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FOREWORD

This Final Report summarizes the technical effort conducted by Beech Aircraft Corpora-

tion under Contract No. NAS 3-22260. The National Aeronautics and Space Administra-

tion, Lewis Research Center, administered the contract.

NASA -LeRC Program Manager E. P. Symons

Beech Study Director G. S. Willen

Lead Engineer D. H. Werner

Structural Analysis A. D. Olsen
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`	 Liquid Acquisition/Ground Support Equipment D. C. Hustvedt

Scaling Analysis
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Cost Analysis S. S. Bates

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.
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All data is presented in the International Systems of Units as primary units with English
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SUMMARY

This study presents the conceptual design of a Spacelab experiment to develop the
technology associated with low-gravity propellant management. The proposed facility
consists of a supply tank, a receiver tank, pressurization system, Instrumentation and
supporting hardware.

The study consisted of three major tasks: Preliminary Facility Definition, Facility
Conceptual Design and Facility Development Plan.

The Preliminary Facility Definition required the determination of experimenta l objec-
tives, the receiver tank to be modeled, constraints imposed on the design by th* Space
Shuttle and Spacelab and applicable transfer processes ­ 1 scaling analyses. As a result
of the preliminary definition, a Personnel Orbital Transfer Vehicle (POTV) liquid hydrogen
tank was selected as the tank to be modeled. The supply tank is the Cryogenic Fluid
Management Experiment (CFME) liquid hydrogen tank. A phased approach was assumed
for the facility with Phase I concentrating on technology issues related to the supply tank
and Phase II concentrating on technology issues related to the receiver tank. From the
size constraints imposed on the facility design by a Spacelab pallet and from the amount
of liquid available from the CFME tank, it was determined that a 0.36 and 0 . 165 scaled
POTY receiver tank would be used for Phase I and Phase 11, respectively.

r The Preliminary Facility Definition was used in preparation of the Conceptual Design
which included general configurations, flow schematics, insulation systems, instru-
mentation requirements and Internal tank configurations for both phases. Analysis of the
conceptual design included thermal, structural, fluid and safety /reliability aspects of the
CFMF.

The conceptual design was used :o prepare a Facility Development Plan. The proposed
A	 development plan includes schedule and cost estimates for the facility. A program Work
4

Breakdown Structure and Master Program Schedule were prepared for a 7-year program
costing $7.5M (in December 1980 dollars), excluding Shuttle user costs.
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1.0	 INTRO'DUC TION

This repot presents the work performed under NASA Contract NAS 5-22260 "titled,

"Cont..,eptual 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 supporting hardware (i.e., lines, valves and support structures) mounted on a single

Spacelab pallet. Figure 1-1 shows the 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

(LH 2) 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 tasks:

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 flea ►► 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

cryogenic liquids. Based upon the conceptual design presented in this report, budgetary

and planning (B&P) estimates for the facility were made. The design 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.

2
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1.2 Ground Rules. The supply tank to be used in the CFMF is the LM  tank

developed for the Cryogenic 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 design of the CFVIF was to utilize as much hardware from the CFME

Program as possible. CFME helium pressurization bottles and supply tank support system
1

were to be used. The CFME Data Acquisition and Control Sys*;^m and data recorder were

examined to determine their suitabilit; for the entire facility.

The receiver tank selected for modeling wk.` a Personnel Orbital Transfer Vehicle (POTV)

liquid hydrogen tank. Seiection of this tar.k resulted from a review of low-g liquid

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

liquid cryogen transfer tect6nziogy.
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2.0	 PRELIMINARY FACILITY DEFINITION

z
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 geometric, 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

t
modeled. Po mntial 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 i ull-scale Personnel Orbital Transfer Vehicle (POTV) tank required a scaling
analysis of the transfer processes.

2.1 Experimental Approach and Objectives. The following paragraphs describe
the approach taken for the preliminary facility definition; primary and secondary
objectives of the facility are identified.

2.1.1 Phased Approach. 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 transferz (1) supply tank
storage, liquid acquisition and transfer line chilldown; (2) receiver tank chllldown, fill and
liquid acquisition.

2.1.1.1 Phase I. Phase I will consist of a single missicn 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 and instrumentation required to
provide tank quantity and quality/density flow measurements.

2.1.1.2 Phase 11. Phase lI will consist of two missions and will deal primarliy 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 recelver tank (with a start
basket). This mission will demonstrate the Initial filling, liquid expulsion and refill
capabilities of the start basket.

S



2.1.2 Experimental Objectives. 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.

EEx -rimental Objectives, Phase 1. Table 2-1 is the primary and secondary objectives for

Phase 1. 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 iueasurement is a critical objective of Phase 1 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 1 FACILITY OBJECTIVES

i

Primary

o Evaluate Performance of
Supply Tank Charinel
Screen Liquid Acquisition
Device for Cryogenic
Liquid

o Demonstrate On-Orbit
Operation of Supply Tank
Quantity Gauging System

o Collect Transfer Line
Chilldown Data

o Evaluate Effectiveness of
Receiver Tank Chilldown

Secondary

o Demonstrate supply tank
TVS.

o Evaluate helium pressuriza-
tion systems.

o Demonstrate low-g liquid/
vapor quality and mass flow
measurement.

o Examine effect of ambient
helium pressurization on the
supply tank screen retention
capability.

o Determine impact of am-
bient helium pressurization
on the supply tank thermo-
dynamics.

o Verify analytical model of
receiver tank chilidown.

o Determine capillary device
pressure characteristics for
transient flow.

Mission Hardware

1
	

Supply Tank,
Transfer Line
and Bare
Receiver Tank

Experimental Objectives, Phase 11. The primary and secondary objectives for each mission

of Phase 11 are given in Table 2-I1. The primary objectives are demonstration of receiver

tank filling, operation of an internal TV5 and start basket fill/refill capabilities. These

s

6



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

refilling 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 FBI tank during predrill, drill
and Bare and fill.
Receiver Tank o Demonstrate Receiver

Tank Refill o Verify scaling analysis.

o Evaluate Receiver Tank '	 o Demonstrate	 helium	 vent
Internal TVS using vent	 device	 and/or

propellant settling.

3 Supply Tank, o Demonstrate No-Vent o Evaluate start basket per-
Transfer Line Liquid Fill of Fully Con- formance during coast.
and Fully figured Receiver Tank
Configured o Investigate	 techniques	 for
Receiver Tank o Demonstrate Start reducing vapor bubble col-

Basket Fill and Refill lapse times.

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

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

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.

2.2.1 Literature Review. Data on typical vehicles requiring propellant transfer

and propellant depots were tabulated for both cryogenic and noncryogenic fluids. This

information, presented in Table 2-111, was obtained from References 1 through 8. Review

7
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of these report, indicated that the POTV Is a pr,w nlsing candidate vehicle for future spare

based s yste-T» In the ne.ir terhn.

The Cryogenic fluid, used on the POTV are liq,ltd hydrogen (LH 2) and liquid oxygen (1-02).

The L4 2 tank was selected for modeling for the following reasons:

Receiver tank rhilldown and till Is more difficult to accomplish ^^Ith LH2

than with LO  (reference Table 2-IV).

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

difficult (Reference 9).

3. There are ft Her sdfety problems associated %kith LH 2 than LO 2'

TABLh 2-1V CRYOUENIC FLUID TRANSFER OPERATIONS ASSESSMENT (POTV)

Pra'eu

Lux Chilldown

,
Tank Chdldown

Tank I'tiling

Tank Refilling (Myth

jr 

GHe Prrss,aantl

1 iraixtr Removal From
l the 44cquisition Ilevice

LH2 Tank	 I	 LOITank --	 —

tare must be taken to avoid pressure s,ir gev.	 It Carr must he taken to avoid pressure sue ges.
Pressure surgrs are aggravated by high liq.
uid density.

Prechlll rha.gr and vent rr, ommende11 for
chilldown to rlirm„atr problems ut venting
liquid during chillduwn.

Good mttinK. icing slit, m.tttlet, lets or
nniten is required to maintain thermal equi
hbnum and law tank pressures during fill
(higher muter pt hrr is required for LH2
than for l, n to a,hievr a given bubble
diameter actbrding to Retmerxe I).

Remo%4I of helmin Is required to prevent
tank overpressure during refilling. ltram
of venling helium must be provided.

` Inflow of liquid in the start haskrt during fill
should accomplish bubble collapse. I Ise of he-
burn to condense vapor trapped in the acqut-
ution drvicr dur i ng filling is a sri-ondary ap-
proach. Pebble , ollapse is more difficult
than with LOll (r.K. ' appromnimriv an order
of maKmtade^tnorr tufts is required for the
same bubble site and level of subKooling).

I ink pressure will not es, red vent pressure
i dtx ng chdldown. Prechill charge and vent

is therefore not required.

Good fmmnK, using alray mottles or miser
Is regmred to maintain thermal eyuJ,rwium
and low tank pressure. during lull.

Removal of hrltum is required to prevent
tank overpressure during rrldlmg. Mrats
of venting helium mint he provided.

1 Ise 	 to cundertse sap,x trapped in
the acquisition device during till.

14
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2.2.2	 Determination of POTV Characteristics. The following paragraphs describe

the POTV configuration and operations.

2.2.2.1 Ueneral Configuration. The general configuration of the POTV liquid

hydrogen tank is shown in Figure 2-1. The liquid hydrogen tank is a 2219 aluminum

cylindrical tank with elliptical heads, has a volume of I1b.1 111 3 (4100 It 3 ), weighs

approximately 453 kg (998 Ibs) and has a total tank surface area of 128.6 m 2 0 336 ft2).

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 fill

manifold utilizing two spray nozzles. A summary of the POTV liquid hydrogen tank

characteristics is contained in Table 2-V.

1.....1 _......

Figure 2-1 POTV HYDROGEN TANK UENERAL CONFIGURATION
(Reference 8)

2.2.1.2	 POTV Fill/Refill operations. Thr POTV cryogenic fluid transfer operations

(fill/refill) are summarized in Table 2-IV. These operations are: transfer line chilldown,

receiver tank prechill, chill and fill, vapor removal within the capillary device and tank
	

i

refilling. This technique for propellant transfer was developed and discussed in Reference

10. An analysis of the transfer operations was conducted and is summarized in Table 2-V1.

15
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ReferenceValue

Cyhndllical W ith 1.38 Ellipt ►fal Heads S
116 in	 14100 it	 ) 8

4.2 m	 (166 in) 8
6.2 m	 (246 in) 8
9.3 m	 (366 in) 8

128.8 m 2 	(1386 it 2 1 8
1.27 mm	 (0.05 in) 8
2719 T87 Aluminum 8

eometr y
Volume
Diameter
Cylindrical Length
Total Lengti,
Surface Area
Thickness
Material

Tank Weights:

Dry Ti * (2219 T87 Al) 453 Kg	 (998 Ibm) 8
Acquisition System 112 Kg	 (247 Ibm) 8
Wetted Mass. 706 Kg	 (1555 Ibm) 8
Insulation 203 Kg	 (448 Ibm) 8
Total Tank System 942 Kg	 (2074 Ibm) 8
Loaded Fluid (LH 2 ) 7582 Kg	 !16,700 Ibm) -- 1 I

TABLE 2-V POTV t-ONDITIVNS - LH 2 TANK

Item

o	 Tank Configuration:

o	 Thermal/Fluid Parameters:

Initial Temperature i 00 	 (5200R) I
Inlet Fluid %'LH	 )

^iuid
1' 3 KPa	 (15 psi& saturated) I

Prechill:	 Velocity 3.4 m/sec	 (I1 It/sec) 8
Mass Flow Rate 0.45 Kg/sec	 (1 lb/sec) 1,8
Time 15 to 20 min 8

Fill:	 Fluid Velocity 6.7 m/sec	 (22 ft/sec) 8
Mau Flow Rate 0.41 Kg/%ec	 (2 lb/sec) 1,8
Time 138 min P

Prechill Temperature 1260K	 (2260R) 1
Maximum Tank Pressure 172 KPa	 (25 psis) I
Insulation System d0 Layers MLI 8
Thermodynmaic Vent SysterT, 4.5 to 9.1 Kg/hr	 (10 to 20 lb/hr) I

Flow Rate
i	 Prechill Charge Terminated at 9.1 Kg	 (20 Ib) 1

Predrill Vent Initiated 5.6°K	 (10°R) 1
at T w - 

TuL-- - —	 — ---- I - -- - ----

Transler Line CooldoAn. Tive lirst vep involvea in filling an orbits) transter venicle is

cooldown of the transfer line. This is initlate:u uy slowing liquid troin the supply tank

through the traister line to the receiver tank. A concern during; transfer line couldo k n is

the possibility of pressure surges. To avoid this, reference a suggests that the transter

line be precoolea with vent gas passea throu;;1i s .null line welch oypnsses the wain valve

in the transfer line.

l'^_ ► I V acceiver TanK sire hill. [no fluid ,iianage nent tkchniq^ie a s . _usseC in iteli-re_• nce 1 1

proposes a rtscviver tank prec l ull #.nenevcr tlie• initi3l tsnK temperature is , rester than ,

predetormint•u tar4ei to iiper dture.	 .-)JVI.` finis te iipvr -,t-jr,*, oxt e%% prelvlri' C1Jriii,( Vie

If,
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x ` chill ana fill operation will result. 	 The prechill target temperature is defined as that

^T temperature at which the chill and fill process can be completed without requiring further

venting or exceeding the receiver tank maximum operating pressure. 	 The prechill

operation outlined in Reference 11 involves a charge, hold and vent cycle which is

repeated until the POTV tank wall temperatures reaches the target temperature. 	 This

procedure minimizes the amount of liquid required for tank cooldown by maximizing the

enthalpy of the fluid vented.	 The prechill charge is accomplished by initially injecting

vapor (during transfer line cooldown) and then liquid into the POTV tank.	 The tank is

charged until a predetermined tank pressure has been reached.	 Having reached that

pressure, the tank enters a hold period where the tank wall transfers energy to the fluid in

k the tank. The hold period lasts until one of two conditions is met: either the POTV tank

¢
4

maximum operating pressure is reached, or the average fluid and tank wall temperatures

( are within approximately 5 percent of each other. Then the POTV tank will be vented to

' a sufficiently low pressure for the next prechill cycle.
i
( POTV Tank Chill. Following prechill, the receiver tank vent will be closed and liquid flow

to the receiver tank will be initiated. Film boiling will occ^ it at the wall as liquid strikes

the warm surface and the resulting evaporation will increase the tank pressure. 	 The

prechill target temperature was selected to assure that this pressure rise does not exceed

the maximum POTV tank operating pressure.	 The chill process continues until the wall

temperature reaches saturated liquid temperature. At this point, the fill process begins.

POTV Tank Fill. The POTV tank fill is a continuation of the liquid inflow initiated for the

tank	 chill,	 beginning	 when	 the	 tank	 temperature	 reaches	 the	 saturation	 liquid

temperature.

POTV Vapor Removal from Capillary Device. The final phase of the POTV fill is the

collapse of vapor in the capillary device. Two methods of vapor bubble collapse, active

and passive (Reference 11), are described in the following paragraphs.

The passive method uses conductive heat transfer to cool and condense the vapor. Using

helium pressurization to subcool the liquid, the bubble collapse times for the POTV are on

the order of three to four hours for the largest spherical bubble trapped within the screen

device. (Up to 33 cm (13 in) radius can theoretically be trapped between the channels in

the start basket). These times may be unacceptable; however, this technique does offer

the simplest approach to bubble collapse.
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Tne active method utilizes forced convection heat transfer to condense the entrapped

vapor. This method of bubble collapse requires that subcooled liquid enter the start

basket during tank till. The fluid movement, produced by the entering propellant,

promotes a convective hest transfer which speeds bubble condensation. In addition, the

turbulent conditions in the start basket break apart large bubbles, %khich will greatly

reduce the collapse times. The use of active bubble collapse does not preclude the use of

helium pressurization to subcool the l iquid in order to complete the bubble collapse

process. That is, liquid injection into the start basket reduces vapor bubble size during

fill. Upon completion of fill, helium pressurization may be used to subcool the liquid to

insure complete bubble collapse. This approach would require considerably less time than

passive collapse.

POTV Tank Refill. Both the POTV LH 2 and LO  tanks require venting prior to propellant

transfer to prevent overpressurization. The refill procedure utilized for a partially full

tank containing helium pre,.urant requires venting to a helium partial pressure low enough

to allow the receiver tank to hc , filled without further venting. Prechill and chill are not

required during refill since the receiver tank is already at saturated liquid temperat,,-e.

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 LH 2 tank can be

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

(2) CFVIE supply tank constraints. The follmcing paragraphs describe these constraints

and their impact on the facility definition.

2.3.1	 Shuttle/Spacelab Imposed Constraints. The design constraints im posed on

the facility by the Space S'iuttle 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. Table 2-VII gives a typical RCS propellant utilization breakdown for a

14,500 Kg (32,000 lb) payload and indicates that approximately 1811 Kg (3993 lb) of RCS

propellant is available for payload support. In addition, 907 Kg (2000 lb) of RCS

propellant may be obtained from the integral Orbital Maneuvering System (OMS) tanks
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(Reference 19). This provision is not currently available; therefore, an attempt was made

to limit Lhe RCS propellant requirements to 1811 Kg (3993 lb). A preliminar y estimate of

the RCS propellant require rents is given in Paragraph 3.4. 3.

TABLE 2-VII TYPICAL RCS PROPELLANT BUDGET

Total RCS Loadable

Unavailable (Includes Residuals Plus Tank Loading Tolerance)

Required for Insertion

Required for Orbital Adjustment

Required for Entry

On-Orbit Dispersions and Contingencies

Available for Payload Support

3,353 7,391

(366) (806)

(103) (228)

(408) (899)

(528) (1,164)

(136) (301)

1.11 3,993

In addition to the RCS propellant requirements, the acceleration level generated by the

RCS engines is of particular importance during Phase it because of its effect on the design

and operation of the start basket. Table 2-VIII (Reference 18) gives the acceleration

levels for the primary and vernier RCS thrusters into the Space Shuttle coordinate system

shown in Figure 2-2. As indicated in Table 2-VIII, the maximum primary RCS thruster

generates an acceleration of 0.04 g. Typical RCS propellant usage (Reference 18) is given

in Table 2-IX. Based on the maximum acceleration in the -Y direction and Table 2-IX, a

RCS propellant consumption rate of 14.61 Kg/sec (32.14 lb/sec) was calculated.

TABLE 2-VIII TYPICAL. RCS MAXIMUM ACCELERATION LEVELS
(Reference 18)

Direction Translational Acceleration, mps 2 (ft/sec 2)

RCS System +X -X +Y +Z -Z

Primary Thruster 0.18
(0.6)

0.1b
(0.5)

0.22
(0.7)

0.40
(1.3)

0. 34
(I.I)

Vernier Thruster 0
(0)

0
(0)

0.0021
(0.007)

0
(0)

0.0024
(0.008)

21
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+X

Figure 2-2 SPACE SMUTTLL COOkDIN ATL SYSTEM

T;WLE 2-IX TYPICAL RCS PROPLLLANT USAt-,E FLAK
ORBITER TRANSLATIONAL IMAM IEVERS (Reference W

Translation
Direction

Propellant Usage
Kg/nips	 llb/fps)

+X 40.79 (27.4)

-x 40.11 (26.7)

+Y 6b.20 (44.))

-Y 66.41 (44.6)

+Z

-Z

31.19

55.17

(21.0)

(37.1)

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

Shuttle orientations are shown in Figure 2-3. The coast gravitational level ranges from

3.3 x 10-7 g's to 3.0 x 10 -6 g's tow a 259 krn (140 nautical mile) orbit.
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Figure 2-3 ACCELERATION LEVELS DURING COAST
(Reference 18)

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

locations. Figure 2-4 is a sketch of the Spacelab pallet illustrating the payload envelope

pallet dimensions and pallet hardpoints. Pallet hardpoints are those points on the

Spacelab pallet to which the facility hardware can be attached.

In addition to the Shuttle/Spacelab unposed constraints, the facility has to meet center of

gravity, structural factors of safety, vibration loading and thermal requirements (Refer-

ence l8).
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Figure 2-4 SPACELAl3 PALLET GEOMETRY

2.3.2 C:FME 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 in  (21.1 9 f t 3 ) spherical tank and

was originall y seiected to model. on a volume basis. a Space Shuttle Power Reactant

Storage •lssernbly (PRSA) Hydrogen Tank. Table 2-X contains a breakdown of the liquid

hydrogen quantit y available in the supply tank. This table shows that approximately 34.24

Kg (75.50 lb) of liquid hydrogen is available for the facility receiver tank. The boiloff

losses were determined by the heat leak given in Reference 3.

The maximum suppl y tank outflow rate, as indicated in Reference 20, is 22.7 g/sec (0.05

lb/sec). The suppl y tank is to provide vapor-free outflow for flew rates up to this

maximum flow rate at a pressure not to exceed 414 kPa (60 psia).

In addition to the liquid quantity and maximurn outflow rate constraints, the suppl y tank

pallet mounting system was to be used.

24
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TABLE 2-X SUPPLY TANK. FLUID INVENTORY BREAKDOWN

Load at launch (Minimurn) 18.17 Kg (84. 16 lb)

I%oiloff Over 3 Days at 44 gm/hr 3. 17 Kg (6.98 lb)
(0.097 lb/hr)

2 Percent Residual 0.76 Kg ( 1.68 lb)

TOTAL MASS ,AVAILABLE FOR TRANSFER 34.24 Kg (75.50 lb)

Assumptions:ions:

Vapor Pressure
	

103.4 KPa	 ( 15.0	 psia)

Tank Volume =
	 0.60 m 3	(21.186 ft3)

Residual Liquid =
	 0.27 Kg	 (0.60 lb)

Initial Fill
	

90%

2.4 Receiver Ta nk 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 four configurations given in Table 2-XI were considered.

The first configuration consists of using one 0.165 scale receiver tank for both phases of

the facility. (All scaling is done on linear dimensions: i.e., length and diameter.) This

receiver tank is the largest tank that can be filled mirth LH 2 from one CFMF supply tank.

This single tank concept is the lowest cost approach.

Configuration 2 consists of one 0.36 scale receiver tank for prechill and one 0.165 scale

receiver tank for chill and fill. The 0.36 tank is the largest receiver tank which will fit on

a single Spacelab pallet. This concept utilizes one CF%iE supply tank for both receiver 	 44

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

prechill, thus providing scaling data superior to the 0.165 scale tanl:.

The third configuration consists of one 0.270 scale receiver tank and four CFNIE supply

tanks. This concept represents the largest receiver tank which can be ;'Wd for preChili,

chill and fill, and fit on a single pallet. It represents the most costly approach due to the

requirement of four supply tanks.

25
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Constraints	 I	 Advantages

Predrill, chill and till r a, Eaperinwrit , an be accom.
be accomph%hed with one pushed with a sutglr set of
(TME supf is tank (receiver tanks and therefore shtuld
is the masunum size that he Vw lowest cost apprtuth.

tied with aecan be fi	 nt
CFME supply tank).

Earl y esper,ment% would Allows largrst size lecelvef
use 0.1b s c ale VOTV that well Ilt on a single pal-
(largest retelvrr that will let to be used for lwr. hill.
fit on a single pallet) for Only requires a single sup-
pre, hill letting. Later ply rank.
r%perlmrnts would sums-
late r hill and fill with a
0.16 % %, air retelver.

Configuration

1. cane crMe %ppl y lank.
I! 	 One 0.161 x'alr VOTV

receiver tank.

2. One CFMr supply tank.
One 0. $b scale  VOTV
receiver for prr- hill
and orm 0.16' %- ale
POTV rietelvet '.r
rhtll and fill.

%t ale of rerriver tank for
pre, lull is smallest.

Requires two separate re-
trlver% and would there-
tore be d more costly ap
Iroath than conflgura.
dons I.

TA'L^LL 2-.\I FAC!LII'Y TANr^ .\L fLR.^-A I	 1i11i`U Ct= AIL S)JNi'L1 l \\KS

J. Four CFME supply tanks.
one 0.21 stair POTV
reielver tank.

Ow 1 f: ME supply tank.
Ora -.1 wale VOTV
receiver tank Mr two
tipaceldh pollrlafcr prr.
Chill. One ;),I n s wale
POTV recelvrr I,w chill
and fill.

Largest single receiver
that can he used for all
riper Intent  green single
pallet size oonslralnts.

Largest rer river tank
which Itt%on Iwo "lair
lab pallrts.

Allows single Ingest size
rer.e.", than ran he pte-
ctulle 1, , hllled and tilled.
t%rJ% I equcre% a single re-
cri%er tank.

Largest receiver tank tw
prethlll; permits scaling
M oressure history. tweak
pre%sure and tempera.
t,rrr.

hequcres lour CF%11 %upph
links. May create feed sys.
tem line rhdldo f, problems
that uvuld regnwr drsign of
.al a,, unwlat,w lank. Re-
sults in the highest single
pallr* nusaroo cost hs utlltr
Inv, entire pallet spa, r for
all missions.

Requur% two I", eldb pal-
lets during Phase 1 and thus
hlghe %t m%"0" (01%1.

Ilse 0.5 scale receiver tank of Configuration 4 permits direct scaling of precnlll results to

the lull scale POW. The 0.165 scale tank would ire used for chill and fill testing. This

configuration results in the highest mission costs during Phase 1 due to the need for tUo

Spacelab pallets.

A decision was It,ade, following ;NASA review, to use C:onfigt- r .4• ion 2 for the facility

design. This choice represents a compromise between the lower cost of Configuration I

and the technical advantages and higher costs of Configurations 3 and 4. The 0.36 and

0.165 scale tanks will be used for the Phase I and Phase 11 facility design, respectively.

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 receiver tank. Tile

approach described In the follow Ing paragraphs Is consistent With the multlpha,e effort to

be employed in tht CF%iF flights.

2.5.1	 Supply Tank Presn-urization. The baseline pressurization approach for the

CFME supply t..iak is the use k. helium supplied at ambient temperature. This approach
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will be satisfactory providing that heat transfer between the warm helium and cold liquid

or capillary device is ininimized.	 Evaporation caused b y heat transfer between the

pressurant and LH 2 will increase hydrogen partial pressure and can make it difficult, if

not impossible, to fill the receiver to a pressure below the receiver tank design allowable.

Direct contact of warm pressurant with an impervious surface of the capillary device is

likely to cause vapor to form within the capillary device channel. The use of ambient

pressurant requires that relatively quiescent conditions exist in the supply tank from the

time helium has been injected into the tank until all usable liquid has been expelled. If

E thes: conditions cannot be met, consideration should be given to using cryogenic helium

pressurant to maintain low hydrogen partial pressures and prevent vapor formation in the

capillary device.

