 percent load. All of the 0.62 m3 (22 ft3)

tanks have a constant outflow throughout the mission duration except

the argon tank. The methane and helium tanks are for a 180-day mission with

:
{
!
-

A
£
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constan. liquid outflow; the oxygen tank is for a 180-day life support mission
with constant gaseous outflow. The argon flowrate represents a
state-of-the-art electric propulsion system with an Isp of 3000 sec and a
maximum thrust of 1.1 N (0.25 ib), as designated by NASA-LeRC. The seven-year
mission requirement was an upper iimit design goal outside the capability of a
0.64 m3 (22 ft3) tank. Determination of the mission duration potential

for this application was the key focus of the thermal and structural trade
studies.

The 12.5 m3 (440 ft3) argon tank was specified to use 75 percent of
the propellant for LEO-to-GEO transfer and the remainder for stationkeeping,
with a seven-year design goal as previously discussed for the smaller argon
tank. The flowrate during transfer represents constant flow of 75 percent of
the loaded liquid over 2?07 davs. The flowrate during stationkeeping again .
represents feeding thrusters with a total thrust of 1.1 N (0.25 1b). With the
quantity of liquid remaining in the tank following transfer, it would be
possible to operate the thrusters on a 50-percent-on duty cyvcle during the
remainder of the seven-year mission. This neglects any loss of fluid due to
boil-off. If the boil~off rate exceeds the equivalent flowrate of 0.14 kg/hr
(0.3 1b/hr) then the percentage of on-time would be reduced. Since the
thrusters can accept a low pressure gaseous supply, the approach was to
configure the thermal control system such that the flowrate requirement for
the thrusters matched as closely as possible the vent rate required to
maintain tank pressure.

The 12.5 m3 (440 ft3) methane tank was applied to a CH,/LO; low thrust
chemical orbit-to-orbit propulsion system, as defined in Reference 8. The
methane tank outflow rate is based on a 445 N (100 1b) thrust nine-burn
mission scenario, as defined in Table II-2. A mixture ratio of 3.7 was used
for the CHy,/LO7 propulsion system. The total payload mass was 27,000 kg
(60,000 1bs). A 40-hour on-orbit storage period precedes the LEO-to-GEO
transfer.

The 12.5 m3 (440 ft3) LO; and 37.4 m3 (1320 ft3) LH; tanks cre for
OTV resupply. General Dynamics has specified three-hour OTV resupply
sequences (Ref. 9) with actual durations for outflow from the supply tanks of
1.0 hour for LHy and 0.5 hours for LO3. The remainder of these three-hour
transfer times include line hook-up, cooldown, purging, etc. For the purposes
of this study, a three-hour outflow time was agreed upon, resulting in the
flowrates specified in Table II-1, with abort rates correspording to the
outflow times of the General Dynamics study.

The other abort flowrates specified in Table II-1 were based on the
following rationale. For the argon and helium tanks, which contain inert
fluids, the desire is to abort while on-orbit so that designing for crash
landing does not over-penalize the system. An abort time of 1.5 hours was
assumed to be representative of a single orbit commitment to return from
orbit. It was assumed that for fuels and oxidizers the dumping on-orbit must

; be accomplished sequentially. Thus, one hour was ascumed for fuels and
} one-half hour for the oxygen oxidizer.

I1-4
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Table 1I-2 Methane 12.5 m3 (440 ft3) Storage Tank Duty Cycle

Duration Mass Mass
Burn (sec) (Hr) Used ____Remaining
kg , (1lb) kg (1b)
% 4503 (9907)
1 22528 6.26 645 | (1419) 3858 (8488)
Coast 1.7
2 19976 5.55 572 (1258) 3286 (7230)
Coast 1.9
3 17799 4,92 507 (1116) 2779 (6114)
Coast 2.3
4 15697 4.36 450 (989) 2330 (5125)
Coas*™ 2.8
5 13910 3.86 398 (876) 1931 (4249)
Coast 3.5
6 12324 3.42 353 (776) 1579 (3473)
Coast 4.5
7 10915 3.03 313 (,88) 1266 (2785)
Coast 6.2
8 9664 2.68 2717 (609) 989 (2176)
Coast 1.0
Circularize 32397 9.0 928 | (2041) 62 (135)
66.98 | 4443 9772)

An initial study ground rule of 414 KN/m2 (60 psia) maximum tank supply
pressure was established for all cases except helium. Performance limitations
or advantages associated with this pressure level were identified later in the
study as structural and thermal performance results were generated. In most
cases, decreases in the maximum operating pressure were possible, resulting in
potential tank weight reductions. Because the critical pressure for helium is
227.5 KN/m2 (33 psia), the maximum operating pressure must be below this
level to maintain a liquid supply in the tank. Critical pressures for argon,
methane and oxygen are all above 4140 KN/m2 (600 psi), and the critical
pressure of hydrogen is 1300 KN/m2 (188 psi), giving adequate design and
performance margins., (Fluid property data are presented in Section c.)

B. Shuttle Interfaces and Environments

Two separate acceleration/vibration environments were identified for
conducting the conceptual design and structural analysis tasks. For the
initial conceptual design activity, the 0.62 m3 (22 ft3) tank assemblies
were assumed to be Spacelab pallet-mounted like the CFME design. This
environment is summarized in Table II-3, and the random vibration environment
for the pallet-mounted tank assembly is included as Figure II-1l. These
environments are specified in the Spacelab Payload Accommodations Handbook
(SPAH), Reference 10,

I11-5
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Table 11-3 Acceleration/Vibration Environment for Spacelab
Pallet-Mounted Tank Assemblies (SLP/2104)

Boost/Ascent and Landing

1) Quasi-Static Accelerations (g)

Event X Y 2
+2.11 +5.5
Lift-0ff  -4.3 +1.4 -6.1
+6.6
Landing +4.0 +1.0 4.0
Emergency  +4.5 +4.5 .
2) Random - Pallet 8.72 g RMS
3) Sine
Frequency Range 5-35 Hz
Level +5.,25 g (0 to peak)
Sweep Rate 1 oct./min.

gp-Orbit
1) Drag (g)

-3.0 x 1076 axial (0° angle of attack)
-1.6 x 1073 lateral (90° angle of attack)

2) RCS - Omnidirectional - 0.04g

3) OMS - Settling Acceleration - 0,077g
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An additional requirement in thke SPAH is that the natural frequency of the
tank assembly mounted with support .tructure to the Standard Spacelab pallet
hardpoints must be greater than 35 Hz. This was found to be a significant
weight driver for the CFME, particularly the increased size of the vacuum
jacket girth ring web and thickness. These stringent environments imposed on
rayloads greatly influence the structural design, and result in signi€icant
weight and thermal penalties over tanks designed to environments repre: ¢nt-
ative of those specified for the basic Shuttle Orbiter hardware. It should be
noted that the Orbiter tank systems (OMS, RCS and PRSA), which have a design
goal of 100-mission life, are being qualified to less severe dynamic
environments than that imposed on pallet-mounted structure.

For the larger tanks, the environments are those specified in the Space
Shuttle Payload Accommodations Handbook, Reference 11. The conceptual Jes.’. s
of these larger tanks assume the tanks are mounted to the Orbiter keel and
main lcngeron trunnion fittings. A 5-point payload retention system is
defined for supporting large payloads within the cargo bay, as shi... in Figure
IT-2. A 4-point retention system, with only one longeron stabilizing fitting,
1s aiso possible. For purposes of this study it was assumed that the tank
support struts tie-in directly to these fittings. The support system for the
tank essentially becomes a truss necwork, which could be used as a basic frame
strdcture for the entire payload package. The acceleration,vibration
environment for these larger tanks is summarized in Table II-4, and the
acceleration spectral densiilies at the two trunnion mounting points (longeron
and keel) are presented in Figures 1I-3 and 1I-4,

The thermal environment used for design and analysis was similar to that
being used on the CFME, and is summarized in Table II-5. It was assumedi that
the tank assemblies are exposed to a hard vacuum and when in the payloed bay
are located centrally with an unobstructed view of the door. If the tank
assemblies are removed from the orbiter as part of a spacecraft, stage, etc.,
the extreme hot and cold conditions to which the tanks are exposed are still
assumed to be those in Table II-5.

C. Fluid Properties

Fluid properties were compiled from References 12 through 17 for each of
the fluids in the study. The saturation temperature, surface tension,
density, kinematic surface tension and heat of vaporization for liquid
saturation pressures of 138 KN/m? (20 psia) and 414 KN/mZ (60 psia) are
presented in Tables II-6 and II-7 for each of the cryogens. (Table 1I-6 is in
International Units and Table II-7 is in English Units.) Thermophysical
property data are fairly well established for hydrogen, oxygen, methane and
argon. Liquid helium thermophysical data are not as well characterized
because of the difficulties of measuring the particular parameters at liquid
helium temperature. Because this study is directed to liquid helium storage
and supply and not the so-called "suparfluid", which has received considerable
interest over the past decade, a brief summary of helium properties is
included in the following paragraphs.

11-8



(%4) peol TedT319p 3I0BIY
¢s3ut331d BurzITIqRIS

(1) peo1 sprs sioeay

‘8ur13tg LrerTIXNY P 189m0 lll“\\\\\\\\\\\\\\\\\\

i

I1-9

[§
r
¥
'
1
4

(%4 % *3) speoq TeEOTI13)
pue Teurpnii3uo] 31o€dY
¢s3ur3ary Laewyagd

Figure II-2 5-Point Payload Retention System (Indeterminate)




Table II-4 Acceleration/Vibration Environment for Orbiter-
Mounted Tank Assemblies

Boost/Ascent ard Landing

1) Quasi-Static Accelerations (g)

Event X XY 2
Lift-0ff -3.2 +l.4 *2.5

+1.8 4,2
Landing -2.0 +1.5 -1.0
Emergency +4.5 +4.5
Landing -1.5 +1.5 -2.0

2) Random - Keel Trunnion Fitting - 9.71 g RMS

3) Random - Main Longeron Trunnion Fitting - 2.42 g RMS

4) Sine
Frequency Range 5-35 Hz
Level +0.25 g (0 to peak)
Sweep Rate 1 oct./min.
On-0Orbit
1) Drag (g)

-3.0 x 1076 axial (0° angle of attack)
-1.6 x 10~5 lateral (90° angle of attack)

2) RCS - Omnidirectional - 0.04g

3) OMS - Settling Acceleration - 0.077g
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Table 1I-5 Thermal Environment Inside Cargo Bay

Worst Case Hot Fnvironment

o All surfaces inside cargo bay which can be viewed by tank assembly
are at 3930K (7089R), and are effectively black.

o Cargo doors are open and sun is viewed directly overhead with solar
radiation flux of 1400 W/m2 (444 Btu/hr—ft2). At the same time
deep space is viewed with a sink temperature of absolute zero.

Worst Case Cold Environment

o All surfaces inside cargo bay which can be viewed by tank assembly
are at 1230K (2220R), and are ~ffectively black.

o Cargo bay doors are open and deep space is viewed with a sink
temperature of absolute zero.

Worst Case Transient, Cold to Hot

o 211 surfaces inside cargo bay which can be viewed by the tank
assembly or to which the assembly is mounted, go from 1230K
(2220R) to 3939K (7080R) following an exponential curve such
that 95 percent of the change occurs in 23 min. The remaining 5
percent of the change is linear, reaching maximum temperature in 30
minutes. The environment then remains at hot condition for a
maximum of 2 hours.

Worst Case Transient, Hot to Cold

o All surfaces go from 7080R to 222°R following an exponential
curve such that 95 percent of change occurs in approximately 68
minutes. The remaining 5 percent of the change is linear, reaching
minimum temperature in 90 minutes. The environment then remains at
the cold condition for a maximum of 2 hours.

Maximum Time at Extreme Conditions

o Maximum time extreme conditions will exist is 2 hours., The
environmental temperature will then cycle toward the other
condition. This gives the maximum cycle time:

Hot condition 2.0 Hours
Hot to ccld 1.5 Hours
Cold conditions 2.0 Hours
Cold to hot 0.5 Hours
Total max cycle time 6.0 Hours
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Helium exists as one of three isotopes: 3He, “le and 6He. The
latter has a half-life of only 0.82 sec (Ref., 18) and is, therefore, unstable
and not of interest in this study. The ratio of 3He to “He as it is found
naturally, is only about 1:107 (Ref. 18) and is also therefore not pertinent
to this study. The study is thus directed at the storage ard supplv of “He
(alternately He-4), the properties of which are listed in Table I1-8.

He-=4 is characterized by its so-called "lambda-point" parameters. The
liquid has a very drastic change in specific heat at a temperature of 2.i79K
(3.99R), the "lambda-transition" as seen in Figure 1I-5. The specific heat
rises to a very high value at the lambda temperature and has the shape of
lambda over the temperature range shown. The liquid exhibits a marked
difference in behavior and properties above and below this temperature. The
difference is great enough to give the regions separate labels. Normally they
are referred to as le-1 and He-2, as pictured in the PT Plane in Figure 11-6,
The lambda transition is a straight line, as shown. The difference between
He-1 and He-2 is reflected in all of the thermodynamic functions but is most
apparent in the kinetic properties. Liquid He=2 is the "superfluid", known
for its unique properties, e¢.g., a near-zero viscosity which yields its most
dirtinctive quality of superfluidity.

As seen in Figure II1-6, He-4 is considerably different when compared to a
normal fluid in the PT plane. For rhe He-1 state, the viscosity of the
saturated liquid is nearly a constant value of about 35 micropo.se (Ref. 19),
except near the lambda line. Absolute or dynamic viscosity is presented in
Figure II-7. These viscosity data were ottained from NBS Technical Note 631,
pp. 27 and 29, at saturation (Ref. 20). (The viscosity of He-2 as determined
by its rate of flow through narrow slits, is extremely small, at least 106
times less than the viscosity of He-1.)

The mass density of He-4 is prese..ed in Figure I1-8 (Ref. 19, p. 9). It
decreases with increased temperature from the lambda point. Surface tension
of He-4 also decresses with increased temperature, Figure I1~-9., The dashed
line (Ref. 20) compares closely to the solid line values obtained from
Reference 19, p. 422. As seen from Figures 11-8 and 11-9, surface tension
decreases with increased temperature at a greater rate than does mass density;
therefore, kinematic surface teneion decreaczes vith increased temperature.

The problems of liquid helium storage and supply are evident from a review
of these data. The critical point is only 1.09K (1.80R) above the normal
boiling point, and the heat of vaporization ir only 21 joule/8gm (9 Btu/lb).
For a stored quantity of 74 kg (163 1b), only 1.55 X 106 jouler (1467 Btu)
will vaporize all the liquid. A mission duration of 180 days corresponds to an
average heating rate of 0.10 watt (0.34 Btu/hr) to vaporize all the liquid.

The net heat input for retaining liquid within the storage vessel therefore has
to be less than this limiting condition. The preliminary conceptual design of
the 0.62 mJ (22 ft3) helium tank assembly Jefined during Task I was

influenced by these considerations.
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D. Material Properties

Primary materials of construction considered for this study were those
employed in the baseline CFME design. These were aluminum for tankage
materials, stainless steel for the liquid acquisition device, and S-glass/
E-glass composites for structural supports. Properties of the metals were
obtained from Reference 21 while those for the composites were obtained from
References 22 through 25.

Tensile strength and good weldability are of prime importance to a vessel
designed for burst. The higher tensile strength of 2014~T6 or 2219-T62,
compared to 6061-T6, can be used to advantage in this application, resulting
in reduced shell thicknesses and weights.

A comparison of the different aluminum alloys, Table 1I-9 for room
temperature properties and Table II-10 for properties at liquid hydrogen
temperature, shows the advantage of using a 2014-T6 or a 2219-T62 alloy.
Martin Marietta has developed techniques for welding both alloys. Titan
launch vehicle tanks are constructed of 2014-T6 and the External Tank for the
Shuttle Space Transportation System is made from 2219-T62. However, neither
of these alloys is as easy to weld as 6061 aluminum..

The critical material property when sizing the tank for collapse is the
modulus of elasticity (E). All three materials considered have a similar E
and therefore the better weldability of 6061-T6 makes it the preferred
approach for the vacuum jackets.

Stainless steel was chosen for the channels and other elements of the
liquid acquisition device because of its high strength and stiffness as well
as its compatibility/weldability with the screen being used. The 325x2300
mesh Du.ch twill woven wire cloth, constructed of 304L stainless steel, is
preferred for fine-mesh screen acquisition devices because of its high
capillary retention capabi’ity (high bubble point) and its excellent
fabricability characteristics.

Composites are attractive as structural attachment members because of
their low thermal conductivity and because they have relatively high
strength. Properties of composites used in this study are included as Table
1I1-11. The main problem with using these materials is the relatively small
amount of data available on allowables at cryogenic temperatures. Also,
practically no information is available on fatigue life expectancy, especially
at cryogenic temperature. These problems, or shortcomings, are further
amplified by the uncertainties resulting from incorporation of the basic
materials into a composite lay-up, which is an art, at best. Further
evaluation and classification of lay-up techniques to arrive at required
properties, design specifications and manufacturing processes for the
composites are required.These issues will be addressed in greater detail in
Chapter VI - Technology Evaluation.
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Table 1I-11 Mechanical Properties of Composite Materials At

2930K (5289R)

Ultimate Modules of
Tensile Elasticity
Strength 106 kpa
MPa (106 psi)
(103 psi)
S$-Glass 1,680 46,2
SP -250-52 (243) (6.7)
181 E-Glass 827 41.4
(120) (6.0)
Optimum
Composite 334 42.8
Lay-up of (48.5) (6.2)
S-Glass/E-Glass
11-25
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III. PRELIMINARY ORBITAL STORAGE AND SUPPLY SYSTEM CONCEPTUAL DESIGN (Task I)

The Task I effort involved conceptual design of the 0.62 m3 (22 ft3),
12.5 m3 (440 £ft3), and 37.4 m3 (1320 ft3) cryogenic orbital storage
and supply systems previously identified in Table I-1, With the CFME as the
baseline system, emphasis was placed on selecting components and subsystems
that would be suitable for more thsn one cryogenic liquid. Changes to the
CFME baseline were therefore only defined if required to satisfy the mission
and operational requirements. Two subsystem elements were to be retained for
each tank assembly, a total liquid retention device fabricated from fine mesh
screen material for liquid acquisition and expulsion, and an external
thermodynamic vent system for pressure control. The candidate storage and
supply systems are discussed in Section A and preliminary conceptual designs
for these systems are presented in Section B.

A. Candidate Storage and Supply Systems

A total of 13 configurations were identified as candidate concepts during
Task 1 iterations for the eight size/fluid combinations in the study. These
candidate configurations are listed in Table III-1, where the eight size/fluid
combinations are designated as Categories I through VIII. The basic mounting
approach for each is defined, whether on a Spacelab pallet or directly in the
Orbiter bay. The small 0.62 m3 (22 ft3) tanks are all considered mounted
on a Spacelab pallet, even though mission durations of 180 days or longer are
defined.

One of the groundrules for the study was to use the CFME baseline
configuration to assess performance (fluid dynamic, thermal and structural),
and to identify modifications, as required. All of the 0.62 m3 (22 ft3)
systems are configured with a vapor-cooled shield and vacuum jacket
(Configurations 1-4). Our preliminary look at these tank systems indicated
that all fluids but helium could be accommodated with a CFME tank
configuration with changes in structure thickness, thermal performance
(percent of loaded volume vented to maintain tank pressure), and expulsion
performance (residual remaining at depletion). A tank schematic of the
oxygen, methane and argon systems is presented in Figure III-1. The helium
system is somewhat different in the arrangement of the vaper-cooled shield and
thermodynamic vent elements, and the method of controlling heat flux into
these elements. The allowable heat input into the liquid helium tank is veiy
small, and a much improved thermal control system is required. The critical
point is only 1.00 K (1.8° R) above the normal boiling point and the heat
of vaporization is only 1 joule/gm (9 Btu/lb). For a stored quantity of
74 kg (163 1b), only 1546 x 103 joules (1467 Btu) will vaporize all the
liquid, and a mission duration of 180 days corresponds to an average heating
rate of 0.1 watt (0.34 Btu/hr) to vaporize all the liquid. The net heat input
for retaining liquid within the storage vessel therefore has to be less than
this limiting condition.

The baseline CFME configuration with a vapor-cooled shield (VCS) and
thermodynamic vent system (TVS) contained within a vacuum annulus with 75
layers of multilayer insulation is clearly inadequate for liquid helium
storage for 180 days. The heat inputs through the MLI, structural supports
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Figure III-1 Tank Schematic for Oxygen, Methane and Argon
(CFME Size-Configuration 1-3)

and plumbing must be reduced considerably. An approach was selected which
uses a liquid hydrogen-cooled outer shield to control the boundary temperature
and minimize the temperature difference and heat input into the inner storage
and supply tank. A schematic of the concept selected for further analysis is
illustrated in Figure I1I-2, The design of the hydrogen outer shield and heat
exchanger is such that the trunnion support members are at liquid hydrogen
temperature at a location where the hydrogen VCS intercepts the trunnion. The
width of the outer annulus is thus sized for the optimum MLI thickness and
trunnion length to minimize hydrogen requirements to maintain this desired
boundary condition,

The helium thermodynamic vents are used to intercept heat coming through
the trunnrions that attach directly to the helium storage tank. The fluid for
these heat exchangers is extracted from the liquid acquisition device at two
locations on the channels which are in the plane of the trunnion attachment
points. The two-phase fluid, which is at a temperature below the tank
saturation temperature, is then routed through a manifold around each trunnion
to minimize the heating through the trunnion. This fluid is subsequently
routed through a heat exchanger attached to a shield embedded in the MLI
between the storage tank and the hydrogen-cooled shield.

The 12.5 m3 (440 ft3) vacuum-jacketed tanks designed like the CFME are

Configurations 5, 8 and 10. A schematic representation of these systems is
shown in Figu.e III-3. Because system weight is highly dependent on the
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support structure and the tank shell design as it is driven by the dynamic
launch environments, comparisons with non-vacuum-jacketcd designs are valid
only if the same groundrules and environments are used for sizing. A
non-vacuum-jacketed tank design was thierefore also included in the study for
each of the 12.5 m3 (440 ft3) configurations. A direct comparison of
weights c- 1 therefore be obtained for tanks designed to the same loading
conditions.

One 12.5 m3 (440 ft3) (Configuration 7) was considered for mounting on
a Spacelsb pallet. The argon tark assemhly was chosen because it represented
the greatest mass concentration to be supported, and therefore would permit a
determination of maximum potential weight peralty associated with an alternate
mounting approach. It was recoznized that this wculd not be the likely
support a.d mounting arrangement for this application, and so thermal
performance (Task II) was not evaluated; the main consideration was weight
differential between Configurations 6 and 7.

Two configurations were identified for the 37.4 m3 (1320 ft3) hydrogen
tank, one spherical and one cylindrical, neither with a vacuum jacket. A
vacuum jackz=t for tuis tank size is unrealistic vecause a shell designed to
withstand buckling would weigh in excess of 1000 kg (2200 1b), which
corresponds to a significant percentage of the total hydrogen loaded within
the tank. A conceptual design similar to the 12.5 m3 (440 ft3) tanks was
thus defined for the remaining study effort. A flow schematic for the large,
non-vacuum-jacketed tanks is shown in Figure III-%.

