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FOREWORD

This report, consisting of Volume I Executive Summary and Volume II Study Results,
summarizes the technical effort conducted under Contract NAS3-21935 by the General
Dynamics Convair Division from May 1979 to July 1980. The contract was admin-
istered by the National Aeronautics and Space Admimstration, Lew1s Research Center,
Cleveland, Ohio.

NASA/LeRC Program Manager - E. P. Symons

Convair Program Manager - G. L. Drake

Thermodynamics - C. E, Bassett & F. Merino

Mission Operations - R. E. Parker

Design - L. E. Siden

Ground Operations ~ E. J. Carr

Costs & Plans - R. E. Bradley
All new data are presented with the International System of Units as the primary system
and English Units as the secondary system. The English system was used for the basic

calculations. Some NASA source data from previous studies used English units. These
data are presented in English units as originally documented 1n the contractor reports.
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SUMMARY

The primary objective of this study was to provide the NASA Iewis Research
Center with a conceptual design and development plan for a large scale orbital propellant
transfer experiment. The scope of this effort was twofold. First, OTV configurations,
operations and requirements planned for the period from the 1980's to the 1990's were
reviewed and a propellant transfer experiment was designed that would support the needs
of these advanced OTV operational concepts. Second, an experiment development plan
was prepared to aid NASA LeRC in the preparation of an overall integrated propellant
management technology plan for all NASA centers.

The following table summanzes the basic findings of this study regarding:1)
compatibility of the experiment concept with planned OTV development and operational
scenarios, and 2) the meeting of the primary experiment objectives along with the flexiblity
to perform many secondary, as well as presently undefined experiments 1n the propellant
management technology area.

THE CONCEPTUAL EXPERIMENT DESIGN SATISFIES A BROAD RANGE OF OTV PROPELLANT MANAGEMENT
SCENARIOS '

SINGLE STAGE/SINGLE BURN/MULTI-BURN
MULTI-STAGE/MULTI-BURN

PROPELLANT TANKS (LHy - LOg) WET OR DRY

SHUTTLE OR DEPOT REFUELING BASE

MISSIONS OF SEVERAL DAYS TO SEVERAL MONTHS
SUBSYSTEM VARIATIONS - PRESSURIZATION, INSULATION,
VENTING ACQUISITION, ABORT DUMP

N

THE CONCEPTUAL EXPERIMENT DESIGN PROVIDES A HIGH DEGREE OF EXPERIMENT FLEXIBILITY

DRIMARY OBJECTIVES SECONDARY OBJECTIVES SUPPORTING RESQURCES
FILL LINE CHILLDOWN PRESSURIZATION (He) — ZERO-G MASS GAUGING
TANK PRECHILL { PROPELLANT ACQUISITION — MODIFIED OTV GROUND
RECEIVER TANK FILL TANK INSULATION SUPPORT EQUIPMENT
TVS FOR INTERFACE OF EX-
l START BASKET REFILL/ PERIMENT LHj & He
PERF. ABORT DUMP REQUIREMENTS

L

THE CONCEPTUAL EXPERIMENT DESIGN REPRESENTS AN EXPERI-
MENTAL TOOL TO INVESTIGATE THE PROPELLANT TRANSFER TECH-
NOLOGY REQUIREMENTS OF A BROAD RANGE OF SPACE-BASED QTVs

The development program for this experiment starting with the phase C/D effort
1s three years. The preliminary cost estimate (for planning purposes only) 1s $56.7M,
of which approximately $31.8M 1s for Shuttle user costs.

XV



1

INTRODUCTION

1.1 SCOPE

With the continued development of the Space Transportation System (STS) the free world
1s on the threshold of a new and expanding space era. Some of the challenging space
programs being proposed include space construction bases, large antenna systems,
solar powered satellites, and propellant depots. The commonality within these diverse
programs 1s the use and need of orbital transfer vehicles (OTV) to support the develop-
ment and ultimate operational phases of these space activities. Inturn the OTV has

the requirement for space based re-fueling in order to effectively carry out its assigned
function.

The area of propellant management and in particular that of orbital propellant
transfer of cryogens has long been identified as a critical technology area by the NASA
LeRC and Convair. A family of precursor studies, both NASA sponsored and independently
pursued by Convair (References 1-1, 1-2, 1-3 and 3-3) provide the basis for this, the ultimate
experimental program.