2.5.2 Transfer Line Cooldown. A review of literature (References 21 through 26)

was conducted to determine if pressure surges during transfer line cooldown would pose a

problem for the POTV or the CFMF. Steward, Smith and Brennan (References 25 and 26)

reported on liquid nitrogen and hydrogen transfer line cooldown. Their results indicate

that transfer line chil l down pressure surges are enhanced by: (1) large mass flow rates, (2)

high levels of liquid subcooling, (3) short valve opening times, (4) high density liquids and

longer transfer lines. Based on these works, there exists no strong evidence that pressure

surges will present a problem for the CFMF. The rate at which the supply tank outlet

valve is opened can he limited during the initial prechill charges when the line is cooling

down. Following transfer line cooldown, normal valve operation would be permitted.

The selected approach to transfer line cooldown for the CFMF is to flow the liquid

through the transfer line. at low levels of subcooling, by slowly opening the supply tank

outlet valve. If, during ground testing, pressure surges present a problem during transfer

line cooldown, a possible solution would be to pre-cool the line utilizing the supply tank

TVS flow. Two approaches were considered for such a back-up system: passing the cold

vapor around the outside of the line in cooling, coils or flowing the vapor directly through

the line. Flowing outside the line minimizes valving requirements, but results in

fabrication complexity. Internal flow requires additional valving to ailow for cooldown

fluid to enter and exit the transfer line.

.I Receiver Tank Fill. The approach proposed for accomplishing a no-vent

:elver tank fill involves three phases: (I) prechill, (2) chill and (3) f ill. This approach is

,igned to eliminate the need for venting while a two-phase mixture exists in the tank.
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Toe receiver tank precnill process, oeginning with tho tank wall at so;ne initial %%arm

ternperatun • , cornists of a liquid charge, hold and vapor vent. The charge, hold and vent

cycle is designeo to prevent liquid trorn being vented overboard. Prechill continues until a

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

permits cmil ana till of the receiver tank %,.ithout further venting. The prechill target

temperature was determined using data obtained from Reference J and is plotteu, as a

function of tank scale, in Figure 2-5. Ouring precnill, the flow into the tank is through in

inlet rnanitold to provide high wall surface coverage by the impinging liquid and, thus,

good heat transfer between the liquid and tank wall. Tank chill proceeds from the prechill

target temperature to the saturation temperature of the fluid in the tank, whereupon the

tanx is filled. Tanti chill and till are both accoinplishea %%ith the vent closed.
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Inflow analyses were separated into prechill, chill ind t.jnk !,k ),_	 1'n :. i, t M^-

ships for these processes, from the literature review, 1 rl, •uni trjri1r(! m Table 2-VI.

ally, during prechill, vapor will ester the tank fro-n the earn ► line. The applicable

nation for heat transfer between the incoming vapar and tank wall is:

(P/Vo) u •	
1/4

—p Prv2/3 = 0.13	 -^	 (Equation 2- 1)
pv v	 p

v

where:

I' . r)rhV2

When liquid enters the tank, the heat transfer between the liquid and vapor, and between

the liquid and tank wall, must be considered.

Vapor-to-liquid heat transfer for evaporating drops is:

2 + 0.6 Ref 112 Prf1/3
Nu =	 -Ti + B	 —	 (Equation 2-2)

where:

B = (h v - hdvVhfg

For heat transfer between the liquid and tank wall, several relationships are applicable.

For quenching of spheres. the relationship governing film boiling heat transfer is:

Nu = 0.15 Ra 1/3
	

(Equation 2-3)

For liquids splattering on heated surfaces, the relationship is:

2 2	 0.341
Qmax _ 8.44 x 10-3 p 1 V u

p 1 d 
3x

1 O vf gc^
(Equation 2-4)
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During receiver tank fill, when liquid and vap%wr exists in the tank, it Is necessary to assess

the mixing; requlremenh in order to assure that thermodynamic eq ..jillbrium is maintained.

For tank mixing, at Bond numbers greater than 10:

V  1)o> 
(hill 

a/gc ) 1/2 (` - 
l'fil)
	 tEquation 2-5)

and for Bond numbers less than IU:

V  D0 > z 112 / 30	 (Equation 2-6)

For heat transfer between the liquid and vapor during 1111, Equation 2-1, evaluated using

liquid properties, was used. A nixing time equation from Reference 12 was Identified for

use ul the scaling analysis (Paragraph 2.6) and is:

S.2d Vvt3 =	 (Equation 2- 7)
q (zl))112

i ne • evaluation of the receiver tank thermloaynanuc processes was accomplished using the

Beech developed Tank Cooldown Analys. Program (TNKCAP). The program Incorporates

the receiver tank model shown in Figure 2-6. The model contains nodes for the tank gall.

fluid, Incoming liquid and external environment. This model permits simulation of the

receiver tank prechill, chill and fill processes. Thermodynamic iluid properties for

hydrogen were determined by the equation-of-state given in Reference 2S.

^i n
I -^	 THERMODYNAMIC PROCESS

1 I. Mass Flow Into Tank : t (A P, 11.

2. Isenthalpic Expansion.

1. Convective Heat	 Transfer	 From	 Liquid	 Drops to Bulk
t Fluid.

l J	 , Flui d
 

4. Heat Transfer Bet*een Liquid let and Tank Wall:
liquid f

Jet I1 a.	 Nucleate BoilniK '
D.	 Film B.iilmg,

I
J t	 Tank S. (teat Transfer Between Pulk Fluid and Tank Wall.

wa11

Figure 2-6 RECEIVER TANK THERMODYNAMIC MODEL

30



The relationships contained in Equations 2-1 through 2-4 were used to generate heat

transfer coefficients for input to the receiver TNKCAP. The heat transfer coefficients

used for prechill are:

Vapor to tank wall;

h  = 28.4 %, /m 2-oK (5 btu/hr-It2-°R)

Liquid to tank wall;

li f = 85.1 w/m 2 •°K (15 Btu/hr-ft2-°R)

Liquid to vapor;

h  = 300.8 w /m 2-°K (53 Btu/r-ft 2-o R)

(from Equation 2-1)

(iroin Equation 2-3)

(front Equation 2-2)

During; filling, the liquid-vapor heat transfer, evaluated using liquid properties, is:

h f - 363.2 w /111 2-°K (64 t3tu/hr-lt 2-o R)
	

(from Equation 2.1)

The correlations of Reference 27 (Equations 2-5 and 2-6) were used to predict liquid let

requirements to promote mixing; and thermal equilibrium during tank fill.

Tlx- precnill cnarg;e is initiated by flowing hydrogen through the receiver tank fill

manifold until the tan g pressure reaches a predetermined vane (designated the charge

termination pressure). The charge termination pressure is lower than the pressure

selectee for vent initiation, which is chosen to be close to the maximum working pressure.

TIK• difference between the charge termination and vent initiation pressures determines

the maxmium amount of energy that can be removed during any single charge, hold arid

vent cycle. Initiation of the vent port.on of the cycle is based upon either the vent

initiation pressure, or the difference between the average tank wall temperature and the

average fluid teii.perature. It tie average fluid tviiiperature equals or exceeds 95 percent

..)I average tank wall temperature, the vent is opened until the vent termination pressure

is rearneo. Tms method of operating; the vent ensures that liquid is iwt vented and

pre%ents excessive prechill tunes by eliminating; the need to wait for therrTmI equilibrium.

Taole 2-xll contims the charge, hold and %em pressures for the 0.165 and 0.36 scaled

reeei%er tanks.
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Based on the heat transfer coefficients presented and the pre. --hill operational parameters

(i.e., charge termination. vent initi,ition and vent tertnina*ion pressures), the receiver

tank computer model was used to predict temperatu-e and pressure histories for both the

Phase I and Phase II receiver tanks. It was assumed tha* g,xid mixing between the bwk

liquid and vapor existe,i to promote thermal equilibrium. Figures 2-7 and 2-8 show the

temperature and pressure histories for Phase I and Phase II receiver tanks. respectively.

These figures show that three prechlll cycles are required for the Phase I receiver tank

and six prechlll cycles are required for the Phase If r,•c e iver tank.

Vat ir'-x 100 w ON w

11"t 191ce"051	 IIOlt 1!11(0%051

Figure 2-7 PHASE I RECEIVER TANK TEMPERAWRE
AND PRESSURE HISTORIES
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2.5.4 Start Basket Vapor Collapse. Filling of the start basket will be accom-

plished by flowing a portion of the subcooled inlet fluid through the start basket outlet

(i.e., back filling). An analysis in Reference I indicated that an inlet flow equivalent to

four jets would be sufficient to condense any trapped vapor during filling the phase 11

receiver tank.

The active bubble collapse time is a function of basket volume, degree of subcooling,

fraction of trapped vapor and inflow rate to the basket. This relationship is given by

Equation 2-8.

At = 
JOB 0  (u L - nout) - 

m i (X U V + (I - X) U L - hout)
	

(Equation 2-8)

m in (h in - hout)
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where:

V0	 Start basket volunu• 111 3 (It 3)

0 	 = Liquid densit y Kg/[n 3 (Ih/ft3,

U 	 = Liquid mtt . rnal energv In haslet J/Kg (Btu/Ib)

hcut	 = Enthalpy of liquid leaving at initial hasket condition 1/Kg llttu/lh) i
rn i 	= Original mass of liquid and vapor In basket Kg (Ih)

X	 = Initial quality in basket

u V 	- Vapor internal energy in basket J/Kg (Btu/lb)

rig 	 Inflow rate of liquid Kg/sec (lb/sec)

It 	 Enthalpv of sub,.aoled jet inlet flow J/Kg (litu/Ibl

At	 Collapse time (sec)

I-or the 0.165 scale model, the approach investigated to coPapse vapo , in the start basket

was to flow 22 percent of the inlet flow through the start basket outlet and channels into

the basket to condense the trapped vapor. As shown in Figure 2-9, using the equivalent

Clow from four jets will result in collapse times (using; Equation 2-8) of approximatel y one

minute. This assumes that four vapor bubbles of 54.6 mm diameter (2.15 in) were trapped

between the channel;, the mass flow rate from each jet is 1.26 g/sec (0.0023 lb/sec) and

the tank liquid is saturated at 138 KI'a (20 psia).

Passive bubble collapse was evaluated for the largest possible bubble present in the start

basket following `ill. The following relationships (from Reference 17) were used to

calculate the collapse times.

For a spherical bubble with radial motion:

T F,= I (a•a2 -j)
	

(Equation 2 -9)

and for a plane interface (neglecting bubble curvature and convective heat transfer):

= I - THl/2
	

(Equation 2-10)
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Figure 2-9 ACTIVE VAPOR COLLAPSE USING LIQUID FLOW
INTO START BASKET (0.165 SCALE)

inhere:

i H	= 4 10a2 at
R

0

(See Table 2-IV for nomenclature.)

Figure 2-10 illustrates the relationship between tank pressure subcooling and vapor

collapse times given by Equations 2-9 and 2-10. The maximum size of a trapped bubble

for .1 0.165 scale model start basket is shown by the vertical line in Figure 2-10. These

collapse times are on the order of hours as opposed to minutes for active collapse (Figure
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Figure 2-10 BUBBLE SIZE VERSUS COLLAPSE TIME
(PASSIVE BUBBLE COLLAPSE)

2.5.5 Venting. It must be demonstrated that helium can be removed from a

partially filled L0 2 or LH 2 POTV tank. As reported in Reference 1. this is required to

prevent over pressurization of the tank during retell. The technology to accomplish helium

venting will be demonstrated in this experiment.

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

the primary RCS thrusters to settle the liquid in the receiver tank during which time

venting occurs: the second approach (pas-ive) will use a tapered vent tube (Figure 2-1 I) to

separate the liquid and vapor phases.

r`	 The vent tube operates by shedding most of the liquid which is in contact with the tube

surface. Small amounts of liquid may be trapped inside the tube prior to venting, but will

r	 have a negligible effect on overall vented fluid quantity if the bulk liquid resides in a

"normal" low-gravity position as shown in Figure 2-1 1.
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Figure 2-11 VENT TUBE LOCATION AND CONFIGURATION

An analysis was conducted to determine partial pressures of hydrogen and helium in the

tank during venting. It was assumed that psuedo-equilibrium conditions exist in the tank.

This assumption implies that vent flow rates he sufficiently small so that hydrogen boil-

off occurs at a rate appproximately equal to quantity of hydrogen vented. However, the

amount of hydrogen boiled off is slightly lower than the amount vented, due to liquid

cooling, resulting in a reduced partial pressure of the hydrogen. This analysis assumes,

therefore, that the hydrogen partial pressure is the saturation pressure based on the liquid

hyd: ogen temperature.

The model employed in this analysis is shown in Figure 2-12. Calculations using a half-full

Phase 11 receiver tank produced results showing the average tank temperature, total tank

pressure, and helium and hydrogen partial pressure (Figure 2-13) histories assuming a 22.7

gm/sec (0.05 lb/sec) vent outflow rate.
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2.5.6 Receiver Tank Pressurization. Receiver tank pressurization will be accom-

plished using ambient helium injected into the tank. Pressurization considerations have

been evaluated onl y to the degree to which they affect experiment objectives of capillary

device thermal conditioning and refilling of a partially full tank. Interactions of

liquid/vapor mixing subsequent to pressurization and resultant pressure history and

capillary device evaporation on bulk boiling considerations should be part of the detailed

design to characterize pressurant injection location and tennperature requirements for an

actual PC)TV case.

During detailed design of the experiment, an assessment of the current state of

development of the POTV should be made to determine if autogeneous pressurization is

feasible. If it is, then autogeneous pressurization testing may be included in the

experiment.

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

obtained from the Phase 1 and Phase II receiver tanks could be scaled to the prototype

tank (N)TV). The series of curves given in Figure 2-14 were constructed, using data

presented in Reference S. showing the dry tank mass, wetted mass and total mass as a

;unction of tank scale for the prototype tank. Tank scale or scale factor, is defined as the

ratio of model to prototype tank dimensions. Dry tank mass is the mass of the pressure

vessel; the wetted mass is the dry tank mass plus the mass of the internal components; the

tot.il mass is the wetted mass plus the insulation, external structure and hardware.

The model receiver tank allowable pressure, as a function of tank scale, is shown in Figure

2-15. At a constant pressure (172.4 KPa (25 psia) for the prototype), the model tank wall

thickness decreases as the scale factor decreases until the minimum wall thickness of

0.635 min (0.025 in) is reached. (This is the minimum wall thickness that can be welded.)

At this point allowable model tank pressure increases as scale factor decre-ses. \t a

scale factor of unity, the model tank wall thickness exceeds the prototype wall thick-ness,

because the selected model tank material, 6061-T6 aluminum, has a lower ultimate

strength than the POTV material, 2219-T87 aluminum. 6061 aluminum was selected

because it exhibits superior waldability and corrosion resistance than does 2219.

Scaling parameters discussed in Reference 1 are plotted as a function of tank scale in

Figure 2-16 (P• . V • and M' represent the ratio of model to prototype pressure, volume

and wetted mass, respectively). To produce these plots, tank volumes for both the model
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and prototype are calculated from the geometric relationships using the appropriate

scaled tank dimensions for the model-. dr y tank masses are calculated from tank surface

area and wall thickness; the mass of the model tank internal components is assumed to

vary with the square of the model tank radius and is assumed to be equal to the internal

components mass of the prototype tank when the model and protot y pe radii are equal (i.e..

tank scale 1). The break in the three curves at a scale factor of approximately 0.34

occurs at the point of minimum model tank wall thickness. At scale factors larger than

this, model tank pressure is assumed equal to prototype tank pressure, and model tank

wall thickness increases linearly with increasing tank scale. 	 Thus, the V O N* and

P*V*/M* curves coincide in this range because P* = 1. At scale factors he low 0.34, model

tank pressure increases at the same rate as V*/M* decreases. Consequently, P*V*/M*

constant as scale factor approaches 0. At a scale factor of I, V*/M* and P*V*/11* do not

reach unity, again because the model tank wall is thicker than the prototype, causing M*

to be greater than 1.

The plots in Figure 2-16 illustrate that exact P*V*/M* or V*/M* scaling is not possible. If

2219-TY7 aluminum were used to model tank construction. P*V*/M* and V*/M* would be

closer to unity at the higher scale factors. allowing nearly exact scaling at these

conditions. However, the Phase I and Il receiver tank scales of 0.36 and 0.165,

respectively, are so low that exact scali ng would not be possible even if the model tank

were constructed with 2219. Since exact scaling is not possible, the experiment was

designed to maintain similar flow and heat transfer regimes between model and prototype

so that the same anal y tical expressions will apply to both the prototype and the model

(i.e., similarity scaling).

The relationships governing the transfer processes were identified in Table 2-VI. The

initial consideration was to determine which of these equations applied to the POTV

transfer processes. The second consideration was the modeling constraints imposed on

experiment conditions if the relationship were to be scaled from protot ype to model. The

final consideration was the regimes over which the equations were applicable for the

POTV and whether model conditions could be maintained within these regimes.

Of the equations from Table 2-VI. Perr y and Chilton (Reference 32) and Bromley

(References 29 and 30) were found not to be applicable to the POTV. For film boiling,

scaling analysis indicated that Ikrenson (Reference 11) did not set regime limits and only

11

43



required manitenance of eyui,alerit h levels ie turret moovl and prototype. For evapora-

tion of drops, Yuen aria when (Reference 14) were selected over Eisenkidi t (Reference 31)

because of its greater applicability to the anticipated model velocity range. The

equations, along with their lirnits for satisfying; the regime regtmenierm, selected for use

in the scaling analysis are given in Taule 2-X111.

Exact scaling, relationships were deterinined b y setting each equation of Table 2 -X111 equal

to itself for both prototype aria model conuitions. Fluid properties in the model and

prototype are assumed to be identical. Additional constraints include:

Ratio of tanK diameters 1) /U p = 0.I0

Model tank diameter (Phase II) U = 0.69 in (2.28 ft)m
Maxinmin supply tank outtlow rate ifi rrr = 22.7 g/sec (0.0) lb/sec)	 I

PrecnI11:	 Prototype inlet velocity V P = 3.3 in/sec (I I ft/sec)

Prototype mass flow rate rn p = 0.45 Kg/sec 0 lb/sec)

Fill:	 Prototype inlet velocity V p = 6.7 rn/sec (22 ft/sec)

Prototype mass flow rate rh p = 0.91 Kg /sec (2 lb/sec)

Evaluation of the exact scaling relationships yielded conflicting model inflow velocity and

let diameters. For example:

1. The jet orifice diameters required to model a typical 1 10TV with a liquid inlloNk

velocity of 0.56 m/sec (1.83 it/sec) are:

Yuen and Lhon, evaporating crop - 0.61 min (0.002 tt)

,McUinms, boiling drops - 4.56 inrn (0.015 It)

Okita .ind Oya.na, mixing - 17.6 mrn (0.00579 It)

2. Table 2-XIII (column titled: 'Yodel Constraints for Scaling) shows conflicting

velocity requirements will result from exact scaling constraints usinK a fixed jet

diameter.

u ith the Inability to utilize exact scaling, a similarity scaling technique was employed

which consisted of maintaining similar heat and mass transfer regimes. Table 2 -X111

(column titled: Limits of Model Conditions Required to Maintain Similar Regimes)

contains a summary of velocity constraints for similarity scaling analysis.
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SUMMARY OF SCALING ANALYSIS
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For modeling based on maintaining similar flow and heat transfer regimes, the following

limits were found for the jet velocity and orifice diameter of the jet:

Yuen and Chen, evaporating drops - 5.71 x 10 
1) 

< V  dm < 8.71 x 10 -3 m2/sec

McGinnis, boiling drops - Vn2,^ d o < 2.0 m 3 /sec 2

Selecting d m = d p = 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 viat 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-XIV. The liquid require-

rnent for line and tank chilldown was computed based on data presented in Reference 8

and assuming that the vent fluid leaving the tank exits at a temperature nearly equal to

the average tank wall temperature.

TABLE 2-XIV SUMMARY OF CFMF MODEL CONDITIONS

Model Receiver Tank

Item 0.36 Scale 0.165 Scale

o Tank Configuration:

Geometry Cylindrical - 1.383EIliptical Heads Cylmdr^cal - 1.383 E-11rptical Heads
Volume 5.42 m	 (191.3 it	 1 0.52 m	 (18.42 It	 )
Diameter 1.52 m (4.98 ft) 0.69 m (2.28 It)

Cylindrical Length 2.25 in (7.38 It) 1.03 m (3.38 ft)
Total Length 3.35 m110.98 It) 2 1.53 rt	 (5.03 ftl2
Surface Area 16.7 m	 (179.6 ft	 1 3.5 n	 (37.8 it	 )
Thickness 0.97 mm (0.038 in) 0.635 rn (0.025 in)
Material 6061 Aluminum 6061 Aluminum

io Tank Weight:

Dry Tank
	

45.8 Kg (101 lb)
	

7.?6 Kg (16 Ibl
Fluid Load (LH2)
	

N/A
	

33.0 Kg (72.74 lb)

o Thermal /Fluid Parameters:

Initial Temperature
Inlet Fluid (LH2)
Fluid Velocity
Mass Flow Rate
Prechill Temperature
Maximum Tank Pres.,ure
Jet Diameter
Line and rank Chilldown

3000K (540oR) 300oK (5400R)
103 KPa (15 psia) Saturated 	 i 103 KPa (15 psia) Saturated{	
2.71 m/sec (8.9 ft/sec) i 2.29 m/sec (7.5 It/sec)	 i
22.7 gm/sec (0.05 lb/sec) 22.7 gr	 -c (0.05 lb/sec)
114 oK (205oR) 1000K (180oR)	 I
241 KPa (35 psia) 241 KPa (35 psia)
15 Jets - 3.18 mm (0.125 in) 18 Jets - 3.18 mm (0.125 in)
2.9 Kg (6.4 Ib) 0.95 Kg (2.1 lb)

"RFICFP ,hr; pr, {	 47
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2.7	 t_acllity Nar.lware ;lrsc`i V-1 6. 1 11.	 I ltc • Phase I and Phase II 	 gencral

con figurattons are illustrated by f= igures 2-17 and 1-18, respectively.	 Die following	 !

paraAr.tphs dr., r the the major na oAare components t.0 Ooth phases of the t.t, thtv.

^^— Inand Contatrun
and l'anhol

^Recenrr i'. ►nk

Rr.river Tank -
Itrinnn Impply

--Sparclah PAllct

WFME Tank hidden Ih The R,ceiver Tank)

Cigure 2-17 Lf= MF PHA -SL I NPACELAt k PALLET

2.7.1 CFML S!!pplySupply Tank. The CI - ME supply tank is a 0.(,0 m 3 (21.1') It 3 ) Spher Ica I

dewar. It has a TVS consisting of .t .apor- c% ,K)Ir,d shield (VCS) and mo heat c changers.

The primary heat v\t hanger operates in a steady state mode while the secondary hr.tt

exchanger operates to a transient mode.

2.7.2 Itrcetver Tanks. the Phase 1 receiver tank is to be a 0.36 scale POFV liquid

hydrogen tank, It is a cylindrical tank having a total Irngth of 3.35 to (10.98 It), a

diameter of 1.52 m (4.98 It) ano ellthttc.tl brads havmg a radius-to-hel) ,,ht ratio of 1.38.

I'he tank .%ell he constructed of altimmum and will contain an inlet manifold, a hclunn

diffuser ania, to tartlt r ate data acgm%it ion, an Instrumentat ion tree.

00



Instrumeirtation
and l onirul

Spacelab Pallet

Receiver
Tank

Receiver lirhurn—.^
Pressurization little%

Figure 2-18 CFMF PHAS E II I'-\LLET

The Ptlasc II receiver tank will represent a 0.165 scale POTV liquid hydrogen tank. It well

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

total length and diameter of 1.53 m (5.03 tt) and 0.8 5 m (2.7,S tt), respectively. Unlike

Phase I, the Phase II receiver tank will be ased for two missions with different internal

contl t;urations tear each mission. Ttx Phase 11, Mission Two, receiver tank will contain an

Inlet manifold, helium diffuser, instrumentation tree, tapered hehurn vent tube, vapor

pullthrough suppression battle and an Internal Tlxrmodynainic Vent System.

The Phase II, ;Mission Three, receiver tank \oill Have an internal configuration similar to

the Phase II. Mission Two, receiver tank with the replacement of the vapor pullthroeigh

suppression battle with a start basket. The following paragraphs des.-ribe the internal

hardware of the receiver tank in more detail.

I
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2.7.2.1 Inlet _ Mantfold. The liquid inlet manifold's primary functions are to

distribute liquid on the receiver tank wall and to assure miring during receiver tank fill.

Two possible techniques are available for accomplishing this: the use of sprav nozzles and

the use of a tube with holes placed longitudinally along it. Spray nozzles were the

technique proposed in References I and I I for rise in the POI'V. An analysis of the POTV

spray nozzles to determine velocities at tile° nozzle exit and tank will and the capability

of the spray nozzles to satisfy fluid mixing requirements during till of a POTV indicated

that the spray nozzles ma y be inadequate. Therefore, the recommended approach for

CFMF to assure sufficient mixing and heat transfer is the use of liquid Jets provided b y a

tube with holes placed along its length.

2.7.2.2 Helium I)iffuser. 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.

2.7.2.1	 Tapered Vent Tube. The function of the tapered vent tube is to stied liquid

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

2.7.2.4 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. Tile settled liquid refills the start basket for the next startup. A typical start

basket configuration is illustrated by Figure 2-19.

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 he vapor free. This is usuall y accomplished by means

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

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

screens prevent vapor from entering the outlet.

50
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1

Main Screen
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Figure 2-19 GENERAL START BASKET CONFIGURATION

i.

	

	 The screens forming the surface of the start basket must be sized to retain liquid

at all expected acceleration levels.

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.

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

at expected tank liquid levels.

2.7.2.5 Vapor Pullthrough Suppression. The Phase 11, Mission TA o, 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 RCS primary thrusters to settle the liquid in the tank. Without the battle,

vapor ingestion may occur for the low-g levels generated by the RCS primary thrusters

resulting in excessive liquid residuals.

I I
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2.7.3 Helium Pressurization Bottles. As part of the ground rules for this study,

the four helium pressurization bottles selected for the CF%iE supply tank were to be used.

These tanks are titanium 0.35 meter ( l 3.9 inch) diameter spheres and are rated at 22.1

MPa (3200 psia) working pressure.