TVS TVS

Structural Support

A
/ \\\— Liquid

Acquisition
Device

Press/ TVS Line

Vent Line

Out flow/
Abort Line
Structural
Support

X N2-purged MLI
Viscojet — T SOFI

Note: For Configurations 12 and 13 (Hydrogen), a thin layer
of SOFI is includeu under the NZ-Purged ML1

Figure III-4 Schematic for Large Non-Vacuum-Jacketed Tanks
(Conflgurations 6, 7, 9, 11, 12 and 13)
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B. Preliminary Conceptual Designs

Preliminary conc.ptual designs were defined to form the basis for the
analysis conducted during Task II. The design and analysis cfforts were
performed concurrently with design iterations leading to an acceptable system
that could meet the structural and operational performance requirements.
Chapter V presents the conceptual designs that derive from *hese preliminary
concepts. Arriving at an acceptable design that met the structural aud
thermal requirements was also an iterative process that tended to drive the
particular design element size in opposing diiections (e.g., thicker to hardle
loads, thinner to cut down heat leak). Particular attention was therefore
directed at cdefining the dynamic loade _hat the structural elements had to
withstand. These are addressed in Section 2 below. The resulting structural
concepts and apnroaches were then carried into the analytical efforts
described in Chapter 1V,

1. Liquid Acquisition Devices

The liquid acquisition device must be capable of expelling gas-free liquid
in the low-g, on-orbit environment. Single phase liquid is supplied to both
the liquid outflow line and to feed the “hermodynamic vent system. Because
the orientation of the liquid in the low-g environment tends co be arbitrary,
& contept that can maintain cemmunication with the liquid regardless of its
location is required. A device composed of individual flcw channels is the
most effective method of providing this total communication. A total
communication cevice was therefore selected as the CFME baseline, as
previously described in Chapter 1.

The use of this four-channel acquisition device for the 0.62 m3 (22 ft3)
tank size as the preliminary concept for the other fluids is fairly straight-
forward. A study groundrule specified that & total communication device be
analyzed for the larger tanks. It is recognized that a total communication
device may not be optimum for these tank sizes; a refillable trzp with some
type of communication channels fceding the bulk fluid region, or a
non-refillable trap which is configured to handle multiple settling burns,
such as the 12.5 m3 (440 ft3) methane mission, may be preferred under
certain mission and operational requirements. Trade studies directed at
selecting the best acquisition device configuration for each application were
not a part of this study effort. The total communication device was assumed
for each tank/ luid combination. It should be recognized that this may
introduce a weight penalty over other concepts when appropriate acquisition
device support structure is included to guarantee integrity in the launch
envirvnment. On the other hand, the total communication device does provide
the greatest degree of flexibility in terms of mission duty cycle and
residuals at depletion.

Because of the relatively low surface tensions of the rryogens in this
study, the 325 x 2300 mesh screen was determined to bs preferred for all
cases. This screen mesh only comes in stainless stcel screen, and the entire
screen channel assembly is therefore made of stairless steel. A bimetallic
transition is required where the acquisition device exits the pressure vessel,
which is made of aluminum for all cases in this study. In all cases, the
channels were sssumed to be truncated such that the encicired flow passage does
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not extend into the uilage. This is required because of the low probability
that the screens can retain their pressure retention capability under the
boost environment. This approach gives a high degree of confidence that the
liquid acquisition device will arrive on-orbit completely full of liquid and
ready to perform liquid outflow.

Truncating the channels by this amount does not degrade the ability of the
channels to comuunicate with the liquid. The sheet metal of the channels
extends to the top of the tark, so capillary pumping of the liquid in that
region will still provide indirect communication with the screen channels. An
added advantage of the truncation is that it improves thermal isolation of the
device. Heat conduction through the pressurization/vent line at the top of
the tank will not be directly trarsmitted to the liquid in the channels.

Acquisition device channel cross sections are a function of the flowrate
requirements for the partic:'ar mission. Tiue sizes for the large tanks were
determined as part of the fluid dynamic analysis of Task I1 (Chapter 1V,
Section A). The channels were assumed bolted to the tank wall, with a
non-metalic spacer (e.g., Teflon) used to thermaily isolate the flow region of
the channel as ruch as possible. Slotted taps were ircluded on the channel
structure to allow for differential contraction and expansion.

The screen surface of the channels has been shown to be relatively
insensitive to effects of warm gas on its outer surface, as long as its inner
surface is in contact with liquid. Screen components have been tested using
LHy in extreme thermal environments and the influence on the screen
retention capability measured (Ref 26 ard 27). Maximum degradatior in the
retention capability of 12 percent was measured at a heat flux of 9450 w/ml
(3000 Btu/hr ft2), more than three orders of magnitude greater than any
determined in this study. This points up another advantage of the total
communication device in that some portion of the total channel network is in
contact with the bulk liquid, so a supply is always available to replace any
liquid evaporated at the screen surface. Vaporization-induced emptying of an
all-liquid region may not be as great a problem as for a partial acquisition
device that is not in direct contact with the bulk liquid.

2, Structural Support Concepts

The 0.62 m3 (22 £t3) tank assembly structural supports were assumed to
be identical to the CFME, except for liquid helium. In the CFME concept, the
internal storage vessel is supported within the vacuum jacket by composite
supports. The vacuum jacket is supported on the Spacelab pallet by a 6061-T62
aluminium bipod arrangement. For the helium tank, the external support of the
vacuum jacket was assumed to be identical to the CFME approach, but the
internal arrangement was modified to decrease heut input to the helium,

I11-7
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Composite struts were assumed for the preliminary conceptual supports for
the larger tanks. Prelininary dynamic assessments were made on the various
tank/liquid configurations in order to derive reascnable design loads. The
design loads were based on the "FME dynamic analvsis (Ref 7), the Space
Transportation System Corc Interface Control Document (STS Core ICD, Ref 11,
Attachment 1) and the Spacelab Payload Accommodations Handbook (SPAH, Ref
10). The STS Core ICD defines the static and dynamic environments for
payloads mounted direcztly to the Crbiter keel and trunnicon fittings. The SPAH
defines the static and dynamic environments for payloads mounted directly on a
Spacelab pallet. Emphasis wa3s placed on design loads for supporting structure
(e.g., trunnions, struts, etc). TDetailed modal loads analyses were beyond the
scope of this study. Support concepts for the 0.62 m3 (22 ft3) and larger
tanks are discussed separately in the following paragraphs.

0.62 m3 (22 ft3) Tank Supports

The liquid storage vessels for this tank size are supported from the
vacuum jacket girth ring by two diametrically opposed composite trunnions
which are boited to the pressure vessel, as shown in Figure III-5. The
tri nnions are supported from the vacuum jacket girth ring by external tubes.
One post is fixed to this supporting tube by a threaded and vented fitting to
provide a radial load path from the pressure vessel (this mount is shown in
Figure III-5). The opposing post is allowed to slide, accounting for
differential thermal and pressure expansion and contraction between the
pressure vessel and vacuum jacket. A third restraining support is provided
between the pressure vessel outlet and the vacuum jacket valve enclosure for
taking out torsion and supporting the valve assembly.

Vacuum Je~ket

Pressure
Vacuum Jacket Vessel
Girth Ring
j—End cap

Trunnion

LTI TR Y ¥ TR Y NN N

Trunnion —/
Trunnion
Support Tube

Figure III~5 Trunnion Mount Configuration
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Calculations were made to determine the tank design load factors for each
of the fluids using the CFME random vibration spectrum (Fig II-1). The random
vibraticn load factors (LF) were based on Miles equation

. T rere
LF o\ PSD; Fy Q
where PSDf is the power spectral density at the natural frequency, FN the

natural frequency and Q the amplification factor. Table I1I1-2 summarizes the
2 0" random vibration load factors for the various configurations.

All the configurations have supported frequencies greater than 35 Hz.
There fore, the quasi-static load factors for Reference 10 apply:

Xo = 4.3 g
Yo = 1.4 g
20 = 10.6 g

Superimposing these quasi-static load factors with the random load factors of
Table I11-2 results in the design limit load factors for the various 0.62 m3
(22 ft3) configurations. Table III-3 summarizes these design limit loads.
From these design loads, variations in trunnion sizing from the baseline CFME
configuration were determined and these are shown in Table I1I1-4, along with
the effective bending stiffnesses. These preliminary sizes were used as the
starting point for the Task II thermal performance analysis.

Table 111-2 Randcm Vibration Load Factor Summary (CFME Size Tank)

Total Supported Trunnion Support Limit Load Factor®(g)
Liquid Weight Frequency (Hz) Based on Q = 15 (20)
Liquid & Structure
Hydrogen 102 kg ( 224 1b) 68.2 7.8
Argon 880 k- (1934 1b) 47.8 3.7
Me thane 313 kg ( 689 1b) 52.5 4.6
Oxygen 733 kg (1612 1b) 49.1 4.0
Helium 137 kg ( 302 1b) 65.3 7.1

* From Miles Equation

1119



Table 111-3,

(CFME Size Tank)

Tank Design Limit Load Factor Summary

Liquid Design Limit Load Factors (g's)*
% ¥ Yo R
Hydrogen { 12.1 9.2 18.4
Argon | 8.0 5.1 14.3 |
Me thane 8.9 6.0 15.2
Oxygen 8.3 5.4 14.6
Helium 11.4 8.5 17.7

*Orbiter Co

ordinate System

Table J1I-4 Trunnion Size and Effective Trunnion Stiffness

(CFME Size Tank)

Trunnion Sizing Effective Bending

Liquid Dicmeter Thickness Moment Stiffness
ca (in) cm (in) cm? (in%) 103N/em (1031b/1in)
Hydrogen 5.0 (2.0) | 0.4  (0.15) | 15.4 (0.37) 93 ( 53)
Argon 6.4 (2.5) 1.1 (0.45) 66.6 (1.60) 396 (226)
Methane 5.0 (2.0) | 1.0 (0.40) | 28.3 (0.68) 170 (97)
Oxygen 6.4 (2.5) 1 1.0 (0.40) ! 58.3  (1.40) 350 (200)
Helium 5.0 (2.0) | 0.5 (0.20) 19.1 (0.46) 116 ( 66)
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The support of the tank assembly on the Spacelab pallet is accomplished by
two bipods and a base frame, as was shown in Figure 1-2., The vacuum jacket
girth ring has three support attachment points which are picked up in such a
way as to minimize radial loads into the vacuum jacket. One attach point is
to the base frame, directly adjacent to the pallet hard point. This is a
shear support on the Z-axis (Orbiter coordinate system). The other two points
are picked up by bipods which mount to the base frame.

For the helium system, the support of the helium storage tank, helium VCS,
hydrogen VCS and MLI within the vacuum jacket by composite trunnions is not as
straight forward as the CFME design. As previously mentioned, controlling heat
leak into the inner helium storage vessel is crucial. One conceptual approach
which requires a minimum modification to the CFME approach is shown in
Figure I1I1I-6. Two supports carry the load of the helium storage vessel
through attachments to the vacuum jacket. They are cooled by helium from the
thermodynamic vents which flow through manifolds near their attach points to
the pressure vessel. Two additional trunnions are provided to support the MLI
and vapor-cooled shields within the vacuum jacket. The thermal design
approach is to cool each of these trunnions to liquid hydrogen temperature,
200 K (360 R), at the lncation where the hydrogen VCS interfaces with the
trunnions. An arrangement of "fixed" and "sliding" trunnions must also be
applied here to allow for thermal and pressurization contractions and
expansions.

An alternate support approach for the liquid helium tank is shown in
Figure I1I-7. This approach is configured to obtain greater load carrying
capability while still trying to minimize thermal input by lengthening the
supports. This approach looks somewhat similar to the CFME in that two
trunnions and a third torsional restraint are in direct corntact with the inner
vessel. The use of composite straps, which have been investigated by others
for similar applications (e.g., Orbiter PRSA tanks for LO7 and LHj
storage), are not considered to be appropriate for this application and
environment because of the high loads and relatively severe dynamic
environment associated with Spacelab pallet mounting in the payload bay.
Other more innovative techniques being investigated for storing liquid helium
were not considered because they depart considerably from the basic CFME
concept.

12.5 m3 (440 ft3) and 37.4 m3 (1320 ft3) Tank Supports

The preliminary conceptual designs for the lacger tank supports differ
greatly from the CFME-size tank design. The support members that hold the
tank within the payload bay include struts that extend from the Orbiter
trunnion and keel fittings tc the pickups on the vacuum jacket shell, or tank
itself if a vacuum jacket is not used. The large masses of liquid and size of
the tanks, as listed in Table III-5, are indicative of fairly low frequency
structure.

Discussions with both NASA~JSC and NASA-MSFC indicated that comparative
loads data for supported masses this lurge do not exist. Consequently, the
published load factors from the Volume XIV Shuttle ICD (Ref 11) were used with
a 50 percent amplification factor applied to account for dynamic amplification
and random vibration loads. The resulting limit load factors are tabulated in
Table IT1I-6. (Sign notations on the load factors indicate the direction of
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Table 1II-5 Liquid Mass Loads for Large Tanks

Tank Volume Cryogen Liquid Mass Loaded
12.5 m3 (440 fe3) Argon 16,301 kg (35,906 1b) \
Methane 4,787 kg (10,545 1b)
Oxygen 13,380 kg (29,470 1b) '
37.4 m3 (1320 ft3) Hydrogen 2,447 kg (5,390 1b)

Table III-6 Limit Load Factors for Large Tanks

Limit Load Factor,gﬁ?s*
Event X y z
Liftoff .5 *2.5 +6.0
-6.5
Landing +3.0 +2.0 +6.0
Emergency Landing +4.5 +1.5 +4.5
(Factors are Ultimate)l -1.5 -2.0

* These loads are applied simultaneously in x,y,z directions (worst
sense)

load application in the STS coordinate reference frame.) Local structure may
see increased loads due to STS interface random vibration environments, but in
general these should be local effects due to the large tank masses. A
transient loads analysis would be required to support a detailed structural
design, but that is beyond the scope of this study. The values given in Table
II11-6 were therefore considered adequate for conceptual design and analysis
purposes.

Composite struts were selected as the preferred approach for attaching
the tank assembly to the cargo bay support fittings, and also attaching the
pressure vessels to the vacuum jackets for those tanks configured in chis
manner. The general configuration selected was similar to those previously
evaluated for this type of application (Ref 28 and 29). A typical
S-glass/epoxy tube with aluminum end fittings is shown in Figure III-8. The
particular arrangement of the struts in the preliminary conceptual designs was
influenced by the desire to minimize stresses into the tank shells due to
differential thermal and pressure expansion and contraction.
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The preliminary concepts for supporting the 12.5 m3 (440 ft3)
vacuum-jacketed and non-vacuum-jacketed tanks from the Orbiter fittings are
shown in Figures III-9 and III-10, respectively. Aluminum channel members are
provided to tie the structure together between the longeron trunnion
fittings., The composite struts tie into thesc channcls and attach to the tank
girth rings in bipod arrangements. An alternate approach to mounting directly
to the Shuttle Orbiter fittings is to mount on a Spacelab pallet, as sketched
in Figure III-11. The tank suppo:rt structure attaches to the Spacelab sill
hardpoints and the Spacelab keel hardpoints. The attachment of the tank to
the support structure occurs at the tank girth ring.

Preliminary concepts for supporting the 37.4 m3 (1320 ft3) spherical
and cylindrical tanks within the payload bay are presented in Figures III-12
and III-13. Aluminum channel members are similarly used for these designs to
tie the structure to the Orbiter fittings, with composite struts tying the
tank assembly to this framework.

3. Insulation Concepts

The insulation previously selected for the CFME baseline consisted of
1/4-mil double aluminized Mylar with two B4A Dacron net spacers per reflector,
assembled to about 60 layers per inch (60 reflectors, 120 spacers per inch).
This assembly corresponds to a density of approximately 56 kg/m3
(3.5 1b/£ft3). For the preliminary conceptual designs of each of the
vacuum-jacketed tank configurations, this same insulation was assumed. We
assumed an installed thermal conductivity of 8.6 x 10=5 W/mOK (5X10-5
Btu/hr-ftOoR) when the boundary temperatures are 20 and 255°K (36 and
4600R), with the thermal conductivity proportional to T0:6, This yields
the following relationship:

keff = 3,26 x 10“6 TO'6 (International Units)

0

k = 1,88 x 10-6 T -6 (English units)

eff

This relationship for conductivity agrees with the data in Reference 31, but
18 conservative with respect to the data presented in References 32 and 33.

The following approach was assumed for the configuration and installation
of MLI for the large tank sizes (12.5 m3 and 37.4 m3). Figure III-14
shows a sketch of the concept. The insulation is fabricated in gore sections
over a mandrel of the proper size and rhape. It is assembled with closely
spaced threads tied between the structural nets or between plastic disks
attached to the structural net. Thickness of the blanket is controlled by
mechanically gaging the length of the thread. A small preload helps to
improve dimensional stability. Diagonal threads are installed in the
direction of the primary load on the blanket to limit slippage and compression
of the blanket during boost loads. A hot needle is used to penetrate the
Mylar foils through which the threads pass. This technique provides a
reinforced hole with much greater strength than the torn opening made by a
cold needle.

I11-16
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Figure 111-14

Gore section butted topether with foil
strip between lavers

Insulation ygore segment
installed in lavers. Offset
joint on succeeding layers.

Girth ring
(Tank support pickugs
located on ring)

MLI Concept for 12,5 m3 and 37.4 m3 Tanks
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The aluminized Mylar reflector material must be perforated for purging and
to assure evacuation in space. The perforated area must be adequate to allow
flow of purge gas and to permit evacuation in a reasonable time without
stressing the panels due to contained gas. On the other hand, the perforated
area should be no greater than necessary while the spacing between
perforations should be kept large.

Attachment of the insulation blankets is bv means of snap and curtain
fasteners attached to Dacron ribbons which, i1n turn, are tastened across the
full length or breadth of the panel, These fasteners are located on all sides
of each blanket, with mating pins bonded to the tank or shroud. At frequent
intervals (approximately 0.3 m) over the surface of the blanket, Velcro pile
strips are bonded. Velcro hook strips are mounted on the tank or shroud at
right anples to permit engagement with small alignment errors.

These strips are secured in place with small strips of Mylar tape at
appropriate intervals. Inner and outer structural nets of adjacent panels are
stitched together over the full length of the butt joints. This method of
fabrication and installation was used in insulation of a 1.2-m (4-{t)
diameter, 1.8-m (6-ft) long cylindrical tank under contract NAS8-21330,
Development of Advanced Materials for Integrated Tank Insulation System for
the Long Term Storage of Cryogens in Space (Ref 28). The method of
fabrication, installation and close out proved practical and the system was
satisfactorily tested with liquid hydrogen.

For the relatively large, non-vacuum—jacketed tanks, the tvpe of
insulation (helium-purged MLI, spray-on~foam-insulation (SOF1), or
combinations of the two), and the number of layers were variables to be
addressed in the Task 11-Thermal Analvsis (See Chapter 1V, Section B).

Because of the relatively longer storage times addressed in this study,
calculated optimum ML1 thicknesses become quite large. A determination of the
largest practical thickness was made during Task I.

Several different approaches have been used in the past to calculate MLI
performance as a function of number of layers. FEither semi-emperical
equations for the MLI heat flux (which contain empirical terms related to
number of MLI layers) or an effective thermal conductivity (assumed to vary
linearly with number of layers) are used to predict the MLI thermal
performance. The effective thermal conductivity defined previously (used for
CFME baseline) has been verified up to 40 layers (Ref 28) and semi-emperical
equations have been verified up to 112 layers (Ref 34). Stochl (Ref 34)
reported on an experimental investigation to obtain heat transfer data on a
particular insulation system containing a large number of MLI layers,
determined whether a semi-emperical equation could be used to predict the heat
transfer through a large number of layers, and determined whether an effective
thermal conductivity based on a few layers could be used to predict the
thermal performance of large numbers of layers.

The insulation system tested by Stochl consisted of from 20 to 160 layers
of double alumized mylar with silk net spacers at an average density of 52
layers/inch. The insulation was spirally wrapped around a 76-cm (30-in)
diameter cylindrical calorimeter (the spiral wrapping was intended to

111-23



>

eliminate the discontinuities associated with blankets). Five tests were run
with 160, 100, 60, 40 and 20 layers, respectively. A hot boundarv temperature
of 2940K (5309R) was maintained, with the cold boundary temperature at

210K (37.60R) (liquid hydrogen). The tests were conducted at a pressure

of 1076 torr to minimize gaseous heat conduction. The normal heat flux was
the parameter used to evaluate the MLI therm.l performance, and was obtained
by boiloff calorimetry, corrected for non-normal heat inputs and penctration
heat inputs.

Steady state test data for the five insulation thicknesses are given in
Table "11-7. Also shown in Table 111-7 are eftective thermal conductivities.
These data indicate an exponentially decreasing heat flux for increasing
numbers of layers. Adding 80 layers to the 20-layer baseline reduced the heat
flux by 78 percent. An additioral 60 iayers of MLl produced onlv an
additional 11 percent reduction in the 20-layer heat flux.

Other MLI thermal performance data comes from laboratory tests on small
samples (References 35 and 36). DeWitt and Bovle (Ref 37) present thermal
performance resuits for a simulated spacecraft on a long duration mission.
Both shielded and non-shielded tanks are considered. A review of all of this
data suggests that both a semi-emperical heat flux correlation and an
effective thermal conductivity of a small number of layers (20) adequately
predict the thermal performance of many layers of MLI, having predicted heat
flux to within 10% of that obtained experimentally. However, as Stochl points
out, when an effective thermal conductivity is used, the layer density,
boundary temperatures, and interstitial pressure should be the same as those
for which it was originally evaluated,

Table I1I-7 Steady State Test Results on Effect of
Number of Layers of MLI (from Stochl, Ref 34)

Average Density Normal Heat Flux Ef fective Thermal Cond.
No. of Layers/cm W/mZ W/mOK
Layers (Layers/inch) (Btu/hr ft2) (Btu/hr ftOR)
20 20.2 0.8728 3.22x1073
(51.3) (0.2767) ‘1.861x1075)
40 20.5 0.4952 3.406x10° 3
(52.0) (0.1570) (2.003x1072)
60 20.5 0.3186 3.834x1073
(52.0) (0.1010) (1.914x1073)
100 20.5 0.1889 3.229x10°3
(52.0) (0.0599) (1.866x10~95)
160 20.5 0.0631 2.430x10-5
(52.0) (0.0295) (1.404x10-5)
111-24
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A comparison of test data with the conductivity predicted by equation (1)
indicates that it is generally conservative by about a factor of 6 for small
layer thicknesses (up to 60 layers). Based on the data from Stochl, the
reduction in heat flux is expected to decrease with the increasing thickness
in an exponential manner. Therefore, calculations made using equation (1)
would be expected to be less conservative for thicker MLI blankets. Since the
assumption of & linear temperature gradient predicts a linearly decreasing
heat flux with MLI thickness, while the actual heat flux decreases in an
exponential manner, the difference between the two heat fluxes decreases with
thickness. Using the data from Table 111-7, the comservatism in MLI thermal
conductivity used in this study is about a tactor of 6 at 34 layers, and about
a factor of 4 at 160 layers. A maximum insulation thickness of 10-.m (4-in)
was assumed. This thickness may onlv he attainable if better installation
techniques became available and layer density is better controlled to prevent
compression in the one-g ground launch environments. Considering the
relatively large factors on performance at the thinner blanket thicknesses, it
was considered reasonable for this study to use the conductivity given by
equation (1), assuming some improvements in technology for thicker blankets.

A new concept was considered for the large hvdrogen tank, in which ML1 is
used in conjunction with sprav-on-foam-insulation (S0Ti}. The SOFI can be
applied under the MLI to eliminate the helium purge requirement for the
non-vacuum-jacketed hydrogen tank. The SOFI is aprlied in a thick-enough
layer to raise the SOFI-MLI interface temperature above the liquifaction
temperature for nitrogen, 780K (l1400R).

During ground hold, the moderatelv high heat ::vx through the combined
insulation results in an interface temperature above the condensation
temperature of air or nitrogen. Ir the case of a Shuttle payload (groundruled
for this study), a nitrogen purge is available for cryogenic payloads, and a
separate purge system for the insulation is not required. The only
requirement is that the ML1 must be purged of moisture prior to installation
in the paylcad bay.

