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In addition, Mr. M. H. Blatt of Science Applications, Inc., provided the receiver tank

modeling analyses, including the discussions of the transfer processes and scaling analysis.

Mr. Blatt provided design information for the helium diffuser, start basket and tapered

vent tube.

All data is presented in the International Systems of Units as primary units with English":

units as the secondary system.
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1.0 INTRODUCTION

This report presents the work performed under NASA Contract NAS 3-22260 entitled,

"Conceptual Design of an In-Space Cryogenic Fluid Management Facility." The purpose of

this study is the development of a conceptual design for a Spacelab low-g facility which

would demonstrate the technology required for cryogenic propellant management. The

facility consists of a supply tank, receiver tank, pressurization system, instrumentation

and supportin~ hardware (i.e., lines, valves and support structures) mounted on a single

Spacelab pallet. Figure I-I shows the Cryogenic Fluid Management Facility (CFMF)

mounted in the Space Shuttle payload bay. Three missions will be flown with different

facility configurations. The supply tank will contain a liquid acquisition system; the third

mission receiver tank will be equipped with a start basket. The facility is launched with

the supply tank filled with liquid hydrogen (LH2) and the receiver tank empty. In orbit,

experiments will be conducted to evaluate liquid expulsion, mass gauging, liquid transfer,

receiver tank cooldown and fill, and start basket performance.

The study is divided into three ta~ks:

I. Preparation of a preliminary facility definition.

2. Development of the conceptual design for the facility.

3. Preparation of a facility development plan.

These tasks contain the conceptual design of the In-Space CFMF, an analysis of the

transfer processes, and structural and thermal analyses of the receiver tank. Instru­

mentation requirements, with regard to type and location, are included in this report.

Ground support equipment, required to load the In-Space CFMF, is also discussed.

General layout drawings and flow schematics were prepared for each phase of the facility.

In addition, this report contains cost and schedule estimates for the development of the

In-Space CFMF.

1.1 SCope. The scope of this study was to provide a conceptual design and

development plan for a Spacelab facility which would demonstrate low-g transfer of

cryo~enic liquids. Based upon the conceptual design presented in this report, budgetary

and planning (B&:P) estimates for the facility were made. The desi~n of the facility was

to be suitable for a minimum of three missions with experimental objectives identified for

each mission. The utilization of published low-gravity transfer analyses and techniques

were emphasized.

I



CRYOGENIC FLUID
MANAGEMENT FACILITY

SPACELAB PALLET

SPACELAB HABITABLE .
MODULE

Figure 1-1 CRYOGENIC FLUID MANAGEMENT FACILITY



1.2 Ground Rules. The supply tank to be used in the CFMF is the LH2 tank

developed for the Cryo~enic Fluid Management Experiment (CFME) Program. This tank is

currently undergoing final design, and therefore, was not analyzed as part of this study.

In addition, the de~ign of the CFMF was to utilize as much hardware from the CFME

Program as possible. CFME helium pressurization bottles and supply tank support system

were to be used. The CFME Data Acquisition and Control System and data recorder were

examined to determine their suitability for the entire facility.

The receiver tank selected for modeling was a Personnel Orbital Transfer Vehicle (POTV)

liquid hydrogen tank. Selection of this tank resulted from a review of low-g liquid

transfer literature which identified the POTV as the most likely near-term application of

liquid cryogen transfer technology.

1.3 Study Results. The conceptual design of an In-Space Cryogenic Fluid

Management Facility was defined. The hardware development items and the payload

requirement unknowns for the CFMF were identified. This facility will be capable of

demonstrating on-orbit cryogenic liquid transfer and the specific technologies associated

with low gravity propellant management. The design, development, testing, fabrication

and operation of the CFMF will require a span time of approximately seven years. The

overall program cost will be $7.5M (in December 1980 dollars).
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2.0 . PRELIMINARY FACILITY DEFINITION

The preliminary facility definition was based upon demonstrating the technology required

for low-g cryogenic propellant management. The experimental objectives of the facility

were defined and a literature review was conducted to determine the receiver tank to be

modeled. The ~eometric, thermal and structural constraints imposed on the facility by

the Space Shuttle, the Spacelab pallet and the Cryogenic Facility Management Experi­

ment (CFME) supply tank determined the extent to which the receiver tank could be

modeled. Potential receiver tank models were selected based on these facility design

constraints. Determination as to whether the data obtained from the experiment could be

scaled to the full-scale Personnel Orbital Transfer Vehicle (POTV) tank required a scaling

analysis of the transfer processes.

2.1 Experimental Approach and Objectives. A two-phase approach was utilized

in the preliminary facility definition. This was to maximize the technical benefit to be

gained and to provide a more cost effective hardware development program. The phased

. approach is the separation of the technologies associated with propellant transfer: (1)

supply tank storage, liquid acquisition and transfer line chilldown; (2) receiver tank

, chilldown, fill and liquid acquisition.

Phase I. Phase I will consist of a single mission and will focus on the technologies

associated with the supply tank liquid expulsion and transfer line and receiver tank

cooldown. The performance characteristics of the supply tank will be determined. In

particular, performance of the capillary device and Thermodynamic Vent System (TVS)

will be assessed. The facility hardware for this phase will consist of the supply tank, the

transfer line, a bare receiver tank (i.e., no internal hardware) and instrumentation

required to provide tank quantity and tank outflow quality and density measurements.