1.2 OBJECTIVES

The objectives of this study were to define the largest practical experiment scale of an
OTV propellant tank that could be accommodated within the cargo bay of a single Shuttle
flight. This scaled OTV propellant tank became the focal point for the conceptual design
of an orhital propellant transfer experiment and the defimition of the compamon develop-
ment plans and cost estimates.

1.3 CONDUCT OF STUDY

This study contained four major task areas which are briefly described below. The descrip-
tion also indicates the report sections which provide the details of the study effort.

TASK I - Survey of OTV Concepts & Requirements (See Section 2. 0)

Task I of the study effort provided mission requirements and OTV configurations
based on previous NASA study results. Emphasis was on defining the propellant management
requirements for on-orbit resupply and operations of the OTV during a typical mission.
Figure 1-1 is an example of a propellant transfer scenario involving the use of space-based
OTVs.
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Figure 1-1, OTV Propellant Transfer Scenario

Task II - Preliminary Experiment Definition (See Section 3. 0)

Task O provided the preliminary experiment defimtion of the experiment configura-
tion, test fluid, instrumentation, and both ground and orbital testing procedures, In ad-
dition, potential secondary objectives (i.e., insulation evaluation, demonstration of pressure
control technique) were established. The experiment was sized to meet the above objectives
1n an economical manner; however, the maximum size of the experiment was restricted to
the total volume of the cargo bay of the Shuttle. The recommended experiment approach
was presented to NASA for approval before proceeding with Task III. Figure 1-2 outlines
the preliminary testing areas and the flow schematic that was defined.

EXPERIMENT AREAS

TRANSFER LINE CHILLDOWN SUPPIY P SSURIZANION Ul CHIVE I PRESSURIZATTON
RECEIVER TANK PRE-CHILL TinNg Cb b T
RECCIVER TANK TI'ILL
H UM RECIHIVI R [ANK
MULTILAYER INSULATION ot s
ZERO-G VENT SYSTEM "
SUPPTY TANK lzl —VMVMAVVWYWWANY
START BASKET T e orviee SEE
HELIUM PRESSURIZATION &
<
SUPPLY TANK EMERGENCY DUMP ? Z g
ABOR
SUPPLY TANK ACQUISITION DEVICE 11 O NAMIC II)UMI‘
INE
VINI

RECTIVLR LANK

B

WAIT MFEALER bump
TINE

Figure 1-2. Typical Propellant Transfer Experiment System
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Task III - Conceptual Design of Experiment (See Section 4. 0)

Task III provided a conceptual design of the recommended propellant transfer
experiment to the depth of detail necessary to allow cost estimates and schedules to be
generated. In addition, the ground and inflight operational procedures requred to per-
form the experiment were defined. Figure 1-3 provides the overall experiment instal-
lation concept and weight summary that was defined.

EXPERIMENT ELEMENT WEIGHT KG (LBS)
SUPPLY TANK SYSTEM 752.3 (1652)
1/2 SCALE RECEIVER TANK 131.9 ( 291)
1/4 SCALE RECEIVER TANK 49.4 { 109)
PRESSURIZATION SYSTEM 725.6 (1600) ]
INSTRUMENTATION & WIRING 181.4 ( 400)
SUPPORT STRUCTURES 1097 (2419)
CONTROLS, RAU, DISPLAYS _145.1 320 k
TOTAL DRY WEIGHT 3082.7 (6791) "

TOTAL WET WEIGHT (LHg & He) 8253.5 (18199)
PLUS ENERGY KIT (840 KWH) 740.1 (1632)

SUPPORT ELEMENTS

RCS PROPELLANT 725.6 Kg (1600 LB)
ELECTRICAL ENERGY 47.4 Kw-h

ORBITAL EXPERIMENT TIME 3 + DAYS
SECONDARY EXPERIMENTS 6

Figure 1-3. Experiment Design Summary

Task IV - Expernment Development Plan (See Section 5. 0)

Task IV provided the experiment development plan, This included a definition
of the ground and flight qualification tests and shuttle installation requirements. It
also provided a schedule for design, fabrication, ground testing, and shuttle integration.
In addition, 1t also provided estimated costs for the total experiment development.
Figure 1-4 provides the estimated cost spread and cost categores that were developed.