The thermal conductivity of SUFI at a mean temperature between the
nitrogen liquifaction temperature and liquid hydrogen temperature is 6.7 x 107
W/mOK (3.9x1073 Btu/hr ftOR) (Ref 38). However, a wide variation in
conductivity results for "as applied" insulation. A range of *+75 percent
covers 95 percent of the data scatter (95% confidence limit)., The maximum
value of 1.2x10"2 W/mOK (6.8x10™3 Btu/hr ftOR) at the 95 percent
confidence limit vas selected to determine SOFI thickness to preclude nitrogen
liquifaction for any worst case condition. We are thus 95 percent certain
that no nitrogen liquifaction (and increased heat flux) will occur due to
increased conductivity,

Existing technology for application of SOFI to the Space Shuttle External
Tank indicates that the machine application thickness tolerance is about
+0.64-cm (+ 0.25-in). 1In addition, with today's technology, the minimum
thickness that can be applied, and still obtain the required SOFI performance
is about 1.3-cm (0.5-in). This value was used in the thermal performance

anal 1its, Task 11.
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IV. FLUID, THERMAL AND STRUCTURAL ANALYSIS (TASK II)

Fluid dynamic, steady-state thermal and preliminary structural analyses
were performed for each of the 13 configurations which make up the eight
tank/fluid combinations in the study. Refinements were made in the
preliminary conceptual designs as iterations occurred between efficient
thermal and structural approaches. In general, these analyses were directed
at a relatively conservative approach when design changes to the CFME baseline
were identified. Unverified design concepts and significant improvements in
the state-of-the-art were not used for the larger tank sizes and the helium
tank; rather, a realistic approach in terms of fabricability, reliability,
reusability and cost was followed. Analysis techniques used were those
previousiy used for the CFME baseline.

A. Fluid Dynamic Analysis

The fluid dynamic analysis involved establishing the fluid behavior in
each cryogenic storage and supply system conceptual design. The major system
elements considered were the liquid acquisition devices and the various lines
connected to the tank. The lines included the inflow and outflow lines, the
pressurization/vent line and the thermodynamic vent lines. The desired output
of this anlaysis included an estimate of performance in terms of maximum
outflow rates and residuals following loss of acquisition device capability at
tank depletion on-orbit.

1. Liquid Acquisition Devices

The operation of liquid acquisition devices depends on the interaction of
the liquid/gas interface with the device. Liquid surface tension and ullage
pressure support are used to passively provide near-instantaneous, gas-free
liquid expulsion on demand. The devices are configured within the tank to
position liquid at the outlet and stabilize the liquid/gas interface at the
surface of the device to assure gas-free liquid expulsion under periods of
low-g or adverse-g. Capillary configurations differ because of the varied
system/mission requirements; however, the operational principle for each
system relies on the relatively small pressure differential that exists across
any curved gas/liquid interface due to intermolecular forces. This capillary
pressure difference, Zch, may be expressed at any point across the
interface as

S U (2)

where O  1is the liquid/gas surface tension and R] and R are the
principal radii of curvature of the interface.
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For a spherical interface, Ry equals Ry and the pressure difference is

Ar, = 20 (3)
R
s

where Ry is the radius of curvature. The capillary pressure difference can
be related to a dimension (other than the radius of curvature) such as the
pore radius R and a second parameter, the liquid-to-solid contact angle 6.
Using the relationship between R, 6, and Ry, results in

APC = 20 cos@ (4)
R

The cryogenic propellants of interest are totally wetting with liquid-to-solid
contact angles from zero to two degrees.

The capillary pressure difference for a circular pore, as in a perforated
plate, can be determined from this equation. Capillary pressure retention for
pore geometries other than circular, as in fine-mesh screen, is more
accurately determined empirically. The accepted technique is the so-called
"bubble point'" method used by the filter industry. The screen material is
covered by a thin layer of liquid, usually alcohol, and its underside is
pressurized slowly with air or gaseous nitrogen. The pressure difference at
which the first bubble passes through the material is termed the bubble point
(BP). The pressure retention for perforated material can be predicted for
other liquids from:

G
(BP)1 = (BP) (5)
—— m

m

This assumes the 6's are equal. The subscripts refer to the second liquid
(liquid hydrogen, for example) and to a test liquid, such as methanol(m).

The maximum capillary pressure retention for 325 x 2300 fine mesh Dutch
twill screen with the cryogenic fluids of this study, except for helium, is
presented in Table IV-1. The values in the table were calculated based on a
value of 66~cm (26~inches) of water as measured in methanol. The calculated
values agree well with measured values for liquids hydrogen (Ref 26, 27) and
oxygen (Ref 26). Pressure retention values have not been measured for 325 x
2300 screen in methane or argon, but it is felt that these fluids are similar
enough to liquid oxygen that the standard surface tension scaling approach
applies.

Because of the narrow temperature range for liquid helium-4 from the
normal boiling point to the critical point, and because the surface tension of
a liquid goes to zero at the critical point, the variation of surface tension
vith saturation temperature (Fig II-9) over this range provides a good
indication of how the pressure retention capability will vary. The pressure
retention capability of liquid helium-4 for a single layer of 325 x 2300 mesh
screen is shown in Table IV-2, where equation (5) was used for the calculation.
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Table IV-1 Pressure Retention Capability of 325 x 2300 Mesh Screen

Pressure Retention Capability
Saturation at Saturation at
Fluid 138 XKN/m2 (20 psia) 416 KN/m2 (60 psia)
Hydrogen 0.48 KN/m2 (0.07 psi) 0.28 KN/m2 (0.04 psi)
Me thane 3.86 KN/m2 (0.56 psi) 2.83 KN/m2 (0.41 psi)
Oxygen 3.65 KN/m2 (0.53 psi) 2.76 XN/m2 (0.40 psi)
Argon 3.24 KN/m2 (0.47 psi) 2.34 KN/m2 (0.34 psi)

Table IV-2 Pressure Retention Capability of
325 x 2300 Mesh Screen with Helium-4

Temperature| Surface Tension Pressure Retention Capability
oK OR Dyne/cm 1bg/ft (105) KN/m2 (103) psi (103)
2.2 4.0 0.3063 2.098 80.9 11.74
3.0 5.4 0.2247 1.539 59.4 8.62
4.0 7.2 0.1226 0.840 32.4 4.70
5.0 9.0 0.0206 0.141 5.4 0.79
5.2 9.4 0 0 0 0

Iv-3




The small capillary pressure difference or pressure retention capability
of the screen must balance or exceed the sum of other prescure differences
tending to break down the passively-controlled liquid-gas interface.
Premature interface breakdown reduces expulsion efficiency due to gas
ingestion. During storage with no liquid outflow

BP = APC > APh or ? g‘ cos® 2 Pah (6)

where APy is the hydrostatic head supported by the screen, L is the

liquid mass density, a is the acceleration, and h is the hydrostatic head.
Equation (6) shows that the pore size required decreases with increasing
acceleration. The maximum hydrostatic head which can be supported by the 325
x 2300 mesh screen is presented in Figure IV-1. Hydrostatic head capability
for single-layer 325 x 2300 mesh screen in helium-4 is shown in Figure 1V-2 as
a function of storage temperature. Two on-orbit conditions, OMS settling (a =
0.077g) and RCS omnidirectional acceleration (a = 0.04g) are shown. A
hydrostatic head equal to the tank diameter can be provided up to 2.90 K

(5.30 R) for the RCS condition. Since the screen channels for the CFME
baseline are truncated at about a 10% ullage, this height is also shown on the
figure, Liquid-vapor interface stability can be provided over the entire
length of the truncated channels for the RCS acceleration at 2.2-to-3.40 K
(4.0-to-6.10 R).

Additional losses are introduced in a flowing system, and

Rp 2 Ap v AP+ AP+ AP, + AP, (7)

where AP, is the pressure loss due to flow through screen, APy is the
change in pressure head to velocity head, APg is the viscous loss due to
flow in the device, and AP; is the loss due to transients, such as pulsed
flow, vibration, etc.

An additional criterion for determining hydrostatic interface stability is
the Bond number, Bo, a dimensionless ratio of acceleration-to-
capillary forces (Ref 39).

Bo = EaL2 (8)
o
where L is the characteristic system dimension. The liquid/gas interface is
stable in a cylindrical container (tank, line, etc.) or circular pore when
Bo & 0.84., The Bond Number will be referenced later in the discussion of
two-phase flow ‘7 the thermodynamic vent lines.
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Acquisition device performance involves the determ.. .ion of screen
breakdown for each liquid/tank case. Screen breakdown oc:urs when gas is
ingested with liquid Jraining of the tank. At this poin single phase liquid

expulsion is interrupted and liquid remaining in the tank at screen breakdown
is considered outage or residual,

For analysis purposes, it was assumed that draining of the tank on orbit
may occur at any one of three accelerations.

a) OMS (Orbital Maneuvering System) - settling acceleration of 0.077g.
Liquid is settled over the tank outlet.

b) A lateral acceleration of 1.6 x 10-5 g due to drag acting on the
Orbiter at an angle of attack of 900,

c) An axial acceleration of 3.0 x 1076 ; due to drap acting on the
Orbiter at an angle of attack of zero devrees.

Ne~letion during orbital maneuvering system firing was the worst case
because of the hydrostatic heads imposed cn the channels, particu.arly for the
larger tank sizes. For the case of a Return-to-Launch-Site (RTLS) abort,
which has the highest flowrate requirements, it was assumed that a Shuttle
Reaction Control System (RCS) settling environment was present.

A summary of acquisition device residuals for a!l 13 configurations is
tabulated in Table IV-3, for International units, and Table IV-4 for English
units. Both the volume and percent of loaded quantity remaining inside the
channels of the acquisition device at depletion are listed in the tables.
Residuals are tabulated for both on-orbit depletion and RTLS abort depletion.

or all cases except liquid helium, the temperature in the tank was assumed !
be saturated at the maximum pressure of 414 KN/m2 (60 psia). (The helium
performance will be discussed in greater detail later in this subsection.) It
was determined that the CFME channel size was adequate for all the 0.62 m3

(22 £t3) cases. The channel size for the 12.5 m3 (440 ft3) argon and
methane tanks had to be increased to l1l1.7-cm x 3.0=cm (4.6-in x 1.2-in). The
total volume of the four channels is 0.04 m3 (1.47 ft3), or about 0.4

percent of the total tank volume. This size results in an abort residual of
about 10 percent for argon, but this was considered acceptable since argon is
an inert fluid.

The abe ¢ flowrate for the 12.5 m3 (440 ft3) oxygen tank dictates a
different channel size than for the methane or argon tanks. Iterations on
channel size versus residual resulted in channel cross-sectional dimensions of
28.4~cm x 7.b=cm (11.2-in. x 2.9-in.). This gives a 5 pe .ent residual for
the abort condition, and a 3 percent residual for on-orbit depletion.

The calculated channel dimensions for the splierical hydrogen tank
(Configuration 13) are 27.0-cm x 6.9-cm (10,6-in. x 2.7-in.), which gives an
internal volume of about 0.37 m3 (13 ft3). vor this spherical
configu-ation, oa-orbit and abort residuals are 2 and 3 percent,
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respectively. If these same dimensions are used for the cylindrical geometry
(Configuration 12), the increased channel volume results in residuals of 2.5
and 5 percent for the on-orbit depletion and abort conditions. These
relatively significant residuals are driven by the abort requirements; if the
channels were sized specifically to minimize on-orbit residuals, a 1 percent
residual is obtained, as indica.ed for Configuration 12 (Alt). A channel
dimension of 14.7-cm x 2.8-cm (5.8-in. x 1.5-in.) is adequate to obtain this
low, on-orbit residual.

The performance of the liquid helium tank requires some additional
discussion. The pressure retention, AP., must satisfy pressure differences
due to hydrostatic and hydrodynamic considerations, as indicated previously.
The resvlts of the analysis at both the abort flowrate of 0.014 kg/sec (0,03
1b/sec) and the mission flowrate of 0.02 kg/hr (0.04 1lb/hr) are presented in
Tables IV=5 and IV-6 for depletion in the low-g (drag) environment. The
expulsion performance is highly dependent on storage temperature. The
expulsion efficiency approaches 100 percent except for the higher abort
outflow condition at a storage temperature of 5.00K (9.0°R) and storage
ptessure of 200 KN/m2 (29 psia) for the saturated helium.

At the 5.00K aburt condition, the sum of adverse pressure differences is
greater than the capilla-y retention as provided by the 325 x 2300 mesh.
A negative alue resvlts for screen entrance loss, as shown. Thus, at the
50K (90R) condition, it is not possible to flow through the LAD at the
abort flowvate without getting gas ingestion into the screen channels, even
with a nearly full tank. For the other conditions in the tables, a relatively
small screen flow area, Ae, 1s required to prevent screen breakdown. The
figures in the bottom row in the tables are the minimum flow areas, i.e.,
below this area, vapor is ingested and single-phase liquid draining is
interrupted. The liquid expulsion efficiency is determined at this point.

The uppe limit for expulsion efficiency (no flow losses) in the OMS and
RCE envi.onr.nts is pictured in Figure IV-3 as a function of storage
temperature. The sclid lines are based upon interface stability over channels
configured through the entire tank. The OMS acceleration condition, as
mentioned, ettles liquid over the tank outlet. The channels are truncated
which tends to improve expulsion efficiency by reducing the hydrostatic head
retention requirement. The dashed line shows this improvement for thc RCS
condition. The near-100% expulsion can be provided from 2.2 to 3.40K
(4.0 to 6.10R) for the 0.04 g omnidirectional state, as shown.

The subcritical storage of liquid helium wi a capillary devices to provide
concrol for liquid draining represents a new challenge. The results show that
th2 capillary configuration in the CFME tank tends to present rather stringent
therma! control requirements. The desired liquid control using the
single-layer 325 x 2300 screen shows preferential storage of the saturated
helium-4 near the lower lambda conditions of 2.20K (3.99F) and 5.0 KN/m?
(0.730 ncia). Additiunal layers of screen, rather tha.: a single layer, would
tend to relax this narrow temperature requirement of storage by providing
greater retention.

Iv-10
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2. Fluid Lines

Four different line types were sized for each cryogenic storage and supply
tarnk. They are: (a) the outflow/abort line, (b) the inflow line, (c) the
pressurization/vent line, and (d) the thermodynamic vent system lines. The
characteristics of the fluid flow in each line vary greatly with the
particular fluid and mission requiremeants. Several general assumptions were
made in the analysis. The external piping, valves, and other flow or
flow-metering components were assumed analogous to the baseline CFME for all
tanks. Also, the lines were only sized for each category, not for each
configuration, as previously defined in Table III-1. This ensured that the
line sizes for the maximum conditions encountered in the mission for each
category were applicable to all the configurations in that category. For
example, the pressurization/vent line for the non-vacuum-jackeced 12.5 m3
(440 ft3) argon tanx was sized to handle a higher flowrate during ground
hold than the corresponding vacuum-jacketed tank. The line was sized for the
former case and was assumed applicable, albeit conservative, for the latter
configuration.

The flow analysis for the outflow/abort line, the inflow line, and the
pressurization/vent Jine is identical. A friction factor, f, is defined as:

f AP (9)

/2 pg, V°

=d
L

where d is the tube diameter, L is the tube length, AP is the pressure

drop, O is the fluid density, and ‘U~ 1is the average velocity of the fluid.
The dsta is only valid for incompressible flow (constant density) of Newtonian
fluids. For the range of flowrates and fluids considered in this study, these
criteria are met (Mach number less than unity, all fluids considered
Newtonian).

To account for friction due to roughness of the pipe, a roughness factor,
e, of 1.52 X 1076m (5.0 X 107® ft) was used for crawn tubing. A relative
roughness, e/d, was then determined. To account for friction due to elbows,
valves, flowmeters, and other flow apparatus, an equivalent length of straight
pipe required to produce the same amount of friction was determined as:

L¥ = nL
(10)

where L is the actual length of tubing, L* is the equivalent length, and n is
a friction multiple which accounts for all the frictional losses due to the
flow apparatus.
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Substituting L* for L in Equation (9), an expression for tube diameter is
obtained:

2 1/5 (1)
4 -[s 1x s f

75, p &

where m is the mass flowrate and f is a function of the Reynolds number and
the relative roughness. An iteration between tube diameter, Reynolds Number
and relative roughness was made to determine the correct line size for the
required flow rate.

Outflow/Abort Line

In all tank categories the abort flow conditions yielded a larger line
diameter than the maximum outflow conditions, so the abort conditions sized
the line. The large number of elbows, valves, flowmeters, and other flow
apparatus increased the equivalent length, L*, considerably. The estimate
used for this line was generally about 50L. The outflow/abort line sizes are
shown in Table IV-7. The analysis is conservative in that the values for
f, etc., are chosen at their limits which give the largest diameter. The
pressure drop, AP, is chosen as the allowable drop in pressure to maintain
subcooled or saturated liquid conditions. The temperature used to determine
the state of the liquid at the inlet to the outflow/abort line is based on the
results of mission simulations using CSAM (as discussed later in Section B of
this chapter)

The results of Table IV-7 show that the CFME outflow/abort line diameter
of 1,27-cm (0.50-in) must be modified for operation with the o.her fluids in
the 0.62 m3 (22.0 ft3) tanks. The 12.5 m3 (440 ft3) oxygen tank
(Category VII) has the largest diameter because of the large mass to be
aborted in only 0.5 hr.

Inflow Line

The ground rule used for the inflow line analysis was thot the
0.62 m3 (22.0 ft3) tanks are filled in 0.5 hr and the larger tanks are
filled in 1.0 hr. It was assumed that tank cooldown must also be accomplished
within this time constraint but that tank pre-chilt had been performed
previously. Estimates were made of the amount of tluid vaporized during
cooldown. Two times the loaded mass was required to accomplish cooldown and
loading for saturated hydrogen liquid at 101 kN/mZ (14.7 psia), and
proportionally less was required for the other liquids. The maximum inflow
rates shown on Table IV-8 correspond to these conditions.

The inflow line diameters given in Table IV-8 were determined using an
equivalent length, L*, 20 times the actual length of the inflow tubing. The
allowable pressure drop, AP, used in sizing the inflow line is based on an
inflow pressure of approximately 207 KN/m2 (30.0 psia) and an internal tank
pressure of 101 KN/md (14.7 psia). The liquid at the entrance of the inflow
line is assumed to be subcooled with a saturation pressure of 101 kN/m?
(14.7 psia).

Iv-15
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Table IV-7 Outflow/Abort Line Sizing
Category | Size Fluid _ Maximum Outflow Rate Line
MLssion Abort Diameter
kg/hr (1lb/hr) | kg/hr (1b/hr) [ cm (in)

Baseline | 0.62 m3| H, 1.50  (3.3) f 82 ( 180) | 1.3  (0.5)
1 0.62 m3; CH 0.0l (0.035) 249 ( 548) 2.6 (1.0)
II 0.62 m!| Ar * * 543 ( 1192) (2.7 (1.0)
III 0.62 m3| o, 0.16  (0.35) 1340 ( 2948) { 3.9 (1.5)
v 0.62 m3| He 0.017 (0.037) 49 ( 108) {1.5 (0.6)
v 12.5 m3| Ar 2.5 (5.6) 10900 (23980) | 7.7  (3.0)
VI 12.5 m3| CH, 103 ( 227) 4780 (10516) | 7.7 (3.0)
VII 12.5 m3| oy 4460  (9812) 26700 (58740) 1l.4  (4.5)
VIII 37.4 m3] Hy 815  (1793) 2440 ( 5368) { 7.7 (3.0)

*Mission outflow through thermodynamic vent linecs.

Table IV-8 1Inflow Line Sizing

Inflow
Category | Size Fluid Maximum Line
Inflow Rate Diameter
(kg/hr)  (1b/hrj| em  (in)
Baseline | 0.62 m3| H, 154 (339) | 1.3 (0.5)
I 0.62 m3| CHy 828 (1822) | 1.9 (0.75)
11 0.62 m3| Ar 2840 (6248) | 1.9 (0.75)
194 0.62 m3| o0, 2310 (5082) | 1.9 (0.75)
v 0.62 m3| He 303 (66.) | 1.3 (0.5)
v 12.5 m3| Ar 28400  (62480) | 6.3 (2.5)
V1 12.5 m3| CH, 7940  (17470) | 5.0 (2.0)
VIl 12,5 m3| o0y 23200  (51040) | 5.7 (2.25)
VIII 37.4 m3| Hy 4890  (10760) | 5.7 (2.25)
Iv-16
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The inflow line for the 0.62 mZ (22.0 ft3) storage tanks is 1.9-cm
(0.75-in) except for liquid helium, which is the same as the CFME inflow
line. The larger tanks have larger inflow line diameters. A comparison with
the outflow/abort line sizes of Table IV-7 indicates that the inflow lines are
smaller in diameter for all cases, indicating that a single tank penetration
can be used for both the filling and uraining functions.

Pressurization/Vent Line

The fluid dynamic analysis approach used for the outflow/abort lines and
the inflow lines is also applicable to the pressurization/vent line.

There are four conditions which can determine the pressurization/vent line
diameter:

(1) The maximum flowrate of helium for pressurization, which occurs
iring draining of the tank at abort conditions.

(2) The flowrate of evaporating fluid within the tank .ich must be
vented due to increased heat flux if zir, or the storage fluid diffuses into
the volume between the tank wall and the outermost surface on the storage
vessel while the tank is on the ground.

(3} The 1liquid venting flowrate required to preclude excessive pressure
buildup, assuming liquid covers the vent port in the low-g, on-orbit case.

(4) The vapor flowrate resulting from initial liquid filling of the tank
when the entire tank and inflow lines are at ambient conditions. The flashing
of vapor continues until the tank is sufficiently chilled.

It has been determined that for all fluids the first case is not a
determining factor. Vapor venting during chilldown is not critical if
adequate pre-chill is performed. 1t was assumed that sufficient time was
available to pre-chill, precluding rapid vapor flashing on the walls of the
tank and large gas venting rates. The most critical condition is likely Case
(2), where condensed air or storage fluid in the vacuum annulus (or
alternately, an ineffective purged insulation for the non-vacuum-jacketed
cases) causes a significant increase in the heat flux into the stored
cryogen. The pressurization/vent line was therefore sized for this
condition. A heating rate of 1580 W/m2 (500 Btu/hr-ft2) was assumed for
the helium and hydrogen tanks and 474 W/mZ (150 Btu/hr-ft2) was used for
the other tanks. The higher heat flux is due to air condensation while the
latter heat flux results from gaseous heat transfer. The equivalent length,
L*, used in the analysis was 20 times the actual length, L. The results arc
presented in Table IV-9. The allowable pressure drop, AP, used in sizing this
line is based on the ground vent operating at 345 KN/m2 (50.0 psia), with
exit conditions maintained above the highest attainable melting point of the
fluid to prevent line freezing.

1v-17




Table IV-9 Pressurization/Vent Line Sizing

Category | Size Fluid Maximum Line
Vent Rate Piameter

kg/hr (1b/hr) | em  (in)

Baseline | 0.62 m3| H, 52 (116) 1.3 (0.5)

I 0.62 m3| CH, 12 (27 1.3 (0.5)

11 0.62 m3| Ar 40 (89) 1.3 (0.5)
111 0.62 m3| 0y 30 (67) 1.3 (0.5)
v 0.62 m3| He 1870 (4130) 3.2 (1.25)
v 12.5 m3| Ar 296 (653) 2.5 (1.00)
VI 12.5 m3| CH, 91 (201) 1.9 (0.75)
VII 12.5 m3| 09 224 (494) 1.9 (0.75)
VIII 37.4 m3| H, 900  (1980) | 4.3 (1.75)

Thermodynamic Vent System Line Analysis

The major consideration in analyzing the two-phase fluid dynamics in the
lines of the thermodynamic vent system (TVS) is the interaction of the various
forces acting on the fluid--surface tension, gravitational, viscous and
inertial. Since the heat exchangers iiear the exit of the Viscojets contain
two-phase fluid, the flow patterns and the heat tra .sfer mechanisms between
the fluid and tank wall are important in the overall thermal efficiency of
design. The predominant one-g and low-g flow patterns of the vapor and liquid
are a matter of opinion, although capillary effects appear to strongly
overpower viscous effects. The critical parameters for sizing the heat
exchangers are the Weber number (We, ratio of inertia force-to-surface teusion
force), the Capillary number (Ca, ratio of viscous force-to-surface tension
force), and the Bond number (Bo, ratio of gravitational force-to-surface
tension force). If these dimensionless groups have values on the order of one
or less over the region of two-phase flow, then the line diameter is
acceptable. (A morz thorough discussion of TVS operation is contained in
Appendix A.)