Phase II. Phase II will consist of two missions and will deal primarily with the receiver

tank technology associated with cooldown and fill. The first mission will utilize a bare

receiver tank and will demonstrate a receiver tank no-vent fill following cooldown. The

second mission will utilize a fully configured receiver tank (with a start basket). This

mission will demonstrate the initial filling, liquid expulsion and refill capabilities of the

start basket.
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ExperimentalObjectives. The experimental objectives for each phase of the facility were

determined to maximize the data obtained and provide an attractive technical benefit-to­

cost ratio.

Experimental Objectives, Phase I. Table 2-1 lists the primary and secondary objectives for

Phase I. Several of the secondary objectives are concerned with the helium pressurization

system and its impact on the supply tank (e.g., the effect of ambient helium on the

capillary device retention capability and supply tank thermodynamics). Demonstration of

low-g quality/density measurement is a critical objective of Phase I in that this

instrumentation is required for the following two missions. Capillary device behavior

during transient outflow is significant due to the need for pulsed outflow during receiver

tank cooldown.

TABLE 2-1 PHASE I FACILITY OBJECTIVES

Mission Hardware Primary Secondary

1 Supply Tank, o Evaluate Performance of o Demonstrate supply tank
Transfer Line Supply Tank Channel TVS.
and 8are Screen Liquid Acquisition
Receiver Tank Device for Cryo~enic o Evaluate helium pressuriza-

Liquid tion systems.

o Demonstrate On-Orbit o Demonstrate low-~ liquid/
Operation of Supply Tank vapor quality and mass flow
Quantity Gau~in~ System measurement.

o Collect Transfer Line o Examine effect of ambient
Cooldown Data helium pressurization on the

supply tank screen retention
o Evaluate Effectiveness of apability.

Receiver Tank Cooldown
o Determine impact of am-

bient helium pressurization
on the supply tank thermo-
dynamics.

o Verify analytical model of
receiver tank chllldown.

o Determine capillary device
pressure characteristics for
transient flow.

Experimental Objectives, Phase II. The primary and secondary objectives for each mission

of Phase II are siven in Table 2-11. The primary objectives are demonstration of receiver

tank filling, operation of an internal TVS and start basket fill/refill capabilities. These
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objectives were determined based on the assumption that all Phase I objectives were

satisfactorily met•. Mission Two will demonstrate the cooldown and no-vent fill of the

bare receiver tank. The primary objectives of Mission Three are the demonstration of a

no-vent liquid fill of a fully configured receiver tank, and filling, liquid expulsion and

refillin~ of a start basket.

TABLE 2-11 PHASE II FACILITY OBJECTIVES

Mission Hardware Primary Secondary

2 Supply Tank, o Demonstrate No-Vent o Obtain data for receiver
Transfer Line Liquid Fill tank durin~ prechill, chill
and 8are and fill.
Receiver Tank o Demonstrate Receiver

Tank Refill o Verify scalin~ analysis.

o Evaluate Receiver Tank o Demonstrate helium vent
Internal TVS usin~ vent device and/or

propellant settlin~.

3 Supply Tank, o Demonstrate No-Vent o Evaluate start basket per-
Transfer Line Liquid Fill of Fully Con- formance durin~ coast.

. and Fully fiBured Receiver Tank
ConfiBured o Investi~ate techniques for
Receiver Tank o Demonstrate Start reducin~ vapor bubble col-

8asket Fill and Refill lapse times.

o Obtain data for receiver
tank durin~ prechill, chill
and fill.

o Evaluate impact of addi-
tional wetted tank mass on
prechill.

o Test TVSs for receiver tank.

2.2 Receiver Tank to be Modeled. After the objectives for both phases of the

facility were determined, the tank to be modeled was selected. A literature review was

conducted to determine the most likely candidate for on-orbit propellant transfer and its

configuration and operating modes.

Data on typical vehicles requlrmg propellant transfer and propellant depots were

tabulated for both cryo~enic and noncryogenic fluids. Review of these reports indicated

that the POTV is a promising candidate vehicle for future space based systems in the near

term.

6
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The cryogenic fluids used on the POTV are liquid hydrogen (LH2) and liquid oxygen (L0
2

).

The LH2 tank was selected for modeling for the following reasons:

1. Receiver tank chilldown and fill is more difficult to accomplish with LH2
than with L02 (Reference Table 2-III).

2. Because of its lower surface tension, low-~ liquid acquisition is more

difficult.

3. There are fewer safety problems associated with LH2 than L02.

TABLE 2-III CRYOGENIC FLUID TRANSFER OPERAnONS ASSESSMENT (POTV)

Process LH2 Tank L02Tank

Line ChiUdown Care must be taken to avoid pressure .sur~es. Care must be taken to avoid pressure sur~es.

Pressure sur~es are a~ravatedby hi!h liq-
uid density.

Tank ChiUdown PrechiU char~e and vent recommended for Tank pressure will not exceed vent pressure
chilldown to eliminate problems of ventin~ durin~ chilldown. PrechiU char~e and vent
liquid dw-ins chiUdown. is therefore not required.

Tank FiUin! Good mixin!. usi~ spray nozzles. jets or Good mixin!. usin! spray nozzles or mixer
mixers is required to maintain thermal equi- is required to maintain thermal equilibrium
librium and low tank pressures durin~ filJ and low tank pressures durin~ fiU.
(hi!her mixer power is required for LH2than for LO to achieve a !iven bubble
diameter ac~ordin! to Reference I).

Tank RefiJlins (With Removal of helium is required to prevent Removal of helium is required to prevent
GHe Pressurant) tank overpressure durins refillin~. Means tank overpressure durin! refiJlin~. Means

of ventins helium must be provided. of ventins helium must be provided.