1-3
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2

SURVEY OF OTV CONCEPTS AND REQUIREMENTS (TASK I)

This section presents a brief review of Orbital Transfer Vehicle (OTV) concepts
being considered for future mission applications (References 2-1, 2-2, 2-3 and
9-4). The basic need for in-space propellant transfer is tied directly to the plan-
ned use of space-based OTVs. The important OTV programmatic and operational
drivers to be considered in the preliminary design of a propellant management
experiment are 1) the potential missions requiring OTV's, 2) the planned OTV
development and concept evolution; 3) the typical OTV operational interfaces,

4) the likely OTV propellant tank configurations and 5) the typical on-orbit re~
supply operations.

These elements along with typical OTV subsystem interface data
have been used to justify the pursuit of in-flight propellant transfer experiments.
Section 2.1 covers the broad aspects of OTV mission requirements. Section 2.2
covers the potential interfaces between the OTV subsystem and the propellant
transfer operation.

2.1 MISSION AND CONFIGURATION REQUIREMENTS

Specific mission requirements defined by the study are limited to operations of

an OTV between Low Earth Orbit (LEO) and Geosynchronous Orbit (GEO) using
LO, and LH, 28 propellants. Additional guidelines limat the vehicle concepts

to those that are space-based which implies reusable vehicles refurbished in

LEO. These space-based reusable vehicles have applications in the future when
space activity 1s lugh. Some of these applications, as discussed in Reference 2~1,
along with the propellant requirements are shown in Figure 2-1.

The Aerospace Study (Reference 2-2) describes the mission payload
requirements through the year 2000. Table 2-1 was taken from that report and
indicates the broad cross-section of potential missions and OTV requirements.

Tigure 2-2, from that same report, shows that two vehicle configurations with
propellant transfer will satisfy these requirements. The predominant requirement
driving the vehicle size and performance 1s the manned round-trip mission. The
proposed vehicles are the "all propulsive variety, one using 21,315 Kg (47K pounds)
of propellant, roughly the size of the 1973 Space tug, and the other a version which
dimensionally fills the Shuttle cargo bay and requires propellant transfer of 66,667 Kg
(147K pounds). These concepts defined by Aerospace require the transfer of liqud
oxygen only. The liquid hydrogen 1s carried in the OTV,

2-1



PROPELLANT

CONSTRUCTION

Al
CANDIDATE SPS OTV VEHICLES REQUIREMENT DEPOT SITE
7
MASS
ARGON 2000 MT INTEGRAL WITH
1gp~ 7000 SEC LEO CONSTRUCTION
BASE — L£O
SPS MODULE lLOziI;I;zsétéoo MT CAPACITY
SELF PROPULSION Sp~ ARGON — 2000 MT
LO2/LH2 — 1000 M
PAYLOAD 8706 MT 2/LHz - 1000 MT
MASS INTEGRAL WITH
ELECTRIC OTV ARGON - 463 MT LEQ STAGING
CARGO MODULE 15p~-8000 SEC BASE -
GEO
PAYLOAD LOz/LHy —agmT | CAPACITY
UP 4000 MT 1gp~ 440 SEC ARGON - 469 MT
DOWN 200 MT LO2/LH2 — 46 MT
POTV CAPACITY LEO
CREW & CREWCARGO | mass LO2/LH32 — 2075 MT
LO2/LH2 — 830 MT
PAYLOAD ISp~475 SEC
uP 151 MT CAPACITY
DOWN 90 MT GEO

LO2/LH2 — 1212 MT

Figure 2-1, SPS Propellant System Requirements

Table 2-1. Potential Missions Requiring OTV's*
ESTIMATED IMPULS IvE TRANSFER'
PRIMARY MISSION DESTINATION | SPACECRAFT | NOMINAL TINE FRANE ONE-WAY

WEIGHT (Ib) | DEMONSTRATION | OPERATION]] AV tt/ se TRANSFER TINE
ELECTRONIC MAIL ceo 6,000 198 1987 14 000 6 HR
EDUCATIONAL TV ) 10 000 1984 1987 14 000 § HR
PERSONAL COMMUNICATION ceo 54,000 1986 1989 14,000 6 MR
DATA ACQUISITION PLATFORM ce0 15 000 1989 1992 14,000 6 HR
INFORMATION SERVICES PLATFORM ceo 15,000 1989 1992 14,000 6 HR
GEOSTATIONARY COMMUNICATION PLATFORM | G£0 19 000 1985 1988 14,000 6 HR
ORBITING DEEP SPACE RELAY SAT ceo 19 00 1983 1986 14 000 6 HR
SOLAR/ TERRESTRIAL OBSERVATORY ¢e0 22,00 1988 1991 14,000 6 HR
PAERLE X RAYIGRAVITY WAVE Y 7,000 1988 1991 12 600 4 DAY
MICLEAR WASTE DISPOSAL 0ss ay | 21,0007 . 1987 19,600 170 0ays'?
JUPITER BUOYANT PROBE ESCAPE 6,000 . 199 21,300% 800-900 DAYS
MARS LANDER!SAMPLE RETURN EscarE | 62 om0 . 90 |fu 700 10 16,700™ | 20-500 DaYs
SAT POWER SYSTEM TEST ARTICLE ceo 15,000 . 198 14 w0 6 HR
SPACE STATION ) 250,000 1993 199 14 0w 5 HR