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

source. A helium volume of approximately 0.23 m 3 (8 ft 3 ) was determined to be

sufficient for pressurization and inerting requirements. This volume was based on the

worst case helium requirement: the inerting of the Phase I receiver tank. This tank has an

internal volume of 5.4 m 3 (191 t t 3). Assuming a final tank temperature and pressure of

2800K (5040R) and 241 KPa (35 psia), approximately 2.27 Kg (5 Ibs) of helium are required

for a single tank pressurization. The inerting of the tank will consist of one charge,

blowdown and a final charge. Therefore, approximately 4.54 Kg (10 Ibs) of helium is

required to complete receiver tank inerting. A factor of safety of 1.5 was used to ensure

that sufficient helium \vill exist for any unforeseen events. The requirement for 0.23 in 

(8 ft 3 ) of stored 11ellum was determined using a helium loading temperature of 3000K

(5400R) and a working pressure of 20.7 ,MPa (3000 psia).

2.7.4 Data Acquisition and Control and Plata Recording. The Data .acquisition

and Control System (DACS) is a microprocessor based computer used to monitor and

control the experiment. This study was directed to examine the applicability of the DACS

and tape recording equipment used in the CF%iF design study for the entire facility.

2.7.5 Instrumentation. Instrumentation requirements to determine that the

facoity is functioning properly. control the experiment and collect data on the perform-

ance of the facility were identified. These requirements are: (1) temperature measure-

ments. (1) N , cssure measurement, (3) liquid vapor sensing, (4) quality measurement and (5)

mass gauging.
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3.0	 FACILITY -,' ,,INCLPI'I ; AL OLNIGN AND ANALYSIS

This section descriues the conceptual design and analysis of the Cryogenic Fluid

Management Facility (CFMF) uasea on the preliminary tacility definition contained in

Section 2.0. The conceptual design 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 till, drain, vent and transfer lines, instrumentation, data

acquisition and experiment control systems. Structural, thermal, fluid mechanic and

safety/reliability analyses were conducted based oil 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 Conceptual Design. This paragraph describes the CFMF hardware

requirements for both phases, ► nc^uding the drawings produced for each phase. fable 3-1

contains a list of the drawings by figure number. In some cases, the Phase l and II

drawings are ident i cal. These drawings wi!l only be included in the Phase I design.

TABLE 3-1 CFMF DRA%1NG LIST

n

Figure
Drawing Title Number

k,eneral Arrangement. Phase 1 3-1
Flow Schematic, Phase 1 3-2
lteceivei Tank, Phase 1 3-3
Receiver Tank Insulation, Phase 1 3-4
Insulation Attachment 3-5
Insulation Lap Joint 3-6
Strut Detail 3-7
Helium Pressurization Bottles 3-8
Component Details 3-9
Instrumentation tree, Phase 1 3-10
Instrumentation Pallet A, Phase 1 3- l l
Instrumentation Pallet B, Phase 1 3-12
General ,Arrangement, Phase II 3-13
Flow Schematic, Phase 11 3-14
Receiver Tank, Phase 11, Mission Two 3-15
Receiver Tank, Phase 11 3-16
Receiver Tank Insulation, Phase II 3-17
Instrumentation Tree, Phase II 3-23
Instrumentation Pallet A, Phase II 3-24
Instrumentation Pallet B, Phase II 3-25
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;. 1.1	 Phase I Desreii. The Phase I facilit y general arrangement is shown in Figure

t-I. The major hardware components are the receiver tank, supply tank. helium

pressurization system and supporting hardware. The following subparagraphs describe the

flaw tichematte and hardware components.

;.1.1.1	 Flow Schematic. The flew schematic was developed to be consistent with

the Phase I exper ► mrntal objectives. finis flow schematic and a description of the

function of each of its components are given in Figure 3-2 and Tahle 3-11. The data and

control columns in Table 3-I1 differentiate which instruments collect data and which

instruments control the experiment. A safetv consideration in the development of the

facility was to assure that no single component failure would endanger the Space Shuttle.

This approach mandated that critical active components, such as valves, be protected by a

passive system rising a burst disc or relief valve.

The first objective of the Phase I facility is the evaluation of the supply tank liquid

acq iisition device's capability to provide vapor-free liquid outflow. This will be

+ccomplished b y measuring outflow qualitv from the acquisition device with quality meter

QN12. `\12 will be calibrated by independently determining the average outflow quality

and volumetric flow. The average outflow quality is evaluated by measuring the power

required for heater HXI to vaporize and slightly superheat the outlet fluid. At a given

heater power of 2080 watts, the maximum mass flow for which quality verification is

possible is directl y proportional to quality. For an outflow quality of 0.0, verification of

the quality is possible only for mass flow rates less than 1.35 F/sec (0.003 lb/sec). For

higher flow rates, either a larger heater would be required or it must be demonstrated

that the accuracy of the quality meter is independent of mass flow rate. The volumetric

flow rate is measured by volumetric flow meter W1. To assure that condensation does

not occur within V%11. additional heat may be added to the flow through HX2.

Tne second objective of Phase I is demonstration of the on-orbit quantity gauging system

for the supply tank. The method proposed for calibrating; the mass gauging system is

based on knowing the initial quantity of liquid hydrogen in the supply tank at launch and

keeping track of all exiting flows. The proposed quality meters, QMI and QM2, have a

built-in integrating capability which will allow for the summation of outflows.

The third and fourth objectives are evaluation of the !ransfer line and receiver tank

cooldown processes. Receiver tank prechrll and chill will involve the charge, hold and

%ent procedure outlined in Paragraph 2.2. The rnrechill charge ^s initiated by opening flow

,4.
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TANLL 3-11 PHASE I FLO A k riLUATIC C:OMWONENT F1 AC- ION

Cpmpon"l
Idrnciti-
calicn

%umber	 hats t onir ,I	 Function

Sul'I	 \	 ++pen+ upon orbit insertion to permit venting; closed during ground operatirls to allow venting
through T-0 umbilical.

50V 	 \	 t +fens durutg horizontal drain operations; actcsated only when suppl y tank is Ioacsra upon
landing.

SOW f	 \	 c+pens to permit operation of sup p l y tank TV'S.

SOVa	 \	 Allow+ receiver tank ventirsg.

SOW 	 k	 Opens to permit supple tank ground drain at time c s hours b y utilizing 7•0 untbilicall t Iosea
wring flight operation aM ground fill.

%OVa	 k	 Open ourutg suppl y tank fills allows 1.H 2 vatting during fill& closed during all other opetmi n%.

VIV7	 \	 tnprns to allow LM ? to enter receiver tank through inlet manifold; may be opened during
rrnerfir," condition) resulting from receiver tank overpressuritation.

SJYI	 x	 t+lwn during calibration of QM2i may be opened it retes%rt tank ovrrixeuurites to pro%iow
additional venting capability.

SOV9	 x	 First valve in suppl y tank primary pressurization s ystem; operates onh when SOV10 is closed.

Sul JO	 x	 Second valve in si.ppiv tank primary prrssur,tatttrn s y stem; operates only when SOV9 is closed.

50V I I	 x	 First valve in suppiv tank backup pressuiLUon system; operates only when SOW 12 I1 closed.

SOVit	 x	 4+ owl valve in supply tank backup pressurisation s y stem; WfAte%onit when Sc + ► I  is closed.

SJWII	 x	 Second valve in recrivrr tank primary pressurisation systems oprratrs onl y wren 'iJVI• n
closed.

SOV 16	 It	 First valve in receiver tank primers pressurization s y slem; operates only when SOVI I is closed.

SOW 	 x	 Second valve in retrivrt tank backup pressur :&tin s y strin; operates onl y when SuVls is
closed.

50V li	 x	 First valve in Art river tank bat kup pressor usation systems operates onit when SOW I y is closed.

Sc+ ► I'	 x	 .dens during suppl y tank helium butt le pressoritanan per to, •ned in KS) Operations and Control
IJAc 1 budding.

Stn % II	 \	 Sll,trs venwlg of receiver tank helium bottles if an overpressuritation condition is dote, tea by
PT9.

NOW 19	 x	 open "iryl receiver tank helium bottle pressurisation performed in KSC Oil: 11widing.

S41W20	 x	 I Pte! Its venting of supply tank helium bottles if an overpretsuritation conditio n is dele, led by

FCV1	 Controls +.repl y tank .willow ratet opens during calibration of Qxl 2, rvaluation of suppl y tan.
capiliart device and during receiver tank prechwlL

R1 I	 Prevents ovetWessuritation M suppit tank oaring all .operations.

RV2	 Protects receive, lank from ovenpressurizaltan , during all oprnationa.

RV I	 Protects suppiv tank from ovrnpressuritation Outing ground loading oteratitris.

RVs	 Prolvtis trwater liar components from overpressurization resultotg from LM 2 boiling in closed
Lie segment betwee+i Fi 1 1, SJV{ and Scaly.

bD1	 ProtectS entire latility upatn IaJure of SOW It law Wrss,re burst di" bursts M approsinnately
10  kPa (I S psidl.

PT 1	 x	 Suppiv tank Tv S rsitol pressure.

PT 2	 x	 x	 Re[ river lank vent pressure and tank premise.

PT I	 A	 Supply Tank premuritatian lire pressure.

PTA,	 x	 Transfer fine pressure at suppiv tank outlet.

PT v	 )k	 x	 HNt eachartger tM710 pressurr used to arterminr Saturation tempr, ature which controls hrate,
input.

P16	 Receiveir tank presimarl anion liar prefaure.

I 

M1

a

58



; WLI. 3-II Ph	 I FLOW SCHEMATIC '0%1l'0NrNT 1=

Component l
Idenit[i-

+an101,
Number Mu

PT?	 \

PIS

PTV

PTIO

Tsl

T.r	 X

Ts 	 X

Tsa	 \

TS)

Tsk	 X

TS?	 X

Tsg

7 Y

TS 10

QMI	 X

QXt?	 X

`m )	 X

► MI	 X

F#y I

Oki)

F 

F?

n U l %

HXI

H\'

r,1in: t lu„

Transfer line ;,,Ps-tare at recrlrer tank inlet.

\	 supply tank heltun pressuntatli+n suppl y prr ysurr.	 I

\	 Mri-river tank twhu rn pressurltation suppl y per

\	 sy,n ► y talk pressure.

suppl y tank T1 % rs11 temperature.

Itrcr vrr tank vent ten,perat,lre.

Suppit tank pre y+urltatlon line temperature.

Transfer llrx trmperahrr at vupply tank outlrt.

\	 drat ri, hanger 1HX1) ru se te ,nyw+atutr; given PT S. this temperature Is controlled to slightly
greater • '.an the corresponding saturation temperalure.

KMrrYer tank prrstur.tatitw line temperature.

Transfer line trmperature at rrCe,rer tank mlrt.

X	 supply tank helium pressurrtation supply temperature; • ned alth PTS and helium tioltlr solunwr
to determine hellum quantaty.

1l	 Re— rT lank helium pressurization suppl y temperature used 11th PTY and helium twrttlr
volumes to determine hellum q,r:nt,tY.

X	 Lut tr ,ngrral lrr it heat ritchangrr (HX:I used to rnsure that volunxtr,c floc metre i%Mll
mr&sores vapw flow b y controlling neat Input.

suI,,IIV tw •ik TV\ rstl Ilan qualltV and tl,,W rate.

X	 supph tank outfloa qualit y used to delrrmine suppl e tank capillary drvlce pr. formancr.

Mrseivef tank vent quslltV used to detel-irw • If liquid isYentru.

I)rtrr mines rolumetru flora rate; urd with quality determined from hrat rs. hanger (HXI1 to
.alrbrate QM'.

lirsco- In used to proslde Irnthalpu expansion of arppl y lank TYS floe.

ltestrlctz suppl y Rank helium pressurant floa rate.

Mrstricts receiver tank helium pretu irant floe rate.

Filter used to prrver , l , lo"tng of Fly Z.

Filter used to per%rnt , Ingging of ray L

X	 %uWly tank quaint:ty rnrasuren,enl.

Heat eakfangrr for calibration of QUI.

neat esihartger to in"r vapor floe llnOtigh VM1.

control valve FC I and solenoid operated valve k)V7; 1,OV4 will he open during

vent. transfer line cooldown will he completed during the initial prechlll charp—

Te mperatLire sensors along the transfer line and within the receiver tans. will br	 II,

collect the cool00%n data.

r



In addition to rnec • t!nq the experiment obfectives, the flow network t.iust permit

performance of certain other t.isks. far example. the 'ieliu n pressurisation and inerting of

the supply and receiver tanks.

3.1.1.2 St, y Tank. The supp l y tank is the CF\tE tank described in Peference U.

A brief description of the supply tank support structure. thermal and pressure cootr )I

systems follows.

support Structure. Figure 2-13 shows th^ supply tank mounted on the Spacelab pallet.

The pressure vessel is supported within the outer shell by two S-g:aSS;epoxy trunnions

attached to the girth rink. The girth ring is positioned ^n the Y 	 plane (reference Figure

2-2) when mounted in the Spacelab pallet and attaches to the base support frame through

two binod %truts and a shear support.

i hermal Control System. The thermal control s ystem consists of a vacuum jacket.

Thermodynamic Vent System (TVS) and Multilrtyer Insulation (MLI). The vacuum jacket

provides an evacuated annulus around the pressure vessel and protection for t l-^e Ml_ I. The

TVS maintains tank pressure by \,enting hydrogen from the liquid acquisition device

thro: ,.vh two heat exchangers. each having an orifice to reduce h ydrogen pressure and

temperature. These heat exchangers intercept heat at the tank penetrations and through

the \1L1. Flow in the two heat exchangers is controlled by on-off latching solenoid valves

actuated by the Data Acquisition and Control System MACS). The ML1 consists of 75

layers of double aluminized mylar between the vapor-cooled shield and the outer shell.

Pressurization Control Sv!,tem. The pressurization control system described in Reference

36 is shown schematically in Figure 3-2. It consists of two pairs of solenoid operated

valves separated by a preset length of line. Helium is injectee into the supply tank by a

series of two solenoid operated valves. The valve closest to the helium supply is opened

and the pressure in the section of line between the two valves equalizes at Vie hehurn

supply pressure. This valve is then closed and the valve closest to the suppl y tank if

opened allowing the trapped quantity of helium to enter the supply tank. This valve is

then closed and the sequence is repeated a3 required.
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3.1.1.3 Receiver Tank. The receiver tank for Phase I is a 0.36 scale POTV liquid

hydrogen tank containing an inlet manifold, instrumentation tree, helium diffuser and vent

device. Figure 3-3 shows the receiver tank and its internal configuration. The following

paragraphs describe the subsystems which make up this receiver tank.

Thermal Protection Svstem. The thermal protection system for the 0.36 scale receiver

tank consists of 20 layers of double-aluminized Kapton Superfloc and 8 S-glass/epoxy

struts. The selection of Superfloc as the insulation material for the CFMF was based on

the insulation system currently being developed by Marshall Space Flight Center (MSFC)

for a full-scale POTV. The receiver tank insulation layup, Figure 3-4, shows that eight

gore sections per head and two cylindrical sections are required. Figure 3-5 shows the

attachment method to be used for the MLI installation. The attachment technique

utilizes two velcro halves. The half attached to the pressure vessel is larger than the half

attached to the insulation to allow for alignment during installation. A typical insulation

lap joint is shown in Figure 3-6. Two 10-layer blankets are overlapped by a minimum of

50 mm (2 in) and fastened together by thread attached to two nylon buttons. To allow

evacuation of the 11LI during on-orbit operation, the insulation and the face sheet are

perforated. The tank is thermally isolated from its surroundings by the eight S-

glass/epoxy struts.

Support System. The receiver tank is mounted to the Spacelab pallet via an aluminum

support system which attaches to the pallet hardpoints. The tank is supported from this

structure by eight S-glass/epoxy struts, shown in Figure 3-7.

Pressure Control System. The Phase 1 receiver tank will not contain liquid and therefore

will not require helium for liquid expulsion; however, helium is required for tank inerting.

The receiver tank pressurization system is identical to the supply tank pressurization

s ystem and operates in a similar manner. The helium supply for the receiver tank consists

of five Kevlar-wound aluminum lined cylindrical high-pressure bottles. They have a

volume of 26.7 liters (1631 in 3 ) each and a maximum design pressure of 21 MPa (3000 psi).

The bottles are mounted to a subpallet to facilitate handling and assembly during Spacelab

pallet integration (Figure 3-8). These bottles are currently ur.dergoing Shuttle qualifica-

tion for the limned Maneuvering Unit (MMU).

4'k>:^F1''T^,; ^ ;^h^ S.^ f !'jam ^^;.,.	 ^ a•.
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ION

A !3 C D

PHASE I UPPER 381.0 457.2 38.1 0.66
(15.0) (18.0) (1.5) (0.026)

LOW ER 444.5 520.7 31.0 0.66
(17.5) (20.5) (1.22) (0.026)

PHASE I! I'PPER 533.4 609.6 23.4 0.66
(21.0) (24.0) (0.92) (0.026)

L(-)\X ER 228.6 304.8 10.7 0.66
(9.0) (12.0) (0.42) (0.026)

Figure 3-7 SUPPORT STRUT DETAIL

Inlet 'Manifold. The function of the inlet manifold is to distribute liquid uniformly onto

the tank wall and provide jet velocities sufficient to ensure mixing during fill. The inlet

manifold consists of a 1.38 m (54 in) straight section of tube. This tube is perforated by

15 holes along its axial length. Ar. analysis (Paragraph 3.2) of the pressure drop was

conducted to determine the inlet manifold diameter and length re q uired to provide

uniform flow from each hole.

Helium Diffuser. Although the Phase 1 receiver tank will contain only vapor, the helium

diffuser was designed to present liquid hydrogen spray caused by helium pressurant

impingement upon the liquid surface during pressurization. The critical Weber number

stat)ility criteria contained in Reference 37 is Riven in Equation 3-1:

We
crit - Re^8/89	 i Equation 3-1)
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where:

f °gamW _
-crit a gc

Re =p	 V do
1	 o	 g

r	 _
V -	 4 rh

I d2p
0

0 9 = Ullage density

V I = Inlet velocity

d = Characteristic dimension0

W 
= Ullage viscosity

rh = Pressurant flow rate

gc = Gravitational constant

a = Surface tension

Using a maximum pressurant inlet flow rate of 9 kg/hr (20 lbs/hr), the velocity T must be

less than 1.8 m/sec (6 ft/sec) and, therefore, d 0 must be greater than 47.0 mm 0.85 in)

for the cavity stability criterion of Reference 37 to be satisfied. This criterion must be

rnet to prevent liquid spray from forming during pressurization. The design of the helium

diffuser, ,hown in Figure 3-9, was based on the design contained in Reference 38 and

scaled to the CFMF application. This design will adequately attenuate velocities to below

1.8 m/sec (6 ft /sec) for all CFMF conditions, provided the helium inlet flow rate is less

than 9 Kg /hr (20 lb/hr).

Instrumentation Tree. The receiver tank contains an instrumentation tree constructed of

S-glass/epoxy to minimize thermal mass (Figure 3-10). This tree is contained within the

tank, as shown in Figure 3-3, and is used to mount instrumentation to provide information

on tank fluid temperature. During final design of the instrumentation tree, its effect on

the liqu i d behavior during low-g and settling will have to be assessed.

3.1.1.4 Instrumentation and Control Pallets. Two subpallets are used in ;ne Phase I

design to provide mounting for instrumentation and valving. Figures 3-11 and 3-12 show

tht component layouts on pallets A and B; their locations on the Spacelab pal!et are shown

in Figure 3-1.
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3.1.2 Phase 11 Design. Figure 3-13 shows the general arrangement of the Phase 11

facility on a Spa(.elab pallet, including the supply tank, receiver tank, heliurn pressuriza-

tion bottles, and instrumentation and control panels. It should be noted that the Phase 11

fay ty utilizes the same heliurn pressurization subpallet as Phase 1. 	 The following

-aragraphs describe the flow schematic for Phase It and the supply and r^ceive; tanks.

3.1.2.1 Flow Schematic. Figure 3-14 contains the Phase 11 flow schematic which

was developed to ensure the experimental objectives of Phase 11 outlined in Table 2-11

were met. Table 3-III contains a description of the function of each com ponent. As in

Phase 1, safety considerations in the development of the flow schematic were to assure

.ha, no single component failure would result in an unsafe condition.

Phase 11 cc ;silts of mission -%o and three; the flow schematic in Figure 3-14 is for

mission three. The second mission uses the same receiver tank without the start basket,

the TVS with its externally %vi-apped heat exchanger and plumbing.

PRECEDING PAGE BLANK NOT FILMED
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TABLE 3-III PHASE 11 FLOW -SCHEMATIC  COMPONENT FUNCTION

C ompinent
Identiti-
cation

Number Data Lontrol Function

SOY I X opens upon orbit insertion to permit venting; closed during ground operations to allow venting
through T-0 umbilical.

SOV2 \ Opens during horizontal drain operations; activated only when suppl y tank is loaded upon
landing.

SL>V) I X Opens to permit operation of suppl y tank TVS.

SOV4 X Allows receiver tank venting.

SCV5 \ Opens to permit supph tank ground drain at time . 	 4 hours by utilizing T-0 umbilical; closedI
during flight operation and groima till.

SOV6 ' Open during suppl y tank fill; allows GH 2 venting during fill; cloud during all other operations.

Sl1V7 \ cspens to alloy	 cH?? to enter receiver tank through inlet manifold; ma y be opened during
emergenc y condition3 resulting from receiver tank overpressurizatwn.

SOVA X Opera d y ing calibration of QM2; ma y be opened it receiver tank overpressurizes to provide
additional venting capability.

SOV9 X First valve in suppl y tank primary prrssur,zation system; operates only when SOV 10 is closed.

SOV 10 X Second valve in suppl y tank primary pressurization system; operates onl y w,xn SOV9 is closed.

SOYA X First valve in supply tank backup pressurization system; operates only when SOV 12 is closev.

SOv12 i X 1e.-ond valve in suppl y tank backup pressurization system; operates onl y when SOVI I is closed.

SOv l) I X Second valve in re: eiver 	 tank primar y	pressurization system; operates only when SOV 14 as
` cloned.

h)V 14 X First valve in receiver tank primar y pressurization system; operates only when SOV13 is closed.

SOYII ( X Secorw valve in receiver tank backup pressurization system; operates only when SOVIe is
cloned.

SOV 16
i

X First valve in receiver tank backup pressurization s ystem; operates only when %0V 15 is closed.

WV 17 1 Opens during suppl y tank helium bottle pressurization performed in KSC u.>perations and Control
(O&C) Building.

SOV IS X Allows venting of receiver tank helium bottles it an overpressurization condition is detected by
PTo.

SOY 19 X Open during receiver tank helium bottle pressurization performed in KSC O&C Building.

SOV 20 ;	 X Per lilts venting of suppl y tank helium tsettles if an over pressur izat ion condition is detected by
PTO.

SOYZI i	 X Opens during receiver	 tank fill to allow liquid to enter start Casket, open during start basket
out f low .

SOV22 I	 X Opens to operate receiver tank TVS.

FCvI supply tank outflow rate, opens during us!hbration of QM2, evaluation of supply tank(Controls
capillar y device end during receiver tank prechill.

FCV2 (Controls receiver tank start basket outflow rate.

RYI Prev_nts over pressurization cf suppl y tank during all operations.

F42 i Protects receiver tank from over pressur, :At i.ri during all operations.

kV 1 Protects suppl y tank from over pressur izat ion during ground loading.

RV4 Protects transfer lire components from over pressur i zat son resulting from LH 2 boiling in closedI
lire segment between FCV I, SOVS, SOV' an(' SOS 21.

BDI Protects entire facility upon failure of SOV I; low pressure burst disk bursts at approximately
103 kPa (t S paid).

PT 1 I	 X Suppl y tank TVS exiting pressure.

PT2 I	 X X

I

ftheiver tank Wlage vent pressure and tank pressure.

PT t X Supply Tank pressurization litre pressure.

P:k X T ransfer li ne pressurt	 supply tank outlet.
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T'\!sLL 3-III I'HASL II FLO NA -SCHEMATIC CO%1PONENT FUNCTION (Concluard)

Component
Ident,l i-
catiori

Number Data control Function

PT) \ \ Heat et:hanger (HX 1) pressure used to determine saturation temperature which controls healer,
Input.

PTb X Receiver tank DressurizAtlon line pressure.

PT) \ Iranster lux pressure at receiver tank Inlet.

PT8 Supply tank helium pressurization supply pressure.

PT9 \ Receiver tank helium pressurization suppl y pressure.

PT10 \ X Supply tank pressure.

PTl1 X \ Re^elver tank TVS exit pressure.

TSI I	 \ Supply tank TVS exit temperature.

TS2 X Receiver tank vent ullage temperature.

TS) X Suppl% tank pre s surization line temperature.

TS4 X X Trar,ster lux temperature at supply tank outlet.

TS) X \ Heal exchanger (HX0 exit temperature; given PTs, this temperatu r e is controlled to slightly
greater than the corresponding saturation temperature.

TS6 X Receiver tank pressurization line temperature.

?S7 X Transfer line 	 at receiver tank Inlet.

T%8 I	 V Suppl% tank helium pressurization supply temperature; used with PT8 and helium b)ttle volumes
to determine helium quantity.

TS9 \ Receiver tank helium pressurization supply temperature usid with PT9 and hehur D„-ttle
%,)fumes to determine helium quantity.

TSIO X Exit temperature to heat exchanger (HX2) used to ensure Mtt volumetric flow meter (VM,)
measures vapor flow by controlling heat input.

TS 11 X X Receiver tank TVS exit temperature.

`EMI \ I Supply tank TVS exit flow gsalit y and flow rate.

X X Suppl% tank outflow quality iseo to determine suppl y tank cap.11ar y device performance.

QM) X Receiver rank vent quality used to determine It liquid is vented.

l̂ MV X \ Receiver tank start basket outflcw quality.

k?M S X \ Receiver tans TVSoutllov Quality.

VMi I	 X I)eimminrs volumetric flow rate; .used with qualit y determined from heat exchanger (Ha i I to
r^hbrate QM 2.

FO I Visco-let used to provide isenthalpic expansion of supply tank T V S flow.

1`02 I Restricts suppiv tank helium pressurant flow ra,r.

FO) I Restricts receiver tank helium pressurant flow rate.

F I Filter used to prevent clogging of FO2.

F2 Filter used to prevent clogging of FO).

kk, I X X	 I Supply tank quantitv measurr,rent.

%;4,.2 X X Receiver tank quan tity measurement.