Vapor Removal From Inflow of liquid in the start basket durin! fiU Use helium to condense vapor trapped in
the Acquisition Device should accomplish bubble collapse. Use of he- the acquisition device durin! fill.

Hum to condense vapor trapped in the acqui-
sition device durin~ fillin~ is a secondary ap-
proach. 8ubble coUapse is more difficult
than with LO~e.~•• approximately an order
of ma!nitude ore time is required for the
same bubble size and level of subcoolin!).

The general configuration of the,POTV liquid hydro~en tank is shown in Figure 2-1. The

liquid hydrogen tank is a 2219 aluminum cylindrical tank with elJiptical heads, has a

volume of 116.1 m3 (4100 ft3), wei~hs approximately 453 kg (99! lbs) and has a total tank

surface area of 12!.6 m2 03!6 fi). The tank insulation system consists of 20 layers of

double aluminized Superfloc. The tank contains a vapor only TVS, pressurization diffuser,

propellant acquisition device and a fiJI manifold utilizing two spray nozzles. A summary

of the POTV liquid hydro~en tank characteristics is contained in Table 2-IV.

7
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Figure 2-1 POTV HYDROGEN TANK GENERAL CONFIGURATION

- TABLE 2-IV POTV CONDITIONS - LH
2

TANK

Item Value

0 Tank Confi«uration:

Geometry Cylincjical With 1.31 Elliptif,al Heads
Volume 116 m (4100 ft )
Diameter 4.2m (166 in)
Cylindrical Len~th '.2m (246 in)
Total Len~th '.3 m 2 (3'6 in)
Surface Area 121.1 m (1316 ft2)
Thickness 1.27 mm (0.0.5 in)
Material 221' Tl7 Aluminum

0 Tank Wei«hts:

Dry Tank (221' Tl7 AI) 4.53 K~ ('91 Ibm)
Acquisition System 112 K~ (247 Ibm)
Wetted Mass 706 K~ (1.5.5.5 Ibm)
Insulation 203 K~ (441 Ibm)
Total Tank System ~2 K« (2074 Ibm)
Loaded Fluid (LH2) 7.512 K« (1',700 Ibm)

0 Thermal/Fluid Parameters:

Initial Temperature 2"oK U20oR)
Inlet Fluid (LH ) 103 KPa (Is psia saturated)
PrechiU: ~uid Velocity 3.4 m/sec (II it/sec)

Mass Flow Rate 0.4.5 K~/sec (lIb/sec)
Time 1.5 to 20 min

Fill: Fluid Velocity '.7 m/sec (22 ft/sec)
Mass Flo... Rate 0.'1 K&/sec (2 Ib/sec)
Time III min

Prechlll Temperature 12,oK (22,oR)
Maximum Tank Pressure 172 KPa (2.5 psi&)
lnIulation System 20 Layers MLI
Thermodynmaic Vent System 4•.5 to '.1 K&/hr (10 to 20 lb/hr)

Flow Rate
Prechill Charse Terminated at '.1 K« (20Ib)
Prechlll Vent Initiated ,.,oK (lOoR)

atT... -Tu
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2.3 Facility Constraints. The facility constraints are a major factor in the

design of the CFMF and determine the extent to which the POTV LH2 tank can be

modeled. The'external constraints on the facility are: (I) Spacelab/Shuttle constraints,

(2) CFME supply tank constraints.

Shuttle/Spacelab Imposed Constraints. The design constraints imposed on the facility by

the Space Shuttle and Spacelab pallet consisted of:

o Reactant Control System (RCS) limitations

o Coast acceleration

o Shuttle/Spacelab payload requirements

The RCS primary thrusters will be used throughout Phase II of the experiment for

propellant settling. A typical RCS propellant utilization breakdown for a 14,500 Kg

(32,000 Ib) payload indicates that approximately 1311 Kg (3993 Ib) of RCS propellant is

available for payload support.

The· acceleration level generated by the RCS engines is of particular importance during

, Phase II because of its effect on the design and operation of the start basket. Table 2-V

~ives the acceleration levels for the primary and vernier RCS thrusters. Based on the

maximum acceleration in the -Y direction and typical RCS propellant usage, an RCS

propellant consumption rate of 14.61 Kg/sec (32.14 Ib/sed was calculated.

TABLE 2-V TYPICAL RCS MAXIMUM ACCELERATION LEVELS

Direction Translational Acceleration, mps2 Ut/sec2
)

RCS System +X -X +Y +2 -z
Primary Thruster 0.1! 0.16 0.22 0.40 0.34

(0.6) (0.5) (0.7) (1.3) (I. 1)

Vernier Thruster 0 0 0.0021 0 0.0024
(0) (0) (0.007) (0) (0.008)

The acceleration levels experienced by the Space Shuttle during coast for three different

Shuttle orientations ran~e from 3.3 x 10-7 ~'s to 3.0 x 10-6 g's for a 259 km (140 nautical

mile) orbit.

9
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The Spacelab pallet constraints are physical geometry, payload envelope and hardpoint

locations. Pallet hardpoints are those points on the Spacelab pallet to which the facility

hardware can be attached. In addition to the Shuttle/Spacelab imposed constraints, the

facility has to meet center of gravity, structural factors of safety, vibration loading and

thermal requirements.

CFME Supply Tank Constraints. The statement of work for this study directed that the

supply tank was to be the CFME tank being developed under NASA Contract No. NAS 3­

21591. The supply tank is a 0.60 m3 (21.19 ft3) spherical tank containing approximately

34.24 Kg (75.50 Ib) of liquid hydrogen available for the facility receiver tank. The

maximum supply tank outflow rate is 22.7 g/sec (0.05 Ib/sec) at a pressure not to exceed

414 kPa (60 psia). In addition to the liquid quantity and maximum outflow rate

constraints, the supply tank pallet mounting system was to be used.