*NASW-3141 '

m
(2 INCLUDES KICKSTAGE

FROM 160 nm /160 nmi28 S deg ORBIT UNLESS OTHERWISE STATED

{3) EARTH DEPARTURE ONLY (Ref Boeing Aerospace Company, 'Fulure Space Transportation Systems Analysis Study *

Final Report, Vol 2, D180-20242-2, Dec 31
(4

1976)
TWO-BURN HOHMANN TRANSFER FROM L£Q TO 0.8 AU



80 —
B ONX
0l 1
| ML_—X I
= 60| P
= — I P\‘{/
= 5ol Q
§ B | — ‘L'OV\Q/
w \S
= 40} Wx \\0\3\3/ X
£ F X x79 Q\\/ P
< ! / XR\
a: 30+ BR ! QWY —
) X P 1 -®
= g o Sl
= — ‘;&’Q/ +MSR C?\/‘(/
5k S {
10 6A X TSR 2 MAN
.. [} D/
1980 1985 199 1995 2000
g 1 |
.

PAYLOAD TO GEO L L :
ONE WAY - OTV EXPENDED (kib) 18.2 3.8 58.4 63.1 65.1 9.1 98.1 126.5
ONE WAY - OTV RECOVERED (Kib) 8.4 27.9 3.8 43.6 45.6 86.2 717.0 105.9
ROUND TRIP (kib) 2.3 85 1.2 152 15.22L.3 24.7 39.2

VEHICLE PROPELLANT lb) 47 94 147 147 147 194 294 294

0TV PROPULSION SYS I (sec) 45 ‘ > 470 ~

SHUTTLE CAPABILITY (kib) »

65 100 125
\ - /4 - J
PROPELLANT TRANSFER NO YES

Figure 2-2, Space Mission/OTV Requrement Summary

Figures 2-3, 2-4 and 2-5 illustrate various versions of OTV's that might be
used in the next 10 to 15 years. Generally these vehicles would have propellant require-
ments less than 68,000 Kg (150K pounds) per stage. Specific hardware requirements
shown in Figure 2-4 will be described in Section 2.2.

Prior to commuitting to a space-based OTV, it would be desirable to perform
an experiment which models a Shuttle tanker/OTV configuration and its refueling
operation. Figure 2-6 illustrates a tanker/OTV tanking arrangement which for the
present appears reasonable. This hard-docked configuration seems to be a better
option than the tanker/OTV free-flying undocked arrangement.
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There are some important factors that should be considered for this
tanking arrangement other than just the transfer of propellant from one system
to another. One 1s the dynamics between the two systems. As propellants flow
and mix, various loads may be set up between the two vehicles which require
evaluation. Shuttle control requirements during preparation, loading, and post
loading operations should be considered; a timeline for these events will be dis-
cussed later, The interactions of the remote manipulating system (RMS) and
the transfer lines swivels and disconnects should also be analyzed. Another
requirement 1s that the OTV propellant tanks must have the capability of receiving
propellants both in a warm condition (dry) or in a cold condition (wet). Space-
based vehicles may require loading soon after the completion of 2 mission before
all propellants have boiled-off.

The OTV may operate both in a high or low thrust acceleration
mode as shown 1n Figure 2-7. These requirements may be of secondary importance
to the actual propellant flow experiment, However, any element of design or
operation that may affect the final experiment conceptual design must be considered.

Figures 2-8 and 2~9 show the timelines involved 1n tanking and mission
operations derived from Reference 2-3. The proposed fill-time for approximately
43,500 Kg (100,000 lbs) of propellants 1s only three hours as shown in Figure 2-8.
This ime was based on transferring both liquid oxygen and hydrogen to a space-
based vehicle, Compared to the time required for all other events (60 to 85 hours)
the propellant transfer time 1s insignificant, Therefore, if extending the transfer
time becomes an important trade consideration it 1s important that the total time
line be re-evaluated for operational acceptability.