Table 1V-10 gives the results of thne TVS line sizing analysis. The
maximum allowable pressure drop after the fluid has exited the flow restrictor
(Viscojet) is set at 34 KN/m2 (5.0 psia). The viscous and inertial forces
are small due to the low mass flowrates, yielding Weber numbers and Capillary
numbers on the order of 103 or less. The gravitational forces are
- important prior to orbit, so the maximum Bond number (when the tank is at
one-g) is tabulated for each category.

Iv-18
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Table IV-10 Thermodynamic Vent System Line Sizing

Category| Fluid Maximum Maximum Line
Vent Rate Bond Number Diameter
kg/hr (1b/hr) | (Dimensionless) | mm (in)
.

Baseline| Hj 0.04 (0.59) 0.21 4.8 (0.19)
1 CH,, 0.02 (0.04) 0.22 4.8 (0.19)
11 Ar 0.05 (0.11) 0.73 4.8 (0.19)
111 D, 0.05 (0.11) 0.60 4.8 (0.19)
v He 0.001 (0.002) 0.80 1.6 (0.063)
v Ar 0.05 (0.11) 0.73 4.8 (0.19)
Vi CHy, 0.20 (0.44) 0.22 4.8 (0.19)
V1I 0, C.05 (0.11) 0.60 4.8 (0.19)
A Hyp 0.20 (0.44) 0.21 4.8 (0.19)

B. Steady State Thermal Analysis

A steady state thermal analysis was performed for each preliminary
conceptual design identified in Task I. The analysis for each configuration
involved insulation selection, structural support thermal evaluation: and
thermal performance of the total tankage for the specified missions. The rate
of heat additiorn to each storage tark, vent rates, and helium pressurant
requirements were established for cryogenic liquid expulsion under orbital
conditions.

l. Insulation Selection

Parametric insulation performance data were generated for each of the 12.5
m3 (440 ft3) tanks ard the 37.4 m3 (1320 £t3) hydrugen tank. The
optimum insulation thickness, (At*), is that thickness which minimizes the
mass of vented fluid (Myf) plus the mass of insulation on the tank
(MpM,1). Mathematically, this reads

d(M )
At + Atk when-———XEE%T;¥LL =0 (12)

A fluid value facto' (a) was added to this equation to "weigh' the
relative importance of the fluid.

d(a va + MMLI) -0 .
d(At) (13)

At » At® when
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‘ This increases the optimum insulation thickness for higher values of a.
3 For this study a was set equal to two for hydrogen (analogous to the CFME
baseline); a was set equal to one for all other fluids.

For a spherical tank, the mass of MLI is given by:

1

MMLI = %H}D:(rl + ﬁt)3 - r131 (14)

where

P = density of MLI

Y1 = radius to inner boundary of MLI
At = thickness of MLI

The mass of fluid vented to maintain tank pressure is
q

6
- _tot™
va = 5 (15)
fg

where
© = length of mission

hg, = heat of vaporization of fluid

Geor © total heat transfer into fluid

The term &tot is broken down into four heat heaks, giving:

q - = ksupt AsupfﬁI/Lsupt (Supports)
4 top ™ ktop Atoﬁﬁm/L'op (Top Penetrations)
q bot = Xbot Abofﬁm/Lbot (Bottom Penetrations)
q M1 - K 0 Gﬁrl (r1 +AL) AT (Multi-l.yer Insulation)
so that ot
k A k A r
M At 8 ‘pt t+ ¢ + + 1
Vf = 5 SL{ sup EP top lﬁ)ot:_;%;o‘t_ 4n kHLI r, (1+ 72| (16)
fg supt top ot
i Substitutirg Fquations (16) and (14) into (13) and solving, gives:
g 2 r,? a Ug; Y
é Atk =% (‘1 + 4 el :\ ’ =T (17)
i; \ P fg
L 3
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For the cylindrical tank a similar an~lysis can be done by changing the
volume and area in Equations (14) and (16) and differentiating aMy¢ + My 1
using different values forAt.

Parametric ML( optimization curves for the 12.5 m3 (440 ft3) oxygen
and methane tanks are presented in Figures IV-4 and IV-5, Optimization for
the 37.4 m3 (1320 £t3) spherical hydrogen tank is shown in Figure IV-6. A
comparable curve is not presented for the 12.5 m3 (440 ft3) argon tank
because the calculzated MLl thickness was in excess of the maximum 10-cm (4-in)
considered in this study.

The determination of the optimum thickness for helium-purged or
nitrogen-purged MLI used a modified - :rsion of Equation (17). For the time in .
which the non-vacuum-jacketed tank is operating on the ground, (8g), the
thermal conductivity of the MLI purged with helium is given by a value, kgp.
almost three orders of magnitude greater than kyjj. After the tank is
transferred to orbit, the remainder of the mission (8g5) is modelled with the
MLI in a perfect vacuum. This analysis modified Equations (15) and (16), and
yielded an opti wm insulation thickncss given by:

2 ——
k A ko )r, a Aty
fex = {r,z v 4 l(_bu‘.l‘-_at«xp__g.ﬂl____‘, - (18)

tor example, the 12.5 m3 (440 ft3) argon tank mission cails for a
4-hour ground hold (8g = 4 hr) and 7-year stationkeeping (85 = 61360 hr),
the sum kypp 8¢ + kgp Og is very close to kmqL] Bs-

A combination of nitrogen-putged MLl on top of SOFI was considered as an
attractive alternative insulation concept to eliminate the helium purge
requirement for ground hold. The MLI thickness is sized by the orbit
requirements, since evacuated MLI is about 3 orders of magnitude better in
thermal performance then SOFI. The SOFl thickness is determined such that the
interface temperature is above rhe liquifaction temperature for nitrogen.
Since the tanks considered are typically large in diameter conpared to the MLI
and SOFI thicknesses, the problem can be analyzed using plsaar suriaces:

SOF1 MLI
(N2)
/
cryogen . P - ambient
/
7
/
/)
/ 1
TC = 220K (40Q©°R) Ti TH = 2949K (530°R)

During ground hold the MLI is filled with nitrogen gas. The system energy
balance yields

k
ksorr A Ty = T

tsoFI oML

N, A (T, _Ty)

dDe

e I
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The nitrogen thermal conductivity is given by k(T) = 1.65X10~2 +
.148X10-3 T-75 (from CSAM). Using this in the above energy balance, the
Ny thermal conductivity can be integrated from T{ to Ty to yield

i e 175 _ o 1.75
ky . -0.165 x 1072 + 0.845 x 1074[Tg - Ty

2 -
TH Ti

The nominal SOFI thermal conductivity is given by

k -5
SoFT = 0.0017 + 2.45 x 107° T_

and the plus 20" (952 confidence) SOFI thermal conductivity is given by

ksoFr = .0046 + .00002452Ty, (Ref 38)

Tm is the median temperature between Tc and T;j. Both of these expressions
were used in the energy balance to compute the SOFI thickness.

The ratio of SOFI to MLI thickness was determined for several interface
temperatures, using both the nominal and plus 20° SOFI thermal conductivities.
The results are plotted in Figure IV-7. Once the MLI thickness was determined
using the orbital requirements, Figure IV-7 was used to determine the
required SOFI thickness to yield a desired interface temperature. For
example, the MLI thickness required for the 37.4 m3 (1320 ft3) spherical
hydrogen tank was 1.75-cm (0.69-in) for a 5 day mission. Nitrogen liquifaction
temperature at one atmosphere is 770K (139°R). Using 789K (140°R) and
tML1 = 1.75-cm (0.69-in), Figure IV-7 indicates that

tSoF1

MLI

= 0.1 (nominal)

1 I and

y
e t

> —SOFL . 0,18 (plus 20
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so that

teoFI = 0.18 cm (0.069 in) (nominal)

and

LSOFI = 0.32 cm (0.12 in) (plus 209

Discussions with Martin Marietta personnel working the External Tank indicated
that the minimum application thickness using current technology is 1l.3-cm
(0.5-in). This is addressed in greater detail in Chapter VI.

A plot of MLI thickness for both nominal and +20 SOFI thermal
conductivities is presented in Figure IV-8 for various SOFI/MLI interface
temperatures. [or example, in the case of the previously mentioned MLI
thickness of 1.75-cm (0.69-in), the interface temperature would be about
1780K (3209R), for the nominal SOFI, and about 1569°K (280°R) for the
+20 SOFI thermal conductivity. In both cases the interface would be far above
the liqu:ifaction temperature of nitrogen at one atmosphere pressure.

A comparison was made between helium-purged MLI and the nitrogen-purged
MLI/SOFI combination. For a given MLI thickness, the heat flux to the tank is
about an order of magnitude greater for the helium-purged system than the
nitrogen-purged combination. Figure IV~9 is s plot of heat flux versus MLI
thickness for helium-purged and nitrogen-purged/SOFI insulations, with an
interface temperature of 780K (1400R). Note that for both systems the MLI
thickness requirements are identical, since the MLI is sized for orbital
requirements. For a 37.4 m3 (1320 f£t3) spherical hydrogen tank with
1.75-cm (0.69-in) of MLI and a 4-hour ground hold, the helium-purged MLI would
boiloff 2150 kg (4740 1b) more than the nitrogen purged MLI (2230 kg versus 73
kg), (4900 1b versus 160 1bm), or the helium-purged system would lose 84

percent of the original loaded hydrogen while the combination would lose 3
percent.

The insulation systems selected for the thermal performance studies are
listed in Table IV-11 for each of the 13 configurations evaluated. Ground
hold requirements varied from 28-hours to topping immediately prior to
lift-off; lower final tank pressures and/or reduction in vented fluid are
available in all cases if the latter ground hold situation is followed. For
the shorter orbital migsions, weight is quite sensitive to the ground hold

condition and this must be adequately accounted for in comparing these designs
with other study results.

Purged ML] systems allow larger heat inputs to the cryogens during ground
hold. This can result in reductions of liquid density due to vigorous
boiling. A new bulk density can be determined by calculating the volume
change due to bubble formgtion in the saturated cryogen. The bulk density can
be expressed as

- m
- 1
4 V+ AV
1v-27
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Table IV-11

Selected Insulation for the Study Configurations

Ground
Config- Hold
uration | Size Fluid Time Insulation Description
CFME 0.62 m3 H2 28~hr 3.2-cm (1.25-in) MLI/vacuum jacket
1 0.62 m3 CHy 28-hr 4,7-cm (1.85~-in) ML1/vacuum jacket
2 0.62 m3 Ar 28-hr 10-em (4.0-in) MLI/vacuum jacket
3 0.62 m3 02 28-hr 3.2-cm (1.25-in) ML1/vacuum jacket
4 0.62 m3 He 28-hr 3.2-cm (1.25-in) MLI inside & outside
He VCS/vacuum jacket
5 12.5 m3 Ar 4=hr 10-cm (4.0in) MLI/vacuum jacket
6 12.5 m3 Ar 4=hr 10-cm (4.0-in) MLI/Nitrogen purged
7 12.5 m3 Ar 4=hr 10-cm (4.0-in) MLI/Nitrogen purged
8 12,5 m3 "CHy 28~hr 1.2-cm (0.5-in) MLI/vacuum jacket
9 12.5 m3 CHy * 1.2-¢m (0.5-in) MLI/Nitrogen purged
10 12.5 m3 02 28-hr 2.0-cm (0.8-in) MLI/vacuum jacket
11 12.5 m3 02 4=hr 6.1-cm (2.4-in) MLI/Nitrogen purged
12 37.4 m3 Hp * 1.2-cm (0.5-in) SOFI
1.5-cm (0.57-in)MLI | Nitrogen-purged
13 37.4 md Hyp * 1.2-cm (0.5-in) SOFI
1.8-cm (0.69-in)MLI | Nitrogen-purged

* Topping just prior to lift-off

gt < "
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wiere M is the liquid mass, V it's volume and AV the volume change due to
vaporization. The term AV can be written as

&V = m Pl_Pv

———— et

}Dljov

where m, is the mass of liquid vaporized.

The time interval to determine how much vaporized liquid is
instantaneously entrained in the bulk liquid is the rise time for a bubble
(i.e. the tank depth divided by bubble velocity). The assumption is that
initially a bubble forms on the bottom of the tank and then rises to the
surface. A column of bubbles rises and continuous boiling occurs. A change
in liquid density occurs, remaining relatively constant with time. The bubble
velocity is given in Reference 30 as:

so that

. 4\ Y
m =9 1d
hf8 40°g

where d is the liquid depth, and 0” the surface tension.

The resulting bulk liquid densities for the 12.5 m3 (440 ft3) and 37.4
m3 (1320 ft3) tanks are given in Table IV-12. Oxygen is reduced in
density by less than 1X. The methane density is reduced by 2.5%. The argon
density is also reduced by less than 1X. Finally the hydrogen density in the
large tank is reduced by 5X. For a given tank size, the bulk density change
is most sensitive to the mass of liquid vaporized (i.e. heat input to the
tank). Also cank depth affects bubble rise time, so that deeper tanks have a
greater density change. Pressure also has a minor effect on the bulk density
change. Although increasing pressure slightly increases the amount of liquid
vaporized, the density increase of both phases reduces the densi:y ratio term
significantly, so that the bulk density is not reduced as much. These density
changes should be considered in more detailed mission studies where purged
insulation systems are defined.

Iv-31
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Table IV-12 Effect of Purged Insulation Heat Input on Liquid Density

P = 100 KN/m2 (15 psia)

s e e g o

(440 f£i3) (440 £t3) (440 £t2) (1320 fe3)
Oxygen Me thane Argon Hydrogen
Density (kg/m3) 1140 22.30 1394.50 70.80
(1bm/£3) (71.23) (26.36) (87.05) (4.42)
, Heat Input (W) 1500 6775 915 13930
. (Btu/hr) (5145) (23120) (3120) (47550)
Tank Depth(m) 2.9 2.9 2.9 12.0
(ft) (9.4) (9.4) (9.4) (39.2)
New Bulk
Bensity (kg/m3) 1138 418.4 1392 67.9
(1bm/£t3) (71.04) (26.12) (86.91) (4.24)
Density Ratio 0.997 0.991 0.998 0.959

2. Structural Support Thermal Evaluation

Thermal analysis of the structural supports for the preliminary conceptual

designs was accomplished with the CSAM program.

The analysis is straight-

forward, using nodal networks and accepted computational techniques to
determine the temperature distributions and heat leaks of the tank assemblies

and their support structures.

The internal composite trunnions for the 0.62

m3 (22 £t3) tanks and the external composite struts for the larger tanks
deserve gpecial attention because of the pertinence of the results to overall
thermal performance.

internal Trunnions - CFME Size Tanks

program.

b g e e b

A4

1v=32

A steady-state analysis of the heat leak through the trunnion supports was
made, and the temperature distributions within the trunnion calculated, This
analysis used a three-dimensional nodal model of the trunnion and the CSAM
A disgram of the trunnion supports showing how the gecmetry was
divided into nodes for conducting the analysis is presented in Figure IV-10.

The tank pressure for the cases analyzed was 276 XMN/m2 (40 psia) and the
low temperature heat sink was considered to be the same as the saturation
temperature for the fluid in the tank.

nion configurations vere analyzed for each of the fluids.
and outer diameter of the trunnion vary with fluid and are listed along with

Both the fixed and sliding-end trun-
Wall thicknesses

~
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saturation temperature of the fluid and steady state heat leak for the trun-

nions in Table IV-13,

The heat leak through both the fixed and sliding trun-

nions is nearly identical (within 2-3 percent) and so only a single value is

given in Table IV-13 for each fluid.

Table IV-13 Typical Trunnion Thermal Characieristics for

Steady-state temperatures at various
locations along the length of the trunnion (corresponding to the points noted
in Figure IV-10) are listed in Table IV-14.

0.62 m3 (22 ft3) Storage Tank Assemblies

Trunnion Geometry

Trunnion 0.D., cm.
(in)

Trunnion Thickness, ¢m

(in)
Tsat at 276 KN/m2,0K
(+0 psia), (OR)

frunnion Heat Leak,*
Watt (Btu/hr) (fixed
end sliding)

Para-

Hydrogen | Argon Methane Oxygen Helium
5.0 6.4 5.0 6.4 5.0
(7.0) (2.5) (2.0) (2.5) (2.0)
0.38 1.14 1.02 0.89 0.51
(0.15) (0.45) (0.40) (0.35) (0.20)
22 98 126 101 8.3

(40) (176) (226) (182) (15)
1.0 2.53 1.64 2.03 1.22
(3.37) (8.62) (5.61) (6.92) (4.17)

*External Temp = 3930 K (7080 P)

An evaluation was made of the reduction in heat leak through the trunnion
obtained by intercepting a portion of the incoming heat flux with vent fluid
in the VCS lines (a thermal short between the trunnion and VCS is built iato

each support).

A plot of hest leak versus temperature drop between the
storage tank and node D on the trunnion is presented in Figure IV-1l.

The

amouit of heat intercepted by the VCS line versus temperature drop between

node D and the VCS line is presented in Figure IV-12.

This data was used to

optimize the reduction of heat leak through the trunnions as a function of VCS
operations as determined by the thermal performance model (CSAM).

Reductions in trunnion heat leak from the zero intercept condition (no VCS
connection), as a function of the amount of heat intercepted at node D are

shown in Figure 1V-13,
little from fluid to fluid.

The relationchip for each fluid is linear and varies
Similarly, reductions in trunnion heat leak as &

function of the temperatures at node D are shown in Figure IV-14. The end-

points of the curves represent the idealized conditions where the temperatures
at node D are equal to the fluid saturation temperstures and the reduction in
heat leak is equal to the maximum heat lesk through the trumnions, as indi-
cated previously in Table IV-13.
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Table 1V-14 Steady-State Temperatures for Composite Trunnions Designed
for 0.62 m3 (22 ft3) Tank Assembiies*

R

L iz . L
i e

i

“’ii“i‘

Location Parahydrogen| Argon Me thane Oxygen Helium &4
on Tsat = Tsat = Tsat = Tsat = Tsat =
Trunnion 220 K 980 K 1260 K 1019 K 8.30 K
(400 R) (1769 R) (2260 R) (1820 R) (150 R)

A 97 ( 54) 194 (108) 239 (133) 199 (111) 82 ( 46)

B 235 (131) 272 (151) 302 (168) 273 (152) 224 (124)

C 367 (204) 369 (205) 387 (215) 368 (204) 354 (1))

D 451 (251) 436 (242) 447 (248) 433 (241) 436 (242)

F1 537 (298) 501 (278) 509 (283) "0l (278) 514 (286)

Gl 598 (332) 550 (306) 555 (308) 549 (305) 577 (321)

G2A 619 (344) 590 (328) 595 (331) 586 (326) 605 (336)
G3AB 598 (332) 569 (316) 571 (317) 562 (312) 581 (323)

G4S 604 (336) 5717 (321) 574 (319) 571 (317) 589 (327)

H 594 (330) 558 (310) 556 (309) 549 (305) 575 (319)
J €26 (348) 601 (334) 589 (327) 584 (324) 609 (338)
K 657 (365) 646 (359) 622 (346) 619 (244) 643 (357)
L 687 (382) 693 (385) 655 (364} 655 (364) 678 (377)
M 694 (386) 695 (386) 667 (371) 665 (369) 686 (381)

* Tank Pressure = 276 KN/m2 (4C psia)
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External Support Struts-Large Tanks

The structural support heat inputs for each of the 12.5 m3 (440 ft3)
argon, methane and oxygen tanks and the 37.4 m3 (1320 ft3) cylindrical
hydrogen tank were calculated by two methods. First each support was assumed
to be perfectly insulated, except for the ends, and to have a linear tempera-
ture gradient along it's length. One end was assumed fixed at 294°K
(5300R), with the other fixed at the cryogen saturation temperature. For
the second case each support was assumed to be viewing the sun (absorptivity
of 0.2) and to be radiating to space (emissivity of 0.8). The end tempera-
tures were fixed, as for the first case. The heat input to the support from
the sun was determined by using the value of the solar flux at the edge of the
earth's atmosphere. The sink was assumed to be a black body at 40K ¢
(70R). A 10 node energy balance gave the support temperature gradient, from
which the heat input was obtained.

The support geometries are listed in Table IV-15. All 12.5 m3 (440
ft3) tanks have the same number and size of tubular supports, having been
sized for the heaviest fluid (i.e. argon). Both the end and center supports

Table IV-15 Structural Support Heat Inputs
for Large Tanks

Tubular Support Heat Inputs
Support Fluid Non-Sun Viewing | Sun Viewing
Volume Seometry Watt (Btu/hr) Watt (Btu/hr)

12.5 md Number - 8 LAr 1.6 (5.6) 3.0 (10.4)
(440 £t3) Radius 6.4-cm
(2.5-in)
Length ll4-cm LCH, 1.4 (4.8) 7.0 (24.0)
( 45-in)
Thickness 0.5~cm | LOj 1.6 (5.6) 8.4 (28.8)
(0.2~in)

37.4 md End Suppotte
(1320 £t3) Number - 48
Cylindrical Radius 3.8-cm LHy 17 (58) 84 (288)
(1.5-in)
Length 4l-~cm *
(16~in)
Thickness 0.32-cm
(0.13_].»“) -

Center Support
Number ~ 24
Radius 3.8-cm
(1- S-in)
length 6l-cm
(24-in)
Thickness 0.32-cm
(0.13-in)
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for the 37.4m3 (1320 ft3) cylindrical tank were analyzed. All of the
supports are S-glass epoxy. The heat input from the sun was obtained by
assuming the solar flux at the edge of the earth's atmosphere to be 1400 !
W/m2 (444 Btu/hr £ft2), and using the support projected area. Using a very

high source temperature of 5.5 X 1040K (1050R) and a fictitious

conductance, the appropriate heat iuput was calculated. The sink was assumed

to br a black body at 40K (79R). The total strut circumferential surface

area was used, and a view factor of 1.0 was assumed. Even at hydrogen

ssruration temperature, the radiation from space was found to be negligible,

so :nat the support-to-space conductance could be simplified. In evaluating

the conductance in the support, an average thermal conductivity taken from

Feference 39 was used.

A typical temperature distribution in the support for the 12.5 m3
(440 ft3) tank is shown in Figure IV-15 for oxygen. The dashed line
repr-sents a linear temperature gradient (and is considered, therefore, to be
an 11sulated, non-sun-viewing condition). The sun-viewing support has a
tenp :rature gradient at the tank end that is about 5 times as steep as the
linear gradient. Similar temperature distributions in the supports for the
37.4 m3 (1320 ft3) cylindrical hydrogen tank are shown in Figure IV~16.

Structural support heat inputs for the larger tanks are listed in Table
IV-1% for both sun-viewing and non-sun-viewing cases. The support heat inputs
for the oxygen and argon tanks are the same for the non-sun-viewing case, due
to the assumption of a linear temperature gradient and almost identical fluid
saturation temperatures. Methane has a higher saturation temperature, so the
s pport heat input is lower.

For the sun-viewing supports argon has the lowest heat input, with methane
hi gher, and oxygen slightly higher than the methane. The argon is lowest
be rause roughly a third of the support is insulated (by tank MLI), reducing
th: value of the temperature gradient at the tank. The relative difference
between oxygen nd methane support heat inputs is about the same for both
cases, due to the saturation temperatures. Note that the heat input listed
for the 1on-sun viewing case is probably high, since the thick layer of MLI
(about 1/3 the length of the support) would tend to reduce the tank end
temperature gradient somewhat, from the linear gradient assumcd, but the
effect would probably not be as severe as for the sun-viewing case.