2.4 Receiver Tank Selections. The selection of receiver tanks to be used in the

CFMF was based on experimental objectives, tankage configuration to be modeled and

facility constraints. The selected configuration consisted of one 0.36 scale receiver tank

for Phase I and one 0.165 scale receiver tank for Phase 11. The 0.36 tank is the largest

receiver tank which will fit on a single Spacelab pallet; the 0.165 tank is the largest

reveiver tank which can be filled. This concept utilizes one CFME supply tank for both

receiver tanks. The advantage of this configuration is the use of a larger receiver tank

for prechill, thus providing scaling data superior to the 0.165 scale tank.

2.5 Description of Transfer Processes. The objective of the experiment is to

demonstrate the transfer of liquid propellant from a supply tank to a recei ver tank. The

approach described in the following paragraphs is consistent with the multiphase effort to

be employed in the CFMF fli~hts.

Supply Tank Pressurization. The baseline pressurization approach for the CFME supply

tank is the use of helium supplied at ambient temperature. This approach will be

satisfactory providing that heat transfer between the warm helium and cold liquid or

capillary device is minimized.

Transfer Line Cooldown. The selected approach to transfer line cooldown for the CFMF

is to flow the liquid throu~h the transfer line, at low levels of subcooling, by slowly

opening the supply tank outlet valve. If, durin~ ~round testing, pressure surges present a

10
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problem durin! transfer line cooldown, a possible solution would be to pre-cool the line

utilizing the supply tank TVS flow.

Receiver Tank Fill. The approach proposed for accomplishing a no-vent receiver tank fill

involves three phases: (I) prechill, (2) chill and (3) fill. This approach is designed to

eliminate the need for venting while a two-phase mixture exists in the tank. The receiver

tank prechill process, beginning with the tank wall at some initial warm temperature,

consists of a liquid charge, hold and vapor vent. The charge, hold and vent cycle is

designed to prevent liquid from being vented overboard. Prechill continues until a

. predetermined tank wall temperature is reached. Prechilling the tank to this temperature

permits chill and fill of the receiver tank without further venting. Tank chill proceeds

from the t>rechill tar~et temperature to the saturation temperature of the fluid in the

tank, whereupon the tank is filled. Tank chill and fill are both accomplished with the vent

closed•

. Start Basket Vapor Collapse. Filling of the start basket will be accomplished by flowing a

'- portion of the subcooled inlet fluid through the start basket outlet (i.e., back filling). An

; analysis indicated that an inlet flow equivalent to four jets would be sufficient to

- condense any trapped vapor during filling the Phase II receiver tank.

Venting. It must be demonstrated that helium can be removed from a partially filled L02
or LH2 POTV tank. This is required to prevent overpressurization of the tank during

refill. Two approaches to helium venting were considered: The first approach (active)

utilizes th~ primary ReS thrusters to settle the liquid in the receiver tank during which

time venting occurs; the second approach (passive) will use a tapered vent tube to

separate the liquid and vapor phases.

Receiver Tank Pressurization. Receiver tank pressurization will be accomplished using

ambient helium injected into the tank.

2.6 Scaling Analysis. An analysis was conducted to determine if the data

obtained from the Phase I and Phase II receiver tanks could be scaled to the prototype

tank (POTV)." Scalin~ parameters (P*, V* and M* representing the ratio of model to

prototype pre~ure, volume and wetted mass) were plotted as a function of tank scale.

These plots illustrated that exact P*V*/M* or V*/M* scaling was not possible. Since

11



exact scalin& was not possible, the experiment was designed to maintain similar flow and

heat transfer· re&imes between model and prototype so that the same analytical

expressions will apply to both the prototype and the model (i.e., similarity scaling).

For modeling based on maintaining similar flow and heat transfer regimes, the following

limits were found for the receiver tank inlet manifold jet velocity (Vm) and orifice

diameter (dm>of the jet:

Yuen and Chen, evaporating drops:· 3.71 x 10-4 < Vm dm < &.71 x 10-3 m2/sec

McGinnis, boiling drops: V~ dm < 2.0 m3/sec2

Selecting dm =dp =3.17 mm (0.0104 ft) and a velocity of 2.29 m/sec (7.5 ft/sec) satisfies

the regime constraints for both high and low Bond number mixing. The POTV will

experience low Bond number mixing during high Earth orbit coasts and high Bond number

mixing during propulsive maneuvers and the low Earth orbits.

Based on these requirements, inflow conditions were selected for the model so that the

same flow and heat transfer regimes will be maintained in the model as in the prototype.

The scaled receiver tank conditions are summarized in Table 2-VI.