During a recent propellant handling study, Reference 2-1, ground
turnaround time of the Shuttle was found to be significant in overall mission
duration, Figure 2-9 shows this fime to be approximately 136 hours based on the
groundrules shown. The analysis was based upon supplying propellant from a
43,500 Kg (100, 000 1b) capability Shuttle to a dual stage 53, 000 Kg (117, 000 1b)
All Propulsive OTV (APOTV) capable of transporting 6,800 Kg (15, 000 1b)
round trip from LEO-GEO-LEO. Based on using one tanker and one launch pad
the duration between partially filling the second stage of the APOTV and final
topoff of that stage on the third Orbiter flight, was approxamately 4 weeks.

Another factor which must be considered in the propellant transfer
operation 1s the propellant loading accuracy. Table 2-2 i1llustrates that a one
percent loading error yields a 6 to 13 percent loss of payload for the dual-or single -
stage, APOTV, respectively. A status review of zerogravity mass measure-
ment devices was accomplished under contract NAS3-21360. The results of this
survey can be found in Reference 3-3. The zero-grawvity tanking accuracy pro-
blem 1s presently unresolved.
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2.2 OTV SUBSYSTEM INTERFACE Table 2-2. OTV On-Orbit Resupply

Interactions
The candidate OTV concepts were used as the
basis for: (1) OTV subsystem analyses and One percent loading error* yields:
(2) OTV subsystem designs. These task Payload
elements represent the technology and opera- Reduction,

tional problems that are considered typical of
the OTV family that the preliminary experi-
ment definitions of Task II will consider (see

Vehicle Stage Percent

. Dual Stage 1 1.7
Section 3). 2 5.0
2.2.1 OTV/SUBSYSTEM ANALYSES. The Single Stage 1 13.0
space-based OTV will be configured on the
basis of mission and space-based require- *Present technology indicates
ments. However, because of the volume loading error of 2 to 4 percent.

impact of the Shuttle payload bay, some of

these OTVs may be loaded with propellant during their initial launch and, therefore,
require the dual capability for propellant tanking both 1n space and at the launch site.

A list of subsystems influenced by mission requirements will include tank size, pres-
surization system, propellant acquisition system, insulation system and vent system.
Subsystems 1nfluenced by space-basing requirements will include 1nsulation system and
vent system. Rationale for selection of subsystems 1nfluenced by mission requirements
will be discussed first. This selection process will be followed by a description of a
"typical" OTV scenario from which potential problems can be identified and subsystems
selected.

An OTV propellant transfer technique and subsequent experiment can be
influenced by the vehicle configuration; thus, the need to adequately 1dentify vehicle
subsystems. It is possible, however, that a few subsystems will have lLittle or no
influence upon orbital propellant transfer. For these cases selection will be made on
the basis of compatibility with mission requirements.

Before discussing how subsystem selection may influence the orbital
propellant transfer procedure, the potential precursor tanking concept selected from
Reference 3-3 (NAS3-21360) will be briefly discussed. The following steps will serve
as the primary elements of an acceptable propellant transfer procedure: mitial vent,
prechill, fill.

9.9.1.1 Initial Vent. The propellant tank will be vented to 13.8 KN/m2- 27.6 KN/m?2
(2-4 psia) prior to transferring propellants. This step 1s performed for two purposes:
First, helium may be present and 1t should be removed to avoid excessive helium partial
pressure at small ullage volumes. Second, a near-zero initial pressure will minimize
peak pressures and the number of charge and vent cycles required during prechill.
Venting of a partially full tank 1s not considered as normal operation, the details of

this type of venting procedure is presented in Reference 3-3.
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2.2.1.2 Receiver Tank Prechill. Prechill 1s required whenever 1nitial tem-
perature is such that the stored tank energy will result in excessive pressure
during the chilldown mode. Prechill 1s accomplished by introducing liquid 1nto
the propellant tank at a velocity that provides good heat exchange between the high
temperature walls and the cooling flmd. This procedure has the advantage of
requiring hittle mass to effect tank cooling.