Comparison of support heat input between sun-viewing and non-sun-viewing
cases shows that rhe sun-viewing heat inputs are about 400X greater for the
hydrogen case than the non-sun-viewing heat inputs. The increase from the
non-sun-viewiu , to sun-viewing for argon is only about 86%.
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3. Thermal Performance

The Cryogenic Storage Analysis Model (CSAM) was used to determine the
thermal performance of each tank configuration. The programmed inputs to CSAM
allow quite complex missions to be simulated without interrupting the
program. The Thermodynamic Vent System (TVS) rates and set points, the
pressurization rate and set point, the outflow rate, and the variations in
gravitational acceleration can all be changed at preset times during the
mission simulation. This capability allows all of the missions to be modelled
by CSAM, yielding a mission profile which includes the tank pressure, the mass
of fluid in the tank, the amount of fluid vented through the TVS, and the
amount of pressurant used, each as a function of mission time. Data from CSAM
can also be compiled to determine the '"quasi' steady-state heat inputs for ,
each fluid/tank configuration.

The heat leaks into the tanks are through the supports, the MLI, the top
penetration (pressurization/vent line), and the bottom penetration (the
outflow line, which also functions as the abort line and i:.5low line). The
structural supports and penetrations described previously were modelled
thermally by CSAM using comparable diameters, lengths, and wall thicknesses.
The optimum MLI thicknesses previously determined were used for simulation of
each configuration.

Ground rules used in the analysis for the large tanks were: 1) Liquid
initially saturated at one atmosphere; 2) Outer boundary temperature of
2930K (530°R) on the vacuum jacket or outer layer of MLI; 3) Gravity level
changes from one g to 10~3 at liftoff (8-10 min boost phase neglected), 4)
In most cases, the tank was pressurized to 3 psia above the storage pressure
prior to outflow to preclude vaporization in the liquid outflow line.

A summary compilation of the results of the thermal analysis using CSAM is
shown in Tables IV~16 and IV-17. These tables show for each configuration
evaluated the MLI thickness, the total steady-state heat input (with and
without the TVS operative), the TVS flowrate, the total amount of fluid vented
through the TVS, and the total helium pressurant used. Each of the 13
configurations will be discussed separately; the CFME baseline steady-state
heat leaks were presented previously in Table I-2.

Configuration 1

The chermal performance of the 0.62 m3 (22.0 ft3) methane storage and '
supply tank is presented in Figure IV-17 . The requirement for this tank was
a 180-day mission consisting of a 28-hour ground hold (in which no venting was
required), followed by a constant liquid outflow for the remaining time on
orbit. The optimum thickness of MLI for this mission and configuration was
4.7-cm (1.85'“\) .

The pressure in the tank rises rapidly until it reaches 138 KN/m2 (20
psia) even though the convection in the tank has decreased (in the model,
changes from 1.0 to 0,0001 at 28 hours) and liquid outflow has begun. The
combined effect does not greatly reduce the pressure rise rate and so heat
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exchanger 1 of the TVS is enabled when the pressure reaches the 138 KN/m

(20 pria) set point at about 6 days. The flowrate of heat exchanger 1 is
0.041 kg/hr (0.090 1b/hr), which is enough to keep the pressure rise in check
and slowly bring it down to 138 KN/m2 (20 psia). Even when the TVS is
operative, there is still a slight heat input into the tank. The pressure in
the tank drops because the outflow process from the tank itself reduces the
tank pressure and temperature enough to overcome the small heat leak.

In Figure IV-17 it is observed that only 59.0 kg (130 1b) of the total
stored quantity of 249 kg (550 lb) can be delivered as gas-free liquid at a
constant flowrate of 0.3 kg/hr (0.7 1b/hr) over the 180-day storage and supply
period. The remaining 190 kg (420 1b) is vented through the TVS to maintain
thermal control as described above. Table IV-18 shows the steady state heat
leak for this configuration. Because of the relatively large quantity of
methane vented, compared to liquid supplied, it is helpful in understanding
the thermal performance to compare this table with that for the CFME tank,
which was designed for a 7-day mission. Although the heat input through the
MLI is less for Configuration 1 due to a greater thickness and a smaller
temperature difference, the overall heat input is comparable to the CFME due
to the much larger cross-sectional area of the trunnions in the methane tank.

Table IV-18 Steady Statc Heat Leak - 0.62 nd (22 ft3)
Methane Tank - Config. 1

Conductor TVS Inoperative /S Operative
Heat Input X of Heat Input
Watts Watts/m<é Total Watts Watts/mé
(Btu/hr) | (Btu/hr £t2) (Btu/hr) |(Btu/hr ft2)
[ MLT 7.0 0.57 28 1.7 0.48
Thickness (6.8) (.18) (5.8) (0.15)
4.7=cm
(1.85-in)
Supports 3.5 0.99 49 3.1 0.88
(11.9) (.31) (10.6) (0.28)
Penetrations 1.5 0.43 20 1.3 0.37
(5.1) (.14) (4.4) (0.12)
Thermodynamic 0.2 0.06 3 6.0% 1.71%
Vent System (0.7) (0.2) (20.5)= (0.54)
(Flowrate =
0.041kg/hr)
(0.090 lbm/hr)
Total 7.2 7.0 160 0.1 0.07
X (24.6) (.65) (o.2) ( 0.01)
L

* jindicates heat flow from tank to conductor
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1f the user system only required gaseous supply, the combined heat
exchanger and liquid ou=flow rate of 0.059 kg/hr (0.13 1b/hr) could be
supplied on a continuous basis over the 180-day mission. Another way of
evaluating the thermal performance is to compare these rcsults with fluid
venting only to maintain a constant pressure of 138 KN/mZ (20 psia). If
saturated liquid is converted to saturated vapor and vented overboard, all the
liquid in the tank will be depleted in 190 days. Thus the CFME thermal
control approach provides a significant thermal advantaige; a heat input of
7.2 W (24.6 Bru/hr) and a flux of 2.0 W/m? (0.65 Btu/hr-£ft2) are
reasonably good levels for a tank this size mounted to survive the launch
environment on a Spacelab pallet.

Configuration 2

The small tank size, 0.62 m3 {22 ft3), and corresponding load of argon
precludes being able tc approach anywhere near 7-year storage and supply for
this electric propulsion application. If the entire quantity of argon were
used for venting, a heat leak as low as 0.6 W (2 Btu/hr) would be required to
obtain 7-year storage. An MLI thickness of 10.2-cm (4.0-in), considered to be
a maximum limit on insulation capability as discussed previously, was used for
this case. The heat flux through the insulation alone contributes 1.9 W (6.5
Btu/hr). When the TVS is inoperative, the major heat input is through the
trunnicns, and operation of the heat exchanger, modified to reduce the support
heat input, can only stretch the mission to about 300 days. A summary of the
heat input is listed in Table IV-19,

Table IV-19 Steady State Heat Leak - 0.62 m3 (22 ft3)
Oxygen Tank - Config. 2

Conductor TVS Inoperative TVS Operative
Heat Input % of Heat Input
Watts Watts/m< Total Watts Watts/m?
(Btu/hr) (Btu/hr £ft2) (Btu/hr) [Btu/hr f:2)
MLT
Thickness 1.9 0.55 28 1.00 0.28
10.2=cm (6.5) (0.17) (3.41) (0.089)
(4-in)
Supports 4.0 1.14 58 0.29 0.08
(13.7) (0.36) (0.99) (0.025)
Penstrations 0.9 0.26 13 0.70 0.19
(3.1) (0.08) (2.39) | (0.060)
Therwodynaaic
Vent System 0.1 0.05 1 1.97% 0.55»
(Flowrate =
0.11 kg/hr)
(.25 1b/hr) (0.3) (0.02) (6.72)1 (0.174)»
Total €. 2.0 100 0.02 0.01
(23.5) (0.63) ( 0.07) [ ( 0.003)

* indicates heat flow from tank to conductor.
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The thermal performance is presented in Figure IV-18. The pressure in the
tank rises to approximately 114 KN/m2 (16.5 psia), even though both hnat
exchangers are enabled at 103 KN/mZ (15 psia). This is primarily due to the
assumption of a 28-hour ground hold prior to lift-off. Heat erchanger 2 is
set to operate for a,period of 24 hours to aid in cool-down of penetrations
and supports. After about 2 days into the mis3ion, heat exchanger 2 is turned
off. At this point in time, 5.4 kg (12 1b) have been vented through heat
exchanger 2, and heat exchanger 1 continues to operate at an average flowrate
of 0.1" kg/hr (0.25 1b/hr). 7This mode of operation is enough to stop the rise
in pressure after about 6 days and actually causes the pressure to drop
slightly, where it remains essentiaily constant for the remainder of the
mission. Again referring to Table IV-19, the net heat leak into the fluid is
still slightly positive; the pressure drop due to expansion of the ullage upon
venting compensates for this and thus the tank pressure decreases, relatively
quickiv st first, as the percentage of ullage volume increases, then slower as
the ullage volume increases.

Because the usage requirement is for a flowrate of 0.14 Kg/hr (0.30 1b/hr)
with a 25-percer.. "on cycle", venting losses to keep the pressure nearly
constant are 0.08 Kg/hr (.175 1b/hr) average over the mission duration. This
is a total of 573 Kg (1260 1t) for thermal control.

Configuration 3

Results for the 0.62 m3 (22.0 ft3) oxygen storage tark are presented
in Figure IV-19 and Table IV-20. The optimum MLI thickness for this
configuration and a 180-day mission is small since all of the vented fluid is
utilized for gaseous supply at a constant flowrate. The baseline (CFME)
thickness of 3.2-cm (1.25-in) was used for this simulation to supply the user
requirement of 0.15 kg/hr (0.346 1b/hr), some of which is liquid supply,
converted to vapor, and the remainder vapor supp'y from the TVS. (A more
optimum design approach would be to use fewer layers of MLI, increasing the
vent rate through the TVS to match the required outflow and maintain tank
pressure nearly constant.)

The tank pressur: rises during the 28-hour ground hold but stabilizes
within + 7 KN/m2 (i psia) following launch. As the pressure rises beyoud
138 KN/m2 (20 psis), the TVS is enabled. At this point, both heat exchanger
1 and 2 are operative and the rate of gaseous plus liquid supply is slightly
greater than the user requirement. At a time of 20 days into the mission, the
pressure has stabilized around 138 KN/mZ (20 psia) and heat exchanger 2 is
turned off until the pressure rises by 0.7 KN/m2 (0.1 psi). This mode of
operation runs heat exchanger 2 intermittantly, but on the sverage the
flowrate leaving the oxygen tank is 0.15 kg/hr (0.34 1b/hr). Using a
microprocessor to control the flow through the liquid outflow valve and
deliver the required flowrate results in a thermally efficient design that
optimizes the use of fluid flowing through the TVS. Operation of the TVS in
this manner also eliminates the need for helium pressurant.

1v=50




b e

(etsd) Zm/Nx* 3UNSSAUd yuE)

aouemio3lad Nue] adeioig Amum zT) ¢® 29°0 uoBay gr-AI 2andyy

(sAeq) awi] uOLSSLK

[T

0ce 08¢ ove 002 091 oct 08 ov 0 ,
o (0) ST e R S s (0 o |
AW // SAL yBnoayy
_ N —  pamoT3Inp -
/ ssel uoBi1y T
N _ (00¥) =
06 (g1)— //Ill - 002
L{VW/
"N
/
(v1) N (008) =
/] = 1) 4 @
01 -+ —
/J _ S,
(1) 1 , ] (o0zn z
[ feag=-r-=q---|--=—- 1= A==+ -=d._ ] i ]
—f L. .. aunssaug ERAN Z r 009 -
yuej NG ! e
N 2 1 —
ott(gn) <= 0 #
- _ SAL 3U3 40 Z-XH P -\ 008 =
ybnouyjz pajusA sqi 21 - dé (=]
(1) ¢ - 7 (0002) g
02t 1 — 0001
(81) : (oov2)
w ~ 0021 .M
Om.:m_nv 7 ~ - AOQwNv :
. ] 1 A I

- 1 . : - . ] L _
SAL ybnouyy Mo[43nQ uobuay plOH PUNOUY UNOY-8Z *1TW (ui-p) uwpy 7 uotjednbrjucy

. L e e KBl
S A o .- e .

Ay




2ouBWIOII34 Mue] @3e103g (¢33 22) ¢u 79°0 uaB84x0 6T1~AI 2andyy
(sAeqg) awL] uOLSSLW

081 091 ovt 0¢1 001 08 09 oy 0 0
N N A A Ay A E B T—==71® o
< 2# 49bueydxi 3edy l....\:...l....ﬂhm.\\..(“JX\
(¥1) | ybnoayy pajuap ssey - - S s e 2o Lo, s SUEEE SHEES SRS s sl St vt V4 st
l_v =TT T A
o e ST SR g == 00¢
001 PaMO{ 43N0 I n \ {002) oo1
pinbLq L — 1
(st) |~ 30 5Sey \\V\k.\.\-.-.iil: 1 T\x,:- -1 T T T
4= [ !
. e o J”M'- _ A \ \ ..IAOO#V
o | 1~ . 00z _
M 0l (91)y ) A ) T\ \ i .niw m
3 4
m I R e N h\ -L-& N q. (009) S
< g - 0)E Q o
@ prd | ' < 7
. AN I e T T 1Y \ ot - - : R O L a >
5 ~ ! s
< 2| 14 4sbueyoxy . \ ' :
3 o021 - Jeay ybnouayy 1> e T T (o08) =
- SR el R +\ SRR i (R R s s ] Vooon) .
0€T ” I S N A N S S N
e e e R B i S S S R 1 - 1 1 005 .
(61) . _j A | |
- ——— pd e 4 (cozt)
Juej \ . ~— 94NSSadd juej « ,.
= EOLU_ e g RTINS V‘A-)\ e g AW s P TR T avta i L g L LR P SN
AONV U@)OF&K P s\\ - K T re. .\J\ ™S \lﬁ\ﬂ‘n R I// \\ - QS
opl 1 uabAxp ( _ Nop
— _muohw[]}l Fe—t o 0 S A S B R B (oot1)
L — S IL.»luiLﬁlri QQ.!_ Tl‘,,_[ﬂf . . ;h IR TN _y - ) ~ p OON
(12) 1S UI0AX) SN0a5eY “uoLssiy Aep-0gl ‘¢ uorjeundbryuo)




.
L
5
:
3
A
¢
.
l

Table IV-20 Steady State Heat Leak - 0.62 m3 (22 ft3)
Oxygen Tank -~ Config. 3

Conductor TVS Inoperative TVS Operative
Heat Input % of Heat Input
Watts Watts/mZ Total Watts Watts/mé
(Btu/hr) (Btu/hr ft2) (Btu/hr) |(Btu/hr ft2)
MLI
Thickness 2.5 0.71 32 2.2 0.62
3.2-cm
(1.25~in) (8.5) (0.23) 7.5) (0.20)
Supports 3.8 1.09 49 2.9 0.82
(13.0) (0.35) (9.9) (0.26)
Penetrations 1.1 0.31 15 0.9 0.26
(3.8) (0.10) (3.1) (0.08)
Thermodynamic
Vent System 0.3 0.09 4 5.8% 1.66%*
(Flowrate =
0.10 kg/hr)
{(0.22 1b/hr) (1.0) (0.03) (19.8)* (0.53)*
Total 7.7 2.2 100 0.2 0.04
(26.3) (0.70) ( 0.7) ( 0.01)

* indicates heat flow from tank to conductor.

Cenfiguration &4

The 0.62 m3 (22.0 f£t3) helium storage system is a unique case due to
the constraints that are imposed by the thermophysical properties. The
requirements for this system call for 74 kg (163 1b) of liquid helium to be
supplied at a constant flowrate of 0.017 kg/hr (0.038 1b/hr) over a 180-day
period. A brief review of the configuration is helpful in understanding the
performance. The tank is surrounded by 3.2-cm (1.25-in) of MLI, a VCS which
is cooled with helium through two thermodynamic vent system heat exchangers,
another 3.2-cm (1.25-in) MLI, and a second VCS. This second VCS is cooled
with hydrogen supplied from a separate tank. There is a third region of
3.2-¢m (1.25-in) MLI between the hydrogen VCS and the outer vacuum jacket.
The support system is configured to prevent a direct heat "short" from the
vacuum jacket to the helium tank.

Figure IV-20 and Table 1V-2]1 present the results for this 180-day mission
simulation, the first 28 hours of which are ground hold with no liquid
outflow., At the onset of liquid outflow, the pressure begins to drop due to
expansion of the ullage. The pressure turns back up after 20 days as the
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Table 1V-21 Steady State Heat Leak - 0.62 m3 (22 ft3)
Helium Tank ~ Coufig. &

Helium Helium
Conductor TVS Inoperative TVS Operative
Heat Input % of Heat Input .
Watts Watts/ml Total Wa 2
tts
(Btu/hr) [(Btu/hr £t2) Watts/m
(Btu/hr) | (Beu/hr f£t?)
MLI 0.024 0.007 35 0.017 0.0048
Thickness (0.082)| (0.0022) (0.058) (0.0015)
3.2-cm
(1.25-in)
Supports 0.023 0.008& 42 0.023 0.0065
(0.099)| (0.0025) (0.078) (0.0021)
Penetrations 0.012 0.004 17 0.006 0.0017
(0.041)| (0.0013) (6.320) (0.9005)
Thermodynamic
Vent System 0.004 0.001 6 0.034* 0.0096*
(Flowrate = (0.014)! (0.0003) (0.116)*| (0.0030)*
0.0023 kg/hr)
(0.05 1b/hr)
Total 0.069 0.020 100 0.012 0.0034
(0.235){ (0.0063) (0.041) (0.0011)

* indicates heat flow from tank to conductor,

initial conditions slowly develop intc a steady-state profile; the steady-
state heat input is not fully developed until after 60 days. For other
fluids, the thermal conductivity is high enough that a transient phenomenon
such as this is dissipated quickly with small perturbations in tank pressure.
However, the relatively low thermal conductivity of helium and low heat of
vaporization lead to long transition periods to establish steady state with
considerable fluctuations in pressure.

When the pressure in the tank reaches 103 KN/mZ (15 psia), the helium
TVS is activated with both heat exchangers operational. The total flowrate
through the helium TVS is 0.0023 kg/hr (0.005 1t/hr), enough to reduce the
heat input to 0.012 W (0.040 Btu/hr) and minimize the pressure rise. A total
of 8.6 kg (19 1b) of helium is vented through the helium TVS, leaving 65.3 kg
(144 1b) available for liquid supply. Assuming thit the storage system is at
steady state when the mission begins, it is conservative to estimate that the
tank pressure reaches 103 KN/m2 (15 psia) after 2-3 days. Activating the
TVS at this time required that 12 kg (26 1b) of helium be vented, leaving 62.0
kg (137 1b) for liquid supply.
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The heat leak through the hydrogen VCS into the helium VCS was (.083 W
(0.30 Btu/hr). The hydrogen heat exchanger was modelled to remove a small
amount of heat from the hydrogen VCS, a large amount from the supports (bv
designing the hydrogen to flow in an annulus arcund each support), and the
ramainder from just inside the vacuum jacket. This highly efficient design
requires a hydrcgen flowrate of 0.035 kg/hr (0.078 ib/hr), or a total of 152
kg (335 1b) of hydrogen for the 180-day mission.

Coniigurations 5 &6

The 12.5 m3 (440 ft3) argon storage system was analyzed both with and
without a vacuum jacket. Because the insulation thickness for this loung-term
storage application is determined by the 7-year operating requirement, the
vacuum-jacketed (configuration 5) and non-vacuum-jacketed (configuration 6)
argon tanks have the same insulation thickness. The 4-hour ground hold raises
the tank pressure of the non-vacuum-jacketed tank by less than 1% over the
vacuum-jacketed tank. The results clearly point out the minimal gain in
performance obtained from adding a bulkv vacuum jacket. Therefore,
Configuration 5 was not modelled separately using CSAM.

The mission for Configuration 6 requires a loaded mass of 16,287 kg
(35,906 1b) providing a flowrate of 2.54 kg/hr (5.61 1b/hr) during a 200-day
LEO-to-GEOQ transfer, followed by a flowrate of 0.14 kg/hr (0.30 1lb/hr) for 12
hours out of every 24-hour period (for stationkeeping). As previously
explained for the 0.62 m3 (22.0 £t3) argon tank, a maximum limit of
10.2-cm (4.0-in) of MLI was considered in this siudy, and was therefore used
for this system. The results of this mission simulation are presented in
Figure IV-21 and Table IV-22.

The pressure in the argon tank rises despite the liquid outflow
rate. Heet exchanger 1 of the TVS is set to operate at or above 193 KN/m2
(28 psia). It is necessary to vent 172 kg (380 1b) of argon through the TVS
to halt the pressure rise at the end of LEO~to-GEC transfer. Optimizing the
heat exchanger performance to maintain a nearly constant tank pressure during
the GEO stationkeeping requires a TVS flowrate of 0.11 kg/hr (0.25 1b/hr).
However, the average flowrate required for the 7-year stationkeeping, is only
0.07 kg/hr (0.15 1b/hr), resulting in 0.05 kg/hr (0.10 1b/hr) vented
overboard. As a result, the tank is depleted after about 1630 days or 4-1/2
years.

It is evident from Table IV-22 that a large amount of heat (53X) enters
the tank through the supports. Disconnecting some supports after transfer to
orbit would significantly extend the on-orbit stay time since the fluid vent
requirements would more nearly match the total heat input to the argon.
Improvement in support heat leak is discussed in more detail in Chapter
Vi-Technology Evaluation.
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Table IV-22 Steady State Heat Leaks - 12.5 m3 (440 ft3)
Argon rank - Config. 6

Conductor TVS Inoperative TVS Operative
Heat Input % of Heat Input
Watts Watts/ml Total Watts Watts/ml
(Btu/hr) | (Btu/hr ft2) (Btu/hr) |(Btu/hr ft2)
MLI 2.4 0.09 35 1.8 0.07
Thickness (8.2) (0.029) (6.1) (0.022)
10.2-cm
(4-in)
Supports 3.6 0.14 53 2.9 0.11
(12.3) (0.044) (9.9) (0.035)
Penetrations 0.6 0.02 9 0.3 0.01
(2.0) (0.006) (1.0) (0.003)
Thermodynamic 0.2 0.01 3 4,9% 0.19*%
Vent System (0.7) (0.003) (16.6)* (0.060)*
(Flowrate =
0.11 kg/hr)
(.25 1b/hr)
Total 6.8 0.26 100 0.14 0.001
(23.2) (0.082) (0.48) ( 0.003)

* indicates heat flow from tank to conductor.

Configuration 7

The 12.5 m3 (440 £ft3) argon tank without a vacuum jacket and designed
for compatibility with the Spacelab pallet was not modelled using CSAM. The
only difference between this configuration and configuration 6 is the support
structure. As mentioned for Configuration 6, 53 percent of the heat leak is
through the support structure. It was felt that the support structure between
the tank assembly and Lne Spacelab pallet hardpoints would yield an increased
heat leak over that of Configuration 6. The increased heat flux would come
from reduced support length available between the tank and hardpoints.
Conceptual designs of this support structure were not generated. The larger
heat flux results in a greater vent rate and a shorter mission duration.
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Configptation 8

The 12.5 m3 (440 ft3) methane storage tank corresponds to a 445 N (100
1b) thrust, 9 burn mission scenario for a Large Spac- Systems application. A
total loaded liquid mass of 4783 kg (10,545 1b) is used to accomplish the 66.7
hour LEO-to-GEO transfer. A 40-hour, on-orbit storage period was assumed
prior to the transfer. The results for this mission are presented in Figure
IV-22. Both the tank pressure history and the mass of methane in the tank are
presented as a function of mission time. The storage tank configuration for
this simulation was a vacuum-jacketed storage tank assembly, and non-vented
operation was evaluated. A tank pressure level of 124 KN/mi (18 psia) was
seleted for the burns. A 28-hour ground hold perind was assumed prior to
launch, with liquid initially loaded at 101 KN/m< (14.7 psia) saturation.
’ For this simulation, the helium pressurization was terminated just prior to
the end of each burn, resulting in a drop in tank pressure as liquid outflow
continued. For each burn, however, the partial pressure of methane remained
above the saturation pressure to preclude vaporization within the scquisition
device and outflow line of the tank. It should be noted that an NPSH less
than 7 KN/m2 (1 psia) is available after the third burn with this
operational technique at this pressure level. As indicated in the figure, a
margin of appro.imately 205 kg (450 1b) of liquid remains after the conclusion
of the last circularization burn.