TABLE 2-VI SUMMARY OF CFMF MODEL CONDITIONS

Model Receiver Tank

Item o.~ Scale 0.165 Scale

o Tank ConfiKuration:

Geometry Cyllncrjcal - 1.3~Elliptical Heads Cyllndrjcal - 1.3~Elliptical Heads
Volume 5.42m (l91.3ft) 0.52 m (11.42 ft )
Diameter 1.52 m (4.93 ft) 0." m (2.211 ft)
Cylindrical LenKth 2.25 m (7.31 ft) 1.03 m (3.311 ft)
Total LenKth 3.35 mpO.'3 ft) 2 1.53 ~ (5.03 ft~
Surface Area 1'.7 m (179.6 ft ) 3.5 m (37.3 ft )
Thickness 0.'7 mm (0.031 in) 0.'35 m (0.025 in)
Material '0'1 Aluminum '061 Aluminum

o Tmlk Wei!ht:

Dry Tmlk 45.1 KK (101 Ib) 7.2' KK (16 Ib)
Fluid Load (LH2) N/A 33.0 KK (72.74 lb)

o Thermal/Fluid Parameters:

Initial TemperatlWe 3000 K (5400 R) 3000 K (5400 R)
Inlet Fluid (LH2) 103 KPa (15 psia) Saturated 103 KPa (15 psia) Saturated
Fluid Velocity 2.71 m/t«. (I.' ft/sec) 2.2' m/sec (7.5 ft/sec)
Mass Flow Rate 22.7 Km/sec (0.05 lb/sec) 22.7 Km/sec (0.05 lb/sec)
PrechUI Temperature 1l.0 K (2050 R) 1000 K (lIOoR)
Maximum Tmlk Pressure 241 KPa (35 psia) 241 KPa (35 psia)
Jet Diameter 15 Jets - 3.11 mm (0.125 in) 11 Jets - 3.11 mm (0.125 in)
Line and Tank Chilldown 2.' KK ('.4 Ib) 0.'5 KK (2.1 lb)
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3.0 FACILITY CONCEPTUAL DESIGN AND ANALYSIS

The conceptual desi~n of the Cryogenic Fluid Management Facility (CFMF) includes a

description of the receiver tanks, support structure, acquisition device, thermal and

pressure control systems required for the supply and receiver tanks, all fluid fill, drain,

vent and transfer lines, instrumentation, data acquisition and experiment control systems.

Structural, thermal, fluid mechanic and safety/reliability analyses were conducted based

on the conceptual design. In addition, Payload Specialist involvement and ground support

equipment requirements are identified. An experimental test plan was developed for each

mission, including ground test requirements, launch procedures and on-orbit operations.

3.1 Facility Hardware Description. The Phase I and Phase II facility general

configurations are illustrated by Figures 3-1 and 3-2, respectively. The following

paragraphs describe the major hardware components for both phases of the facility.

Receiver Tank~-""""-w
Helium Supply

Instrumentation
and Control

,·:d........-Spacelab Pallet

(CFME Tank Hidden 8y The Receiver Tank)

Figure 3-1 CFMF PHASE I SPACELAB PALLET
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Spacelab Pallet

Receiver---'-~r-~

Tank

Cryosenic Fluid Manasement
Experiment (Supply) Tank

Figure 3-2 CFMF PHASE II PALLET

CFME Supply Tank. The CFME supply tank is a 0.60 m3 (21.19 ft3) spherical dewar. It

has a TVS consisting of a vapor-cooled shield (VCS) and two heat exchangers. The primary'

heat exchanger operates in a steady state mode while the secondary heat exchanger

operates in a transient mode.

Receiver Tanks. The Phase I receiver tank is to be a 0.36 scale POTV liquid hydrogen

tank. It is a cylindrical tank having a total length of 3.35 m (10.98 ft), a diameter of 1.52

m (4.98 ft) and elliptical heads having a radius-to-height ratio of 1.38. The tank will be

constructed of 6051-T6 aluminum and will contain an inlet manifold, a helium diffuser

and, to facilitate data acquisition, an instrumentation tree.

The Phase II receiver tank will represent a 0.165 scale POTV liquid hydro~en tank. It will

also be an eUipticaUy headed cylindrical tank with a radius-to-height ratio of 1.38 and a

total length and diameter of 1.53 m (5.03 ft) and 0.85 m (2.78 ft), respectively. Unlike
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Phase I, the Phase II receiver tank will be used for two missions with different internal

confi~urations for each mission. The Phase II, Mission Two, receiver tank will contain an

inlet manifold, helium diffuser, instrumentation tree, tapered helium vent tube, vapor

pullthrou~h suppression baffle and an internal Thermodynamic Vent System.

The Phase II, Mission Three receiver tank is the same as the Mission Two, except that it

will contain a propellant acquisition device in place of the suppression baffle, and an

external heat exchanger for the TVS. Figure 3-3 shows the internal configuration of the

Phase II, Mission Three, receiver tank•

Thermodynamic Vent Syste
Fan/Heat Exchan&er

Uquid Acquisition Device

Figure 3-3 PHASE II, MISSION THREE,
RECEIVER TANK INTERNAL CONFIGURATION

Inlet Manifold. The liquid inlet manifold's primary functions are to distribute liquid on the

receiver tank wall and to assure mixing during receiver tank fill. Two possible techniques

are available for accomplishing this: the use of spray nozzles and the use of a tube with

15



holes placed lon~itudinally along it. An analysis of the POTV spray nozzles to determine

velocities at the nozzle exit and tank wall and the capability of the spray nozzles to

satisfy fluid mixing requirements during fill of a POTV indicated that the spray nozzles

may be inadequate. Therefore, the recommended approach for CFMF to assure sufficient

mixing and heat transfer is the use of liquid jets provided by a tube with holes placed

alon~ its length.

Helium Diffuser. The purpose of the helium diffuser is to ensure that warm helium

entering the receiver tank does not impinge directly on the capillary device or generate

liquid spray.

Tapered Vent Tube. The function of the tapered vent tube is to shed liquid during venting,

thereby allowing the venting of vapor only during low-g coast periods.