Hill Heat exchanger for calibration of QM:.

HX2 Heat exchanger to insure vapor flow through VMI.
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The tirst objective of Phase 11, Mission Two, is receiver tank fill, which will De

accomplished by the procedure outlined in Paragraph 2.2. The prechill charge is

accomplished by opening FCV1 and SOV21 and allowing liquid to enter the receiver tank

through the inlet manifold, then venting through SOV4. Following receiver tank fill, SOV7

will be opened to vent the transfer line to prevent over pressurization in the closed line

segment between SOV7, SOV 21 and FC: V 1.

Tile second objective of Wission Two is the demonstration of receiver tank refill

capability by demonstrating on-orbit venting. The baseline approach is the use of a

tapered vent tube which is operated by opening SOV4 and measuring th; outflow quality

with QW3. if significant quantities of liquid are vented during coast, SOV4 will be closed

and the liquid hydrogen settled using the Reactant Control System (RCS) engines, during

which SOV4 will be reopened.

The third objective is evaluation of the internal heat exchanger/fan TVs. Thermodynamic

performance of the TVS and the ability of tie fan to destratify and mix the bulk fluid in

the tanK will be assessed. Thermal performance will be determined by measuring the

quality, temperature and pressure of the vent flow with Qh14, TS7 and PT7. The effect of

the fan on stratification and bulk fluid mixing will be evaluated by the temperature and

pressure measurements made within the tank.

The primary objectives of Phase 11, Mission Three, are: demonstration of a no-vent liquid

fill of a fully configured receiver tank; start basket fill, outflow and refill performance.

The no vent fill will be accomplished in the same manner as in Mission Two. The start

basket fill will be accomplished during receiver tank fill by allowing flow to enter the

receiver tank through both the inlet manifold and the start basket. Start basket fill anti

refill capability will be evaluated by outflowing through SOV21 and FCV2, and measuring

outflow quality with QM4. The flow will then exit the Orbiter through an inactive HX1

and HX2.

3.1.2.2	 Supply Tank. The Phase 11 supply tank is the Phase I supply tank described in

Paragraph 3.1.1.2.

3.1.2.3 R eceiver Tank. The receiver tank for Phase 11, Mission Two, is a 0.165 scale

POTV liquid hydrogen tank. It will contain an inlet manifold, helium diffuser, instrumen-

tation tree, tapered vent tube, vapor pullthrough suppression baffle and an internal heat
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exchanger/fan TVS. The 'Mission Three receiver tank is the same as the Mission 1 tio,

except that it will contain a propellant acquisition device in place of the suppression

battle, and an external heat exchanger for the TVS. Figure 3-15 shows the internal

configuration of the Phase 11, Mission Tnree, receiver tank. The drawing of the Phase 11

receiver tank is sho%kn in Figure 3-ib. the fallowing paragraphs descrioe the subsystems

which make up the 0.165 scale receiver t.inK.

Figure 3-15 PHASE li. MISSION THREE,
RLCEIVEk TANI K INTERNAL CONFIUURATION

Thermal Prctection Syste ► i . The thermal protection system of the Phase 11 receiver tank

consists of 20 layers of double-aluminized Kapton Superfloc, 8 S-glass/epoxy struts and a

thermodynamic vent system. The insulation layup for the Phase 11 receiver tank is shown

in Figure 3-11. This figure shoos that eight gore sections per head and one cylindrical

section are required. The details of the insulation-to-pressure vessel attachments and

typical Lip joints are contained in Figures 3-5 and 3-6, respectively. To allow evacuation
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of the MLI during on-orbit operation, the insulation and the face sheet are perforated to

approximately 0.5 percent opening. The tank is thermally isolated from its surroundings

by the eight S-glass/epoxy struts.
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Figure 3-17 PHASE 11 TANK INSULATION

The TVS proposed for Phase 11, Missions Two and Three, is shown schernatic3lly in Figure

3-18. The systern is designed to vent on:y vapor with either vapor or liquid at the vent

sweet inlet.	 (luring venting, fluid at the inlet is expanded to a low pressure and
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temperature, then passed through a compact heat exchanger before being vented

overboard. In the heat exchanger, the vent fluid exchanges heat with the tank fluid.

Ideally, in the heat exchanger, the vent fluid is completely vaporized and some of the tank

fluid is liquefied. A small fan is used to force tank fluid through the heat exchanger and

to mix the bulk fluid in the tank.

I

1
Mixing

I	 Jet

1

Fleat Ex-
Vent	 changer
Inlet 7r

Throttle Valve-/	
Shutoff Valve and

Fan Motor	 Flow Control Orifice

Vent Outlet

Figure 3-18 INTERNAL HEAT EXCHANGER/FAN
THERMODYNAMIC VENT SYSTEM

Testing and analysis of this vent system have been discussed in some detail elsewhere

(References 39, 40 and 41). Evaluation of system performance in zero-g will be a primary

objective; the items to be evaluated include the following:

I.	 Occurrence of temperature stratification to the tank fluid during zero-g.

2. Ability of the fan to destratify and mix the bulk fluid in the tank.

3. Thermodynamic performance of the vent system.

.4
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An alternate vent system, shown in Figure 3-15, is proposed for evaluation during Phase II.

Mission Three. In this vent system. liquid is withdrawn from the capillary device and,

af ter passing through an expansion valve, circulates ;hrough a tube wrapped around the

outside of the pressure vessel. The external tube system is easier to fabricate, more

reliable since it is a completely passive system and potentially more efficient since no

heat is added !o the tank fluid by mixer motors. If stratification is not a problem and its

weight is comparable to the internal TVS, then the external tuhe system may he

preferable to the forced convection mixer system.

Support System. The receiver tank i:: mounted to its aluminum support system by eight S-

glass/epoxy struts. The four struts on top of the tank restrain the tank in the X and Y

direction. While the four lower struts support the tank in the - ind Y directions. The

aluminum support system attaches to the Spacelab pallet hardpoints.

Pressure Control. The receiver tank pressure is maintained during outflow by the use of

ambient he!ium pressurant. The baseline approach is identical to the pressurization

system proposed for the suppiv tank. Concern over reliability in the cycling of the valves

in the pressurization system led to consideration of an alternate pressure control systems

using a pressure regulator and flew control valve shown in Figure 3-19. The pressure

regulator reduces the inlet pressure to the required value and the flow control valve

meters the flow into the tank. The solenoid valve protects the receiver tank in the event

of a flow control valve failure. It is felt that this system offers superior reliability over

the baseline approach and a more realistic pressurization system for the full scale Pam

Inlet Manifold. The Phase II inlet manifold is similar to the Phase I manifold, except that

it contains IS holes.

Helium Diffuser. The helium diffuser proposed for Phase I will be used for Phase II.

Tapered Vent Tube. The purnose of the vent tube is to provide a passive means of venti.ic,

hydrogen vapc. and helium from the tank without settling. Satisfactory operation of the

vent tube would simplify POTV operations and increase payload capability by reducing

settling propellant requirements. Since the vent tube would he utilized prior to a refill

operation. it is anticipated that a substantia! quantity of vapor will be present in the tank

at initiation of venting.

NOW
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Figure 3-19 ALTERNATE PRESSURIZATION SYSTEM

The vent tube, shown in Figure 3-9, has a conical frustruin-shaped tip extending into the

tillage region. Liquid present at the vent inlet will not accumulate, but will flow over the

outside• surface due to the action of surface tension forces. The shape of an arbitrary

volume of liquid (having a zero contact angle) on cylinder, as shown in Figure 3-20, is

based on calculations previously performed for an 5-IVt3 capillary device application. This

figure shows the low-g shapes of three globules as a function of the parameter A P x

R 0/o. (,lobules cannot continue to spread without bounds over a tube surface but

approach a spherical shape liniting its maximum size. lky increasing the size of the liquid

globule on the vent tube, it would be possible to eventually t:nclose the vent tube with

liquid. The conical frustruni tip of the vent tube provides Borne assurance that little, if

any, liquid will be vented overboard during low acceleration coasts because the shape of

the tip is such that surface tension forces will cause liquid •,) flow away from the tube

inlet. The shedding of liquid from a tapered tube has been demonstrated and was -eported

in Reference 42. Liquid/vapor sensors using this prin6ple were flown on a Titan-Centaur.

The tapered vent tube represents an untried approach to venting; however, testing of the

tapered vent tube wil; not jeopardize Phase II missions since venting can be accomplished

Aith settling.
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Figure 3-20 LIQUID GLOBULE ON A CYLINDER IN A
ZERO-I,RAVITY ENVIRONMENT

Propellant Acquisition System. The propellant acquisition system consists of a start

basket mounted over the outlet of the 0.165 scale tank as shown in Figure 2-21

Conceptually, the start basket design is similar to that described in Reference 43 for

the full-scale POTV tank. "f he bottom of the basket is ar. ellipsoidal surfacE conforming

to the shape of tAe head of the 0.165 scale POTV tank. The top is a 6 o cone which is

supported by stiffeners to resist settling loads. The main screens are two layers of mesh

backed by 51 percer t c .,) n area perforated plates. The two plate-screen layers are

Figure 3-21 START BASKET u EOM ETR Y

87



separated by a ;yap of S.3 mm (0.21 in) to provid^ a wicking path to replace liquid

evaporated frown the surface of the basket daring zero g. The conical part of the basket is

topped by a formed screen standpipe. The func!ion of the standpipe is to allow vapor to

escape during refill of the Start bas!<et and to enter the start hasket doring periods of zero

g when liquid Is evaporating from its surface. Screen covered channels inside the start

basket ensure that only vapor-free liquid is withdrawn frown the tank d,lring operation.

The rnalor design considerations for the design of a start basket were discussed in

Paragraph 2.7.2.4. Table 3-IV summarizes the specific design constraints for the 0.1:5

scale POTV tank start basket. The settling acceleration level shown in Table 3-IV is Cased

on the -Y axis acxeleratlon produced by the wnain RCS thrusters (see Table 2-VIII). It was

assumed that disturbing accelerations In the •Y direction are limited to vernier thrrlster

levels. 11 the disturbing accelerations were equal to the maxiwnuwr. settling acceleration.

then It would not be possible to design the start basket to retain liquid during a disturbing

acceleration and refill after settling. When the tank is less than 60 percent full. the start

basket will not rct ► 11 since the static head in the tank is not large enough to drive vapor

frown the standp i pe. u ith the y tank more than 60 percent full. preliminary calculations

show that the start bas,<et should he refilled within one rnirnite after settling is initiated.

T-NBLE 3-IV 0.165 NCALE POTV TANK START BASKET DLSIGN CONSTIt IVNTS

Tank: 0.165 Scale POT% Tank

Overall Length . 1533.9 mm (60.39 in)

Diameter : 695. 7 corn (27.39 wr.)

Elliptical	 Heads	 1t,th Malor/Mint	 Axis	 Ratio of
1.3t

Fluid: LH2 •t 200K (36oR)

Floarate: Propellant	 Out11ow	 Rate	 .	 042	 k;hec	 (0.05
tbm /sec)

Acceleraurn_: Mau	 m	 Seri,. ,)g	 Acceleration a	 0.22 m,s- (0.1
lttsee	 along -1-axis due to RCS main thrustefs

Maximum	 D41w f bing	 Acceleration	 .	 0.0.2	 n is2
(0.07 ft/sec `) along .Y-axis due to RCS vernier
thrusters

Duration of :ro t: Liquid - ell be retained in start basket for ten hour
ma 1,'n'Jm.
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(See Appendix II1). Based on the start basket design analysis discussed in Paragraph 3.2.6,

the dimensions of a conical-elliptical start basket were calculated to give the required

volume of 0.0060 m 3 (0.213 ft 3 ). Using the nomenclature of Figure 3-21:

r	 = 223.3 mm (8.79 in)

h	 = 61.7 mm (2.43 in)

c	 = 23.4 mm (0.92 in)

L	 = 502.9 mm (19.8 in)

Vapor Pullthrough Su ppression.  In the first mission of Phase 11, the 0.165 scale receiver

tank will not contain a capillary liquid acquisition device; it will be drained while settling

using the RCS thrusters. During low gravity draining, premature vapor ingestion may

occur resulting in excessive residuals. This phenomenon was investigated in Reference 44

and a functional relationship between the liquid residuals and the ratio (Weber number)/

(Bond number plus one) was observed. For an outflow of 22.7 gm/sec (0.05 lb/sec) and an

acceleration level of 0.22 m/sec 2 (0.72 ft/sec 2 ), the Weber and Bond numbers are 1.00 x

10 -3 and 3282, respectively. The ratio W/(B + I) = 3.0 x 10 -7 does not fall on the curve

(Figure 7 in Reference 44); however, assuming zero-g (B = 0), the corresponding residual is

7 percent. In the actual case (B = 3282) the residuals would be less. if required to insure

minimum residuals, a fine mesh screen with a perforated backing plate could be located

over the tank outlet. This screened outlet configuration is illustrated in Figure 3-22.

2.
E-MESH SCREEN

- PERFORATED PLATE

Figure 3-22 VAPOR PULL THROUGH SUPPRESSION BAFFLE
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Instrumentation Tree. Figure 3-23 contains a drawirl of the Phase 11 instrumentation
tree. The tree construction is identical to the Phase 1 instrumentation tree. 'The tree

center pole is offset to allow room for the start basket standpipe. During final design of
the instrumentation tree, its effect on the liquid behavior during low-g and settling wili
have to be assessed.

i
I

^-- FASTEN TO
GIRTH RING

Figure 3-23 PHASE 11 KECEIVER TANK INSTRUMENTATION TREE

3.1.2.4 Instrumentation and Control Pallets. Instrumentation and Control Pallets A

and B are illustrated in Figures 3-24 and 3-25, respectively; their location in the Spacelab

pallet is shown in Figure 3-13.
a

i
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Figure 3-24 PHASE 11 INSTRUMENTATION AND CONTROL PALLET A
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Figure 3-25 PHASE Il INSTRUMENTATION AND CONTROL PALLET B
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.; + 3.1.3 Instrumentation. The instrumentation required to monitor the experiment
temperatur: 3, pressures, LH 2 mass flow rates, 1.H2 quantity and local accelerations is
described hi V^-e following paragraphs. The temperature and pressure measurements
determine the thermodynamic state of the fluid. Pressure transducer PT10 Is used to

I
determine the supply tank pressure. Temperature sensors In the receiver tank are used to
measure the tank temperatures. The mass flow rates are measured by fluid quality flow
meters which determine density and volumetric flow rate. The fluid quantity In the
supply and receiver tanks may be measured by a nucleonic mass gauging system which
detects the attenuation of low-level radiation by the fluid. An accelerometer will be mied
to detect the acceleration levels during coast and RCS thruster firing.

Temperature Sensors. Platinum resistance temperature sensors are sufficiently sensitive
over the temperature range of Interest (14K to 400K) to allow all the temperature

	

measurements to be made with a single power supply and signal conditioner. Table 3-V is 	 !

	

an example of the resistance of a typical 500-ohm platinum temperature sensor as a 	 f
i function of temperature. For each sensor, individual calibration tables at intervals of I&

or less will be used. The recommended calibration Intervals are 1 0K from 13K to 23K,

50K from 23K to IOOK and IOoK from IOOK to 400K. Sensors with an ice-point resistance

of 500 ohms are recommended for crycgenic sensitivity, coupled with low power

requirements. Four terminal temperature sensors are recommended for the temperature

measurements for three reasons: First, the use of four terminals minimizes the error due

to lead resistances in the measurement of the temperature. Second, the separation of the

current terminals from the potential measuring terminals permits the wiring of a number

of temperature sensors in series, reducing the number of constant current power supplies

required to operate the temperature sensors. Third, the use of four terminal temperature

sensors simplifies the wiring of the temperature sensors within the receiver tank. A

typical receiver tank temperature schematic is shown in Figure 3-26 with the current

terminals at FEl and rE2, and the potential terminals at FE3 through FEl 1. The junction

between the temperature sensors FE12 through FE20 would be located inside the receiver

tank.
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TABLE 3-V RESISTANCB Of A TYPICAL 100 OMM
PLATINUM TEMPERATURE SENSOR

is R (ahM T

10 0.51 220 393.48

20 2.30 240 433.89

40 21.08 260 474.04

60 57.3E 280 513.94

80 100.12 300 553.60

100 143.48 320 593.01

120 186.38 340 632.1E

140 228.68 360 671.12

160 270.45 380 709.50

180 311.79 400 747.97

200 352.79

FBl	 Fa•	 M)	 Fab	 Fa7	 Fag	 FEf	 Fa10	 nit

Fai
FEiz	 FXD	 F914	 Fai3	 Falb	 Fa17	 FaU	 nit	 Fan

Figure 3-26 TYPICAL RECEIVER TANK TEMPERATURE SENSOR SCHEMATIC

Temperature Sensors External to Receiver Tank. Immersion type temperature sensors can

be used for all the externally mounted temperature sensors, except TS4 and TS7, in both

phases of the experinnent. Surface mounted temperature sensors will be used for TS4 and

TS7 to measure transfer line temperatures. These temperature sensors will be located

downstream of the quality meters to prevent their heat leak from interfering with the

quality measurements. The external temperature sensors will be divided into two groups

to minimize the number of power supplies required to operate them. Group A consists of

those sensors associated with the supply tank, Group B with the receiver tank. The groups

are Identified in Table 3-VI per the labeling of the flow schematics, Figures 3-2 and 3-14.
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EXTERNAL TEMPERATURE SENSOR GROUPS

(Supply Tank) (Receiver Tank)

TS 1 TS 2

TS 3 TS 6

TS 4 TS 7

TS 3 TS 9

TS 3 TSl l

TSIO

4
I	 ''
i	 a
f	 '

Internal Temperature Sensors. Surface mount temperature sensors will be used within the

receiver tank. Fifty-two temperature sensors, listed in Table 3411, will be used In Phase I

and located as shown in Figure 3-27. The temperature sensors are located at 14 different

levels within the receiver tank. The first two levels, starting at the lower end of the

tank, contain TS13 and TS14 at the helium and liquid hydrogen inlets. The third level Is

near the midlevel of the lower head and contains four temperature sensors evenly spaced

on the pressure vessel. The fourth level contains one temperature sensor (TS19) at the

first outlet of the LH2 fill manifold.

The sensors at the fifth, eighth, eleventh and twelth levels are mounted on or near the

instrumentation tree. There are nine sensors on each of these four levels. Four of the

sensors are mounted to the pressure vessel wall or the girth rings, and are evenly spaced.

One sensor is mounted at the intersection of the tree support rod and the cross bar. The

other four sensors are mounted on the cross bar at one-third and two-thirds of the radius

of the tank. The sensors at the sixth, ninth and tenth levels are located on the LH 2 inlet

manifold and are evenly spaced between the lowest LH 2 inlet and at the end of the

manifold. The sensor at the seventh level is located at the helium diffuser. The four

sensors at the thirteenth level are evenly spaced on the upper head and the last sensor is

at the top of the pressure vessel. The dimensions given in Table 3411 are approximate

and can be varied to obtain the optimum mounting and data.
E
}
i
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,E 3-VII PHASE 1 CF,MF TEMPERATURE SENSOR LOCATIONS

v
Temperature R

mm
8
lane

Temparatl" R
mm

8 I

l T513 48 2.50  TS39 768 3 /2 1337
2 TS14 90 5,?6  T940 48 2.30 1323

3 TS13 576 0

T68

 TS41 48 t50 1980

3 TS 16 376 1/2  TS42 0 0 2041

3 TS 17 576 1  TS43 2% 0 2041

3 TS18 576 31/2  TS44 256 1 2041

4 TS l9 48 2.30  TS45 512 0 2041

5 TS20 0 0 611 TS46 312 • 2041
5 TS21 256 0 633 11 T$47 768 0 2041

5 TS22 236 1 633 11 TS48 768 1/2 2041

3 T523 512 0 633 11 TS49 768 1 2041

5 TS24 512 1 633 11 TS50 768 31/2 2041

5 TS25 768 0 633 12 TS51 0 0 2746

5 TS26 768 1/2 633 12 TS52 236 0 2766

5 TS27 768 1 633 12 TS53 256 1 2746

3 TS29 768 31/2 633 12 TS54 312 0 2746

6 TS29 48 2.50 1067 12 TS35 312 1 2746

7 T330 90 3.76 1317 12 TS56 768 0 2746

8 TS 31 0 0 1337 12 TS37 768 1/2 2746

8 TS 32 236 0 1337 12 TS39 768 1 2746

8 TS33 256 1 1337 12 T559 768 31/2 2746

8 TS34 512 0 1337 13 TS60 376 0 3209

8 TS 33 512 1 1337 13 TS61 576 1/2 3209

8 TS36 768 0 1337 13 TS62 376 If 3209

8 TS 37 768 1/2 1337 13 TS63 576 31/2 3209

8 T539 768 1 1337 14 TS64 0	 1 0	 1 3377

► os

,
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Figure 347 CFMF TEMPERATURE SENSOR LOCATIONS
PHASE 1 - RECEIVER TANK

Thirty-five temperature sensors are used in the receiver tank for Phase ll. The sensors

are located at 12 different levels and in a similar pattern to those in Phase 1. The major

difference between the Phase I and Phase 11 receiver tank temperature instrumentation is

the temperature sensors used to monitor the temperature distribution in the start basket.

The locations of the sensors are given in Figure 3-29 and in Table 3-VIII.
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Figure 3-28 CFMF TEMPERATURE SENSOR LOCATIONS
PHASE 11 - RECEIVER TANK

The temperature sensors will be grouped to reduce the number of power supplies and

separate the sensors at the various levels to reduce the probability of losing a significant

amount of data with a temperature sensor circuit failure. The recommended groupings of

the temperature sensors are given in Table 3-1X.
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TABLE 3-Vlll PHASE 11 CFMF TEMPERATURE SENSOR LOCATIONS

Temperatum R 8 Z Temperature R 8 Y

1 TSl) 343 3.04 336 b TS33 363 * 618
2 TS14 343 3.24 300 9 TS34 343 3112 619
3 TS13 120 0 120 10 TS33 84 3.88 678
3 T516 120 1/2 120 11 TS36 V 2.67 929
3 TS 17 120 It 120 11 TS37 0 0 931
3 TS18 120 3*/2 120 11 T538 171 0 931
4 TS 19 12 0 313 11 TS39 171 * 931
3 IS20 12 0 498 11 T540 343 0 931
3 1121 0 (	 0 303 11 TS41 343 *12 931
3 TS22 171 f	 0 303 11 T542 343 * 931
3 TS23 171 a 303 11 TS43 343 3*/2 931
S TS24 343 0 303 11 TS44 0 0 1243
3 TS23 343 6/2 303 12 TSO 171 0 1243
3 T526 343 1 303	 ! 12 TS46 171 a 1243
3 TS27 343 3A/2 303	 I 12 TS47 343 0 1245
3 TS29 0 0 618 12 TS49 343 2/2 1243
6 TS29 171 0 618 12 TS49 343 9 1243
7 I	 T530 171 A 618 12 T530 343 3*/2 1243
8 TS 31 343 0 618 12 TS51 87 2.67 1312
8 T$32 343 1/2 618 12 TS32 0 0 1349

TABLE 3-1X CFMF TEMPERATURE SENSOR GROUPS

Phase I Receiver Tank

Group A TS 13, TS30, TS60, TS57, TS49, TS39, T521, TS34, T552
Group B TS19, TS0, TS63, TS61, TS58, TS50, TS22, TS35, T553
Group C TS29, TS25, TS16, TS20, TS62, TS59, TS23, TS43, TS54
Group D TS40, TS36, TS26, T517, TS31, TS64, TS24, TS44, TS55
Group E T541, TS47, TS37, TS27, TS18, TS42, T532, TS45
Group F TS14, TS56, TS49, TS38, TS28, TS51, TS33, TS46
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TABLE 3-1X CFMF TEMPERATURE SENSOR GROUPS (Concluded)

Phase 11 Receiver Tank

Group A TS139 TS169 TS17, TS189 TS199 TS209 TS309 TS21
Group B TS14, TS25 9 TS269 TS279 TS289 TS299 TS399 TS22
Group C TS1 S, TS329 TS331, TS34 TS409 TS389 TS46, TS37
Group D TS249 TS41 9 TS44 TS439 TS479 TS459 TS359 TS44
Group E I TS31 9 TS489 TS499 TSl09 TS54 TS239 TS369 TS31

Temperature Sensor Power Supply. Eight power supplies with the capability of delivering
30 milliwatts each at a constant current of 2 milliamperes will suffice for all the

j temperature sensors. This power requirement is based on the res:stance of the sensors at
400K. The power dissipation in the receiver tank will be substantially less at cryogenic
temperatures because of the reduced resistance of the temperature sensors. The power
dissipation for a 2.3-ohm temperature sensor at 2 milliamps will be 9.2 microwatts per
sensor. With 54 temperature sensors in the receiver tank, the total power dissipation will
be 496.8 microwatts. Although a single power supply could provide the current
requirements of the temperature sensors, it is advisable to use multiple power supplies to
avoid the loss of data due to singe power supply failure.

Temperature Sensor Signal Conditioner. The signal conditioning for the temperature
sensors will consist of amplifying the detected voltages to a level which is consistent with
analog-to-digital conversion. The amplified signal can then be multiplexed and converted
to a digital signal for processing through the DACS for storage and/or control purposes.

t When the signal is used as a control signal, it will be compared to previously determined
levels for the purpose of generating the control signal. The temperature sensor signal
conversion to engineering units will be accomplished from the recorded data on the
ground.

Pressure Transducers. Three types of pressure transducers will be required for the
experiment: Internally and externally compensated absolute pressure transducers and
differential pressure transducers. All three will be of %h- a bonded strain gauge type of
transducer. Most of the cryogenic and all of the ambient pressure transducers will include
compensation resistors to linearize the bridge output. This configuration is standard to
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the pressure transducers considered for this application. Two of the cryogenic pressure
transducers (PT4 and PT7) will be mounted directly in the transfer line. They are
externally compensated pressure transducers and their compensation circuitry must be
maintained at ambient temperature.

Differential pressure transducers will be mounted in the start basket to measure the
pressure drop across the screen. This will require a differential pressure transducer which
can accurately measure a pressure of 1.4 KPa (0.2 paid) to 1.4 KPa (0.5 psid) at 1hK
(23011). The compensation for the differential transducer would be located external to the

. 	 receiver tank at ambient temperature.