Control of tank pressure by allowing the pressure to blowdown near the end
of each burn may be a difficult operational technique to follow. Because of
the relatively high thermal heat input into the storage vessel due to
structural supports and plumbing penetrations, the tank pressure rise rate is
fairly rapid. An alternate approach to blowdown pressure control is to
pressurize with helium at a preset delta pressure above the saturation level
prior to each burn. This type of operation is illustrated in Figure IV-23,
The delta pressure level for each burn is 21 KN/m? (3 psia). The
configuration and ground hold duration is the same 28 that previously used in
the Figure IV-22 simulation. For this case, however, the TVS is activated for
pressure control prior to launch and during each coast period. The vent rate
is 0.2 kg/hr (0.5 1b/hr) when the vent is activated, and the pressure is
maintained at the same level used for the preceding burn. A total of 5.5 kg
(12 1b) is vented prior to the first transfer burn to maintain pressure below
15 psia. A total of 15 kg (33 1b) is vented during transfer. Liquid margin
is therefore 21 kg (45 1b) less at depletion as compared to the previous
non-vented case. A NPSH of 21 KN/m2 (3 psia) is provided during each burn;
however, the tank pressure has risen to 290 KN/mZ (42 psia). Variations of

* these two approaches to thermal conditioning and expulsion can be defined and
further optimizations performed. In any case, the 12.5 m3 (440 ft3) tank
conceptually defined and analyzed in this study can meet the mission
requirements defined for this application. The thermal summary for this case
is presented in Table IV-23,

Configuration 9

The 12.5 m3 (440 £t3) methane tank without a vacuum jacket was not
modelled using CSAM. The optimum MLI thickness is almoet identical to that
for the vacuum-jacketed case, assuming a minimum ground hold time is possible
1 (i.e. topping just prior te lift~off). Since 89X of the heat iaput in the
‘ previous case is through the MLI and only 7% through the supports, the orbital
thermal performance for the non-vacuum-jacketed case will closely follow that
of Configuration 8.

Iv-39
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Table 1V-23 Steady State Heat Leak - 12.5 m3 (440 ft3)
Methane Tank - Config. 8

Conductor TVS Inoperative
Heat Input % of
Watts (Watts/ml) Total
(Btu/hr) (Btu/hr ft2)
ML1 58 2.2 89
' Thickness (198) (0.70)
1.2-cm
(0 .(‘7-in)
Supports 5 0.2 1
(17) (0.06)
Penetrations 1 0.1 2
(3) (0.03)
Thermodynamic 1 0.1 2
Vent System (3) ( 0.03)
(Flowrate =
0.0 kg/hr)
(0.0 lb/hr)
Total 65 2.5 100
222) (0.79)

Configuration 10

The 12.5 m3 (440 ft3) vacuum-jacketed oxygen tank is specified for a
3-hour orbital resupply function at the end of a 5-day mission. An optimum
MLI thickness of 2.0-cm (0,80-in) was determined. The results are presented
in Figure IV-24 and Table IV-24.

The tank pressure rises slowly throughout the 28-hour ground hold and the
89-hour on-orbit coast. Heat exchanger 1 of the TVS is set at 138 KN/m2 (20
psia) and is not activated since the preesure only rises to 111 KN/m2 (16.1
psie) at the end of self-pressurization. The tank pressure is increased to
124 KN/m2 (18 psia) just prior to outflow and maintained during outflow.

(The average pressure rise rate i. 0.083 KN/mZ (0.012 psi/hr); there is no
oxygen vent loss.) For this system, a total of 4.1 kg (9.0 1b) of helium
pressurant is required to accomplish the liquid outflow. A total of 86X of
the heat input is through the MLI. However, the total steady state heat leak
is only 33 W (113 Btu/hr) and therefore does not pose any significant storage
problems over the 5-day mission.

V=62
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Table IV-24 Steady State Heat Leak - 12.5 m3 (440 tt3)
Oxygen Tank (Vacuum-Jacketed) - Config. 10

" . T
Conductor TVS Inoperative
Heat Input % of
Watts Watts/md Total
(Btu/hr) |(Btu/hr ft2)
MLI
Thickness 28.3 1.1 856
2.0-cm
(0.80-in) I (96.5) (0.3%)
Supports 4.2 0.2 B 13
(14.3) (0.06)
Penetrations 0.3 0.1 <1
(1.0) ( 0.03)
Thermodynamic 0.2 0.1 <1
Vent System (6.7) (0.03)
(Flowrate =
0.0 kg/hr)
(0.0 1lb/hr) !
Total 33 1.3 100
(112.5) (0.41)

Configurarion 11

The 12.5 m3 (440 ft3) oxygen tank withcut a vacuum jacket was
evaluated for both a 28-hour ground hcld and a 4-hour ground hold. The
28-hour ground hold case would require an optimum insulation thickness greater
than practical or would result in unacceptable venting losses. The &4-hour
case was analyzed, resulting in &n optimum insulation thickness ..t 6.l-cm
(2.4-in). The results are presented in Figure IV-25 and Table IV-25.

The tank pressure rise rate during the four-hour ground hold is 5.0
KN/m2 (0.73 psi/hr). During on-orbit coast the heat leak ie quitv small,
resulting in a pressure rise rate of J.032 KN/m2 (0.0047 psi/hr). Iscause
this heating rate is small, there is no need to vent the oxygen tank for this
mitsion. The on-orbit pressure rise rate for configuration 11 is less than
for configuration 10 because the greater thickness of MLI (added to improv-
ground performance of the non-vacuum jacketed tank) results in a lower ne:
heat flux to the liquid oxygen.

The tank is pressurized with helium to 138 KN/m2 (20 psia) just prior to
outflow and maintained until depletion of liquid oxygen. The weight advantage
of the non-vacuumjacketed approach is clearly obvious. A 6061-T6 aluminum
vacuum ‘acket weight of about 450 kg (1000 1b) is muck greater than the weight
of approximately 61 kg (135 1b) of additional MLI plus 136 kg (300 1b) for the
purge bag and closeout fairings.
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Table IV-25

Steady State Heat Leak - 12.5 m3 (440 ft3)
Oxygen Tank (No Vacuum Jacket) - Config. 11

Conductor TVS Inoperative
Heat Input % of
Watts Watts/ms Total
(Btu/hr) | (Btu/hr ft2)
MLI 9.3 0.36 72
Thickness (31.7) (0.114)
6.1-cm
(2.4-1n)
Supports 3.1 0.12 23
(10.6) (0.038)
Penetrations 0.4 0.01 3
(1.4) (0.003)
Thermodynamic 0.2 0.01 2
Vent System (0.7) (0.003)
(Flowrate =
0.0 'g/hr)
(0.0 1b/hr)
Total 13 0.49 100
(44.4) (0.158)

Configpration 12

The 37.4 m3 (1320 ft3) cylxndr;cal hydrogen storage tank is modelled
with a TVS to cool the penetrat1ons under the SOFI insulation to 1ntercept the
heat leak. A 5-day mission is simulated, the final 3 hours of which are used
to outflow for resupply. To show the sensitivity to ground heat leak, a
4~hour ground hold case, and a case where topping of the tank occurs
immediately prior to liftoff, were evaluated.

The results for the 37.4 m3 (1320 ft3) cylindrical hydrogen tank with
a 4-hour ground hold and with no ground hold appear in Figures IV-26 and
IV-27, respectively. Table IV-26 gives the steady-state heat inputs for the
no-ground-hold case. The optimum MLI thickness for the cylindrical tank with
4 hours of ground hold is 5.0-cm (1.95-in). The tank pressure rises from 103
KN/mZ to 228 KN/m2 (15 to 33 psia) during the 4 hours of nitrogen-purge
prior to liftoff, despite the fact that 186 kg (410 1b) of hydrogen is vented
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at a rate of 46.6 kg/hr (103 1b/hr). During the l13~-hour on-orbit coast the
pressure only vises snother 15 KN/m? (2.2 psi), which is a pressure rise
rate of 0.13 KN/m?2 (0.019 psi/hr). A TVS {lowrate of 0.42 kg/hr (0.93
1b/hr) is utilized, resulting in 48 kg (105 1b) of hydrogen vented while
on-orbit. A total of 2211 kg (4875 1b) of liquid hydrogen is available for
transfer. A total of 26 kg (58 1b) of helium is required to accomplish the
outflow while maintaining a tank pressure of 262 KN/m2 (38 psia).

The optimum MLI thickness for the cylindrical tank with no ground hold is
1.5-cm (0.57-in). In Figure IV-27, the on-orbit tank pressure rise rate is
0.70 KN/mZ (0.10 psi/hr) with only 59 kg (130 1b) of hydrogen verted through
the TVS at a rate of 0.51 kg/hr (1l.11 1b/hr). Since the pressure is lower in
this case than in the 4-hour ground hold condition, only 22 kg (49 1b) of
helium pressurant is required for outflow to maintain a pressure of 203
KN/m2 (29.5 psia). Also, 2386 kg (5260 1b) of hvdrogen is available for
transfer, an increase of 175 kg (385 1b) over the previous case.

Table IV-26 Steady-State Heat Leak - 37.4 m3 (1320 ft3)
Cylindrical Hydrogen Tank - Config. 12

Conductor TVS Inoperative TVS Operative
Heat Input " % of Heat Input
Watts Watts/m Total Watts 2
2 Watts/m
(Btu/hr) | (Btu/hr ft<) (Btu/hr) (Btu/hr ftz)
MLI 108 2.0 64 106 2.0
Thickness (369) (0.63) (362) (0.63)
1.5-¢cm
(0.57-in)
Supports 61 1.2 36 59 1.1
(208) (0.38) (201) (0.35)
Penetrations 1 0.1 <1 1 0.1
(3) (0.03) (3) (0.03)
Thermodynamic 1 0.1 <1 45% 0.9%
Vent System (3 (0.03) (154)%| (0.29)*
(Flowrate =
0.45 kg/hr)
(1.0 lbm/hr)
Total 171 3.4 100 121 2.3
(583) (1.04) (412) (0.72)
1

* indicates heat flow from tank to conductor.
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Configuration 13

The results for the 37.4 m3 (1320 ft3) spherical hydrogen tank with
topping imnediately prior to liftoff are presented in Table IV-27 and Figure
IV-28. The optimum MLI thickness for this configuration is 1.75-cm (0.69-in),
compared to 1.5-cm (0.57-in) of MLI for the comparable cylindrical tank case
(configuration 12). The reason more MLI wes utilized for this configuration
was because it has 2 smaller surface ares, resulting in less weight of MLI per
layer. (The relative weighting of MLI reight and vented hydrogen weight was
identical to that of the cylindrical tank; i.e. each pound of MLI weight
considered equivalent to two poun- s of vented hydrogen weight.)

The tank pressure rises .o 183 KN/mZ (26.5 psia) in the 117 hours prior
to lift-off. This corre:ponds to a pressure rise rate of 0.67 KN/m2 (0.096
psi/hr), which is slightly less than the cylindrical tank with a slightly
thinner insulation blanket. The quantity of hydrogen vented through the TVS
at a rate of 0.15 kg/hr (0.33 1b/hr) results in a total of 18 kg (39 1b)
vented, which is also less than the 59 kg (130 1b) veated for the cylinrical
case.

As with the cylindrical tank, the pressure is increased to 203 KN/m2
(29.5 psia) with helium just prior to outflow and is maintained until the tank
is depleted. A total of 20 kg (44 1b) of helium pressurant is required to
accomplish outflow.

Table IV-27 Steady-State Heat Leak - 37.4 m3 (1320 ft3)
Spherical Hydrogen Tank - Config. 13

Conductor TVS Inoperative TVS Operative
Heat Input Z of Heat Input
Watts Watts/m? Total Watts watts/ml
(Btu/hr) | (Btu/hr ft2) (Btu/hr) (Btu/hv ft2)
MLI 79 1.4 94 76 1.4
Thickness (270) (0.44) (259) (0.44)
1.8-cm
(0.69"il’\)
Supports 4 0.1 5 4 0.1
(14) (0.03) (14) (0.03)
Penetrations 1 0.1 <1 1 0.1
(3) (0.03) (3) (0.03)
Thermodynamic 1 0.1 <1 17* 0.3%
Vent System (3) (0.03) (58)*| (0.10)
(Flowrate =
0.15 kg/hr)
(.33 1b/hr)
Total 85 1.7 100 64 1.3
(290) (0.53) (218) (0.40)

* indicates heat flow from tank to conductor.
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A comparison of Table IV-27 with the previous table for the cylindrical
tank reveals that the total heat leak with the TVS inoperative is 84 W (287
Btu/hr) for the spherical tank and 170 W (580 Btu/hr) for the cylindrical
tank. The largest difference between these tanks is not the MLI heat input,
but rather the support heat input. This is understandable when the supports
of the two configurations are compared, as will be discussed in Section C and
Chapter V. The cylindrical tank has supports of a much greater cross~sec-
tional area, and the average length of the supports 1s about one-third the
length of those for the spherical tank. Both of these factors greatly
increase the support heat leak.

C. Preliminary Structural Analysis

The structural analysis was primarily concerned with assuring that the
structural integrity of each storage and supply system was maintained during
transport to low-earth-orbit within the Shuttle payload bay. The specific
elements evaluated for each system were the acquisition device, pressure
vessel, vacuum jacket, and supports.

1. Liquid Acquisition Device Structural Evaluation

For the 0.62 m3 (22 ft3) tanks, the LAD designed for the CFME was
adequate to meet all performance requirements. The concept of the LAD
structure is a polar mounted design, attached to the inner pressure vessel at
two locations. One end is welded to the tank at the attachment of the outlet
tube, and the other end is restrained only in the lateral direction. The
primary elements of the LAD are the two complete fluid carrying ring
structures in mutually perpendicular planes to each other. They join at the
two main support points to the pressure vessel in a manifold structure.
Special proprietary provisions are included in the design to handle the rather
severe dynamic loads occurring during launch. Primary structural material is
annealed 321 stainless steel. Structural joints are accomplished using fusion
welding, and resistance spot and seam welding.

The random vibration environment produces inertial responses of the
structural mass plus effective fluid mass. Since structural design is an
iterative process, a value of 50 g's limit was used for the preliminary
sizing. The effective fluid loading was taken as twice the mass on the
circular cross-sectional area, with a diameter equal to the maximum width of
the structure in the direction of loading.

V=72
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The four major loading conditions considered were:

1) Torsion

2) Lateral
3) Longitudinal
4) Lgging

The configuration and support of the LAD for the larger tanks vary from
concepts used on the 0.62 m3 (22 ft3) tanks. The initial concept here is
to bolt the channels to the tank wall. The channels are bolted every 66—cm
(26-in) to meet an estimated maximum deflectior requirement of 0.25-cm
(0.10-in). Slotted holes are provided in the support flanges (Figure IV-29)
to allow for differential expansion and contraction under cryogenic
conditions. This prevents the introduction of additional stresses into the
basic channel structure.

For these larger tank sizes,the primary elements of the LAD are still the
two complete fluid carrying ring structures in mutually perpendicular planes.
Structural material and joints are similar to 0.62 m3 (22 ft3) tanks. The
random vibration environment is less severe on the larger tanks due to the
larger size and mass. The level used in preliminary sizing was 6.5 g's.

2. Pressure Vessel Sizing

The 0.62 m3 (22 ft3) tank was sized to an ultimate pressure of 3.75
times the maximum operating pressure of 414 KN/mZ (60 psia) or 1551 KN/m?
(225 psia). A factor of 2.5 was applied to the maximum operating pressure to
obtain the limit pressure load. A factor of 1.5 was then applied to limit to
obtain the ultimate pressure load. This high ultimate factor was used due to
the experimental nature of the CFME, and the fact that the storage tank
contains liquid hydrogen in the Shuttle cargo bay. The pressure vessel is
6061-T6 aluminum, with a wall thickness of 0.15-cm (0.057-in). A detailed
BOSOR 4 (Buckling of shells of Revolution - Ref 41) model was run to determine
local thickening due to bending at the supports and to inertial G loads.

The maximum operating pressure for sizing the larger pressure vessels was
414 KN/m2 (60 psia). A design factor of 1.5 was applied to obtain the
ultimate pressure. This criteria was used to determine shell thicknesses,
which are listed in Table IV-28. Aluminum alloys used for comparison were
2014-T6, 2219-T62, and 6061-T6. The thicknesses for the hemispheres that
serve as end caps for the 37.4 w3 cylindrical pressure vessel are identical
to those of the 12.5 m3 tanks since the Jiameters are the same. A suffi-
cient taper in the hemispheres of the cylindrical tank is needed to match the
additional thickness required by the cylinder.
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Table IV-28

Pressure Vessel Shell Thicknesses

Tank Size

Wall Thickness

em (in)

6061-T6

2219-T62

2014-T6

0.62 m3 (22 ft3)

0.14 (0.057)

0.10 (0.041)

0.08 (0.033)

12.5 m3 (440 f£ft3)

0.17 (0.067)

0.12 (0.048)

0.10 (0.039)

37.4 m3 (1320 fe3)
cylindrical dome
configuration |barrel

spherical

0.17 (0.067)
0.34 (0.134)

0.25 (0.097)

0.12 (0.048)
0.24 (0.096)

0.18 (0.069)

0.10 (0.039)
0.20 (0.078)

0.14 (0.056)

configuration

A simplified BOSOR 4 model was run for the 12.5 m3 (440 ft3) pressure
vessel to verify shell thicknesses. The 37.4 w3 (1320 ft3) spherical tank
is very similar, so this BOSOR run was used to verif; both tanks. Due to the
complexity of the support structure on the 37.4 m3 (1320 ft3) cylindrical
tank, a BOSOR model was not generated for this configuration. A complex BOSOR
4 model (or alternate) is needed for all the larger tanks to determine
thicknesses for areas with discontinuity stresses, weld areas with low
allowables, and local thickening where supports are attached.

Comparison of the different aluminum alloys shows the advantage of using a
2014-7T6 or a 2219-T62 alloy. Neither of these alloys is as easy to weld as
6061 but Martin Marietta has developed techniques for welding both alloys.
Alloy 2014-T6 is used in construction of large propellant tanks on the Titamn
program and 2219-T62 is being used on the Shuttle External Tank.

3. Vacuum Jacket Sizing

A finite element model (NASTRAN) of the CFME vacuum jacket structure,
including girth ring and external supporting tube, was generated. The model
consisted of about 500 node points which described the geometric
configurations of the two hemispherical pieces with connecting girth ring and
support ing tube. A total of 450 plate elements were used for the vacuum
jacket and girth ring while about 60 plate elements were used to model the
support ing tubes. All plate elements in the model were capable of carrying
in-plane forces as well as out-of-plane moments.

A factor of 1.5 was used on a collapse pressure of 101 KN/m2 (14.7 psi)
for ultimate collapse pressure. A shell wall thickness of 0.28 cm (0.11 in)
on the jacket was selected assuming spun hemispherical domes, with local

thicknesses added for support pickups and line penetrations. This provided a
design margin of +0.63.
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Vacuum jackets for the larger tanks were sized by hand analysis using the
knock down factors in the Astronautic Structures Manual (Ref 42). Table IV-29
lists vacuum jacket shell thicknesses for each tank size and the three
aluminum alloys, 6061-T6, 2215-T62 and 2014-T6. Here ultimate collapse
pressure was taken to he 1.25 times a collapse pressure of 101 KN/m2 (14.7
psi).

Nne way to reduce vacuum jacket weight for these larger tank sizes is tc
go to some type of honeycomb structure, such as au 1sogrid pattern. Potential
weight savings of this method would be about 20 percent, although this does
not represent a significant enough improvement to make the vacuum-jacketed
apprcach the preferred design.

Table IV-29 Vacuum Jacket Shell Thicknesses

Wall Thickness
cm (in)
6061-T6 2219-T62 2014-T6

[ Tank Size

0.62 m3 (22 ft3)

0.28 (0.11)

0.25 (0.10)

0.25 (0.10)

12.5 m3 (640 ft3)

0.64 (0.25)

0.61 (0.24)

0.61 (0.24)

37.4 m3 (1320 fe3d)
configuration

spherical

cylindrical dome
barrel

0.64 (0.25)
1.18 (0.47)

0.94 (0.37)

0.60 (0.24)
1.16 (0.46)

0.91 (0.36)

0.60 (0.24)
1.16 (0.46)

0.91 (0.36)

configuration

4, Structural Suppports for Larger Tanks

The material selected for the struts that attach the tank assembly to the
Orbiter supports was S-glass epoxy. This material was selected due to its low
thermal conductivity and low coefficient of expansion. The critical loading
condition on the struts was duting liftoff when the tank is subjected to -4.5,
+6.5 g in the X direction, *2.5 in the Y direction and 6.0 g in the 2
direction. These are limit load factcrs and can be applxed singly or in
combination. The struts are pin ended and are critical in compress.on. The
thermal effects due to the contents of the tanks (e.g. liquid hydrogen) were
also taken into account in analyzing the struts. Allowables for the S-glass
epoxy were generated using the SQ5 computer program.

All tanks (except for the one mounted on ti:e Spacelab pallet) were
attached to five hardpoints in rthe Shuttle cargo bay, four on the side
longerons and one (keel fitting) in the center floor of the cargo bay. All
four longeron hardpoints are capable of reacting vertical loads (Z), two can
react fore & aft loads (X) and the keel fitting hardpoint can react side loada
(Y). Reactions at these five hardpoints did not exceed the load capability of
the hardpoints. The specific sizes of each of the S-glass struts and sluminum
channel members are identified on the design sketches in Chapter V.
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V. ORBITAL STORAGE AND SUPPLY SYSTEM CONCEPTUAL DESIGN (TASK 1 UPDATE)

Following the Task II fluid dynamic, thermal and structural analysis, the
preliminary conceptual designs were updated <o reflect specific lengths,
diameters and thicknesses of the various elements that make up the tank
assemblies. We’_ht estimates were then genevated for each of the 13
configurations.

‘A, Conceptual Design Update

A sketch of the 12,5 m3 (440 ft3) vacuum-jacketed tank is shown in
Figure V-1, S-.lass epoxy support struts were used to support the storage
tank inside the vacuum jacket. The relatively severe environment during
launch, and the need to take out torsion dictated the specific arrangement of
the struts. It was also desirable to get as much length as possible for
thermal consideratiors. The 12.5 m3 (440 ft3) non-vacuum-jacketed tank
support concept is presented in Figure V-2. This tauk is attached to &n
aluminum framework by eight S-glass epoxy struts. The aluminum fiame
distributes the loads to four hardpoints on the payload bay side longerons.
The tank is attached directly to the Shuttle floor to take out side loads.

The 12.5 m3 (440 ft3) non-vacuum-jacketed tank mounted on a Siacelab
pallet is shown in Figure V-3. Attachment to the pallet is by :en struts.
With this configuration, the pallet redistributes the luads to the payload bay
hardpnints. The struts for this case are relatively long, and therefore large
in diameter and thickness to support the loaded argon tank assembly.