Liquid Acquisition Device. Liquid acquisition in the receiver tank during periods of low-g

operation is accomplished by means of a start basket. The start basket is a screen device

designed to trap liquid 'over the tank outlet during periods of low gravity. This trapped

liquid serves as a vapor-free reservoir for boost pump and engine startup until the bulk of

the liquid in the tank is settled and can be withdrawn from the tank outlet. The settled

liquid refills the start basket for the next startup. A typical start basket configuration is

illustrated by Figure 3-4.

There are a number of important considerations which determine the design of the start

basket:

1. The quantity of liquid trapped in the start basket must be sufficient to provide

outflow from the tank during settling and allow for evaporative losses from the

screens during periods of low-gravity operation.

2. Liquid leaving the tank must be vapor free. This is usually accomplished by means

of screened channels inside the start basket. These channels are designed so that

they are in contact with liquid under all operating conditions. The wetted channel

screens prevent vapor from entering the outlet.

3. The screens formin~ the surface of the start basket must be sized to retain liquid

at all expected acceleration levels.
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Main Screen

Fi~ure 3-4 GENERAL START BASKET CONFIGURATION

4. The screen geometry of the start basket must provide rapid wicking of liquid along

the screen to replace evaporative losses and prevent screen dry-out during low­

gravity operation.

5. The overall geometry of the start basket must be designed to permit rapid refilling

at expected tank liquid levels.

Vapor Pullthrough Suppression. The Phase II, Mission Two, receiver tank may contain a

vapor pullthrough suppression baffle to prevent the ingestion of vapor into the outflow

line during receiver tank depletion. The receiver tank will be drained by utilizing the ReS

primary thrusters to settle the liquid in the tank. Without the baffle, vapor ingestion may

occur for the low-g levels generated by the RCS primary thrusters resulting in excessive

liquid residuals.

Helium Pressurization Bottles. As part of the ~round rules for this study, the four helium

pressurization bottles selected for the CFME supply tank were to be used. These tanks

are titanium 0.35 meter (13.9 inch) diameter spheres and are rated at 22.1 MPa (3200 psia)

working pressure.
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The receiver tank helium pressurization and inerting will come from an independent

source. The helium supply for the receiver tank consists of five Kevlar-wound aluminum

lined cylindrical hi~h-pressure bottles. They have a volume of 26.7 liters (1631 in3) each

and a maximum desi~n pressure of 21 MPa (3000 psi). The bottles are mounted to a

subpallet to facilitate handling and assembly during Spacelab pallet integration. These

bottles are currently undergoing Shuttle qualification for the Manned Maneuvering Unit

(MMU).

Data Acquisition and Control and Data Recording. The experiment data and control

system employs a microprocessor-based, on-board Data Acquisition and Control System

(DACS) to provide experimental control while collecting and recording the data. All

electrical instrumentation and control equipment will be connected to the DACS.

Instrumentation. Instrumentation requirements to determine that the facility is function­

ing properly, to control the experiment and to collect data on the facility performance

were identified. These requirements are: (I) temperature measurements, (2) pressure

measurement, (3) liquid vapor sensing, (4) quality measurement and (5) mass gauging.

3.2 Conceptual· Design Analysis. The analyses conducted in support of the

CFMF conceptual design consisted of: structural, weight and center of gravity (CG),

thermal, fluid mechanic, and safety and reliability.

CFMF Structural Analysis. A structural analysis of the CFMF Phase I and Phase II

Facility was conducted using the payload environments specified in the Space Shuttle

Systems Payload Accommodations Handbook. An ultimate factor of safety of 2.5 against

limit load conditions was used throughout the analysis.

Weight and Center of Gravity Envelope. The weight breakdown and the location of the

center of ~ravity relative to the Spacelab pallet, including the CFME and Spacelab pallet

for the Phase I and Phase II facility was calculated. The total facility weight, including

the Spacelab pallet weight is given in Table 3-1.

13



::~..'::..':-~... ~-' ; .....~ ... ~.

TABLE 3-1 CFMF WEIGHT BREAKDOWN

Phase I Phase II
"

Component Kg (Ib) Kg (Ib)

Receiver Tank (Includin~Girth Rings) 50 ( 110) 7 (16)

Receiver Tank Support Frame 22 (49) 28 (61)

Internal Hardware 5 (10) 9 (20)

Top Support Struts 4 (8) 4.1 (9)

Bottom Support Struts 4 (8) 4 (8)

Helium Pressurant Bottles 68 (150) 68 (150)

Helium Bottle Support Frame 16 (36) 16 (36)

Lines 4 (8) 6 (13)

Instrumentation 25 (55) 35 (76)

Valves 34 (74) 38 (84 )

Insulation 4 (8) 0.9 (2)

Miscellaneous (Heat Exchangers, 11 -ill) 11 -ill)
Filters, Orifices) --
CFMF 246 (541) 227 (500)

CFME 487 0075 ) 487 (1075)

Spacelab Pallet 1091 (2400) 1091 (2400)-- --

TOTAL 1824 (4016) 1805 (3975)

Thermal Analysis. The thermal analysis of the heat leak into the receiver tank and

transfer line was calculated at a worst-case cold condition of 200 K (360 R) and a time

avera~ed external temperature of 3080 K (5550 R), representing the thermal environment

'during Shuttle thermal cycling.

Transfer Line Pressure Drop. To ensure that liquid enters the receiver tank, the minimum

required LH2 transfer pressure was calculated. This transfer pressure includes the

frictional pressure drop throu~h the line and components, and the pressure drop (i.e., level

of subcoolin~) required to prevent two-phase flow formation from transfer line heat leak.