Pressure Transducer Power Supply. A nearly coreitant voltage of 10 vdc will be required
for the pressure transducers. Regulation within 0.1 v wW reduce the power supply's
contribution to the measurement error to approximately the same magnitude as that of
the expected rms error from the transducer. A single power supply for ali transducers has
the advantage that the relative contribution to measurement error can be minimized, but
lacks backup capability. The recommended solution is to provide a second power supply
that automatically switches in if the primary power supply fails.

Pressure Transducer Signal Conditioning. Signal conditioning for the pressure transducers

will be similar to that for the temperature sensors, except the eompensati ." circuits will
provide a nearly linear output. The signals for data acquisition and control will be
amplified to a level compatible with analog-to-digital conversion and the recuctiun to
engineering units will be accomplished during data analysis.

Quality Meter. The quality meter is available with signal conditioning to provide output
signals for the mass flow rate, integrated mass flow, density and void ratio. The same
quality meters will be used for flow measurements in both Phase I and Phase IL The only
differences between individual quality meters wilt' be the flow rate capacity. Each quality
meter consists of a turbine type flow meter and a dielectric measurement device. The
dielectric measurement device measures the fluid density and density oscillations. The
density oscillations are used to detect two-phase flow and measure the void ratio of the

L H2.
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Accelerometer: An accelerometer will be required to detect the acceleration of the

receiver tank during coast and RCS engine firing. An electrostatic accelerometer is

available which measures accelerations in the range of 10-2 g to 10-9 g.

Mass Gam. A mass gauging syste+n Is required to d; ermine the mass of hydrogen In

the receiver tank during Phase Ii. A nuclear radiation tec:wdque offers the advantage that

it responds directly to the mass of fluid In the tank (i.e., the greater the ma s, the more

the radiation is attenuated). Since tole gauge is sensitive to the mass it Is, in theory,

independent of the density and, therefor, variations in density throughout the bulk of the

fluid. This featuv-p makes the nt!ciear gauging system attractive because the problem is

reduced to designing a radiation source which irradiates the entire volume of the tank
rather than confining the fluid to a particular region. The nuclear gauging system consists

of a Kr-85 radiation source, contained within an aluminum tube, and a do tectori the

layout of the tubular radiation source and the location of the detector are unique to each

tank design.

3.1.4 Valves. All valves, with the exception of the flow control valve at the

supply tank outlet, will be 24 vdc solenoid operated. High speed, ambient temperature

valves are required in the helium pressurization system; the cryogenic system -uses both

vacuum jacketed and unjacketed cryogenic valves. These valves are identified by type in

Table 3-X for both the Phase 1 and Phase If facilities.

Solenoid Operated Valves. All solenoid valves will be normally closed, continuous duty

valves. The ambient temperature pullthrough time, at operating pressure, is 80

milliseconds for the normal speed valves and 13 milliseconds for the high speed helium

pressurization system valves.

Each solenoid valve will be equipped with two position indicator switches: One to indicate

the full open position and one to indicate the full closed position. The switches will be

wired as shown in Figure 3-29 so that a single data bit can be used to record the valve

position. The voltage V 2 will appear as the position signal covering the entire range

between tull open ana full closed. Selecting resistors R 1 and R2 so that V 2 is between the

maximum logic '0' voltage and the minimum logic '1' voltage will give an unstable signal
which can be used to indicate the valve transition or to determine if the valve is stuck in

ar intermediate position.

r
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Flow Control Valves. The flow control valves will be operated by stepper motors for

accurate and reproducible positioning. A valve position counter will indicate the valve

position in addition to discrete full open and full closed position indicators. Valve position

wiU be determined by counting the number of pulses to the valve using the counter in a

eoun• up mode for valve opening and a count down mode for valve closing. The valve will

be positioned by comparing the position counter with a predetermined positior. until the

difference is zero. The valve position counter will automatically be reset to zero

whenever the full closed position indicator is activated. The purpose of this reset is to

provide a means of accurately restarting the valve position counter in the event of a

power failure or other transient event which could invalidate the data in the counter.

3.1.5	 Experiment Data and Control. 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. Ali

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

interconnections to the Spacelab Caution and Warning (CM System and the Remote

Acquisition Unit (RAU) of the Data Command and Management System (DCMS) will be

used as required. The parallel interconnections to the C&W System will alert the Payload

Specialist/Mission Specialist to any potentially hazardous condition and allow additional

control. The parallel interconnections to the RAU allow the condition to be monitored

independently of the DACS.

The DACS is designed to operate the experiment and reduce crew workload. The proposed

DACS design is a flexible system capable of communicating with the Spacelab DCMS

allowing economical software implementation of additional control through the Spacelab

DCMS. The DACS has two primary functions: (1) Data acquisition and recording and (2)

experiment control. At the appropriate time during countdown, the GSE will transmit the

current time to the DACS clock and command the experiment DACS to begin recording.

The recording process will continue until commanded to stop by the GSE (normally after

completion of the flight) or by loss of power (recording will resume when power is

returned).

Status latches will be provided to record the operating mode of the DACS. In the event of

a loss of power, the status latches and the status of various sensors will determine the

DACS response when power is restored.
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The block diagram shown in Figure 3-30 illustrates the central functions of the DACS.

Operation will begin with a power on interrupt. The microprocessor will then perform all

necessary initialization, including obtaining Greenwich Mean Time (GMT) for the , DACS

internal clock from the Spacelab DCMS.

INT

s	 •,	 -

-°•	 Distriaution

aOn eox
And

Warn%

*Powered From Enwpncy sus

Figure 3-30 DATA ACQUISITION AND CONTROL SYSTEM BLOCK DIAGRAM

The interface between the DACS and the DCMS will be handled in a word-at-a-time

mode. The interface will be controlled by the DCMS; however, either system may initiate

F
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a transfer. The DCMS initiates a data or command transfer by sending a command to the
buffer and then raising the attention line shown in Figure 3-30. The DACS responds to *0
DCMS, command by placing data or status in the buffer and raising they request Une. The

DCMS will then lower the attention Una, read the buffer, place data, status or a new

command In the buffer and raise the attention line again. This process ends when the
DCMS and DACS acknowledge each other's end of transmission commands. The DACS
initiates transmission by raising the request line. The operation will then continue as
described above with the DCMS Issuing an Inquiry command to the buffer and raising the
attention line.

After being Initiatized, the DACS clock Is updated periodically with the 1024 KHz User
Time Clock. Figure 3-30 shows a one-millisecond update rate, which Is obtained by
dividing the 1024 KHz Clock by 1024. The optimum clock rate will be determined by the
Instrumentation and data collection analysis.

The outputs of several sensors (i.e., those which may affect mission safety), will be sent
to the DCMS via the RAU flexible Inputs to allow independent monitoring In the event of
DACS failure. If any of these sensors Indicate a hazardous condition, a caution signal will
be sent to the C&W System. A Safing Command will be used to abort and Inert the
experiment In the event a DACS failure prevents a normal programmed shutdown. The
safing command will drain and Inert supply and receiver tanks.

The DACS will use a power-off Interrupt to assure an orderly shutdown of the
microprocessor. An unplanned power-down will not allow time for the DACS to change
the experiment operating mode; however, after the resumption of power, the micro-

processor will lnterogate the magnetic status latches to determine the last operating
mode of the experiment, update the DACS internal clock, poll the experiment sensors and
resume control of the experiment.

DACS Operation. During ground fill and prelaunch checkout, the DACS will be operating
under control of GSE to assist In monitoring and controlling the experiment. The system
must be designed to be powered down whenever necessary during this phase.

When prelaunch checkout of the experiment is complete, the DACS will assume complete
operation of the experiment In either the experiment "on" or "off' mode. Prior to lift-off
and continuing through ascent, the experiment will be in the off mode. in this mode, the

DACS will only transmit to the recorder.

103

I
	 0



The DACS software will use a table-driven, real-time executive. The executive performs

interrupt handling, system Initlailzation, module scheduling and real-time clock support.

Modules are autonomous program segments which perform a given function and are run at

regular intervals upon request of another module, or in response to an Interrupt. The

executive will scan the Executive Control Table (ECT) and select the next module to be

run, and then call a processing module to perform the required function and return control

back to the executive. Each control table entry will contain a module name, priority

code, timer and the status of all required Inputs to the module. The timer will be

decremented at the real-time clock rate. A module Is ready to run when its timer has

decremented to zero and all necessary Input conditions are met, and it is the highest

priority module which is ready to run. All modules of one priority which are ready to run

`	 execute before control passes to a loaner priority modulus. ECT priorities may be

dynamically reassigned by the executive.
i

Data Acquisition. The data required for experiment control and analysis of the

experiment operation will be processed through two types of channels. One type of

channel will accept discrete data where each bit represents the status of a particular

component, such as a solenoid valve or heater. A logic '1' will represent the on or
powered status and a logic 10' will represent the off or unpowered status. A general

description of the logic levels is illustrated In Figure 3-31. The actual voltages and times

will depend on the specific microprocessor used, but a logic 10' must be within VO

(minimum) and VO (maximum), and a logic '1' must be between V1 (minimum) and V1

(maximum) for a minimum time (t (min)) in order to be correctly recognized. Other

definitions are possible where the signal is the transition from one level to the next or the

levels are inverted. The second type of channel is an analog channel where the signal is

an analog voltage which represents the temperature, pressure or other parameter. The

analog voltage is converted to a digital signal compatible with the microprocessor. Either

type channel can be selected, one at a time, by the microprocessor by multiplexing all the

inputs to a single Input and assigning a unique address to each sensor input. The data will

then be read by the DACS and used for control or data storage, depending on the

i
	 operating mode and which portion of the program is executing at the time the data is

read.

t
Data Storage. Data to be stored will be assigned an identification code which, in the case

of a sensor, could be the sensor address. It will then be recorded on tape along with its
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Figure 3-31 DISCRETE LOGIC LEVELS

identification and the time the data was taken. If the data to be stored is the status of a

number of components, the identification code will then be unique to that group of

components.

3.1.6 Electrical Connections. Two types of electrical connections, splices and

receptical/plugs, will be required for the experimental equipment. The splices will be

between the temperature sensors in the receiver tank and connections to the differential

pressure transducer in the start basket. The temperature splices are shown as terminals

FE 13 through FE 19 in Figure 3-26; the length of wire from each sensor to the splice shall

be kept constant to keep the lead resistance between pairs of sensors constant. The

sensor leads will be mounted to the pressure vessel or instrumentation tree a short

distance from the sensor to provide for strain relief of the leads. The pressure vessel

temperature sensor mountings will be of low thermal resistance to insure accurate

measurement of pressure vessel temperatures. The leads of all the sensors shall be

attached to the instrumentation tree at regular intervals to secure them against

unnecessary strain. Tne leads will then be brought out through an instrumentation

conduit, with sufficient slack to prevent strain during thermal cycling, and connected to

the hermetically sealed receptacles. The second type consists of bayonet type recep-

tacles, and plugs, including the hermetically sealed receptacles required to bring the

instrumentation leads out of the hydrogen environment of the tank.
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3. 1.7	 Power Requirements. Estimates of the component electrical power require-

d' ments for each phase of CFMF are given in Tables 3-XI and 3-X14 respectively. These

estimates are based on previous experience or vendor data when available. Heater and

valve estimates were not made because these are dependent on the particular application.

TABLE 3-XI CFMF ELECTRICAL POWER REQUIREMENTS, PHASE 1

Voltage
Unit Power

at 293K
Total
Power400

Com	 Went anti Hz ac do milliwatts watts

Temperature Sensors 63 28 30 2.40

Pressure Transducers 10 10 71 0.710

Quality Meters 3 28 750 2.250

Volumetric Flow 1 28 400 0.400

Accelerometer 1 28 8000 8.000

Heater 1 115 TBD TBD

Solenoid Valves 20 28 TBD TBD

Flow Control Valve 1 115 TBD TBD

TABLE 3-XII CFMF ELECTRICAL POWER REQUIREMENTS, PHASE Il

Voltage
Unit Power

at 293K
Total
Power400

Component Quantity Hz ac do milliwatts watts

Temperature Sensors 52 28 30 2.40

Pressure Transducers 11 10 71 0.781

Quality Meters 5 28 750 3.750

Mass Gaut: 1 28 4500 4.500

Volumetric Flow 1 28 400 0.400

Accelerometer 1 28 8000 8.000

Heater l 115 TBD TBD

Solenoid Valves 20 28 TBD TBD

Flow Control Val-, :s 2 1	 115 1 1	 TBD TBD
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3.2 Conceptual Design Analysis. The following paragraphs present the analyses

conducted in support of the CFMF conceptual design. These analyses consist oft

structural, weight and center of gravity (CG), thermal, fluid mechanic, and safety and

reliability. The fluid mechanic analysis includes transfer line pressure drop, Inlet

manifold pressure/velocity distribution and the propellant acquisition system (I.e., start
basket).

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

Phase Il Facility was conducted using the payload environments specified in Section 5.0 of

Reference 19. An ultimate factor of safety of 2.5 against limit load conditions was used

throughout the analysis in addition to the design requirements specified In Section 7.0 of
Reference 19.

As part of the CFMF Facility, Beech Aircraft Corporation was directed to use the CFME

supply tank and helium pressurant system. The structural analysis of the CFME was not

conducted as part of this study effort.

The structural analysis of the Phase I and Phase II Facilities is contained in Paragraphs

3.2.1.1 and 3.2.1.2, respectively.

3.2.1.1 Phase I Facility Structural Analysis. The Phase I Facility General Arrange-

ment is shown in Figure 3-1. The 0.36 scale receiver tank is designed for one mission and

is supported by eight S-glass/epoxy struts that provide restraint against shuttle payload

vibration and acceleration. The tank struts are mounted to an aluminum channel support

structure that mounts directly to the Spacelab pallet hardpoints.

Receiver tank helium pressurant bottles are contained in a rack mounteo d irectly to the
Spacelab pallet below the receiver tank. The helium bottles are Kevlar-49 wound bottles

with an aluminum liner. They are rated at 3000 psig operating pressure, 9000 psig burst

t	 pressure and 10,000 pressure cycles to operating pressure. These bottles are currently

being Shuttle qualified and will be used as a part of the Manned Maneuvering Unit.

The 0.36 scale receiver tank is a cyclindrical tank with elliptical heads and two girth rings

fabricated from 6061-T6 aluminum alloy. 6061-T6 aluminum alloy was chosen for its

weldability and corrosion resistance properties.
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The tank was sized using the Beech Conventional Tank Program. The user specifies fluid

volume, pressure, density, tankage material and shape, the program then computes

dimensions, areas and weights of the pressure vessel using standard stress equations. The

program logic determines design information, such as membrane thickness and weight,

plus weld and boss land weights for spherical and cylindrical tankage. The design stress

used is the lower of the material ultimate stress divided by the factor of safety on

ultimate or the material yield strength divided by the factor of safety on yield. The

factor of safety on ultimate used is 1.50 and the factor of safety on yield used is 1.10.

The results for the 0.36 scale pressure vessel are shown in Table 3-XIII.

TABLE 3-X g1 0.36 SCALE RECEIVER TANK SIZING;

Pressure Vessel Type Cylindrical - Elliptical Heads

Pressure Vessel Material 6061-T6 Aluminum

Fluid Volume 5.45 m 3 (192.4 ft 3j

Design Pressure 2.41 KPa (35 psi)

Major/Minor Radii 1.38

Total Inside Length 3.35 m (132.079 in)

Head Wall Thickness 0.66 mm (0.026 in)

Cylinder Wall Thickness 0.96 mm (0.038 in)

Outside Radius 0.76 m (30.038 in)

Cylindrical Length 2.25 m (88.601 in)

Total Dry Weight 45.85 kg (100.872 lb)

The receiver tank suspension system consists of eight S-glass epoxy tubular struts. An

iterative procedure, shown by the flow chart in Figure 3-32, was used to size the struts.

The system natural frequency is a function of the system spring constant. Since spring

constant (K) is a function of cross section area (A), the system natural frequency (F N) is

also a function of A. By assuming A, FN can be determined for the system and its

response to the input power spectral density (PSD) can then be calculated. This allow: a

maximum load to be calculated and the strut checked to insure the tensile stress gives an
acceptable margin of safety. Next, the compression stability is checked and, if found to

be over or under designed, the cross-sectional area is decreased or increased correspond-

ingly. finally, the strut wall thickness is assessed to ensure an adequate wall thickness
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for producibility. If the strut wall thickness was found inadcguate for fabrication, the

minimum wall thickness was selected and the calculation repeated. A review of current

literature on strut fabrication indicates a wall thickness of approxlma;ley 0.66 mm (0.026

In) is required to adequately fabricate struts.

Arcane
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GSteady State
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3a Stress
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Figure 3-32 SUSPENSION SYSTEM ANALYSIS FLOW CHART
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The equations used In the analysis flow chart are given below:
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1 ^ tg Co52 g_ g 1/2
FN ° ^-^	 1-w- I
GRMS =^ Q FN SFN) 1/2

G30 = 3 GRMS

GSYS = G30 + GSS

F30 = GSYS W

R30 = F3a/4 COS 9

Cr 30 = R3a/A

PC R = -3
(L/pc)

t > 0.66 mm

where:

FN	 = System natural frequency- cycles/sec

K	 = System spring constant - N/m (lb/in)

g	 x 9.82 m/sect (386.4 In/sec2)

W	 = System suspended weight - kg (!b)

A	 = Strut cross-sectional area - m 2 Ong)

E	 = Strut modulus of elasticity - N/m 2 (7.5 x 106 psi)

0	 = Strut orientation angle above girth ring plane - deg

L	 - Strut length - m (in)

G RMS = System response to input PSD - g's

G 30 = System 3 0 response g's

GSS = Steady state acceleration - g's

Q	 = Amplification factor W 20.0
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S(FN) = Value of PSD at FN - g2/HZ

FY30 = System 3a load - N Ub)
Rs,7 = Strut 3a load in axis of strut - N Ub)
a'= Strut 3o stress - N/m2 (psi)
PCR = Critical buckling load - N Ub)
Pc	: Cross section radius of gyration - m (in)
t	 = Strut wall thickness - m (in)

The results of the support system analysis for the Phase i receiver tank are summarized
below:

Phase 1

Natural Frequency Data:

Axis FN (Hz) GRMS (gas) GSS (g%) GSYS

X 110 11.1 4.3 37.6
Y 110 11.1 1.4 34.7
Z 98 9.6 6.6 35.4

Top Struts:

L = 457.2 mm (18.0 in)
A = 78.7 mm 2 (0.122 in2

R = 38.1 mm 0.5 in)
t = 0.66 mm (0.026 in)

Bottom Struts:

L = 320.7 mm (20.3 in)
A = 64.5 mm 2 (0.100 in2)
Ro = 31.0 mm (1.22 in)
t

F
= 0.66 mm (0.026 in)
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The iterative calculations performed for both the top and bottom struts resulted in strut

thicknesses of less than the minimum and therefore the minimum tnickness was used.

After the struts were sited, a fatigue life analysis was conducted using the calculated

system natural frequencies. Paragraph 5.1.3 of Reference 19 states that the exposure

time of full level random vibration is 6 seconds per axis per flight; Reference 57

Indicates that the MSFC: is using the following times for fatigue analysis:

Lif toff (Steady State) a 9 sec

Liftoff (Random Vibration) a 50 sec + 20 sec/misslon

Since the MSFC exposure times are more conservative, they were used throughout this

analysis. The fatigue scatter factor of 4 was applied in estimating stress cycles except

for random vibration which includes the fatigue scatter factor of 4. Mfi %ers cumulative

damage theory (Reference 46) was used to assess fatigue life. Also, the 0.36 scale

receiver tank will be used on only one mission. The fatigue cycles were calculated as

follows using the above exposure times:

Liftoff:

n  = FN * 9 sec/fit * 1 fit * 4

Random Vibration:

n  = F N * (50 sec + 20 sec/flt * 1 fit)

The total number of fatigue cycles per axis ist

ntot = n  + n 

axis

Harris and Crede in Reference #7 state that sine-random equivalent damage can be

predicted using a "g" level 2.2 times greater than the root mean square (RMS) random

response (gEQV = 42 9RMS)' Using 2.2 block loads and a Gaussian (normal) distribution

of fatigue cycles, the fatigue damage is less than 1.0. Fatigue life data (S/N Curves) for

S-glass/epoxy are available in the literature (see Reference 48 for use in calculating

fatigue damage).
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The aluminum channel (76.2 x 38.1 mm or 3 x 1.5 in) structure that mounts directly to the

Spacelab pallet was checked statically using the largest 3v top strut axial load and

standard beam stress equations and found to be acceptable.

3.2.1.2 Phase 11 Facility Structural Analysis The Phase Il facility General

Arrangement is shown in Figure 3-13. The 0.165 scale receiver tank will be used for three

missions. It is supported by eight S-glass/epoxy struts that provide restraint against

shuttle pay!oad vibration and acceleration. The tank/struts are mounted to an aluminum

channel pallet that mounts directly to the Spacelab pallet hardpoints.

The 0.165 scale receiver tank heads have a 22.9 mm (0.9 in) straight section at the girth

ring weld (reference Figure 3--16). This allows the head to be removed and rewelded

twice, providing the tank with a two mission capability and one additional reweld.

The 0.165 scale tank was sized in the same manner as the 0.36 scale tank using the Beech

Conventional Tank Program, the results are summarized in Table 3-XIV.

TABLE 3-XIV 0.165 SCALE RECEIVER TANK SIZING

Pressure Vessel Type Cylindrical - Elliptical Heads

Pressure Vessel Material 6061-T6 Aluminum

Fluid Volume 0.52 m 3 (18.415 ft 3)

Design Pressure 2.41 KPa (35 psis)

Major/Minor Radii 1.38

Total Inside Length 1.540 (60.733 in)

Head Wall Thickness 0.635 mm (0.025 in)

Cylinder Wall Thickness 0.635 mm (0.025 in)

Outside Radius 0.348 m (13.705 in)

Cylindrical Length 1.039 m (40.907 in)

Total Dry Weight 7.28 Kg (16.020 lb)
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•eceiver tank suspension system consists of eight S-glass/epoxy tubular struts. The
design approach used is-identical to the approach detailed for the Phase I facility receiver

tank. The results of this analysis are summarized below:

Phase 11

Natural Frequency:

Axis FN (Hz) GRMS (g1s) GSS (g's) GSYS (g's)

X 220 26.3 4.3 83.2
Y 213 25.9 1.4 79.1
2 305 31.0 6.6 99.6

Top Struts:

L	 = 609.6 mm (24.0 in)
A	 = 48.4 mm2 (0.075 in2)

R 	 = 23.4 mm (0.920 in)
t	 = 0.66 mm (0.026 in)

Bottom Struts:

L = 304.8 mm (12.0 in)
A = 21.9 mm 	 (0.034 in 2)

R = 10.7 mm (0.420 in)
t = 0.66 mm (0.026 in)

The iterative calculations performed for both the top and bottom struts resulted in strut
thicknesses of less than the minimum and therefore the minimum thickness was used.
After the struts were sized a fatigue life analysis was conducted using the previously
calculated system natural frequencies. The fatigue life factor of 4 was applied in
estimating stress cycles. Three load blocks were used in the analysis 0 v , 2 a, 3v ) with
the appropriate number of cycles based on a Gaussian (normal) distribution. This resulted
in a fatigue damage of 1.0 using Miner's cumulative damage theory, for a three flight

I .	 receiver tank usage.
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The aluminum channel (76.2 x 38.1 mm (3 x 1.5 in)) structure that mounts directly to the

Spacelab pallet was checked statically using the largest top strut 30 load and standard

beam stress equations and found to be acceptable.

3.2.2 Weight and Center of Gravity Envelope. The weight breakdown for the Phase 1 and
R
Y

Phase II facility, including the CFME and Spacelab pallet, is given In Table 3-XV. The

location of the CFMF CG is shown in Figure 3-34 relative to a Spacelab pallet. The

CFMF CG is shown in Figure 3-33, based on the total facility weight, including ther

E 
Spacelab pallet weight shown in Table 3-XV. Also shown in Figure 3-33 is the single pallet

nominal payload CG limits per Figure 4.1-14 of Reference 18. The Spacelab pallet weight

was approximated from Table 3-1 of Reference 18 for the five pallet configuration.

TABLE 3-XV CFMF WEIGHT BREAKDOWN

Component

Phase I

Kg	 (!b)

Phase II

Kg	 (!b)

Receiver Tank (Including Girth Rings) 51'0 (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 (25) 11 (25)
Filters, Orifices)

CFMF 246 ( 541) 227 (300) 

CFME 487 (1075) 487 (1075)

Spacelab Pallet 1091 ( 2400) 1091 (2400) 

TOTAL 1824 (4016) 1805 (3975)

11"
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Figure 3-34 LOCATION OF CFMF CG ON A SPACELAB PALLET

3.2.3 Thermal Analysis. This paragraph presents the thermal analysis of the heat

leak into the receiver tank and transfer line. These heat leaks were calculated at a

worst-case cold condition of 20 0K (360R) and a time averaged external temperature of

3030K (SSSoR) representing the thermal environment during Shuttle thermal cycling.

Conduction from the external environment to the receiver tank pressure vessel is through

the eight support struts, fluid lines and instrumentation wiring. This heat transfer is

governed by Fourier's conduction equation (Equation 3-2) with conductivity given as a

function of temperature.



(Equation 3-2)

TL 
fext k (T) d T

Tpv

A	 = Crots-sectional area, m 2 (ft 2)

L	 = Length, rn (ft)

k	 = Thermal conductivity as a function of temperature, w m/°K (Btu/hr-ft-OR)

T	 = Temperature, °K (°R)

Tpv = Pressure vessel temperature, °K (°R)

Text = External environmental temperature, °K (°R)

By integrating the nonlinear thermal conductivity over the temperature range T pv to

Text' conductive heat transfer through the support struts, instrumentation wiring and

fluid r ,as calculated.

The support struts are fabricated of S-glass/epoxy material. This material was used on

the Beech Hydrogen Thermal Test Article (HTTA) and is currently being used on the Space

Shuttle Power Reactant Storage Assembly (PRSA) Tanks. All fluid lines will be made

from 304L stainless steel tubing. A summary of the line sizes selected for the facility is

contained in Table 3-XVI. The instrumentation wiring, 150 leads, was assumed to be

0.127 mm (0.005 in) diameter copper wire.

TABLE 3-XVI CFMF LINE SIZE SUMMARY

Line

Outer Diameter

mm	 (in)

Wall Thickness

mm	 (in)

Inlet 9.5 (0.375) 0.508 (0.020)

Pressurization 6.4 (0.25) 0.508 (0.020)

Vent 12.7 (0.5) i	 0.111 (0.028)

Thermodynamic Vent 9.5 (0.375) 0.508 (0.020)

Fill/Drain Start Basket 9.5 (0.375) 0.508 (0.020)
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V.;The temperature dependent thertnal eonoucti .ties for S-glass/epoxy, 30416 stainless steel

and copper are given in Figures 3-35 through 3-37. These curves were used, in conjunction

with Equation 3-2, to determine the conductive heat leaks to the receiver tank.