The primary requirement for system prechill 1s to reduce tank
temperatures sufficiently that the fill process will be accomplished with a locked~
up tank. It 1s imphicit in this requirement that venting 1s unacceptable during the
fill mode because an unknown quantity of liquid could be lost overboard, since
propellant control cannot be maintained during this process. Venting 1s accept-
able during prechill, however, because the elevated tank temperatures will
quickly evaporate liquud during this phase,

2.2.1.3 Tank Fill. Tank fill w1ll be imtiated after the prechill requirements

have been satisfied. The single requirement for tank fill 1s to maintain an
acceptably low pressure during the process. Tank pressures will be at mimimum 1f
thermal equilibrium conditions are maintained during fill,

The intent of the tank fill process will be to create conditions conducive
to attaining near-thermal equilibrium. These conditions may be achieved by
introducing liquid into the tank through spray nozzles; the resulting spray will
create a large liqud/vapor surface area. The combination of large surface area
and fluid turbulence will provide the high heat-transfer rates needed to attain
near-thermal-equilibrium conditions,

2.2.1.4 Subsystems Influenced by Mission Requirements. The mission extremes
for which subsystem compatibility must be assured were previously identified 1n
Figure 2-7. These extremes included the low thrust, multi~burn missions required
for placing large space platforms in geosynchronous orbit, and the lmgh thrust
mission (with fewer engine firings) required for placing more conventional payloads
in orbit,

2.2.1.5 Tank Size. Tank size and shape can influence the orbital propellant
transfer procedure or techmque, but not the concept., Figure 2-5 shows

three potential vehicle configurations, It appears obvious that the internal

flmd flow pattern wall differ for each configuration during the prechill or tank
fill process. Since heat and mass exchange between tank wall and flud, or
between the liquid and vapor phases, will be inflte nced by the flow pattern, this
mechamsm will be different for each vehicle configuration. Consequently,
analysis or experimental data applicable to a single vehicle configuration will not
necessarily apply to others. We are left with the task of selecting a representa-
tive vehicle for experimentaion. The POTV configuration of Figure 2-4 will be
less restrictive than the toroidal tank or modular OTV concepts of Figure 2-5,
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2.2.1.6 Pressurization System. The selected pressurization system will require
helium for propellant tank pre-pressurization for each main engine start. Pres-
surization requirements during main engine firing w11l be autogenous for the liquad
hydrogen tank and helium for the liqud oxygen tank. Main engine start helium
usages will not be excessive because engine start NPSP requirement will be
approximately 3.5 KN/m? (0.5 psid) (LHp tank) and 7 KN/m2(1. 0 psid) (LO, tank).
Total mission helium usages will be relatively small for the LO9 tank because
helium will be bubbled through the liquid bulk. The tank pressure increase will
be primarily due to propellant evaporation into the helium bubbles. Autogenous
pressurization was selected for the hydrogen tank because 1) 1it1s a simple and
proven approach, and 2) the alternative helium pressurization approach will be
considerably heavier. This type of pressurization system was analyzed in
contract NAS3-20092 (Reference 2-5).

The presence of helium within a propellant tank can complicate an
orbital tanking procedure because of the need to expel most of the helium before
propellant transfer can be imtated. Unfortunately, 1n the near term, there is no
viable alternative to helium pressurization for main engine start because main
engine NPSP requirements must be satished. An advanced engine with "boot-
strap' capability, 1.e., with no NPSP requirements, may be developed in the
future. A major benefit from this development may be a greatly simphified re-
fueling procedure. Until then, refuelling operations must be capable of dealing
with helium 1nside the propellant tanks.

2.2.1.7 Propellant Acqusition System. Analyses were performed 1n reference

9.5 to assess the benefits of a partial propellant acqusition system for OTV.

The acquisition system combined with a thermal subcooler was analyzed to determine
1f these subsystems could replace helium pressurization and RCS subsystems.

A preliminary assessment indicates that an acquisition system 1is not performance
effective over current pressurization systems for a number of OTV missions. Further-
more, partial acquisition devices, different from that shown in Figure 2-10, may be
required for low thrust vehicle missions. At this time, 1t 15 judged that a partial
screen acquisition device will not be 1ncluded as part of an OTV configuration.
However, an exception to subsystem selection 1s made 1n this case as explain-

ed below,

A partial screen acquisition device has tentatively been selected
for the orbital experiment because the possibility exists that such a device may
be employed 1n the future. The presence or absence of a screen device should
have little or no 1mpact upon the ability to demonstrate orbital refuelling
techniques. It may be necessary to alter propellant tank internal plumbing in
order to assure the start basket is "vapor-free'" at the end of tanking. But,
such an alteration would have no impact upon the refuelling process. Further-
more, a screen device would allow additional flexibility 1n desigming secondary
experiments because pure liquid expulsion from the receiver tank could be assured

with a partial acquisition device. 9-11
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Figure 2-10. LHg Acquisition Device

2.2.1.8 Insulation System. A mullilayer insulation (MLI) system was selected as

representative of thermal protection systems which may be employed for OTV. The

other alternative considered was a combination of MLI and a vapor-cooled shield.