Calculations based on the transfer line heat leak of 9.3 w (31.7 Btu/hr) indicated that, for

the subcooled liquid, a temperature rise of O.040 K (O.loR) would result. This small change

in temperature will not si~nificantly increase the transfer pressure required.
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Safety and Reliability Analyses. ,An analysis of each phase of the CFMF identifying

inherent hazards and system limitations was conducted. These analyses complied with the

NASA payload safety requirements. The conclusions from this analysis show that no

sinsle point failure of this system will cause an unsafe condition on the launch pad or in

orbit; however, several single point failures will terminate the experiment.

3.3 Facility Support Reguirements. The sround and on-orbit facility support

requirements to service the CFMF and the Payload Specialist on-orbit support require­

ments were defined.

Ground Support Eguipment (GSE). The GSE required to service the CFMF before launch

includes a cryogenic hydrogen loading system to fill the supply tank, a gaseous helium

loading system for charging facility helium bottles, and mechanical equipment for

handling and lifting.

The Beech-built Fuel Cell Servicing System (FCSS) is currently used to load the Space

Shuttle Power Reactant Storage Assembly (PRSA) tanks with supercritical hydrogen and

oxygen. The FCSS can be used to fill the CFMF supply tank with LH2 through the

midbody umbilical; however, changes in the operating procedure will be required to fill

the supply tank with low pressure (12 N/cm2 (18 psia» saturated liquid.

The gaseous helium bottles for the CFMF supply and receiver tanks will be charged in the

Operations and Control (O&C) Building prior to pallet-to-Shuttle integration. This system

includes all the required valves, flex lines and regulators necessary to fill the bottles

(maximum pressure 2162 N/cm2 (3135 psia) at 290 C (850 F».

Fixtures for handling the supply tank prior to installation on the pallet will have been

desisned as part of the CFME design effort. Similar fixtures would be needed for the

receiver tank and its associated hardware.

Payload Specialist. The Payload Specialist's involvement in monitoring the facility is to

be minimized; however, some interaction is required. The interface between the facility

and the mission Payload Specialist is through the Aft FliSht Deck (AFD). He will be

responsible for the requests made by the facility DACS for RCS thruster firing, as well as
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honoring requests for low acceleration coast periods. In addition, the Payload Specialist

will have the capability to monitor the facility's progress through its preprogrammed

sequence. This capability is necessary to provide the Payload Specialist with any

information required in the event an experiment abort is required.

3.4 Mission Constraints. The constraints imposed by the CFMF during its

operating period on the Space Shuttle mission are divided into three major categories: (1)

thermal constraints, (2) acceleration requirements and (3) mission scheduling.

Thermal. The maximum and minimum pallet surface temperatures are dependent on the

mission profile. A maximum pallet surface temperature of 3930 K (70SoR) and a minimum

temperature of 1230 K (2220 R) were used for analysis purposes.

Acceleration. The constraints imposed by acceleration requirements are based on the

need for low acceleration coast and utilization of the RCS primary thrusters. The low

acceleration coast will be required to simulate POTV operations. Assessment of the

tapered vent tube and internal heat exchanger/fan operations during Phase II, Mission

Two, and the thermodynamic vent system operation and start basket testing during Phase

. II, Mission Three, will require a low acceleration environment. The reactant control

system primary thrusters will be utilized during venting and receiver tank draining.

Cycles of RCS thruster firing and low acceleration coast periods will be required during

start basket testing.

Mission Scheduling. The CFMF (Missions Two and Three) must not be flown with other·

experiments which require large quantities of RCS propellant, special accelerations,

directional requirements or solar positioning.

3.5 Experimental Test Plan. To meet the mission objectives, an Experimental

Test Plan for the CFMF was developed defining the ground test requirements, launch

procedure and on-orbit sequence of operations for each of the three missions.

Ground Test Requirements. The ~round test requirements consist of those test items to

be performed at KSC following integration of the CFMF with the Spacelab pallet. These

requirements assume that component and system checkout was accomplished prior to

shipping.
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The ground test requirements for the CFMF are:

. \

1.

2.

3.

4•
.5.

6.

7.

Continuity check of all electrical circuits.

Verification of supply tank vacuum integrity.

Leak check with ambient temperature helium.

Check operation of fill valves with low pressure ambient helium.

Instrumentation checkout•

Recorder and DACS checkout - check manual on, off and abort capability.

Check Caution and Warning (C&:W) signal generation.

Launch Procedure. The sequence of events from receipt of the CFMF hardware at KSC to

launch is given by Figure 3-5. This schedule shows that approximately 12 working days

are required to complete CFMF-to-pallet integration. Electrical Ground Support Equip­

ment (EGSE) will be required to operate the CFMF up until launch. The supply tank TVS

will operate by venting through the T-0 umbilical until just prior to launch, then will be

closed until orbit is achieved.

On-Orbit Operations. Typical timelines for Missions One, Two and Three were developed

and are given in Figures 3-6, 3-7 and 3-8, respectively. These timelines are consistent

with the experimental objectives for each mission. The first 24 hours of on-orbit

operation are for orbit stabilization and housekeeping. The final 24 hours of the timeline

is allocated for supply and receiver tank inerting.
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4.0 FACILITY DEVELOPMENT PLAN

•

The facility development plan was ~enerated to provide a guide for the cost effective

development of the Cryogenic Fluid Management Facility (CFMF) and to identify long­

Jead, development or high-cost items. This plan consists of cost and schedule estimates

for both phases of the facility and was based on the conceptual design. The approach

taken in developing the plan consisted of preparation of a Work Breakdown Structure

(WBS), a Master Program Schedule and a major component Bill of Material (BOM) from

which facility costs were derived.