The radiation heat transfer to the receiver tank was calculated using the following

equation given in Reference 10:

Kn D2 Nt Nn (Th - Tc)	 a (T 4 -T- Tc4)
4 = 4str + 4He	 `iWON:	 + —L +-L -1 (N-1)	

(Equation 3-3)

E1 E2

where:

k	 4	 = Heat flux, w/m2

Kn	= Thermal conductivity of Dacron tuft fiber, 0.159 w/m °K

Dn	= Diameter of tuft fiber, 0.0178 mm

Nt	= 11065 Dacron tufts/m2

Nn	= Number of Dacron fibers touching next layer = 8

L	 = Insulation thidcness, 25.4 mm

Th	= Hot side temperature, 308 °K

Tc	= Cold side temperature, 200K

a	 = Stefan-Boltzman constant, 5.67 x 10-8 w/m2 °K4

E1	 = Emissivity of unflocked side of aluminized shield, 0.035

E2	 = Emissivity of flocked side of aluminized shield, 0.043
s

N	 = Total number of shields, 20

4str = Heat flus of the insulation attachments and purging materials, w/m2

4He = Heat flux through the helium, w/m2

The heat flux through Super floc as a function of layer density is given in Figure 3-38. A

heat flux of 0.57 w/m 2 (0.18 Btu/hr-ft 2) through 20 layers of Superfloc was used in

calculating radiation heat transfer to the receiver tank. This heat flux was also used to

t	 calculate the heat transfered to the fluid transfer line durir-. flow conditions. The heat

fluxes through the insulation attachments and purging materials (lls tr) and the interstitial

gas conduction (4He) was assumed to be zero. An experience factor of 1.5 was applied to

radiation heat transfer in order to compensate for degradation from penetrations, layup,

lap fasteners and environmental uncertainties.
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A summary of the radiation and conduction heat transfer rates to the receiver tank is

contained in Table 3•XVII. The heat leak to the transfer line, for worst case conditions,

was calculated to be 9.3 w (31.7 Btu/hr).

TABLE 3•XV11 SUMMARY OF RECEIVER TANK HEAT LEAKS

Mode/Component

Phase i

Watt	 Btu/hr

Phase If

Watt	 Btu/hr

Conduction:

Support Struts 4.53 (1.8) 0.26 (0.9)
Instrumentation Wiring 0.50 (1.7) 0.50 (1.7)
Lines 0.97 (3.3) 1.52 (5.2)

Radiation:

Insulation 14.2 (48.5) 3.0 (10.2)

TOTAL 16.2 (55.3) 5.3 (18.0)

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

the minimum required LH 2 transfer pressure was calculated. This transfer pressure

includes the frictional pressure drop through the line and components, and the pressure

drop (i.e., level of subcooling) 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 0.04 oK (0.1 OR) would result.

This small change in temperature will not significantly increase the transfer pressure

required.

The pressure drop analysis uses a one-dimensional incompressible flow model. This model

assumes that the system is composed of connected line elements and components. Each

section of line or component is treated as a separate entity and is represented by

resistances expressed as pressure drops. The total transfer line pressure drop is then the

summation of the individual line segment and component pressure drops. The general

equation for pressure drop (Reference 49) is Darcy's equation. This equation, modified to

make mass flow rate the independent variable, is given in Equation 3-4.
i

l
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16	 f  rh2
	

(Equation 3-4)

where:

AP = Pressure drop, Pa (psis)

C 	 = Conversion factor, 1 (144 in2At2)

gc 	= Gravitational constant, 1 -^ (32.17 ft-lbm^
N sec	 lbf-sec

f	 = Fanning friction factor

L	 = Length, m (ft)
D	 = Diameter, m (ft)
rh	 = Mass flow rate, Kg/sec 

O
b/sec)

P	 = Density, Kg/m 3 (lb/ft3)

The required friction factor for the straight line elements was computed utilizing the
semi-empirical Colbrook-White equation given in Equation 3-5 (Reference 50). The
lines are assumed to be drawn tubing with a relative surface roughness on the order of 1 x
10-4.

1 = -2 log 10 ( 2.51 + c
	 (Equation 3-5)

/7	 Re r

where:

Re	 = Reynolds number

C	 = Relative surface roughness

The pressure losses due to components (e.g., valves, bends, etc.) are also given by

Equation 3-4 using the component loss coefficient K. in a flow system which has
components separated by a sufficient distance to ensure they do not interact, the

components are assigned loss coefficients indeKrdent of each other. This loss coefficient
takes into account the immediate loss in the component and downstream losses due to the

125

Ai



K=2.141 x10*9d4

C2
v

(Equation 3-6)

flow field variations. The loss coefficient is generally given in tenns of the flow

coefficient C v; the relationship between thefn is given by Equation 3-6 (Reference 49).

i.^

where:

d = Diameter (m)

To determine the component loss coefficients, vendor-supplied pressure drop data was

used wherever possible. When this was not available, industry standard values for the size

and type of component were used. The flow and loss coefficient data used In the transfer

line pressure drop calculation is summarized in Table 3 -XVI1L Figures 3-2 and 3- 14 show

the arrangement of components in the transfer line from which an estimate of the line

segment length was made.

TABLE 3-XVIII CFMF PRESSURE DROP DATA

Component CV K

Flow Control Valve 8.0 0.87

Solenoid Operated Valve 4.0 1.1

Check Valve 0.8 27.5

Quality Measurement Device 1.0 17.6

The frictional pressure drop through the transfer line, assuming a 22.7 gm /sec (0.05

lb/sec) flow rate of liquid hydrogen, was calculated to be 30 KPa (4.4 psis). This pressure

drop indicates that helium pressure greater than 30 KPa (4.4 psis) is required in order to

accomplish a liquid transfer.

3.2.5	 Inlet Manifold. The analysis of the inlet manifold centered around maintain-

ing nearly uniform pressure down the length of the manifold, thus assuring uniform flow
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from each port. The work outlined in Reference 31 was used to predict the performance
of the manifold. This analysis consists of a division of the fluid stream into paths by
means of a manifold, which is accompanied by fluid pressure changes due to wall friction
and changing fluid momentum. The friction produces a pressure ruction while
deceleration of thc: portion of the fluid that undergoes a change of airection in flowing
through a port tends to make the pressure rise. The calculations are based on a one-
dimensional flew equation for tubes having constant cross-sectional area. The Phase i and
Phase it CFMF manifolds are assumed to contain fifteen and eighteen 3.2 mm (0.125 in)
ports, respectively. Since the spacing between the ports Is relatively small, the
approximation of a continuous homogeneous system is made. The result of the momentum
balance and pressure drop calculation using the Fanning equation as given In Reference 31
is:

:-Y	 +Uw +F0U7/4=0
dy

(Equation 3-7)

where:

U	 = u/uo

fo

Fo	 = 2 S k 1.S C

_ 4 D C 2k x

= Fluid velocity

= Friction factor

• Momentum adjustment for incomplete momentum recover (= 0.6)

• Discharge coefficient for the side orifices

• Initial fluid velocity

= Tube diameter

• Fraction of internal area of tube that is occupied by ports

• Axial distance down manifold

Y

u

f 
k

C

uO

D

a
x
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Solving Equation 3-7 with the following boundary conditions at x a 0:

U = 1	 (Equation 3-8)

j

	

	 d - -Mo	(Equation 3-9)

where:

i
gC 

(Po- Po)
Mo

k P u 
I

p	 a density

p4	 = Initial inflow pressure

po	 = Uniform pressure outside the ports

yields the fluid velocity distribution down the tube.

A summary of the CFMF inlet manifold conditions is given in Table 3-XIX. Using this

information, Mo and F. were evaluated and found to be 1.25 and 1.6, respectively. The

results of numerically integrating Equation 3-7 are shown in Figure 3-39 with F  = 1.9 for

the Phase 1 manifold and Fo = 1.6 for the Phase II manifold with Mo = 1.25 for both

manifolds. These results indicate that the flow variation down the manifolds should be

less than three percent.

TABLE 3-XIX CFMF MANIFOLD OPERATING CONDITIONS

Parameter VabN Phase a Vahte

Mao Plow Rau 22.7 8m/tec (0.0) W"dI 22.7 VQWC
I

(U) Wood

Tube DWMW L.)S mm (0.23 in)	 ^ L.ri mm (0.23 htl

F-KtimFoam 0.0I5 ({ Ul)
Dadwp Coefficient 0.6 1 O.L
Mwufold LW%1h 1.17 m (f0 04 1.17 m 00 W
Phad Ormly 70.8 K9/m

1
(4.614 alfth 70.8 Kg/m ) (46616 With

Mid Vrceut7 1.) 4 10' 3 KO/m-w (0.9s 10' ) lb/tt-ac) I.) r 10') K8/m2 (0.9 x 10' ) lb/tt-nd	 j
Pert Dwneta 31.8 mm (0.12) uy 314 mm (0.123 W4
Ap Amu Port L.V KPa a pus) L.V Kft (I pus!
Number of Parts 1) I8

I

Ms
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surrounded by vapor. The basket will be subjected to heating which will cause evaporation

at the screen surfaces and vapor inflow through the standpipe. The amount of vapor in

the basket increases directly with the heating rate for a given coast period. The basket

must be designed to accommodate the largest volume of vapor that can form during this

period and to retain enough liquid to operate the engine during propellant settling.

Settlin . Prior to engine restart, the tanks of a POTV would be pressurized and liquid

flow from the start baskets would be initiated. The engine thrust causes the bulk of the

liquid to settle toward the outlet end of the tank. As the liquid begins to settle, liquid

will enter the s`.art basket due to hydrostatic pressure. The settling time is a function of

the quantity of liquid in the tank and the thrust level. For a POTV start basket, the thrust

levels, and hence thl- settling times, are directly related to the start basket outflow rates.

For the POTV mode: ;-s.gn, thrust is provided by the RCS thrusters, thus the g levels are

independent of the start basket outflow .ate.

Refill. The settled liquid refills the start basket by flowing through the main screen area

while vapor flows out the standpipe. The driving pressure is the hydrostatic head between

the top of the standpipe and the liquid level in the start basket. The refill rate for a given

acceleration level and quantity of liquid in the tank is dependent upon the main and

standpipe screen surface areas and flow resistances. This rate must be sufficient to refill

the start basket during the shortest thrust period.

3.2.6.2	 Design Constraints. The major design considerations for the design of a

start basket were discussed in Paragraph 2.7.2.4. Table 34V (reproduced here)

summarizes the specific design constraints for the 0.165 scale POTV tank start basket.

The settling acceleration level, shown in Table 3-IV, is based on the -Y axis acceleration

produced by the main RCS thrusters. It was assumed that disturbing accelerations in the

+Y direction are limited to vernier thruster levels. This imposes a mission constraint to

limit RCS thruster operation in the + Y-axis during start basket testing. If the disturbing

accelerations were equal to the maximum settling acceleration, then it would not be

possible to design the start basket to retain liquid during a disturbing acceleration and

refill after settling. When the tank is less than 60 percent full, the start basket will not

refill as the static head in the tank is not large enough to drive vapor from the standpipe

with the low RCS acceleration levels. With the tank more than 60 percent full,

preliminary calculations snow the start basket should be refilled within one minute after

settling is initiated (See Appendix I1I).
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TABLE 34V 0.165 SCALE PUTV TANK START BASKET DLS1CiN CONSTRAINTS

0.165 Scale POW Tank

Overall Length : 1553.9 mm (60.39 W

Diameter a 695.7 mm (27.39 in)

Elliptical Heads With Major/Minor Axis Ratio of
1.3E

1 Fluids 	 LH2 at 200K (360R)

Flowrates	 Propellant Outflow Rate a 0.02 kg/sec (0.05

f Acceleration.	 Maximwn Settling Acceleration = 0.22 m/s 2 (0.7
I!	 ft/sec ) along -Y-axis due to RCS main thrusters

Maximum Disturbing Acceleration = 0.002 m/s2
' (0.007 ft/sec ) along .Y-axis due to RCS vernier

thrusters

Duration of Zero R:	 Liquid will be retained in start basket for ten hours
maximum.

3.2.6.3 Main Screen Sizing. The pore size of the main screens is based on retaining
liquid in the basket during settling and disturbing accelerations. That is, the penetration
pressure of the screen must exceed the maximum static head of liquid in the basket. The

governing relationship is:

P	 x
APB > L	 (Equation 3-10)gg

c

where:

A pB = Screen penetration pressure
PL	 = Liquid density
g	 = Acceleration

x	 = Liquid height in the direction of acceleration

The penetration pressure is given by:

APB = D POSE)	
(Equation 3-11)
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where:

a	 = Liquid surface tension

0 B = Absolute screen pore size
K	 = Empirical constant to account for screen geometry (K = 2.7 for Dutc

weave; 3.0 for square weave)

(SF) = Safety factor (equal to 1.5)

Combining Equations 3-10 and 3-11, the maximum pore size to retain liquid is:

KQgc	 (Equation 3-12)
Bp - PL gx S

The calculations for maximum pore size are summarized in Table 3-XX. The length, x,

usid to calculate the maximum pore size for the main screen is the diameter of the start

basket since the maximum acceleration is perpendicular to the axis of the tank.

TABLE 3-XX MAIN SCREEN SIZING CALCULATION

Variable Value

0.40 m/sect (1.3 ft/sect)g

P L 70.5 Kg/m 3 (4.4 lb/ft 3)

a 2.25 dyne/cm (1.12 x 10-5 lb/in)

X 406.4 mm (16 in)

K 2.7

SF 1.5

DBpmax 311 U m

3.2.6.4 Standpipe Sizing. The maximum pore size of the standpipe screen is

determined by the requirement that the standpipe must retain liquid during adverse
accelerations (accelerations opposite to the settling direction). The column of liquid

which must be retained is equal to the length of the standpipe plus th• height of the start

=	 132
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basket. The minimum pore size is set by the refill requirements. To permit complete

refilling of the start basket, the gas penetration pressure of the standpipe screen must be

less than the static head of a column of liquid equal to the length of the standpipe

subjected to the settling acceleration. This pore size is determined by Equation 3-13.

K o gc (gs - ga)

DBp
<
 0L gsgaa^) (Equation 3-13)

where:

gs	= Settling acceleration

ga	 = Adverse acceleration

a	 = Height of start basket

The sizing calculations for the standpipe are shown in Table 3-XXI:

TABLE 3-XXl STANDPIPE SCREEN SIZING CALCULATION

Variable Value

ga 0.0021 m/s2 (0.007 fA2) (vernier thrusters)

gs 0.22 m/s2 (0.7 f/s2)
A L 70.5 Kg/m 3 (4.4 lb/ft 3)

v 2.25 dyne/cm (1.34 (10-4) lb/ft)
a 76.2 mm (0.25 ft)

K 2.7

SF 1.5

DBpmax 304367 U m

This calculation demonstrates the adverse accelerations are so low that there are

virtually no retention requirements for the standpipe.

fi

'h	 f
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The minimum length of the standpipe k equired for a given screen pore size is:

K o gc	 1153	 (Equation 3-14)
BP

where DBp is less than DBpmax' To minimize the length of the standpipe, the coarsest

screen available with good wicking properties should be used. Using 10 x 52 mesh Dutch

plain weave, with a pore size of 325 It m, the minimum standpipe length is:

Lmin :-- 1081 mm (3.55 ft)

Square weave screens have larger pore sizes and would permit a shorter standpipe.

However, square weave screen by itself does not wick and will require modification, such

as a perforated backing plate to promote wicking.

A standpipe fabricated from dutch weave screen, whose coarsest mesh has a bubble point

diameter of 325 microns will require a standpipe height of 1081 mm (3.55 ft). Because of

the potential design problem of wicking along the standpipe length, this configuration and

several alternatives were examined for accomplishing start basket test objectives.

1. Use a 1081 mm (3.55 ft) standpipe with the supporting structure required for its

length. To conduct a refilling test, approximately 80 percent of liquid must be

present in the tank to cover the standpipe when the tank contents are settled. For

the low-g liquid retention performance, the basket should be surrounded by vapor,

thus less than 20 percent liquid should exist in the tank and be positioned in the

forward bulkhead. This may be accomplished by conducting the refilling test at 80

percent full, draining to 20 percent or less, waiting for sufficient time without

disturbances to position the liquid in the forward end of the tank and then

conducting the liquid retention testing.

2. Use a 152 mm (6 in), 325 micron dutch weave screen standpipe to minimize

structural problems and facilitate wicking along the standpipe. This approach

would eliminate the possibility of refill testing because of insufficient hydrostatic

head to force vapor out of the standpipe. It would, however, provide a more

e
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realistic configuration with regard to wicking distance requirements relative to the
I	 POT". Structural and design considerations would also be more In line with the

anticipated POTV configuration.

3.	 Use a 502 .9 mm (1.65 ft) standpipe with a 24 mesh square weave screen (700

t
microns) backed by a perforated plate to facilitate wicking while maintaining low
retention capability. This approach has the potential of providing refill capability
and permits all experiment objectives to be achieved. However, It creates a
developmental problem with regard to the fabrication and performance of the

square weave screen /perforated plate wicking barrier.
S

F

t

3.2.6.5	 Start Basket Volume. The liquid volume in the start basket must provide for

the following:

1. Engine chilldown

2. Settling

3. Evaporative losses during zero gravity

4. Channel volume

5. Residuals

6. Standpipe volume

Engine Chilldown. In a POTV there would be a liquid volume required for engine chilldown

prior to ignition. Since this volume is determined by the particular application, no

attempt was made to include a "chilldown" volume in the CFMF start basket.

Settling. The settling time was calculated as five times the free fall time. This

calculation used the RCS acceleration of 0.22 m /sec2 (0.72 ft/sect) and the distance from

the flat liquid interface to the opposite end of the tank. For complete refilling the end of

the standpipe must be covered by liquid. For the 1081 mm (3.55 ft) standpipe this means

that the tank is roughly 60 percent full and the settling distance is 0.61 m (2.0 ft). Using

Equation 3-15, a settling time of 11.8 seconds was calculated.

tss = 5 V2 H/gs	 (Equation 3-15)

where:

H	 = Free fall height, m (ft)

gs	= Settling acceleration, m/sect ( ft/sec2)
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Q T At
VTL = P L a

(Equation 3-17)

The required volume for settling Is given by Equation 3-16:

Vss = 
fi 
pt tss	 (Equation 3-16)

L

where:

flout = Outflow rate, Kg/sec (lb/sec)

PL	 = Liquid density, Kg/m3 (lb/ft3)

The outflow rate from the basket is arbitrary; however, based on refill calculations as
discussed in Appendix 111, the maximum outflow rate at which refill will occur for the
proposed start basket is 9.1 g/sec (0.02 lbs/sec). Using an outflow rate of 9.1 g/sec (0.02
lbs/sec) and a tank fill level of 60 percent, the settling volume is:

V = 1.52 x 10-3 m 3 (0.054 ft3)

Evaporative Losses. Evaporative losses from the start basket during zero g are due to
heat transfer into the basket. This heat transfer is a combination of three components:
heat transfer across the tank wall incident on the elliptical surface, heat transfer to the
conical surface and standpipe by convection and heat transfer by conduction through
supports, lines and penetrations. The total heating rate during zero-g coast was
estimated to be 0.28 w (0.96 Btu/hr). Contributions from the elliptical surface, conical
surface/standpipe, and conduction heat leak components are 0.095 w (0.33 Btu/hr), 0.182
w (0.62 Btu/hr) and 0.003 w (0.01 Btu/hr), respectively.

The volume of liquid evaporated due to this heating is given by:

,.tn

where:

= Heat rate into the start basket, w (Btu/hr)

At	 = Time between settled periods, hr

P L	 = Liquid density, g/cm 3 (lb/ft3)

X	 = Heat of vaporization, J/Kg (Btu/!b)
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It a 10-hour coast period is assumed, the evaporative loss will be:

V = 3.11 x 10-4 m3 (0.011 ft3)

Channel Volume. Channels are designed for supplying vapor-free liquid to engines

regardless of the vapor/liquid orientation in the basket prior to engine restart. They must

therefore extend into the basket volume and maintain enough liquid in contact with the

screen surfaces to prevent vapor Ingestion into the channels. The channels were sized

based on maintaining similarity between this model design and that used for the POTV in

Reference 43. The POTV design had channels that extended to the intersection of the

conical and elliptical section of the basket from the outlet. This was maintained in the

0.165 scale model. Channel dimensions of 50.8 mm x 127 mm (2 In x 5 in) for the POTV

were scaled to 9.5 mm x 25.4 mm (3/8 in x 1.0 in) (approximate linear scaling) in the 0.165

scale model. The resulting channel volume is:

V = 2.27 x 10-4 m3 (0.008 ft3)

Residuals. The residual volume is to ensure that liquid Is in contact with the channel

screens at the start of outflow. The area of screen/liquid contact, through which liquid

enters the channels, must be sufficient to prevent channel screen breakdown and vapor

ingestion.

For the residual calculation it was assumed that all the liquid was located in the upper

portion of the start basket. This is the liquid orientation for which the liquid volume
retained in the basket when the channel screens breakdown is a maximum.

Using thc: flow resistance characteristics of the 325 x 2300 channel screen and an outflow

rate of 9.1 g/sec (0.02 lbs/sec), the liquid volume required to ensure vapor-free outflow is:

V = 1.76 x 10-3 m 3 (0.062 ft3)

Standpipe Volume. The standpipe volume depends upon which alternative standpipe design

is used. Assuming the third alternative (1081 mm (3.55 ft)) and a diameter of 25.4 mm
(1.0 in), the standpipe volume is:

V = 6.59 x 10-4 m 3 (0.023 ft3)
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Start Basket Volume Summar y. Table 3-XXI1 summarizes the results of the start basket

TABLE 3-XX11 START BASKET VOLUME CALCULATION SUMMARY

Component Volume

Settling 1.52 x 10-3 hill (0.05' ft3)

Evaporati ve Losses 3.11 x 10-4 M 3 ( 0.011 ft3)

Channel Volume 2.27 x 10-4 m 3 (0 . 008 ft3)

Residuals 1.76 x 10
-3 

m 3 (0.062 ft3)

Standpipe Volume 6.59 x 10-4 m 3 (0.023 ft3)

Margin (25 percent) 1.56 x 1C-3 m3 (0.055 ft3)

TOTAL 0.0060 m 3 (0.213 ft3)

3.2.6.6 Start Basket Geometry. A schematic of start basket geometry is shown In

Figure 3-21. The dimensions of the start basket were calculated to correspond to the

volumes given in Table 3-XXII. They are:

r	 = 223.3 mm (8.79 in)

h	 = 61.7 mm (2.43 in)

c	 = 23.4 mm (0.92 in)

L	 = 502.9 mm ( 19.8 in)

Based on the constraint of Equation 3-12, the coarsest wicking screen possible, 10 x 52,

would be selected (DBP = 325 u m) for standpipe alternatives 1 and 2. The next coarsest

screen wicking available, 12 x 64, (DBP = 295 4 m), would be used for the main screen.

Two layers of this screen are used, backed with perforated plate (51 percent open area,

9.5 mm (3/8 in) holes on 12.7 mm (1/2 in) centers). For the channel screen, 325 x 2300

mesh was chosen to be representation of a POTV configuration, allowing a reasonably high

mass flow per unit area and good screen retention capability.

For standpipe alternative 3, the constraints of Equations 3-13 and 3-14 must be satisfied.

The standpipe screen would be a 24 mesh square weave (700 p m) microns corresponding

to a standpipe height of 502.9 mm ( 1.65 ft).
^N
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3.2.7 Safety and Reliability Analyses. This paragraph analyzes each phase of the
CF.MF and identifies inherent hazards and system limitations. These analyses comply with
the NASA payload safety requirements. As the design matures, additional analyses will be
added, refined and expanded.

The results of the Fault Hazard Analysis, including the standard Failure Modes and Effect
Analysis, and the System Safety Fault Hazard Analysis data as defined by NHB 1700.1
(V3), System Safety (Reference 52), are presented in Appendix 1.

Information presented in the "Component Failure Rate" column was derived from
Reference 53. As particular valves, sensors, meters and transducers are selected during
the detailed design, the manufacturer's and/or test data will be utilized to update the
failure rate data.

r "Electrical failure" has been listed several times in the "Factors That May Cause
Secondary Component Failure" Column and "Upstream Components or Inputs That May
Cause Sequential Failures" Column. These electrical failures may range from complete
electrical failure of the experiment to the component failing to receive a signal from the
DACS.

S

Nucleonic fluid gauging was selected for the conceptual design. The radiation source and
detector unit will be mounted externally to the receiver tank. Krypton 85 will be used in
the aluminum alloy surce tubing. Approximately 6 millicuries of Kr-85 (which is the
equivalent to 300 millicuries total gamma ray strength) will be the radiation source. The
tubing will have sufficient density/thickness to stop beta particles and will have negligible
Bremsstrahlung output.

While sufficient information is not available for a hazard analysis on the Mass Gauging
System, the "Payload Safety Guidelines" of JSC Handbook 11123, Section 3.14 (Reference
54), will be followed, as well as information contained in GE Study 72SD4201, "Manned

F Space Flight Nuclear System Safety" (Reference 55). The JCS Space Shuttle Program
Office will be contacted and approval received dur?ng the Preliminary Design Phase of the
project.

t
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The conclusions from this analysis show that no single 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. Future analysis will require an updating of the

Component Failure Rate data and their Criticality Factors.

3.3 Facility Support Requirements. This paragraph defines the ground and on-

orbit facility support requirements. Ground support equipment required to service the

CFMF and the Payload Specialist on-orbit support requirements are defined in Paragraphs

3.3.1 and 3.3.2, respectively.

3.3.1 Uround Support Equipment (GSE). The USE 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. This paragraph provides a conceptual discussion of the

GSE required for the CFMF.

3.3.1.1 Cryogenic Servicing Equipment. 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 LH 2 through the midbody umbilical, shown schematically in Figure

3-41; however, changes in the operating procedure will be required to fill the supply tank

with low pressure (12 N/cm 2 (18 psia)) saturated liquid. Modifications to the system to

provide a fifth LH 2 fill line would be required or, for an unmodified FCSS, a tee and

shutoff varven, would have to be installed in a LH I PRSA fill line inside of the Space

Shuttle.