Introducing a vapor-cooled shield will improve the thermal performance of the combina-

tion because vented propellant will intercept solar heat addition. It is suspected,

however, that the reduced boiloff or vapor residuals due to improved performance will

not compensate for the weight addition.
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The only influence that an MLI system selection may have upon the pro-
pellant transfer techmque will be due to vehicle thermal mass. If a vapor-
cooled shield adds substantial mass to that vehicle mass which 1s chilled to cryogen
temperatures, then peak pressures and boiloff during tanking will be greater.
These changes would have to be factored into orbital tanking procedures. As
before, the propellant tanking concept would not be affected by subsystem
selection.

2.2.1.9 Vent System. A thermodynamic vent system will provade adequate vent
capability for the proposed OTV mission profiles. Analyses conducted on previous
studies (Reference 2-5 and 2-6) 1ndicate that mission vent requirements will be in
the range of 4.5 to 9.1 Kg/hr (10 to 20 Ib/hr), which can be adequately satisfied
with thermodynamic vent systems previously designed by GD/Convair. These vent
rates can be reduced, if necessary, by adding more layers of MLIL. There was no

alternative vent system considered.

The vent rate capability of the thermodynamic vent system appears to be
inadequate for refuelling procedures on-orbit. Additional consideration for supple-
mental vent capability may be necessary to avoid impact in selecting a refuelling
procedure. Further discussion will be postponed until after the influence of space-
basing requirements upon this subsystem has been evaluated.

2.2.1.10 Subsystems Influenced by Space-Basing Requirements. Space-basing
conditions are defined as those conditions affecting the OTV from final MECO

of each stage until first main engine start of the next mission. The period

where OTV and orbiter are docked 1s exempted since 1t 1s considered to be part
of the tanking duration. Any subsystem capability needed to maintain the OTV

1n a "safed" condition for subsequent refuelling operations is considered to be a
space-basing velicle requurement. The insulation and vent systems selection
will be influenced by space-basing considerations. At this time, no other system
18 1dentified as being influenced by these considerations.

Insulation System — In addition to the mission requirements pre-
viously identified, the insulation system must provide thermal protection for
propellants where multiple orbiter flights are needed to support a single OTV
mission. For this scenario, it1s likely that the OTV stages wall reside in orbit
for several weeks before tanking 1s complete. Too little 1nsulation will result
1n excessive propellant boiloff prior to a mission. Conversely, excessive thermal
protection (i.e., a vapor-cooled sheld) may unnecessarily penalize OTV payload
capability. As mentioned earlier, an analysis will be conducted 1n task II to
determine which insulation system should be selected.
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Vent System — There 1s an advantage to performing propellant tank
blowdown to a low pressure 13.8-27.6 KN/m2 {(~ 2-4 ps1a) prior to initiating orbital
refill. This operation could be performed with the thermodynamic vent system except
that its vent capability could result 1n an extremely long blowdown mode. The pro-
pellant mass vented during this orbital period is likely to be at least an order of mag-
nitude greater than the mass vented during the mission. Furthermore, the long blow-
down duration could delay rendezvous by several days. It appears, therefore, that a
requirement exists for another vent system capable of vent rates that are at least an
order of magnitude greater than those of the thermodynamic vent system. We have
selected the non~propulsive vent system for the LHy tank identified in Figure 2-4.

2,2,2 OTV SUBSYSTEM DESIGNS. The fundamental OTV operational and environ-

mental considerations used for the preceding subsystem analyses were also used
to develop a set of typical subsystem designs.

Figure 2-4 (Layout 1) shows a LHy tankage system for a baseline two
stage OTV, that is originally tanked with propellant on the ground and subsequently
tanked at a space-based propellant depot. The total system 1s a cylindrical tank
equipped with a fill circuit, non-propulsive vent circuits, a pressurization circuit, an
acquisition system and an insulation system.