4.1 Facility Development Schedule. To prepare a schedule for the cost

effective development of the CFMF, it was necessary to generate a WBS identifying the

required tasks. From the WBS, a Master Program Schedule was prepared to provide

• estimates of the time and cost required to design, develop, fabricate, test and provide

launch support of the CFMF. In the preparation of the Master Program Schedule, the long

lead and development items were identified.

Work Breakdown Structure. The WBS shown in Figure 4-1 provides a graphical definition

and display of the work tasks to be accomplished. The upper level represents the 17 major

tasks identified for the CFMF Program.

Master Program Schedule. The Master Program Schedule shown in Figure 4-2 was derived

from the WBS of Figure 4-1. The key program milestones were identified and the

schedule was prepared to meet these milestones. The schedule was then reviewed and

modified where necessary to provide a realistic development schedule.
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The Master Pro~ram Schedule identifies eight key program milestones:

1.

2.
3.
4.

5.
6.

7.

8.

PDR - Preliminary Desi~n Review.

FDR - Final Design Review.

PSR1 - Phase I Preshipment Review.

SSL1 - Space Shuttle Launch, Phase I.

PSR2 - Phase II (First Mission) Preshipment Review.

SSL2 - Space Shuttle Launch, Phase II (First Mission).

PSR3 - Phase II (Second Mission) Preshipment Review.

SSL3 - Space Shuttle Launch, Phase II (Second Mission).
•

Long-Lead Procurement Items. Long-lead items were identified as those items requiring

more than 26 weeks from the time of purchase to delivery. The long-lead items,

excluding development items, are:

1.

2.

3.

4.

5.

Temperature sensors

Quality meter

Volumetric flow meter

Superfloc insulation

Receiver tank girth rings

26 weeks

52 weeks

5? weeks

32 weeks

26 weeks

Development Items. To meet the schedu~e shown in Figure 4-2, it was assumed that

certain critical items were developed prior to their need for CFMF. This may require

that development and testing begin prior to contract go-ahead. The major development

items for the CFMF are:

1.

2.

3.

4.

Quantity gauging systems

Quality/density flow measurement

Receiver tank start basket

Zero-g vapor/liquid detectors

4.2 Facility Costs. Rough Order of Magnitude (ROM) cost estimates were

prepared for each phase of the facility. The WBS, Master Program Schedule and a

component Bill of Materials (BOM), defining the procurement items, provided the basis for

this cost estimate. The cost estimates are expressed in December 1980 dollars.
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Cost Estimate. The ROM cost is divided into six pro~ram elements which, when totaled,

form the cost required to develop, fabricate and provide support for the CFMF. The six

elements and their cost estimates are:

'1

Prosram Element ROM Cost

Analysis and Desi~n $ 800,000
Qualification $ 700,000

1 Phase I, Mission One $1,300,000
Phase II, Mission Two $1,100,000

'w

Phase II, Mission Three $ 600,000

CFME Tank $3,000,000

TOTAL Program Cost $7,500,000

Cost Estimates Allocated by Fiscal Year. The cost estimates are expected to be

. expended per fiscal year in the amounts shown below.

Fiscal Year CFME Tank Balance of System Annual Total

1982 $ 30,000 $ 200,000 $ 280,000

1983 1,525,000 950,000 2,475,000
1934 1,395,000 375,000 2,270,000

1985 -0- 975,000 975,000
1986 -0- 300,000 300,000

1987 -0- 500,000 500,000

1988 -0- 200,000 200,000

TOTALS $3,000,000 $4,500,000 $7,500,000
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5.0 CONCLUSIONS AND RECOMMENDATIONS

Conclusions. The Cryogenic Fluid Management Facility (CFMF) defined by this study will

be capable of demonstrating on-orbit cryogenic liquid transfer. The specific technologies

necessary to accomplish this are:

o Liquid acquisition and expulsion

o Transfer line cooldown

o Tank cooldown

o Tank fill (nonvented liquid transfer)

o Nonvented tank refill capability

o Start basket performance

o Mass gauging

o Quality and mass flow measurements

The design of the facility· was tailored to provide the capability for proving these

technologies.

Existing ground support equipment (GSE) for the liquid hydrogen filling of the supply tank

may be used without extensive modifications. The additional GSE required to support the

facility currently exists at Kennedy Space Center (KSC).

The Safety and Hazard Analysis showed that no single point failure of the CFMF will

cause an unsafe condition on the launch pad or in orbit. Use of the Fuel Cell Servicing

System for loading the CFMF supply tank will not result in hazards greater than similar

cryogenic loading operations at KSC.

The design, development, testing, fabrication and operation of the CFMF will require a

span time of approximately seven years. The overall program cost will be $7.5M (in

December 1980 dollars).

Recommendations. A number of hardware development items and Shuttle operational

unknowns were identified in this study. Instrumentation and hardware development

required for the CFMF are:

o Mass ~au~ing

o Quality measurement
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o Volumetric flow measurement

o Start basket

o Screen channel device

o Thermodynamic vent system

o Zero-g liquid/vapor detectors

The Shuttle operational unknowns that need to be determined are:

•

o

o

o

Payload fli~ht qualification requirements

Payload safety requirements

Prelaunch facility servicing constraints

•

•

These items can be found in the Payload Accommodations Handbook; however, there is a

high degree of uncertainty and conflicting information. In addition to the operational

unknowns, an assessment of the potential and cost for GSE modifications to meet the

CFMF launch requirements should be conducted.

To ensure the efficient and timely development of the CFMF, it is recommended that

research and development of the hardware development items and resolution of the

Shuttle operational unknowns begin as soon as possible.
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