If fewer than four hydrogen reactant tanks are installed in the Orbiter, the CFMF supply

tank could be connected to one of the four fill/drain lines on the FCSS. If four reactant

tanks are installed, it would be necessary to tee Into a reactant tank fill line on the

Orbiter (as shown in Figure 3-41) to avoid modifying the FCSS. Venting the supply tank

during servicing would be through the FCSS vent system; howeverg a fifth vent line would

be needed. Provision for this vent Is included in the FCSS design; however, the line has

not currently been installed. After fill, when the midbody umbilical is disconnected,

venting is through the T-O umbilical.

I

Figure 3-41 DETAIL OF ALTERNATE CFMF FILL CONNECTION

The basic procedure for loading the CFMF supply tank after the reactant supply tanks

have been loaded is as follows:

1. Reactant supply tanks are isolated from the FCSS.

2. The FCSS is depressurized.

3. If fewer than four reactant tanks are in the Orbiter, the supply tank is filled

i directly through the appropriate fill/drain line. If, however, the CFMF supply tank

is teed into a reactant tank fill line, then the valves shown in Figure 3-42 must be

properly positioned to fill the supply tank.
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Figure 3-42 LFME LOADINU SCHEDULE

4.	 Filling Is terminated when the vent line liquid level sensor detects liquid In the

line.

S.	 Fill Imes are purged.

Based on experience with filling the VRSA tanks, the time required to till the C:FMF

supply tank should be less than 30 minutes. As shown In rlKure 3-43, this is cornpdtlble

.1.!rl the• Arbiter launch preparation schedule.
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A failure analysis of the FCSS (Reference So) concluded that the hazards of operating

the FCSS are no greater than those of other similar systems operated at KSC. Use of the

FCSS for loading the CFMF supply tank should not result in additional hazards during
cryogen servicing.

3.3.1.2 Qaseous iielium Servicing Equipment. 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 2152

Il/cm2 (3135 psla) at 290C (83oF)).

3.3.1.3 Handling Equipment. Fixtures for handling the supply tank prior to

installation on the pallet will have been designed as part of the CFME design effort.

Similar fixtures would be needed for the receiver tank and its associated hardware.

13.2 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 Flight Deck (AFD). He

will be responsible for the requests made by the facility DACS for RCS thruster firing, as

well as honoring requests for low acceleration coast periods. In addition, the Payload

Specialist will have the capability to monitor the facility's progress through its prepro-

grammed 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. This paragraph defines the constraints imposed by the

CFMF during its operating period on the Space Shuttle mission. These constraints can be
broken down into three major categories: (1) thermal constraints, (2) acceleration

requirements and (3) mission scheduling.

3.4.1 Thermal. The inaximum and minimum pallet surface temperatures are

dependent on the mission profile. A maximum pallet surface temperature of 393oK

(7080R) and a minimum temperature of 1230K (2220R) were used for analysis purposes.

Based on this preliminary analysis, it was concluded that the CFMF will not impose

thermal constraints on the Space Shuttle mission. During the de tailed design of CFMF,
however, it will be necessary to insure that temperature limits for valves and quality

gauging system within the facility arc not exceeded.
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3.4.2 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 11, Mission

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

11, Mission Three, will require a low acceleration environment.

t In Phase 11, Mission Two, the reactant control system primary thrusters will be utilized

during venting and receiver tank draining. Once the receiver tank start basket has been

filled (Mission Three), the -i RCS primary thrusters may not be fired; firing of the RCS

engines during this period will result in start basket breakdown. The reactant control

system +Y primary the usters will be required during start basket refill and tank draining

processes. Cycles of RCS thruster firing and low acceleration coast periods wil! be

required during start basket testing.

3.4.3 Mission Scheduling. The CFMF (Missions Two and Three) must not to be

flown with other experiments which require large quantities of RCS propellant, special

accelerations, directional requirements or solar positioning. The second and third

missions require approximately 680 Kg (1500 !bs) and 862 Kg (1900 !bs) of RCS propellant

respectively. These propellant requirements are nearly half of the total RCS propellant

available for payload support and, therefore, will influence mission availability and

scheduling.

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

Test Plan for the CFMF was developed. This Test Plan defines the ground test

requirements, launch procedure and on-orbit sequence of operations for each of the three

missions.

3.5.1	 Phase I Test Phase. The following paragraphs describe the Experimental

Test Plan for Phase 1.

3.5.1.1 Uround Test Requirements. The ground 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 accom-

plished prior to shipping.
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'ound test requirements for the CFNAF are:

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 VACS checkout - check manual c ri, off and abort capability.

Check C&W signal generation.

tests will be performed prior to pallet-to-Shuttle integration, Level 1.

3.5.1.2 Launch Procedure. This paragraph describes the sequence of events from

receipt of the CFMF hardware at KSC to launch (excluding ground test requirements

discussed in Paragraph 3.5.1.1). Figure 3-43 shows the schedule for the integration of

CFMF hardware to Spacelah pallet and finally to the Space Shuttle. This schedule shows

that approximately 12 worKing days are required to complete CFMF-to-pallet integration.
x

The GSE schedule for the loading of the CFMF supply tank is described in Paragraph 3.3.1.

Electrical (;round Support Equipment (ELSE) will be required to operate the CFMF up

until launch. Tne supply tank TVS will operate by venting through the T-O umbilical until

just prior to launch, then will be closed until orbit is achieved.

3.5 ' 3	 On-Orbit Operation. The following paragraphs describe the experimental

r tes. plan for Phase 1, Mission One. Approximately 96 hours would be required to complete

all of the first mission objectives. A typical time fine for Mission One is given in Figure

3-44. This permits the first 24 hours of on-orbit operation for orbit stabilization and

housekeeping.

Table 3-XXIII gives the valve positions, per Figure 3-2, required to accomplish the

following mission operations.
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Figure 3-43 CFMF INTEGRATION SCHEDULE

Orbit Stabilization 20

Facility Checkout 2 mT1preparation for Supply Tank
Outflow )2

First Supply Tank Outflow I I

Post Supply Tank Outflow 3

First Receiver Tank Prechill 11

Receiver Tank Warmup I

Supply Tank [train 9

Supply Tank Inert 20

Receiver Tank Inert 2

0	 zv	 ra	 72	 96	 120

Figure 3-44 PHASE 1, MISSION ONE, TIMELINE
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TABLE 3-XX1I1 PHASE 1, MISSION ONE, OPERATING PROCEDURE

Operational Made 	 1	 2

'M

3	 0 S 6 12
Suv t

8	 9	 10	 11	 12	 13 14	 IS 16 II 18 1920
cv

1

Helium Supply Fill
'i

C C C C C C C C C C C	 C	 C C C C O C O C C
Supply Tank Fill C C C C C O C C C C C	 C	 C C C C C C C C C
Prelaunch C C M C C C C C C C C C C C C C C C C C C
Shuttle launch O C C C C C C C C C C	 C C C C C C C C C C
Supply Tank TV5 O C M C C C C C C C C C C C C C C C C C C
Supply Tank Preswrization O C M C C C C C M M M• M• C C C C C C C C C
Quality Meter Calibration O C M C C C C O M M M• M • C C C C C C C C M

Supply Tank Outflow O C M C C C C O M M M• M • C r: C C C C C C M

Receiver Tank PreduLl Charge O C M C C C O C M M M• M• C C C C C C C C M
Receiver Tank Predull Hold O C M C C C C C C C C	 C	 C C C C C C C C C
Receiver Tank Prechill Vent O C M O C C C C C C C C C C C C C C C C C
Supply Tank Drain O C C C C C C O M M M• M • C C C C C C C C M;
Receiver Tank Nowdown O C C O C C C C C C C	 C	 C C C C C C C C C'
Supply Tank Urcrting O C C C C C C C M M M• M• C C C C C C C C C
Receiver Tank Inerting O C C C C C C C C C C C	 M M M • M• C C C C C

Prelaunch (T< 4 Ms) C C C C O C C C M M M• M • C C C C C C C C C
Abort	 Orbit O C C C C C C O M M M• M • C C C C C C C C O

Post Landing C O C C C C C C M M M• M • C C C C C C C C C

o -open
M - Modulate
C - Close
• . Backup
t - Reference Phase I Flow Schematic, Figure 3-2

Facility Checkout. Following orbit insertion, instrument check-out involving the electri-

cal systems and equipment check-out will be initiated. Checkout of the DACS and

electrical continuity checks will constitute the electrical system testing.

F Preparation for Supply Tank Outflow. The supply tank TVS will be re-activated

immediately upon orbit insertion. The microprocessor will monitor supply tank pressures

and temperatures to evaluate the effectiveness of the TVS. During this period of no-out

flow from the supply line, the retention capability of the capillary device will be

determined during the first outflow. During the period of no-outflow, the DACS will

r'	 monitor vibration levels, temperatures in the supply tank, and the supply tank pressure

history. Heat flux into the supply tank will be determined using the TVS mass flow rate

`	 and supply tank pressure history.
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First Supply Tank Outflow. The first and second primary experimental objectives outlined

in Table 2-1 will be demonstrated during this period. The outflow sequence will involve

pressurization of the supply tank with helium and opening SOV8 and FCV1. The DACS will

monitor the capillary device pressure and temperature, supply tank liquid quantity,

6	
outflow quality, outflow rate and helium pressurant usage. These measurements will be

r used to evaluate the response of the supply tank capillary device to transients during

start-up and shut-down of the outflow from the supply tank. During this first supply

outflow, about 20 percent of the LH2 will be expelled. The first portion of this outflow

k

	

	 will be used to calibrate the quality/density meter. This will be done by flowing liquid

hydrogen through QM2 and then through SOV8 and heat exchangers HX1 and HX2.

Post Supply Tank Outflow. Following the outflow operation, a coast period with the TVS

active will be initiated to determine the effect of the warm helium pressurant on the

supply tank capillary device and the thermodynamic state of the liquid hydrogen.

Evaporation inside the channel will be evaluated by measuring the quality of liquid

expelled during subsequent outflows.

Receiver Tank Prechill. During the second outflow period, the third and fourth primary

experimental objectives, transfer line cooldown and the receiver tank prechill will be

accomplished. The CFME tank will be pressurized and outflow will be initiated. Liquid

hydrogen will flow through the transfer line into the receiver tank, utilizing the charge,

hold and vent sequence as described in Paragraph 2.5.1. Flow into the receiver tank will

be terminated when the receiver tank has reached a predetermined pressure. Following

charge, the receiver tank will enter a hold period until either the pressure in the receiver

tank reaches the maximum tank pressure, or until the average tank wall and fluid

temperatures are within approximately 5 percent of each other. The receiver tank will

then be vented down to approximately 10.3 kPa ( 1.5 psi). Charge, hold and vent cycles

will be repeated until the average receiver tank wall temperature has reached the prechill

target temperature of approximately 110oK (200011). Upon completing prechill of the

receiver tank, it will be vented down to approximately 10.3 kPa (1.5 psia).

If sufficient LH2 remains in the supply tank for another receiver tank prechill, it would be

necessary to warm the receiver tank to ambient conditions. This could be accomplished

with the use of electrical heaters mounted on the tank wall. The second prechill would

allow for evaluation of a LH2 flow rate other than 0.023 Kg/sec (0.05 lb /sec). Following
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the last prechill hold, the receiver tank will be vented to approximately 10.3 kPa (1.5 Asia)

and held 12 hours while the tank warms up. Then the receiver tank will again be vented to

10.3 kPa (1.5 psis) and inerted with helium.

Supply Tank Drain. Following the receiver tank prechill, the volumetric efficiency of the

supply tank capillary device will be evaluated. The supply tank will be drained until vapor

breaks through the capillary device, at which time the flow rate, supply tank pressure,

temperature and the quantity of liquid in the tank will be recorded.

Supply Tank Inerting. With the supply tank drained to approximately three percent

c residuals, helium inerting will begin. This will be accomplished by venting the supply tank

to approximately 10.3 kPa (1.5 psia). Having closed the vent, the tank pressure will be

allowed to increase due to heat leak into the tank. At the time the vent is closed, the

supply tank temperature will be approximately 14 0K (250R). Based on Reference 3, the
heat leak into the tank will be 7.1 w (24.3 Btu/hr); thus, a 24-hour hold would increase the

supply tank temperature and pressure to 31°K (56°R) and 303 kPa (44 psia), respectively.

The supply tank will again be vented to approximately 10.3 kPa (1.5 psia), then will be

t
	 pressurized and inerted with helium gas.

Receiver Tank Inerting. The Phase 1 receiver tank will contain only vapor. Inerting will

consist of an initial tank blowdown followed by helium pressurization and a second

blowdown and helium repressurization to 124 kPa (18 psia). The last helium pressurization

is required to prevent tank collapse upon reentry.

3.5.2	 Phase IL The following subparagraphs describe the experimental test plan
for both missions of the CFMF Phase 11.

3.5.2.1	 Ground Test Requirements. The ground test requirements for both missions

of Phase II are identical to the requirements for Phase I discussed in Paragraph 3.5.1.1.

3.5.2.2	 Launch Procedure. The Phase 11 launch procedure is identical to the Phase 1
launch procedure contained in Paragraph 3.5.1.2.

3.5.2.3 On-Orbit Operation, Phase 11, Mission Two. Approximately 125 hours will be

required to complete all of the second mission objectives; a typical timeline for Mission

Two is contained in Figure 3-45. This timeline allow:; the first 24 hours of on-orbit

j
	 operation for orbit stabilization and housekeeping. A three-hour time lag is permitted for
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Figure 3-45 PHASE II, MISSION TWO, TIMELINE

RCS engine firing from the time the request is made. Several of the early sequences of

operation are similar to that contained in Mission One and are included here for

completeness.

Table 3-XXIV gives the valve positions. per Figure 3-14, for the various operations of

Mission Two.

Facility Checkout. As in Mission One, instrument and electrical checkouts will be

initiated follo%ving orbit insertion. Checkout of the DACS and electrical continuity

checks constitute the electrical system testing.

Preparation for Supply Tank Outflow.	 The supply tank TVS will be re-activated

immediately upon orbit insertion. During this period, a microprocessor will be monitoring

suppl y tank pressure and temperature to evaluate the effectiveness of the TVS flow/

outflow demand. At this point, the DACS will be monitoring vibration levels, tempera-

tures in the transfer line and supply tank, and supply tank pressure. Heat flux to the

supply tank will he determ ► .ied from the TVS mass flow rate and supply tank pressure

history. Upon completion of this coast period, steady state supply tank conditions should

have been reached and the supply tank will be pressurized to approximately 276 kPa (40

psis) using the ambient helium pressurant. During the pressurization, the supply tank

temperature and pressure will be recorded to determine the effect of the ambient helium

pressurant on the suppl y tank LH 2 thermodvnamic state.
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TABLE 3•XXIV PHASE 11, MISSION TWO, OPERATING PROCEDURE

WO

Habum Apply Fin
Supply Tank Fifl

W alaunch
Shuttle Launch
Supply Tank TVs
Stipp TaMk Presurizatlon
Renewer Tank Preclull Charge
Receiver Tank Frv"l Hold

Receiver Tank Predrill Vent

Receiver Tank Fdl
Receiver Tank ilreasurizatlan

Start basket Outflow
Receiver Tank TVS

Receiver Tank Helium Vent
Receiver Tank Dram
Supply Tank Drain

Receiver Tank Slowdown
Supply Tank Biowdown
Receiver Tank Mcerting
supply Tank kiarting

. 2 ^. o ? 4. 7 69 _!1

C C C C C C C C C C

C C C C C O C C C C

C C M C C C C C C C

0C C C C C C C C C
O C M C C C C C C C

O C M C C C C C M Al

O C M C C O C M M

O C M C C C C C C C

O C M O C C C C C C

O C M C C C O C M M

O C M C C C C C C C

O C M C C C C C C C

O C M C C C C C C C

O C M O C C C C C C

O C M C C C C C C C

O C C C C C C O M M

0000CCCCCC
O C C C C C C C C C
O C C C C C C C C C
O C C C C C C C M M

C C C C C C O C O C C C C C
C C C C C C C C C C C C C C
C C C C C C C C C C C C C C
C C C C C C C C C C C C C C
C C C C C C C C C C C C C C
M. M . C C C C C C C C C C C C
M• M• C C C C C C C C C C M C
C C C C C C C C C C C C C C
C C C C C C C C C C C C  C
M• M • C C C C C C C C C C M C
C C M M M• M• C C C C C C C C
C C M M me Ma C C C C O C C M
C C C C C C C C C C C C C C
C C C C C C C C C C C C C C
C C M M M• Mo C C C C C C 4 C M
M• M • C C C C C C C C C C M C
C C C C C C C C C C C C o C
C C C C C C C C C C C C C C
C C M M M• M• C C C C C C C C
M• M• C C C C C C C C C C C C

Prelaunch (T < a hrs)	 C C C C O C C C M M M• M• C C C C C C C C C C C C
Abort Orbit	 OCCCCC Comm M• M• M M M• M• C C C C O C M M

Post Landing	 C O C C C C C M M M• M • C C C C C C C C C C C C C

O - Open
M - Modulate
C -Close

• . Backup

} - Reference Phase B Flow Schematic. Figure 3-14

Receiver Tank Prechill. The receiver tank prechill will be accomplished utilizing the

charge, hold and vent technique for Phase I discussed in Paragraph 3.5.1.3. Outflow from

the supply tank into the receiver tank will be initiated and continue until the receiver

tank pressure reaches approximately 103 kPa ( 15 psia). Having completed the LH2

charge, the receiver tank will be locked up until its pressure reaches the maximum

working pressure of 276 kPa (40 psia), or until the average receiver tank wall and fluid

temperature are within 5 percent of each other. When one of these conditions is met, the

receiver tank will be vented to approximately 10.3 kPa ( 1.5 psia), and the vent then

closed. During venting, the vent fluid quality will be monitored to determine if liquid is

vented. Having completed the charge, hold and vent cycle, the average tank wall

temperature will be determined and compared to the predetermined prechill target

temperature of 100OK ( 1800R). if the average receiver tank temperature exceeds the

target temperature, another charge, hold and vent cycle will be initiated. During the
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receiver tank prechill, data will be collected on the supply tank's capability to provide
pulsed flow as required by the receiver tank prechill charge period. Receiver tank

pressure and temperature histories, transfer line pressures and temperatures, and the

gravitational field during transfer will be recorded by the DACS.

,:eceiver Tank Fill. After prechill, the receiver tank will be filled at a maximum supply

tank outflow rate of 22.7 g/sec (0.05 lb/sec). The fill will be completed to the 92.2

percent level, the same fill percentage as the full-scale POTV. During fill, supply tank

outflow quality, temperatures and pressures will be recorded, as well as receiver tank

pressure, fluid and wall temperatures. This data will be used to determine whether the

mixing relations described in Paragraph 2.5 have been met.

Receiver Tank Pressurization. Following fill, the receiver tank will be pressurized with

ambient helium to 241 kPa (35 psia). During pressurization, receiver tank temperature

and pressure will be monitored to evaluate the impact of ambient pressure on receiver

tank LH 2 thermodynamic conditions.

Venting. Liquid outflow from the receiver tank will be initiated using RCS engines for

settling. The tank will be drained to the 80 percent fill level. A 12-hour coast period will

follow the settling operation during which the liquid hydrogen will assume a low-gravity

position within the tank. Venting through the tapered vent tube will be done by opening

SOV4. Tank temperature, pressure, vent flow rate and quality will be recorded. If

significant quantities of liquid hydrogen are detected escaping through the vent tube, the

vent will be closed. The sequence of operations consisting of the settling, coast and

venting will be repeated at 60 percent, 40 percent and 20 percent receiver tank fill levels.

If venting through the tapered vent tube during coast proves unacceptable due to liquid

losses, then helium venting would be accomplished after settling.

Internal Heat Exchanger/Fan TVS. During the coast periods between helium venting, the

performance of the TVS and the ability of the internal fan to destratify the tank will be

assessed. The thermal performance of the TVS will be determined by measuring the

quality, temperature and pressure of the vent flow with QM4, T57 and PT7. The effect of
the fan on stratification and bulk fluid mixing will be evaluated by monitoring tempera-

tures and pressures.
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M I	 Receiver Tank Drain. Following the helium vent operation at the 20 percent fill level, the

receiver tank will be drained until vapor pullthrough occurs. This will be accomplished by

+	 settling the LH 2 . utilizing the RCS engines. % vapor pullthrough suppression baffle will

be used to prevent early vapor ingestion. At pullthrough. the quantity of liquid remaining

in the tank, the mass flow rate out of the tank and the tank pressure, will be recorded.

Supply and Receiver Tank Inertin . After draining. the supply and receiver tank residuals

will be approximately three percent and helium inerting will begin. Inerting will be

accomplished by venting the tanks to approximately 10.3 kPa (1.5 psia). closing the vents

and allowing the tank pressures to increase. At the time the vents are closed, the

minimum supply and receiver tank temperatures will be approximately 14 oK (250R).

After a 24-hour hold, the supply and receiver tank temperatures and pressures will

increase such that only vapor exists in the tanks. This will permit further venting to

approximately 10.5 kPa (1.5 psia), after which the supply tank and receiver tanks will be

pressurized (and inerted) with ambient helium gas.

3.5.2.4	 On-Orbit Operation, Phase II, Mission Three. A typical timeline for this

mission is given in Figure 3-46. This figure shows that 11: hours are required to meet

mission objectives; the first 24 hours are assumed to be unavailable. Valve positions for

mission operations are given in Table 3-XXV.

Orbit Stabilization 2Y

Facility Cliect.out

Preparatiwi lur Supply Tank
outtloa 12

Receiver Tank PrKi+lll I

Re. civet Tank Fill

Start Basket vapor Collapse I .^

Re,_"" Tank Therrmidynamic
Vent System 17.7

Re.eiver Tank Oiitllor 1.1

Start Basket Refill I.

Start Basket Hold 1 t•

helium Vent I6

Receiver Tank Main `Y

Supply Tuck Drain I•y

Receiver Tank Inert
i

Supply Tank Inert 22—1

0	 A	 ♦/ 	 72	 N	 120

Figure 3-46 PHASE II, MISSION THREE, TIMELINE
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ViBLE 3-XXV PHASE 11, MISSION THREE, OPERATING PROCEDURE

J	 ational Mode 1	 2 )	 4	 9 6 7	 g
SOO

9	 10	 11	 12	 1) 14 11- 16 17 is 19 20 21 22
FCV
I

Helium Supply Fill C C C C C C C C C C	 C	 C C C C J C O C C C C C
Supply Tank Fail C c C C C O C C C C C	 C	 C C C C C C C C C C C C
Prriaunch C C M C C C C C C C C	 C	 C C C C C C C C C C C C
Shuttle Launch O C C c C C C C C C C	 C	 C C C C C C C C C C C C
Supply Tank TVS O C M C C C C C C C C	 C	 C C C C C C C C C C C C
Supply Tank Premuruation O C M C C C C C M M M • M • C C C C C C C C C C C C
Receiver Tank Prechill Charge O C M C C C O C M M M • M • C C C C C C C C C C M C
Receiver Tank Prechdl Hold O C M C C C C C C C C	 C	 C C C C C C C C C C C C
Receiver Tank Prechdl Vent O C M O C C C C C C C	 C	 ;. C C C C C C C C C C C
Receiver Tank F81 J C M C C C O C M M M • me C C C C C C C C C C M C
Receiver Tank presaunsatlon O C M C C C C C C C C C	 M M M• M• C C C C C C C C
Receiver TAM Hehum Vent O C M O C C C C C C C	 C	 C C C C C C C C C C C C
Receiver Tank Drain O C M C C C C C C C C	 C	 M M M • M • C C C C C C C M
Supply Tank Drain O C C C C C C V M M m e M • C C C C C C C C C C M C

iCReceiver Tank Blowdown O C ( O C C C C C C C	 C	 C C C C C C C C C C C
Supply Tank Slowdown O C C C C C C C C C C	 C	 C C C C C C C C C C O C
Receiver Tank Inerteng O C C C C C C C C C C	 C	 M M M• M• C C C C C C C C
Supply Tank Inerting O C C C C C C C M M me M• C C C C C C C C C C C C

prelaunch (T < Y firs) C C C C O C C C M M m e M• C C C C C C C C C C C C
Abort	 Orbit O C C C C C C O M M M• M• M M M . M • C C C C O C IM M

Post L&W&M 0 0 0 C C C C M M M• M• C C C a C C C C C C C

O -Open
M - Modulate
C -Close
• - P—kup
t - Reference P1wse 0 Flow Schematic, Figure 3-10

Facility Checkout. The first operation after orbit insertion will be instrument and

electrical checkout as in the previous missions.

Preparation for Supply Tank Outflow. Immediately following the facility checkout, the

supply tank TVS will be re-activated. During this 32-hour period, steady-state conditions
N

should be reached. Upon completion of this coast period, the supply tank will be

pressurized to approximately 276 kPa (40 psia), utilizing the helium pressurant. Supply

tank temperatures, pressure and TVS flow rate will be recorded to determine tank

performance.
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Receiver Tank Prechill. Liquid hydrogen inflow distribution will be split such that 22
percent flows into the start basket and the remainder flo%':a through the inlet jet manifold.

This distribution is required for the start basket fill process and it will aid in cooldown of

the start basket. Receiver tank predrill will be accomplished utilizing the charge, vent

and hold technique, as in Mission Tw(h until the predetermined prechill target tempera-

ture of IOOoK OSOPR) is reached. During the receiver tank prechill, data similar to that

collected in Mission Two will be recorded.

!	 Receiver Tank Fill. Following the receiver tank prechill, the receiver tank will be filled

4 using a maximum supply tank outflow rate of 22.7 g/sec (0.05 lb/sec). The fill will be

completed to the 92.2 percent level, the same percent ullage as the full scale POTV. The

Incoming liquid hydrogen will be distributed In the same manner as described for the

receiver tank prechill (22 percent of the flow through the start basket and the remaining
through the inlet manifold). The data recorded will be similar to Mission Two with the

addition of start basket temperatures.

Start Basket Vapor Collapse. If the use of the subcooled liquid inflow into the start

basket falls to eliminate vapor bubbles, bubble collapse will be accomplished by

pressurizing the receiver tank with helium. A pressure increase of 34.5 kPa (5 psia) will

be used; based on the current start basket design, vapor collapse times of less than 10

minutes should be obtained. If 10 minutes has elapsed since helium injection, and vapor

still exists in the start basket, tank pressure will again be increased by 34.5 kPa (5 psia)

and the hold process will be repeated. During this operation, the ambient helium

pressurization should pose no problems in the operation of the start basket, as the

receiver tank is 92 percent full and direct impingement of the pressurant is unlikely.