The 37.4 m3 (1320 ft3) cylindrical hydrogen tank, shown in Figure V-4,
is supported in a rigid framework consisting of three aluminum rings connected
to each other by struts. Loads are tranamitted to the rings through the
S-glass epoxy struts, and the rings connect to the cargo bay hardpoints. The
rings are statically indeterminate, so a8 finite element model was generated of
the rings and struts. Shears, bending moments and axial loads werec used to
size the rings,

The 37.4 n3 (1320 ft3) apherical hydrogen tank mounting approach is
shown in Figure V-5, Because there 1s very little clearance in the cargo bay
for this size spherical tank (even without a vacuum jacket), the support
members are relatively short-coupled. Twenty-four struts connect the tark to
two aluminum rings which form a rigid support structure by means of braces and
attaching beams. The rings pick up 5 cargo bay attach points, four longeron
hardpoints and 8 keel hardpoint. These rings were also analyzed uging a
finite element model.

B. Weight FEstimates

Calculated weights for each of the cryogenic storage and supply systems
are presented in Table V-1. The weights of the storage tank, acquisition
device and vacuum jacket have been incruased by 10 percent to account for
local thickening, fittings, etc. The storage tank and vacuum jacket were
assumed to be 6061-T¢ aluminum, and the acquisition device stainless steel.
The weights of the composite support trunnions and struts contain a 15 percent
allowance for local thickening, end fittings and couplings.
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The weights for the 0.62 m3 (22 ft3) oxygen and methane tanks are
close to that of the baseline CFME and reflect the minimum modifications
required to handle the added fluid mass and the increased outlet line size.
The 0.62 m3 (22 ft3) argon tank is heavier due to the thicker MLI blanket
required and the larger vacuum jacket needed to accommodate the thicker MLI.
The liquid helium tank assembly is substantially heavier than the CFME
baseline due to the added hydrogen-cooled VCS and additional MLI,

A comparison of the 12.5 m3 (440 ft3) vacuum-jacketed tanks and the
nitrogen-purged MLI (non-vacuum-jacketed) tanks shows at least a 455 kg (1000
1b) improvement for all cases, even with an estimated weight oi 80 kg (176 1b)
for a nitrogen-purge system, including purge bag, closeout fairings, and the
purge gas distribution network. This purge system weight may be reduced if a
bag arrangement can be developed to keep the insulation dry until the tank 1is
enclosed in the payload bay, the doors are closed, and the cargo bay nitrogen
purge system is activated.

The 37.4 m3 (1320 ft3) spherical hydrogen tunk is approximately 159 kg
(350 1b) lighter than the cylindrical tank, and both are significantly lighter
than a vacuum-jacketed tank construction. A vacuum jacket is not possible for
the spherical tank due to the maximum dynamic envelope available in the cargo
bay. The spherical storage vessel size is 4.14 m (13.6 ft) and the Shuttle
limitation is 4.57 m (15 ft), which is insufficient space for a vacuum jacket
and structural supports. A vacuum jacket for the cylindrical tank would
weight 1830 kg (4035 1b), which is more than a factor of 2 greater than the
current concept design. If 2014-T6 were used for the storage tank instead of
6061-T6, a weight reduction of 106 kg (233 1b) is possible for the cylindrical
tank, and 167 kg (368 1b) for the spherical tank.
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VI. TECHNOLOGY EVALUATION (TASK III)

The technology status for each cryogenic storage and supply system was
evaluated and the results are presented in Table VI-l. A summary of both
technology status and adequacy, and deficiencies, are listed in the Table.
Additional descriptions of technology status in some of these areas are
presented below and recommendations for analytical and experimental efforts
itemized in Section B.

A. Technology Status

l. Liquid Acquisition Device (LAD)

Areas of technology deficiency for the LAD include all analytical and
experimental aspects of performance with liquid helium, and adequate design
information for evaluating and designing thermal isolation of the fine-mesh
screen covered channels for all the fluids in the 12.5 m3 (440 ft3) and
37.4 m3 (1320 £t3) tanks.

In 1972 and 1973, a ground test program was conducted to verify several
LAD design techniques for use with cryogenic fluids. Several bench models
were tested in plus and minus l-g, using LN;, LOz and LHp. A 63.5~cm
(25-in) diameter LAD was successfully ground tested with LHy. Gas-free
liquid hydrogen expulsion was demonstrated under minus l-g with both GHy and
GHe pressurization (Ref 26).

Very little technology exists for application of a LAD to liquid helium.
A study of passive low-gravity storage of liquid helium looked at
applications, physical properties of helium I and II and some capillary system
design ideas. Applications identified were cooling of 1. R. telescopes,
super-conducting magnets, a maser receiver for long distance communications,
magnetometers, accelerometers and gravity wave detectors. System design ideas
in this study centered around a dual screen liner with porous plugs in place
of screen (Ref 43). Considerably more oxperimental data are needed to permit
design extrapolation of current technology to liquid helium.

2. Viscojets¥*

Viscojets are used to produce a pressure drop, and a resulting temperature
drop, in the upstream portion of the TVS tubing. The characterization of
Viscojet performance from a pressure drop (and flowrate) standpoint is not
completely understood for cryogenic fluids. Martin Marietta has conducted
Internal Research and Development (IRAD) work with liquids nitrogen, hydrogen
and argon, but this work needs to be extended to the other croyogens,
particulary liquid helium.

*Devices manufactured by the Lae Company

Vi-1



‘uotuuni) paijediriqej
Jo £3117qrdeD TRIN3IONIIG

*dwaz *041> e BIEp
andr3ey Juipniour
fsuotuunil 103 sdndey
a31sudwud jo sarqemolly

papadu saale] ¥O1Yyl jJo
3ursse3ino pue (youney

£3111qeded aurl 23ei03s

31qi0-u0 s3doedut siyl ¢sjuswasoadur
Y3ITm U3AD ‘2]qIseaj 29 Jou Asw ITW
3O (Ul-Q*#%) WI-Z°Q] JO SS3IU3ATIVAIIF

$3833 OVl BIIDTABKW UTIIEy

8utanp uotssaidwod *3°2) woxy afqeiiwvae ejep 32lo00s1p D2Ul0g
10a3u02 A31Su3ap
12de1 utl sjuswaaoaduy uo3die ur
painseaw jou jutrod 3yqqng y3noyaie
SAL 30 aduewmaojxad F-moq atqeiiear K3o1ouysay ad1Adp uotr3isinboy ay (¢33 22) €W 29°0 11
°
4
o
uotTuuniyj pajedlaqey
jo A3111qedED 1RINJIOTIIS
*duay *0Li1> je elEp
an813e3y Surpniour
‘suotuunil 103 sdnfeq
9311sodwod jo sayqemoily juawdoiaaap pue
u31sap pallelap 103 IIqBIIBAR FAWID
SAL 3o woay KBojouydoal pue s3zdaduod uldisaq
?ouewiojaad 3-mog
aueyjau
aueyjauw Yi1m u1r painseaw jou jurod aiqqnq y3noyiie
aouewzo3jiad 3afoasTp a1qeitTear A8ojouysal ad>1A2p uotriTIsInboy Mo (¢33 22) ¢4 29°0 1
$212Ud12133( sniels A3ojouydsa] pinig 2z15 Juel KioB8aje)

£10393e) waisfg A1ddng pue a8exols d1uaBolin

yoe3y 10J satduatdtryaq pue snieig L3ojouydal [-1a 21qEl




wni{ay pinbry
Yyiim (8-mo1 pue 8-3uo
yioq) souemrojaad galL

wntyay pinbry
Yata aduemxojaad 3alodsty

wni{ay pinbry 103 pryEa
21w s[oo1 1EOI3L[RUPE
paatiap Aqrestrardua

IBY3 UOIIBOTITIAA

- wnt{ay pinbry

utr ejep ad>uewiojaad puwe
ud1sap ao143p UOTIITISINbOY

wntyay pinbiy
ul 3dupwiojiad waaios
TIIAL Y2INg 00£ZXSZE

o

(1% 394) unijay pinbiy j0 s3dasuod
98v10318 aarssed 103 satpnis uBtisap
1en3daduod jo junowe pajtwry A1ug

Tyt 103 sisa3 qwil BIISTIAGY UTIIBK
woly BIEp ddurUIOjiad gAlL

3-auo pue 33l0081p pajwuwr] ¢pratys
parood-zodea Zyq 3o juaudoyaaap puw
u3183p pa[TEIIP 10J IIQRIIPAP WD
wo13 ABoyouydr23 pur sidasuod uBrsaq

M (¢33 ZZ) ¢m z9°0 Al

uotuuNl] pa3IBIIIqEJ
3o A3111qeded 1®anioniyg

*dway +*0f1> 3® e®3Ep
andtje;y Jurpnyodur
‘svotuuni) 103 sdndeg
231s0dwod jo sayqemorly

SAL 30
adouewaojiad 3-moq

uaddxo yaim
aduruto3yaad 33fod871p

judwdoyaaap puw
uZ1S3p PaTIvPIAP 10] I[QRIIRA® FUID
woxy £3o71ouyda3 pur s3dasuod uBisaq

SIN[RA PaJBRINI[E¥I WITJUOD
u3a34x0 ur sjuawainswau jutrod ayqqnq
‘21qe11RAR LBOojOUYDa] 3D1AIP uor318Inboy

20 (¢33 22) gmz9°0 111

$9TouUard13aqg

sn3els ABo1ouydal

pIntd 921§ Yump »uonouJ

(PanUTIUO)) [-IA 2(qel

N ———— At
3 . H )

VI-3




23e10318 w1a3-3u0] 10J NBA]
JE3Y uUMOp IN3 03 Hue3j Ayl
wo1j pardnodun aq uayi pue
‘sprol youne] Y3 puelsylA
ued eyl s3jzoddns Teanjonazg

82218 yuel adiae|

103 JUBWUOATAUD yduney
d(weudp 3113nys 3o 3odedut
pue ‘3uirssed3ino ‘joijuod
A3tsuap iadke] Burasprsuod
€33833UX2TY] UOTIIBRINSUT
wnuixew uo eiep ajenbapy

(s)uel wdzey

103 pajed1(dwos ai1e s3$33
jutod aiqqnq 1o MG1JINo)
3-2U0 UT INOADIYD IDTADP
uotjtsinboe 103y sanbhruydag

o

o

o

3ISIX3 jou $30p uoreInzul padand

-ud3o13tu 203 LBojouyoa], {ucizeinsul

3O SS3UNOTYl 10 3Z18 Nuel 8ie]

STYl 10J J0U INQ ‘SIBIXD UDIIPINEUTL
po8and-uniiay 103 £3oj0u0sy

A3171qeded auil a8el103s 3rqI0-UO
ojuy sajefsuell sTYyl ¢sjuadwasoadur
UITM Ul3A3 ‘a1qlsea] aq jJou Arw TN

3O (UI-~Q°y) WOI-7°*(O] JO $S3U3ATIDII;Y

A332ueIp (UI-QL) WO-g8(1
01 <N P3a3IBITIAR) UIIQ IABY SBRUBY
?31e] 103 S13UMBYD IDTA3P UOIITISTINbOy

paalosax

A11e303 30U syjue3 123aey 103 Qv
3yl jo uotlle(OosST [PWIABY] ‘I[qEIIRAR
s1 £3070u0a) 201A2p uOIITSINbOY

IV (¢33 09%) ¢w ¢° 21 A

*dwal wnyiay 3B ajeiado

pue 33[3INO Nuel 3yl 3IP
pP23EJ0] 3q UBD jeY] SIATEA

(p211nbaa jassaa
2dr101s wnI{ay 10J siaquaw
ja0ddns 3o sidaduod ultisap

3e ool y3dap-ur aiou)
fpajtwiy A1sa saanjezadwa)
wni{ay pinbry 3e

‘and13ey Buyrpnydut
‘sat1313doad s3180dwoy

[o]

0

spaau LZojouysay [ie
A313uapt 03 £13 03 3Isnl papaau st

310332 udtsap jen3daduod pajTelap 3iow y

(P3nutjuod)

3H (¢33 22) ¢w 2970 Al

S310UaId133q

¢niels A3oiouyoay

PINTd 3218 Nuwy huouounJ

(penuriuo)) 1-1IA 21qel

Vi-4



T, i

¥,

S$SaWYITY) ITq 103 3dadxa

uorsSsIW #1Yl 103
paitnbaz 3 uaze yorya ‘sassauyd1yl
uotrieynsur a3die] 3urssaippe asoyl 103

£1dde jue3 uoBay 103 sjuawmo) o 3dadxa L1ddw juey uolay X0J S3U3UMO] O o) (¢33 099) A 1A
(Me31 3eay 1303 1331w
A13uedT3TUd TS UED s11e33p
ugrsaq) *ualdofi> paioys ay3 1eacadde K3ajes g1g o3 I012d
Oo3uT B3I ITAY 32U JO aInyea 2218 STyl jo speoided [[® 103 paitnbaa
93'andd® 310w ® apraoad st sdnyd1d 1331qa0 3yl pu® sjioddns
03 S3UI] GAL TRPUIBIX3 JoO peoijded ay3 jo stsfreue speoy patdnos y o
3utinoa pue uorjeindrjyuos
JO 11833p JUITDIIIING o 883UNOTY]
118A [eJ07 3z18 1dTym ‘speoy utod
s8utsoyd pue sSuruado sateA 3110ddns 31124 03 stsi{eue pajrezap
Auew 3yl 03 anp gy ay3 uo 210u ® ur pasn aq pinoys sjapow
SJU21SURI] JIBIS JO 3I93jJy O 282yl !s39q2w[ wnnoea pue syassaa
2ansyaad 3utzis 103 391IxXa (°23°
[3uueyd ‘40S0¥ ‘NVMISVN) s1apow [einioniyg o
243l jo uor3ax pinbry
-11® 3yl ur ajqqnq agiey e P313113A 3q 3snu s3ut3jty pua
INOYITA pue YItm jauueyd ® 103 2Arsaype Zurpuoq mau v yBnoyze (P3nurjuwod)
U0 ud31228 pajIam Ino-Lip ‘siniys jaoddns a31ey ay3 ajedtaqe;
Ued 3JBYl ST2aAd] xXNn[j 3Oy O 01 8381X3 4A3070uyray ajisodwoy o ay (¢23 0%%) €W ¢* 21 A
S3TOUdIdTJaq sn3elg L3o7ouyday PINI4 9219 Nuw] L1039

S kel !

Fem o Y 2P,

(P2nUTIV0D) [-1A 31qEL

o s me va 7 e m——— - -

VIi-5



PN

3CadU0D uotyenNsuTL
ITW/140S JO @douruiojaaa
Pue A3111qUseay

Jo uotlei3suowmaq

(Mue)l

p213)del wnndea-uou 10}

12431 xn1J 383y paseaidul

ST u1aduod) rauueyd

3yl jo uo1idaax pinbry

118 34yl ur arqqnq a3ae]

B JNOYITM pue yitm jauueyd

¥ U0 u331ds p3JIam no Lip
ued Byl ST3AI[ XN[J 3123y

3ZTS >uel 2adae| syl 103
3-2u0 ut Inoxydayd 3D1A2P
uoriisinboe payieisur
103 papa3au anbruyosag

(>lea1 3eAY

1e303 1231® Ajjuedijruldis
ued syte3ap uldirsaq)
u23041> paiols ay3 ojur
qe@] Je3Y 3J3u Jo anyjea
3ajeandde aiow e Ipraoad
03 S3ul[ SAL [rUI3IIXD O
3u13noa pue uoijeanfTjyuod
3o 11®13p juaidrijzng

SAL 30 @duruixojiad B_mo7

3

pansind ag

pinoys Aeq peoidaed ar3inys ay3 uryliam
Kit1t1qeded aland ay3 pue ‘s3juauldainbaa
a3and ua3oajtu sy jo MAITAI1 ydnoaoyy
a1ow y +3daduod uolIR[NSUT ITN/14NS
Yl jo uA1sap pajrelsap aizow e Furiedazd
103 338142 3aseq AFojouyd’ajl U IdIJInse y

ustsap

1eanidniys ayl jo sitelap adueyd Leu
STyl r*[eaoidde L13jes g15 03 lotad
2218 STyl 3o specyded (e 10j pairnbaa
81 sdnyoid 1231q10 ay3 pue sizoddns
peo{ded ay3 jo stsdA{eue speoy patdnes y

S2883WNOTY] [[es [®D0]

3218 Yd1uym ‘speo] jutrod 1i0ddns K3iiaa
03 sTsA[eup pallwlap 210w e Ul paIsn

34 PINOYys 1apow 3sayl ‘s3axydel wunnoea
PUB S13SS3A 2In8$32G Jurzis 103 IsIXD
(32 “Y0sS0d ‘NVMISVN) si2pow [ean3dniig

s1sd{pue paj1eIap aizow s1y3l wiojiad o3
SISIX3 3seq ®IBP IUDIDIIJNS y °speo]
>lweudp 3yl o3 paedai y3tm Ayireyndtized
‘11e39p 123213 Ul pajeniea? 2q pinoys
321A3p uolltsInboe (eilwjutr ue jo uory:
-1odiosuy  *paystiduodde uaaq sey azis
1Yyl jo sjue3 >1ua3041> jo uotrzedtlaqey

paa1osax A1ie303 3Jou st 3aydel

unnoeA B INOYITA UBI 3ZIS STYI 103 V1]
3yl JO UOIIRIOST [PWIIY] ‘ITqE]lEAF
81 £30710uyr331 201A®p uoTITSINbOIY

H (¢33 eZE1) ¢m 9oLe 111

$S2UN2TY] I 103 3Idasxa
A1dde jue3 uoBiay 103 sjuauwo)

uotrssIw sIY3

103 paainbax 3 ,uaze ys1ym ‘sassaudd 1yl

uotljeinsut a3die] Juissaippe asoyi 103
3dasxa A1dde juz3 uoBay 103 sjusumo)

L0 (g43 09%) gm g 71 11A

S9TOUTI1]ag

snjeig A3oiouyday

pINyd 9218 Nyuey »hou&u.J

(p3nurjuo)) 1-1A 21qel

—p—

Vi-o



v o oo B

Data from our IRAD program was used to select the appropriate Viscnjets
for the CFME (Ref 44). The objective of the test program was to establish the
relationship between the twec-phase cryogenic flow rate through the Viscojet
and pertinent flow parameters, including pressure drop, outlet pressure, inlet
and outlet temperature and fluid properties. Three Viscojets were tested with
nitrogen and two of the Viscojetr were also tested with Argon. A total ¢ 151
valid data points were obtained, as follows:

Number of Number of
Viscojet Size LNy Tests LAr Tests
313,000 Lohm* 24
465,000 Lohm 47 41
700,000 Lohm 14 25

(* Manufacturer designation for flow resistance in the Viscojet. One Lohm
represents a flow of 100 gallons per minute of water at a pressure drop
of 172 KN/m2 (25 psia) and a temperature of 3000K (S40CR).

Flowrate through the Viscojet is inversely proportional to the Lohm
rating.)

The inlet pressure range varied between 138 and 414 KN/m2 (20 and 60 psia)
and the range of pressure differential across the Viscojets varied from 48 to
331 KN/m2 (7 to 48 peid).

These tests were conducted using a test setup designed to minimize e¢ffec.s
of heat leak and with provisinn to assure that 100 percent liquid was present
at the Viscojet inlet., The liquid reservoir, Viscojet and connecting piping
were mounted within a vacuum jacker, and the Viscojet test conditions were
similar to the CFME application. Data recoried included temperature in the
reservoir and at the Viscojet inlet and outlet, inlet pressure and pressuve
drop across the Viscojet, and flow rate. The test data were correlated and
the flow rate was found to be depcndent on the pressure drop, inlet and outlet
properties of the fluid, and the Reynolds number based on the minimum passage
dimension with the Viscojet. The expression found to best correlate the data

is similar to that obtained in an earlier test program, as documented in Ref. 2.

Fiow rate is specified as follows:

me P(hﬂ??

L
where m is flow rate, (1b/hr)
AP is pressure drop across the Viscojet (1bg/in?)
P is average of inlet and outlet fluid densities (1by/ft3d)

L is Viscojet Lohm rating

Vi-?
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7(Re) is a function of Reynolids Number based on volumetric average of inlet
and outlet conditions and minimum passage dimensions; F(Re) = 45.23VRe for
best data correlation. A plot of the test data showing the Reynolds number
correlations for liquid nitrogen is presented in Figure VI-1., Based upon this
data and adjusting the correlation for liquid hydrogen, Viscojets with a Lohm
rating of 950,000 were selected for the CFME design.

3. Insulation

e ——

Long duration missions require relativelv large MLI thicknesses. However, .
the MLI performance diminishes in an exponential manner as thickness
increases, for a given layer density. From the data of Stochl (Ref 34), it
appears that technology exists for predicting MLI performance for blanket
thickness up te 7.8-cm (3.1-in). Problems of layer density control and
outgassing at thicknesses greater than this are unresolved. (utgassing time
for MLI increases with increasing thickness. It is unknown at present how
much additional outgassing time will be required for thicker blankets. This
is particularly pertiuent to the nitrogen-purged MLI blankets for the argon
tanks. Current technology also appears to be inadequate for controlling MLI
sag and compression during fabrication, and in the dynamic launch cnvironment,
without decreasing tiie MLI performance. The use of a VCS to support the
insulation, including several shields for the thicker insulation blankets, is
one apprcach to structural integrity, which also offers thermal performance
advantages when ccupled with a TVS,

Ke ller (Ref 33) discusses and presents results from an experimenta’
program to measure tank installcd layer density and heat flux for double
goldized Mylar silk net insulation. An x-ray technique to measure layer
density without physically disturbing the MLI, and a needle-probe technique
were both used to determine MLY layer density. Although the needle-probe
technique disturbs the MLI layer density locally, the results obtained using
this technique show good agreement with the x-ray layer density measurements.
A technique such as this would certainly be part of any fabrication and
inspection program to verify the as-designed and as-assembled MLI thermal
performance capability,

Current technology for spray-on-foam-insularion requires that A minimum
layer of 1.3-cm (0.5-in) be irstalled ro guarantee published design
conductivity values. Elimination of tine helium purge requirement f-r
non-vacuum-jacke.ed tanks can be accomplished with 0.36-cm (0.14-in).
Additional weight reductions are possible if improvements can be made in
techniques of application. For machine applied foam, the minimum tolerance is
currently +0.64-cm (#0.25-in). For hand applied foam the minimum toleraace is
#2.5=cm (+1.0-in). Minimum SOFI application thickness is controlled by the
properties of the foam itself. Development of an alternate spray-on
insulation could allow appiication of thinner lavers. Applicstion tolerance
could be reduced through development of improved spraying technology.

vVi-8
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4, Composite Supports

The cowposite matrices defined in this study for the trunnions and support
members are identical to those being used for the CFME. A CFME test plan has
Leen prepared, recommending that mechanical property data be gathered for the
multilayer lamina material to be used in the fabrication of the trunnion and
for the laminate materials which approximate the layup configuration of the
completed trunnion. 1f the recommended CFME tests are accomplished and the
results agree with design allowables, no further composite testing would be
necessary. The composite supports should be tested in fatigue since many
appl ications will take advantage of the reflight capability of the Shuttle.
Unfortunately there exists little data predicting crossply composite fatigue
performance, especially under cryogenic conditions. When crossplied, the
failure modes of composites become a complex function of the anisotropy of the
particular layup, as well as of the constituent properties, composite quality,
and other variables.

Another technology area involves the adhesive bonding of aluminum or
titanium male fittings to the tubular composite members. In the past Crest
7343 was considered the best adhesive for these cryogenic applications. The
use of 7343 has since been discontinued because the catalyst is on the list of
carcinogenic materials issued by the government. Adhesive 810AB is a rela-
tively new alternative to 7343. This resin system is recommended because of
1ts reported cxcellent lap shear properties over a wide range of temperatures,
with maximum strength at cryogenic temperatures (Table VI-2). Because of the
lack of experience with this adhesive, and the lack of published mechanical
properties data for S- and E-glass-to-aluminum, utilizing 810AB adhesive, it
is recommended that lap shear tests be performed in tension and compression.
In order to simulate the service temperature expected of the adhesive, these
tests should be pertormed at 3670K (660°R), 294°K (5300R), 780K (140°R)
and 200K (360R). The support members, fabricated with end fittings,
should be tested to failure in tension and compression at room temperature.