However, Injection of ambient temperature helium into a less full tank may present a

problem due to the possibility of warm pressurant contact with the start basket. A means

of detecting the presence of vapor in zero-g is not presently available. This instrumenta-

tion is a development item.

i;	 d Receiver Tank Thermodynamic Vent Test. Following the vapor collapse, the receiver tank

TVS will be activated. Either the internal heat exchanger/fan TVS or the externally

a wrapped TVS (or both) will be evaluated by measuring the quality, temperature and

pressure of the vent outflow. The effect of the internal heat exchanger/fan on the start

basket thermal performance will be assessed. Receiver tank temperatures and pressure

will be monitored and recorded by the DACS throughout this period.
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Receiver Tank Outflow. The RCS primary thrusters will be used to settle the liquid in the
receiver tank. Outflow from the receiver tank will be initiated following settling and
proceed to the 60 percent fill level. This is the fill level at which the start basket refill
testing will be conducted.

Start Basket Refill. Following a 10-hour coast period, the RCS engines will be used to
position the liquid away from the start basket prior to refill. With the receiver tank
pressurized to 241 kPa (35 psia), outflow from the start basket will be initiated. Shortly
after outflow starts, the primary RCS thrusters will settle the liquid in the receiver tank.

After the liquid settling, refilling of the start basket will commence and should be
complete within one minute. (See Appendix 111). During this period, receiver tank
temperatures, pressures and start basket temperatures will be recorded. Start basket
outflow will continue until the receiver tank reaches the half-full !eves.

Start Basket Liquid Retention Evaluation. A low-g coast pet iod of 10 hours will
commence during which liquid evaporates from the surface of the start basket. The
ability of the start basket to retain liquid under these conditions will be evaluated. (This
period of time was used in calculating the evaporated liquid volume for the start basket.)

Receiver Tank Drain. Following the helium vent operation, the receiver tank LH 2 will be
settled and drained by using the RCS engines. At the time of capillary device breakdown,
receiver tank residuals, mass flaw rate, tank pressure and temperature will be recorded.

Supply Tank main. If the supply tank capillary device did not break down during receiver
tank fill, the supply tank will be drained during this operational period until vapor breaks
through the capillary device. At this time, the flow rate, pressure and the quantity of

liquid in the supply tank will be recorded.

Supply and Receiver Tank Inerting. After draining, the tanks will be vented to
approximately 10.3 kPa (1.5 psia). With the vent closed, the tank pressures will be

allowed to increase due to the heat leak. Following this, the tanks will be vented once
again to 10.3 kPa (1.5 psia) and will be pressurized (and inerted) with ambient helium gas.
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4.0	 FACILITY DEVELOPMENT PLAN

The facility development plan was generated to provide a guide for the cost effective 	 j

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

lead, development or hioh-cost items. This plan consists of cost And schedule estimates

for both uses of the ;acility 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 S ',tedule. To prepare a schedule for the cost

effective development of the CFMF, it was necessary to generate a NUBS 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 pr.,)vide

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

lead and development items were identified.

4.1.1 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. These tasks will be

controlled at the program management level.

The second level denotes those subtasks which will be eontrolIed at a lower level of

management. It is these tasks which will be specifically defined by the CFMF statement

of work.

A third level of work breakdown takes the tasks down to the level of the working

engineer, technician or mechanic where management control is provided by the Lead Man

or Crew Chief. This level of detail was not carried out in this study and is, therefore, not

shown on Figure 4-1.

4.1.2 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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26 weeks

52 weeks

52 weeks

1. Temperature sensors

2. Quality meter

3. Volumetric flow meter

t
t

The Master grogram Schedule was prepared assuming that the conceptual design work was

completed by NASA personnel, eliminating the need for a lengthy design definition phase;

however, the detailed analyses of the facility would be necessary. With these assump-

tions, Figure 4-2 shows a six-month facility definition. Concurrent with the facility

definition, review of CFME safety and Ground Support Equipment (USE) was scheduled to

maximize the use of work performed for the CFME design definition study. Procurement

and manufacturing tasks were phased to provide a cost effective development. These

I.

	

	 tasks .ere influenced by the assumption that, once the facility is launched, a one-year

turnaround will exist between subsequent missions.

The Master Program Schedule identifies eight key program milestones:

1. PDR - Preliminary Design Review.

2. FDR - Final Design Review.

3. PSR 1 - Phase I Preshipment Review.

4. SSL 1 - Space Shuttle Launch, Phase 1.

5. PSR2 - Phase 11 (First Mission) Preshipment Review.

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

7. PSR3 - Phase 11 (Second Mission) Preshipment Review.

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

The PDR will be held at completion of the facility definition; the FDR, concluding the

facility design task for both phases of the facility, is scheduled for 14 months after

contract go-ahead. These design reviews will also be required for approval of long-lead

procurement items with procurement of the CFME supply tank hardware to begin after

PDR. PSR-1 is scheduled for 44 months after contract go-ahead with the first launch 3

months later. PRS-2, PRS-3 and their associated lauches follow at yearly intervals. A

total span time of 76 months will be required for the CFMF contract.

4.1 ' 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:
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4.1.4 Development Items. To meet the schedule 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. Quantity gauging systems

2. Quality/density flow measurement

3. Receiver tank start basket

4. Zero-g vapor/liquid detectors

4.2 Facllity 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 ROM estimates were developed by each contributing department estimating their

manpower requirements and costs for the various phases of the facility. After each

departmental estimate was made, they were forwarded to the Contracts Department and

combined to form overall total costs. if a departmental estimate was out of line with the

scope of the defined task, clarification of the task and a resulting adjustment of the

departmental estimate was made. In a meeting of the involved department managers, the

overall costs were further clarified and refined to realistically reflect the conceptual

design of the facility. The overall cost estimates were then submitted to the Division

Manager for approval and release. This estimating procedure was used to provide a

realistic and comprehensive cost estimate for the Cryogenic Fluid Management Facility.

4.2.1	 Bill of Materials (BOM). Facility hardware costs were estimated by

r- generating a BOM comprised of all components required for each phase of the facility.

These components were taken directly from the facility conceptual design drawings; their

costs were then determined from vendor information. The BOM is given in Appendix 11

` and is broken down into: (1) hardware common to both Phases 1 and 11, (2) Phase I

hardware and (3) Phase 11 hardware. Items shown under Phase I and Phase 11 hardware are

those items required for only those phases.

161

OW



4.2.2 Cost Estimate. The ROAM cost is divided into six program elements which,

when totaled, form the cost required to develop, fabricate and provide support for the

CFMF. ['he six elements and their cost estimates are:

Prograin Element
	

ROM Cost

Analysis and Design
	

$ 800,000

Qualification
	

$ 700,000

Phase 1, 'Mission One
	

$1,300,000

Phase 11, tilission Two	 )1,10G,UUU

Phase 11, Mission Three
	

$ 600,000

CFME Tank
	

$3,000,000

TOTAL Program Cost
	

$7,500,000

These cost estimates are expressed in December 1980 dollars. A description of each

element is given in the following paragraphs.

Analysis and Design. The analysis and design effort is primarily an engineering task. It

involves producing the d-awings and specifications required to fabricate the Phase 1 CFMF

hardware (exclusive of the CFME supply tank and its associated hardware).

Qualification. This element consists of the testing required to flight qualify all phases of

the CFMF hardware (exclusive of CFME hardware). These tests will include environ-

mental and mission simulation testing.

Phase 1, Mission One. The Phase 1 element is fabrication, assembly and performance

testing of the Phase 1 flight hardware. These costs also include preflight, flight and

postflight engineering support.

Phase 11, Mission Two. This element consists of converting the facility from the large

Phase 1 receiver tank to the smaller Phase 11 receiver tank. Hardware changes associated

with Phase 11 are included in this element. Phase U also contains preflight, flight and

postflight engineering support.

x
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Phase 11, Mission Three. This element consists of modifying the Phase 11, Mission Two,

receiver tank to incorporate a fluid acquisition device and its associated hardware.

Preflight, flight and postflight engineering support is included.

K't CFME Tank. The fabrication, assembly, qualification test, and system integration of the

CFME tank is included in this program element. It was assumed that a set of drawings

and specifications for this tank will be furnished by the Government.

4.2.3 Cost Estimates Allocated by Fiscal Year. The cost estimates given in

Paragraph 4.2.2 are expected to be expended per fiscal year in the amounts shown below.

It should be noted that these amounts are expressed in December 1980 dollars.

Fisal Year CFME Tank Balance of System Annual Total

1982 $	 80,000 $	 200,000 $	 280,000

1983 1,525,000 950,000 2,475,000

1984 1,395,000 875,000 2,270,000

1985 -0- 975,000 975,000

1986 -0- 800,000 800,000

1987 -0- 500,000 500,000

1988 -0- 200,000 2009000

TOTALS $3,0009000 $4,500,000 $7,500,000
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5.0	 CONCLUSIONS AND RECONAML'NOATIONS

Conclusions. The Cryogenic FluidManagement Facility (CF.VIF) defined uy this study will

be capable of demonstrating on-orbit cryogenic liquid transfer. fhe 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 (USE) for the liquid hydrogen filling of the supply tank

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

facility currently exists at Kennedy Space Center tKSC).

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 gauging

o	 Quality measurement

164

R



t	 '

0

0

i
	

0

0

0

Volumetric flow measurement

Start basket

Screen channel device

Thermodynamic vent system

Zero-g liquid/vapor detectors

The Shuttle operational unknowns that need to be determined are:

o	 Payload flight qualification requirements

o	 Payload safety requirements

o	 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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APPENDIX II

BILL OF MATERIAL

IR



12.7 mm (1 /2"),28 vdc,
Shuttle payload rated,
normally dosed, max-
Imum pressure 689.3
KPa (100 psis) ayo
rated 2&K (36 R).
LH2

9.5 mm (3/8"), 28 vdc,
Shuttle payload rate4
normally closed, max-
imum pressure 689.5
KPa (100 psia),ouyo
rated 20oK (36 R),
LHZ

6.35 mm (1/411), 28 vdc,
Shuttle payload rated,
normally dosed, max-
imum pressure 689.3
KPa (101psla)070
rated 20 K (36 It%
LHZ

6.35 mm C/4"),/4"), 28 vdc,
maximum temperature
60 C (1400F), Shuttle
rated, normally closed,
GHe, maximum pres-
sure 31 MPa (4300
Pate)

Solenoid Operated
Valve

Solenoid Operated
Valve

Solenoid Operated
Valve

Solenoid Operated
Valve

APPENDIX 11 CFMF BILL OF MATERIAL

Component	 Specification
PHASE I AND PHASE Il

Load
Quantity	 Tlme

4 req	 18 Wks

3 req	 18 Wks

4 req	 18 Wks

8 req	 18 Wks

Part
Identification

SOVI
r	 SOV3

SOV4
SOV6

SOV2
SOV7
SOVS

SOV10
SOV 12
SOV 13
SOV15

SOV9
SOV 11
SOV14
SOV16
SOV17
SOVIS
SOV 19
SOV20

TS1
TS2
TS4
TS5
TS?
TS10

6 reqTemperature Sensor Immerai$n typed cryo
rated 20'K (36"R),
platinum Resistive
Thermal Device, ex-
ternaiconnector,
maximum pressure
689.5 KPa (100 psis)

26 Wks



APPENDIX N CFMF DILL OF MATERIAL (Continued)

Lead
Time

26 wks

PT8	 Pressure Transducer
PT9

Specification

Immersion type, max-
impm temperature
WC (140 F), exter-
nal conniector, maxi-
mum pressure 689.3
KPa (100 psis), Shuttle
rated, platinum RTD

Immersion type, max-
impm temperature
WC (140 F), exter-
nal connector, maxi-
mum pressure 31
MPa (4500 psis),
Shuttle payload . ated,
platinum RTD

Surface contact type,
gryo rated 13 to 400
^K (23 to 720oR),
platinum RTD, maxi-
mum pressure 689.5
KPa (100 psia),
Shuttle payload rated

Cryo rated 200K (36
R), 10 vdc, pressure

rating 0 to 689.3 KPa
(0 to 100 psi&), Shuttle
rated

Maximum temperature
60^C (140oF), 10 vdc,
pressure rating 0 to
689.5 KPa (0 to 100
psis), Shuttle rated

M40mum temperature
WC (140oF), 10 vdc,
pressure rating 0 to
31 MPa (0 to 4500
psis), Shuttle rated

Part
Identification	 Compon►1nt

TS3	 Temperaturke Sensor
TS6

TS8	 Temperature Senor
TS9

TS13 to TS62	 Temperature Sensor

PT 1	 Pressure Transducer
PT2
PT4
PT5
PT7
PT10

PT3	 Pressure Transducer
PT6

Quantity

2 req

2 req

49 req

6 req

26 wks

26 wks

12 wks

2 req	 12 wks

2 req	 12 wks

It,

I#we



APPENDIX 11 CFMF hMLL OF MATERIAL (Continued)

Lead
Specification .	 QuWtity	 Thn

rr— rated .V*K (36	 S req	 32 wks
OR^ 29 vdc, maxi-
mum pressure 689.3
KPa (100 psia),
Shuttle rated, mea-
sures percent Vapor
and density, flow
rated 0 to .33 lb/sec
nt LH2

Maximum temperature	 1 req
arc 040 9 28 vdc,
must not free= at
cryo temperatures of

32 wks

pwt
Identification	 Component

^Z	
terQuality Me

QM3
QM4
QM3

VM 1	 Volumetric Flow
Meter (Turbine
Type)

FCVI	 Flow Control Valve

RV1	 Relief Valve

RV2	 Relief Valve

RV3	 Relief Valve
RV4

Li,,, maximum pres-
surf 659.3 KPa (100
psis), Shuttle rated

9.3 mm (3/30), 113 1 req
vac, 400 Hz, maxi-
mum pressure 659.3
KPa (100 psia) cryo
rated 2&R (36	 x
normally closed,
step motor operated,
Shuttle rated, LH2

12.7 mm 0 /2") cryo
rated 20oK (36bR),

1 req

reilet pressure 659.3
KPa (100 psia),
Shuttle rated

12.7 mmo(1 /2")bcryo 1 req
rated 200K (36 R).
relief pressure 344.7
KPa (30 psia),
Shuttle rated

9.3 mMIK/8'h, Sryo 2 req
rated 	 (36 RI,
relief pressure 659.3
KPa (100 psia),
Shuttle rated

17 wks

18 wks

It Wks

IS Wks

il- 3
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APBENDIX 11 CFMF BILL OF MATERIAL (Continued)

part
Identification

CV1

HXl

HX2

I=1
F2

P02
P03

BDl

Lead

component Specification Quantity	 Time

-Cheek Valve 9.5 mm (3/8% mail- 1 req	 13 Wks
mum pressure 689.3
KPa (100 psia)!^ ,exyo
rated 20oK (36'R),
LH2, Shuttle rated

Hat Exchanger 9.5 m
VIK

/En), gryo 2 req	 20 wks;
rated 	 (36 R),
maximum press e
689.5 KPa (100 psis),
wattage 2080 watts/

how

Filter 6.33 mm (1/4% max- 2 req	 12 wks

WC (14VF )t He,
maximum particle
passage 125 micron

Flow Orifice 6.35 mm ( 1/4'h, in- 2 req	 10 wks
let, maximup tem-
L^eerrature WC (140
"R), maxinumn prey
sure 689.5 K?a ( 1 00
Pu&)

Burst Disc 12.7 mm ( 1 /21% max- 1 req	 12 wks
imgm temperature
60 C (140"R), relief

Presstriza-

tion Bottles

straps

256.5 dia x 793 Ig
(10.0 dia x 31.319)
26.7 liters (1631
cu in) at 93.1 KPa
(3000 pslg)

76.2 x 364 x

6261.1(3x 1.3x
246.3) channel

76.2x I.S9x
14,986 lg (3 x 1/16
x 5901g)

6061-T6 aluminum
channel

Ahmnirwm sheet

6261.1	 2 wks

(246.5)

14,986	 2 wks
(s9o)

pressure 137.9 K Pa
(20 Pala)

Kevlar wound over 6061 S req 	 6 wks
alminum bottle 44M

W	 11-4
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APPEMDIX 11 CFMF BILL OF MATERIAL (Continued)

Part	 Leadr.	

IOd	 Cadon	 C="nent	 Specif ication	 Quantity	 Time

CAMIR 3.2 dia x 2233.2 Steel cab!e 2235.2 2 Wks
04 x W (3a^

Flll Tube 12.7 x %0.12 x 304L CRES %0.12 10 Wks
Mcuum .7 (1 /2 x 37.3 x (37.8)
3Kke" .023)9 l" Sch 40
(ME) pipe outer shell

tnriza- 6.4 x 1230.2 x .5 304L CRES 1230.2 4 Wks
don U 	 x 50.4 x .020) {50.4)Puabe

P	 Horizontal 9.5 x 960.12 x .5 304L CRES 960.12 4 Wks
'	 Nvin Tube (3/E x 37.9 %.020) (37.1)

(CFME)

Drain (CFMla 12.7 x960.12 x .7 304L ORES 960.12 4 Wks
U/2 x 37.8 x .029) (37.9)

Vent Tube 12.7 x 1:80.2 x .7 304L CRES 1290.2 4 Wks
(CFME) (1/2 x 50.4 x .029) (50.4)

Bayonet Male Bayonet 304L CRES, 12.7 x 1 req 16 Wks
• .7 wall of inner tube

( 1 12 x .028)

PHASE 1

C WMW (Re- 76.2 x 39.1 x 9991.6 6061 aluminum 3991.6 2 wks
ceiv+er Sup . (3 x 1.5 x 354) (354)
per)

Insulation 335 m2 (3606 it2) Double Kapton MLI, Nf 6 32 wks
superfloc ft

Initrunventil- S-glass Epoxy Tube 50.8 dia x 5994.4 (2 x 1 req a Wks
tion Trot 236") S-glass epoxy

tube

kuuk lon 50.E x 101.6 (2 x 4) 60 patcl-es, 50 .8 x 1/2 lot 2 arks
Fastows noicro patches 10 1. 6 (2" x 4" sq)

Struts support Struts S-glass epoxy tubes, 3 req 16 wks
see drawing, sheet
15, for sizes

t
e

l

11-5
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APPENDIX li CFMF BILL OF MATERIAL (Continued)

Part lead
Identification Component Specification Quantity Time

PV Head Elliptical Head, 6061-T6 aluminum 2 req 8 wks
A/B ratio : 1.38
556.25 (21.9) deep
x .66 (.026) thidc
x 1536.7 (60.5)

PV Cylinder Cylinder, 1536.7 6061-T6 aluminum 1 req 10 wks
(60.5) dia x 1960.9
(77.2) fig x .96
(.038) thidc

Cfirth Ring 152.4 (6.0) wide x 6061 -T6 aluminum 2 req 26 wks
25.4 (1 .0) flange x
3.17 (.125) thick
1536.7 (60.5) diam-
eter

Fill Tube (Re- 9.5 x 3680.5 x .5 304L CRES 3680.5 4 wks
ceiver Tank) (3/8 x 144.9 x .020) (144.9)

Bi-Metal 9.5 x .5 (3/8 x .020) 304L CRES/6061 1 req 16 wks
Joint aluminum

Pressuriza- 6.4 x 7808.9 x .5 304L CRES 7808.9 4 wks
tion Tube (Re- (1/4 x 307.4 x .020) (307,4)
c eiver Tank)

Bi-Metal 6.4 x .5 (1/4 x .020) 304L CRES, 6061 1 req 16 wks
3oint aluminum

Vent Tube 25.4 x 101.6 x .9 304L CRES 101.6 4 wks
(Receiver) (1 x 4 x .036) (4.0)

12.7 x 8747.8 x .7 304L CRES 8747.8 4 wks
(1/2 x 344.4 x .028) (344.4)

Reducer 25.4 x 12.7 x .9 304L CRES 1 req 2 wks
(1 x 1/2 x .036)

Bi-Metal 25.4 x .9 (1 x .036) 304L CRES, 0061 1 req 16 wks
30int aluminum

Tee 25.4 x .036 wall 304L CRES 1 req 2 wks
(1 x .036 wall)

11-6
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Specification

304L CRES

304L CRES

304L CRES

Part
Identification	 Component

Bellows	 9.5 X.5 wall
(3/8 x .020)

6.35 x .5 wall
(1/4 x.020)

12.7 x .7 wall
0 /2 x .028)

Diffuser
(Receiver)

'Lead
Quantity 'dime

1 req 3 wk4

1 req 3 Wks

3 req 3 arks

I req

PHASE 11

Solenoid Operated rols 9.5 mm (3/811), 28 vdc, 2 req
Valve Shuttle payload rated,

normally closed, max-
imum pressure 689.5
KPa (100opsia)bcryo
rated 20 K (36 R),
LH2

Temperature Sensor Surface contact type, 17 req
cryo rated 13 to 400
OK (23 to 720oR),
platinum RTD, maxl-
mum pressure 689.5
KPa (100 psia),
Shuttle payload rated

Pressure Transducer Cryo rated 2&K (3&R), 1 req
10 vdc, pressure rating
0 to 689.5 KPa (0 to 100
psia), Shuttle rated

Flow Control Valve 9.5 mm (3/8"), 113 1 req
vac, 400 Hz, maxi-
mum pressure 689.5
KPa (10%psis), cryo
rated 20 R (30K),
normally closed,
step motor operated,
Shuttle rated, LH2

11-7

SOV21
SOV22

TS13 to TS29

PT11

18 Wks

26 Wks

12 Wks

18 WksFCV2
1

1

i

4

1

APPENDIX 11 CFMF BILL OF MATERIAL (Continued)



APPENDIX 11 CFMF BILL OF MATERIAL (Continued

Part
Identification

?V Head
(Receiver)

Girth Ring

PV Cylinder

Flll/Drain
Tube

Diffuser
(Receiver)

BI-Metal
Joint

He Inlet Tube

Channel

Bi-metal
Joint

Fill Tube

Vent Tube

BI Metal
Joint

Thermo Vent

Component

Elliptical Head, A/B
ratio = 1.380 234
(10) deep x 683.8
(27) dia x .64 (.025)
thick

101.6 (4) wide x
25.4 (1) flange with
76.2 (3) burndown
edge .89 (.035)
thick - diameter is
685.8 (27.0)

685 (27) x 683.8 (27)
dia x .64 (.025) thick

9.5 x .3 x 3096.3
(3/8 x .020 x 121.9)

9.5 x .3 (3/8 x .020)

6.35 x 4235.2 x .5
(1 /4 x 166.7 x .020)

76.2 x 38.1 x 11356.9
(3 x 1.3 x 447.1)

6.3 x .3 (1/4 x .020)

9.5 x 4591.9 x .5
(3/8 x 180.4 x .020)

12.7 x 10012.7 x .7
(1 /2 x 394.2 x .028)

23.4 x.9 wall Ux
.036)

9.3 x 13479.8 x .3
(3/8 x 530.7 x .020)

Specif ication

6061-T6 aluminum

6061-T6 aluminum

6061-T6 aluminum

304L ORES

304L CRES/6061
aluminum

304L CRES

6061-T6 aluminum
channel 6.35 (1/4)
thick

304L CRES

304L CRES

304L CRES

304L CRES/6061
aluminum

Awminum

I.ea0
Quantity Time

2 req 8 Wks

2 req 26 wks

1 req
	

10 wks

3096.3
	

4 wks
(121.9)

1 req

2 req
	

16 Wks

4235.2
	

4 wks
(166.7)

11336.9
	

2 wks
(447.1)

1 req
	

16 wks

4581.9
	

4 wks
(180.4)

10012.7
	

4 wks
(394.2)

1 req
	

16 wks

1 W9.8 4 wks
(530.7)

t
11-8
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APPENDIX lI CFMF BILL OF MATERIAL (Concluded)

k
	

I!-9

t
Pant

Identification Component

BI-Metal 9. S x .5 wall (3/8 x
Joint .020 w)

Start Basket

Instrumenta- S-glass/Epoxy Tube
tion Tree

Insulator 50.8 x 101.6 (2 x 4)
Fasteners

Insulation 69.31 m2 (746 f 

Struts S-glass/Epoxy

Vent Tube 25.4 x 101.6 x .9
(1 x 4 x .036)

Reducer 25.4 x 12.7 x .9
0 x 1/2 x .036)

Tee 25.4 x .036 0 x
.036 wall)

Lead
Specification Quantity Time

6061 to 304L transi- 1 req 16 wks
tion

1 req -

50.8 dia x 3787.1 3787.1 8 wks
(2.0" dia x 149.1") (149.1)

40 velcro patches 40 2 wks
50.8 x 101.6 (2 x 4 sq) (1/2 lot)

Double kapton MLI, 69.31 32 wks
Superfloc ( 746)

See drawing, sheet 8 req 16 wks
15 ,  for sizes

304L CRES, 101.6 4 wks
(4.0)

304L CRES 1 req 2 wks

304L CRES 1 req 2 wks



APPENDIX III

ClFMF START BASKET REFILL ANALYSIS

Ia



% • liquid outflow
qL - liquid Inflow
qv - vapor outflow

Ref f i ing of the CFMF start basket was evaluated Cy means of a Beech-developed
computer program, REFILL. The program implements a simple Kinematic model of a
start basket, shown schematically in Figure 111-1. The basket Is assumed to be completely
submerged in liquid. The liquid level Inside the basket is h. Liquid Is assumed to flow Into
the basket through the portion of the mainscreen contacting liquid Inside the basket. in

Figure 111-1 9 the liquid Inflow region Is the surface area between 0 < x < h. Vapor Is
assumed to flow out of the basket only through the end of the standpipe. Thermodynamic
effeFts are neglected.

i

qo

Figure 111-1 WILL MODEL

111-1



For a given liquid level inside the basket, a pressure drop equation relating vapor outflow,
liquid outflow through the outlet, pipe and liquid inflow through the mainsemns can be
solved for the net liquid flow into the basket. The time history of the liquid level inside
the basket Is calculated by the following procedures

A

I Calculate the net liquid inflow rate q, - q^

cu to the total liquid inflow volume-^
during a specified time- interval, At

to the net liouid inflow during interval At

i stop,
A

Figure III-2 shows the results of a REFILL calculation for the CFMF start basket with

LH2 and and RCS acceleration of 0.22 m/sec t (0.72 ft/sec 2). The Initial liquid level in the

basket is 11.4 mm (0 .445 in). This is based on the assumption that the liquid volume in the

basket at the start of refill is essentially the residual volume of 1.76 x 10 -3 m3 (0.062

ft 3 ).

111-2
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