Table VI-2
Mechanical Properties Crest 810 AB Adhesive
(from Crest Products Bulletin)

Tensile Shear (Aluminum-to-Aluminum)
Cure Cycle Test Temperature Shear Strength
L at 2970K (5370R) kPa Psi
24 hours 2970K (5350R) 3930 570
24 hours 1930K (348°R) 32269 4680
48 hours 2970K (S359R) 7929 1150
72 hours 2970K (5350R) 10618 1540
72 hours 1930K (3480R) 34475 5000
7 days 2970K (535°R) 11308 1040
7 days 789K (1400R) 48817 7080
| 7 days 3730K (6720R) 2758 400
vi-10
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5. Valves

The types of valves required by the various systems are ON/OFF valves
controlled electrically or pneumatically, aud relief-type valves that are
controlled by the pressure sensed internally by the valve. Size requirements
range from 6.4-mm (0.25-in) diameter to 115-mm (4.5-in) diameter, the largest
size required for the Category VII liquid oxygen tank abort flowrate.

It is felt that adequate technology exists for all valves except the
liquid helium valves for the Category IV system, This is nor to imply that
valves are available off the shelf, but rather that the technology exists to
fabricate these valves with a minimal degree of uncertainty that major
technical problems would surface. The basic problems with liquid helium
valves relate to the extreme low temperature, and the very low heat of
vaporization of liquid helium. The extremely low temperature causes problems
with materials of construction and solenoid coils. The low heat of
vaporization requires sophisticated designs to reduce heat leak into the
liquid from conduction along tubing, the environment and solenoid coils.

The difficulty in obtaining relief valves for these systems is the
requirement of a low cracking pressure at very low temperature combined with
low allowable leakage. This requirement has been met in the past with
complex, expensive relief valves.

6. Burst Discs

Although some difficult problems are presented to the burst disc designer,
it is felt that adequate technology exists for their development except in the
case of liquid helium. The most difficult design problem likely to occur for
these systems is the requirement for low burst pressure with a small pressure
margin above operating pressure, coupled with a wide temperature range.

7. Instrumentation

There are two areas of technology regarding instrumentation; cryogenic
mass flow metering devices, and zero-g propellant mass gaging. Neither of
these was directly addressed as part of this study but further worl in
developing this capability is required. Both of these areas are being
addressed as part of the development of the CFME and associated low—g fluid
transfer technology programs.

B. Recommendations

The following analytical and experimental activities are recommended
to develop the required technology:

1. The CFME program should be continued as expeditiously as possible
to obtain general Jesign data and performance capability of the
integrated liquid acquisition device/thermodynamic vent system in the
low-g

Vi-11
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on-orbit environment. For many of the fluid dynamic, thermal and
stiuctural aspects of on-orbit storage and supply, liquid hydrogen
represents a worst-case design and performance situation; information
from the CFME flights will provide a significant data base for
extrapolation to the other fluids of this study, except for liquid
helium. The CFME trunnion support concept will also be proved,
lending credence to its use for tank sizes in the 0.62 m3 (22 ft3)
range.

2. Long-term storage of cryogens in large tanks should be addressed
in gr-ater detail by performing a preliminary detailed design of a
total storage and supply system, including the user system, storage
tankage, structural suppports and ancillary equipment. For example,
a design study looking at the integration of an argon storage tank
with an electric propuision subsystem would provide weaningful data
on overall thermal performance, packaging, size, weight, and mission
life capability for all of the large tank sizes and fluids of this
study. An argon storage tank for a long crbital life presents
several difficult design problems identified and briefly evaluated in
this study: namely, structural support of a large. dense mass within
the payload bay, and insulation and structural support thermal
designs for extended (up to 7-year) storage.

A more detailed look at the support struts should be made,
including possible methods for uncoupling following launch to reduce
heat input to the inner vessel. It is believed that some weight
reductions to the aluminum ring and truss frames, and the composite
struts, can be obtained as the result ¢f a more detailed design and
analytical evaluation. Detailed BOSOR runs should be made of those
areas of the tank shell which are beefed-up for attachment of the
struts. These local areas cf increased thickness add significant
weight to shells of this size. At least a portion of the support
channels and truss network in reality would be part of a spacecraft
or platform structure to which other system elements and components
can also be supported. Assigning the large weight penalty of this
support structure only to the tank assembly improperly penalizes the
liquid storage system in those cases where a basic strt  ral
framework holds together the entire payload package.

Since the argon application has a long-life storage requirement,
a more detailed design will address the specifics of a large thick-
ness of nitrogen-purged or helium-purged insulation. This would
include details of how layer density cortrol during fabrication and
launch can be maintained, and details of a purge system, if required,
including the purge bag, closeout fairings, and the purge gas
distribution network.

J. Further analytical and experimental work is recommended in low-g
convection, boiling and heat trensfer; specifically, analytical and
experimental efforts are needed vo characterize low-g external and
internal TVS performance for different fluids. The relative compar=-
ison should be made for a representative long-duration mission,

Vi-12



assuming the same sizes, environments cnd operational requirements.
This study did not address an internal TVS configuration, but the
attractiveness of such a system should be compared to that of an
external system, particularly regarding pressure control of large
volume, non-vacuum-jacketed tank configurations, with large localized
heat inputs. The key technology evaluation would include the
capability of the internal TVS to control temperature stratification,
and the capability of the external TVS to significantly reduce the
heat flux into the liquid. A combination of these two may be the
preferred approach for large tanks requiring efficient thermal
control for long-term storage.

4, The performance characterization of Viscojets for use with all
the cryogens should be accomplished. This should include combining
the Viscojet, heat exchanger and/or manitold arrangement that
surrounds a penetration or support, and flow control valves.

5. Additional development and demonstration is recommended to
ascertain the capability of the acquisition device to cope with
environmental effects, i.e. vibration, pulsed flow (transients),
shock and thermal inputs.

6. An analytical and experimental program should be pursued to
confirm attractiveness of nitrogen-purged MLI for use in the Shuttle
bay, and SOFl/nitrogen-purged MLI combination for hydrogen storage in
the Shuttle. The experimental effort would include both calorimetric
tests in a laboratory environment and large scale tank tests in a
vacuum chamber.

7. The following component technology should be pursued:

a. Flight-weight liquid helium valves which introduce a
minimum of heat into the helium from either the environment
or internal solenoid coils.

b. Relief valves with relieving pressures of 34 - 103 KN/m2
(5-15 psi) and maximum leak rates of 1 x 1076 scc/sec
which are operable from 209K to 2930K (36°R to
5280R).

¢. Burst discs for use in liquid helium systems.

d. A propellant mass guage for low-g cryogenic usage. A
nucleonic gauge has been developed which appears attractive
for space usage, but it is not flight-proven for cryogenic
applications. Other approaches should be pursued to get
gauging accuracy in low-g to within 1-2 percent.

e. A liquid cryogen flowmeter for usage in low-g, qualified
for Shuttle-desiyned payloads.

Vi-13
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VII. CONCLUSIONS

Cryogenic storage and supply systems were conceptually designed using the
Cryogenic Fluid Mangement Experiment as a system baseline configuration with
appropriate changes identified to satisfy the mission and operational require-
ments. Mianimum modifications were required for the 0.62 m3 (22 ft3) tanks
except for liquid helium. The only changes were increased diameter and thick-
ness of the trunnions which support the inner pressure vessel, an increased
outlet line size to handle the abort flowrate requirement, and increased MLI
thickness for the methane and argon cases due to much longer mission time
requirements. The 0.62 m3 (22 ft3) helium storage and supply system re-
quired substantial modifications to the basic configuration due to the very
low temperature and low heat of vaporization. A conceptual design was select-
ed which contained an outer hydrogen-cooled shield to control heat input into
the inner storage assembly. The thermodynamic vent system was reconfigured
with a separate Viscojet and heat exchanger manifold for heat interception at
each trunnion support location.

The vacuum-jacketed tanks for the larger sizes were found not to be weight
competitive with conceptual designs using helium-purged MLI and nitrogen-
purged MLI with a layer of spray-on-foam insulation (SOFI) underneath. The
MLI/SOFI combination appears attractive for liquid hydrogen application, and
may be useful for other cryogens depending on mission and ground-hold require-
ments, which will dictate specific configurations. The desire for commonality
to handle other cryogens with a single design influenced the decision to size
the 12.5 m3 (440 ft3) tanks and supporting structure for liquid argon, due
to its rather substantial mass. This resulted in an overdesigned situation for
oxygen and methane, with excessive weight and heat leak due to the substantial

structural supports required to handle the dynamic loads in the payload bay at
launch.

Long-duration missions (on the order of years) with liquid supply require-
ments need additional development of insulation and structural supports. De-
velopment of support mechanisms that can withstand the launch loads and then
be uncoupled from the storage vessels offer the advantage of extended life
traded against added complexity. For long missions with the requirement of
low pressure gas supply at low flow rates, an external TVS is a good approach,
since the user system can be supplied with vent fluid through the heat ex
changer line. This thermodynamic vent system design is particularly attrac-
tive if the user requirements correspond to near optimum conditions where the
gaseous supply rate matches the withdrawal rate needed to maintain constant
tank pressure.

A total communication liquid acquisition device was found to be suitable
for the missions defined in the study. Thermal isolation of the device is a
design problem for the large tank sizes, but this can be managed by judicious
routing and thermal coupling of the TVS to control localized heating.
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APPENDIX A
CSAM Description

The Cryogenic Storage Analysis Model (CSAM), is ajplicable to
the analysis of cryogenic systems of varied configurations and
features. It includes a transient heat transfer network analysis,
internal tank fluid thermodynamics and a heat exchanger routine
simulating a thermodynamic vent system. User-oriented input routines
provide flexibility in problem setup, and configurations are
completely determined from input data. Events and boundary
conditions are programmable, permitting simulation of an entire
nission with a single input,

A cryogenic storage or transfer system is defined by
conductor/node networks. Nodes are identified with alphanumeric
names, and conductor connections are defined by specifying the names
of nodes to be connected. Descriptive node names can be used; this
feature not only eliminates manual table setup, but also simplifies
interpretation of result printouts. Liquid and gas contained in a
pressure vessel are similarly uescribed by nodes and conductors. A
convective conductor between liquid and gas is automatically
converted into the proper parameters for calculation of heat and mass
transfer across the liquid-gas interface. Within the tank both
liquid and gas can be represented by one or more nodes each. Since
the program assumes no orientation beyond that described by input,
arbitrary liquid-gas configurations can be represented, including gas
surrounded by liquid in a zero-g environment.

Heat exchangers are also described by node conductor input
parameters, representing the heat exchanger tube segments and thermal
connections to the elements to be cooled. Nodes representing the
fluid in the heat exchanger tube and conductors describing heat
transfer from fluid to tube wall are automatically set up. Multiple
heat exchangers can be described and each can have any (practical)
number of segments. One of the liquid nodes in the tank is
designated as the supply of fluid for the thermodynamic vent heat
exchangers.

The transient heat transfer analysis is accomplished numerically
using an exponential method of solution of the equation,

m;CidT; /dt =) Q;
where

dT;/dt = the time rate of change of temperature of node i

my *= mags of node i
Ci = the specific heat of node i
Qi = the net rate of heat flow into node i
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This method assures stability and generally permits large time
steps with acceptable loss of accuracy. Temperatures of neighboring
nodes are projected for the current calculation from the past three time
steps. The time step is periodically adjusted between input-specified
limits on the basis of the maximum temperature change of any node to
maintain accuracy while minimizing computer usage.

Thermal conductivity as a function of temperature is incorporated
in the program for a large numoer of materials normally encountered in
cryogenic systems, including metals, nonmetals, composites and fluids.
These properties are in the form of polynomial curve fits and the
effective thermal conductivity of any cornductor is calculated as a
function of erd point temperatures as

T
2

Keff = T——-}_'—'.i.—' f K(T)dT
2 1 T

1

Koff = effective thermal conductivity

K(T) = thermal conductivity as a function of temperature

Ty,T7 = temperature at end points

Tnput data required to describe conductors therefore consist of the

"from-to" node descriptors, a code indicating the type of conductor and
the physical parameters, i.,e., cross-sectional area and length. Heat
flux is calculated from the basic equation

Qj+j = c(T{ - Tj)
where
Qj = j = heat transfer from node i to node j

T; and Tj = the end point temperatures

C = the conductance, calculated as

A = the effective cross-sectional area of the conductor

X = conductor length

Keff = the effective thermal conductivity



For free convection within the storage vessel, heat transfer is
computed from a Grashoff-Prandtl product (Rayleigh number) correlation

3 2 m
Q.=a2k|1 L 554T Cpw (T. - T.)
1) L /“2 K i b}

where

A = heat trsnsfer area (such as tank wall area)
a = coefficient defined below

m = exponent defined below

K = thermal conductivity of fluid

L = characteristic length

/9- fluid density

g = acceleration or gravity

ﬂ- coefficient of thermal expansion of fluid
T = temperature difference (T; - T;)

Cp = specific heat of fluid

M= fluid viscosity

T{,T; = temperatures of nodes i, j

The factors a and m are taken from such published data as The
Chemical Engineers Handbook, Fifth Edition. The value of (a) ranges
from 0.13 to 1.36 and (m) varies from 0.2 to 0.333, depending on
configuration and the Rayleigh number (the quantity in the above
equation that is taken to the a power). In this correlation, heat
transfer goes to zero for a zero-gravity environment. Provision is made
in the program to limit the Rayleigh number to a minimum value of 1,
resulting in pure conduction for that case.

In the case of radiation, the product of area and gray-body view
factor describes the conductor characteristics and the equivalent linear
conductor is found by
= .2 . .
Ceq = AF @ (T3¢ + T3 (Ti + T5)
where

Ceq = equivalent conductor for use in the hcat transfer network
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AF = effective product of area and view factor
& = Stefan-Boltzman constant

For nodes, the parameter of interest is the thermal mass, or the
product of mass and specific heat. Therefore the input data for each
node is initial temperature, mass and designator to specify the material
type. Specific heat values for material are built into the program, and
are calculated from curve fits as a function of current node
temperature. The thermal conductivity and specific heat data are
contained in a single subroutine and additional material properties can
be easily added without disruption of other program routines.

The determination of tank pressure depends on all other parameters,
and is a primary result (as are temperature distributions) of system
simulation using the CSAM program. Other output data include heat flux
for all conductors, mass and makeup of the ullage, ullage volume, liquid
mass, heat and mass transfer at the liquid-gas interface and heat
exchanger parameters.

The complexity involved in simulation of the internal tank thermal
and thermodynamic processes of the liquid and ullage within the
containment vessel is illustrated in Figure A-1. The CSAM program
determines tank pressure, mass transfer and temperature distributions,
considering all of the factors shown, for either a vapor-pressurized
tank or for the case when the ullage contains both vapor and helium as a
pressurant, The ullage and liquid can each be represented by one or
more nodes, permitting more detailed analysis of temperature
distributions,

At the heart of this analysis is the heat and mass transfer at the
liquid-gas interface. For the single specie ullage case, the liquid-gas
interface temperature is determined by tank pressure (i.e., the interface
is at the saturated state), Heat transfer will occur to and/or from the
interface due to temperature differences between the interface and the
adjacent liquid and gas. Any excess of heat at the interface will
result in evaporation of liquid and any deficiency in the heat transfer
will cause condensation of vapor according to

QG Ty

ev

where
m = rate of evaporation, if positive, or condensation, if negative

Qc1 = rate of heat transfer from the bulk gas to the interface

QL = rate of heat transfer from the interface to the bulk liquid

Hey = heat of vaporization
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where

Ag = surface area

Ugs » a constant for convective heat transfer
5; = diffusion coefficient

Pfc = tank pressure

M, = molecular weight of vapor

Dy o tank diameter

TGr = temperature of film at interface

R, = yriversal gas constant

PyL = vapor pressure at interface temperature

Pyc = partial pressure of vapor

Pcr = density of gas near interface

‘ﬁ%p = coefficient of thermal expansion

a = acceleration

Al = temperature difference

Agp = viscosity of film near interface

The CSAM program uses a numerical iteration routine that solves a
simplified version of the above equation. This routine was taken from
our pressurization model (computer program ODO41), which has been
successfully used to correlate test data for tankage systems using a
noncondensible pressurant.

In the calculation of tank thermodynamic and thermai processes,
some 25 propurties of fluids are required (for the two specie ullage
case). These properties are calculated in three subprograms, one for
the stored fluid, one for the noncondensible pressurant, and one for
determining the properties of the two component ullage as . .nctions of
temperature, pressure and mass fraction of pressurant gas in the
mixture. The latter is indepep:z at of the fluids being used, calling on
the first two for the single specie propsrties. ZCurrent capabilities
include helium as the pressurant, and the following fluida as the storad
cryogen:

1) Hydrogen; 4) Methane;

2) Nitrogen; S) Argon;

3) Oxygen; 6) Helium.
A-§



The data are in the form of polynomial curve fits with reai number
exponents that vary with temperature and pressure. The data base
includes the following properties:

Saturation temperature, Tg(p);

Specific heat at constant pressure and volume for both liquid and
vapor, Cp(T), Cv(T);

Heat of vaporization, hy,,(p),

Enthalpy of liquid, hj(p,T);

Enthalpy of saturated liquid, hg(P);

Enthalpy of saturated vapor, h,,(P);

Enthalpy of vapor. hy(T), gy(P,T);

Compressibility factor, Z(P,T);

Density of vapor, p(P,Z,T);

Viscosity of superheated vapor and subcooled liquid,ﬂ(P,T);

Prandtl No. of vapor and liquid, Pr(P,T);

Therwal conducrivity of vapor and liquid, k(P,T);

Thermal conductivity of saturated liquid, kg1(T);

Grashof-Prandtl product for superheated vapor and subcooled liquid,
(Pr)(cr).

All functions of P and T generated for the data base use the form

1

F(P,T) = £(P)_ g(T) ——Fo——
T P ro(po, ro)

where F, is the value for a given property at a pressure and

temperature typical for the phase of the substance, and which is chosen
to yield the most accurate representation. The range of data for which
the equations are valid is from the triple point to the critical peint.
In some instances a particular property, such as vapor enthalpy is
figured for pressure and temperature over a wide range, but is wmodified
for greater accuracy to be dependent only on temperature over & narrower
range.

Mission events and bouadary conditions that <an be specified as
functions of time include:

1)  Set point pressure for thermodynamic vent system(s);
2) Set point pressuve for direct gas vent;

3) Rate of liquid inflow and/or outflow;

4) Set point pressure for tank pressurization;

5) Gravity;

) Temperature of external flux to/from toundery nodes.




In the thermodynamic vent, liquid is withdrawn from the tank where
pressure reduction or control is required. This liquid flows through a
flow-restricting device into a heat exchanger. The flow restrictor
(along with the low-pressure siak of space) results in an in“ernai heat
2xchanger pressure substantially Lelow tank pressure., When the vent
liquid undergoes a reductior in pressure, part cf the liquid vaporizes
and the two-phase mixture goes to the saturation temperature
corresponding to the new pressure. At this point, the vent fluié is
capable of absorbing heat from the tank contents (liquid and/or gas) as
the fluid becomes totally vaporized and the vapor temperature increases
to approach the temperature ~f the fluids being cooled. Therefore the
hea exchanger is designed co utilize this refrigeration capability.
Tank pressure is controlled by several processes; namely reduction of
liquid volume, condensation of vapor at the liquid-gas interface and
pressure reduction by lowering gas temperature at either constant or
decreasing density. Having achieved these results, the vent vapor is
capable of absorbing additional heat, and an optimal system may use this
additional refrigerant capacity to intercept heat i:. the major heat leak
paths such as tank insulation, supports and pipiang.

The CSAM computer program orovides the capadbility for simulation of
the thermodynamic vent syscem described above. Oae or more tubular hea’
exchangers can he configured. Each is sepsrately controlled, and each
can be arbitrarily routed to intercept heat from desired node points

using any practical number of segments wiih various lengths. Heat
transfer to the tube walls from the nodes heing cooled is calculated in

the basic heat transfer section of the program. Heat transfer {rom the
fluid to the tube wall and datermination of the thermodynamic state of
the fluid is handled in a separate heat exchanger routine. The logic of
tnis routine is shown in Figure A-2.

Trhe inlet fluid quality is calculated from the assumption that iue
inlet flui. .- all liquid at T = T, gna that enthalpy remains constant
through * « .- :1re reduction prociss. It is assumed that both liquid
and vapc s i< discharge of the pressure reducing device are at the
saturation temperature corresponding to the reduced pressure. The
discharge quality is taerefore found from

LN

2 Hgy, - H,

vhere

X

X; = quality
B 1 = enthalpy of liquid at entrance to device
Hy 2 = enthalpy of saturated liquid leaving device

Hgyz = enthalpy of saturated vapor ieaving device
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Uther assumptions that have been incorporated in the heat exchanger
analysis are: (1) the pressur2 remains constant throughout the length
of the heat exchangcr, and (2) the temperature of vapor and liquid
remain constant throughout the two-phase region (i.e., until the point
where all liquid has been vaporized). In system simulations we have
done in the past, the assumption of constant pressure, when compared
with predicted pressure drop in the heat exchanger, results in
negligible error. In fact, for such a system, internal heat exchanger
pressure must be regulated by a backpressure-regulating device near the
outlet and the requirement for optimal heat transfer tends to size the
tube large compared to the fluid flow rate. However, the validity of
this assumption is always checked and, if required, pressure loss in the
system is calculated.

Heat transfer from the heat exchange fluid to the internal tube

wall depends on the appropriate film heat transfer coefficient. For
single-phase gas flow, the correlation given by Lauer* is

hf = 0.0243 % (1—);‘!1?)0.8 (-:-Ef)o.a

where

h¢ = film heat transfer coefficient
K = thermal conductivity of gas

D = internal diameter of tube

V = velocity in the tube

9
Ui

density of gas
A= viscosity
Cp = specific heat of gas at constant pressure

For the two-phase flow before the point where all liquid has
vaporized, many correlations are presented in the literature. Our
analysis indictes that fluid flow in this region in a low gravity
environment will be dominated by capillary forces. In addition,
velocities will be small as will heat flux. We are presently using the
correlation suggested by Dougall and Rohsenow** (similar to that given
above) as

Taw

* B, E. Lauer: 'How to Evaluate Film Coefficients for Heat-Transfer
Calculations". Reprinted from the Oil and .as Journal, 1953.

** R, S, Dougall and W. M. Rohsenow: Film Boiling on the Inside of
P Vertical Tubes with Vertical Flow of the Fluid at Low Qualities, MIT
z‘ Report 9079-26, 1963,
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0.8 0.4
_ 0.023 kv (ﬁg_rf Q Qv) (va &v)

Y D A, A Kv

where

Q1, Qu = volumetric f'ow rates of liquid and vapor, respectively

. A = tube internal cross-sectional area and the other parameters are as
previously given, the subscript v denoting that the parameter is
evaluated for saturated vapor.
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BP
CFME
CSAM
DACS
GEO
HX1
HX2
ICD
LAD
LEO
LeRC
LF
MLI
OMS
o1v
PSD
RCS
RTLS
SOF1
SPAH
5Q5
STS
TVS
VCS
vJ

APPENDIX B

ACRONYMNS

Bubble Point

Cryogenic Fluid Management Experiment
Cryogenic Storage Analysis Model
Data Acquisition and Control System
Geosynchronous Orbit

Heat Exchanger 1

Heat Exchanger 2

Interface Control Document

Liquid Acquisition Device

Low Earth Orbit

Lewis Rescarch Center

Load Factor

Multilayer Insulation

Orbital Maneuvering System

Orbit Transfer Vehicle

Power Spectral Density, g2/Hz
Reaction Control System

Return to Launch Site
Spray-On-Foam-Insulation

Spacelab Payload Accommodations Handbook

Composites Computer Program
Space Transportation System
Thermodynamic Vent System
Vapor-cooled Shield

Vacuum Jacket
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