The tank is a 421.6 cm (166.0 1n.) diameter cylinder equipped with
elliptical bulkheads at each end. Both bulkheads have plumbing penetration
fittings for the vent, fill and electrical circuits. An access opemng 1s provided

in the forward bulkhead, The material is 2219-T87 aluminum alloy. The support
system 1s a series of low conductive struts arranged in '"V'" pairs on the aft bulk-
head and a set of tangential drag links located near the girth line of the forward
bulkhead. This support system provides for thermal 1solation from the main
body structure and compensates for dimensional changes between tank and outer
body structure.

The fill circuit 1s a single tubular mamfold extending the full length
of the tank. The mamfold 1s equipped with two spray fittings 1n the aft bulkhead.
This penetration fithing has a side outlet boss which i1n turn 1s connected to the
interior of the acquisition device through a check valve and a tube section. The
outboard flange of the penetration fitting is attached to a flex duct which routes
to a disconnect valve located in the body structure. This flex duct and disconnect
valve are not shown on the drawing.

The tank has two vent systems. One system 1is an external vent valve
with a2 non-propulsive "steer horn' type duct. The second system 1s a thermo-
dynamic vent device located 1nside the tank. This device 1s vented to the outside
through a tube which 1s supported from the 'steer horn'" vent duct (see View B-B

of Figure 2-4.
2-14




The LHo tank is pressurized with helium gas at engine start. During
engine firing, pressurization is accomplished by boot strapping hot Hg gas from
the engines (autogenous pressurization). The helium source for the imtial pres-
surization 1s preloaded spherical bottle modules attached to the outside of the body
structure. These modules are plumbed to the tank through a valve and regulator
system. The pressurizing gas 1S injected into the tank through a diffuser located
at the forward bulkhead. Ths diffuser 1s plumbed to an aft bulkhead penetration
fitting with a duct assembly supported from the 1nside of the tank wall.

Figure 2-4 (Layout 1) also shows an acquisition system located in the
aft bulkhead, Some typical details for this system are shown 1n Figure 2-10 which
was previously configured under NASA Contract NAS3-20092 (Reference 2-5). The
system 1s basically a capillary device consisting of an external dish type shell
equipped with an internal channel assembly and a central support column. The
walls are screen mesh supported with perforated sheets.

Two 1nsulation approaches using MLI blankets are shown in View C-C
on Figure 2~4. The first approach Case 1 uses MLI blankets mounted on a purge
system that is used only during the ground tanking of propellant prior to normal
space-based operations. The purge system 1s a network of tubing (mounting from the
tank wall) which distributes dry gas between the insulation layers. Foam blocks
located between the tubes and bonded to the tank wall provide a uniform mounting base
for the MLI. In this case, the outer body structure serves as the purge enclosure.
Additional purge enclosures at each end of the LHg tank may be required to isolate
the LH2 tank from the second stage engine compartment and from the LO2 tank.

In Case 2, a cooling shield 1s located midway 1n the MLI buildup. This
1s an aluminum alloy shield equipped with tubes through which Hy vent gas passes.
Local standoff fittings support the shield from the tank wall. A purge system would
also be required for this system to ensure insulation conditioning prior to accent.

Figure 2-11 (Layout 2) shows a LOg tankage system for a baseline
two-stage OTV. Similar to the system described in Figure 2-4 (Layout 1), the tank 1s
a 381.0 cm (150. 03 1n. ) dia. cylinder equipped with an elliptical bulkhead at each end.
Both bulkheads have plumbing penetration fittings for the fill vent and electrical
systems. An access opening is also provided 1n the forward bulkhead of this 2219-T87
aluminum alloy tank. The support system 1s the same as that described for the LH,
tank. All outer surfaces of the tank are covered with MLIL.
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The fill circuit is a single nozzle assembly located at the forward
bulkhead. This location was chosen so that the LH, and LO2 fill disconnects
located 1n the body structure can have common station locations. This location
mimmuzes the fill duct lengths and reaching requirements for the RMS.

The vent systems described for the LH, tank are basically the same
for the LO2 tank.

Pressurization for the LOg tank before and during engine firing 1s
with helium only. A ring mamfold with a series of holes 1s supported from the

inside surface of the aft bulkhead as shown in detail '"B" of Layout 2. The helium
storage concept 1s the same as that described for the LHy system. After leaving
the storage module, the helium flows through a control and regulator systems and
on to the ring mamfold, The gas is injected 1nto the tank through the holes in the
ring mamfold,

Figure 2-11 (Layout 2) shows an acquisition system located in the aft
bulkhead. Except for size, the system is basically the same as that required for
the LHg tankage system. Some typical details are shown in Figure 2-12,

The 1nsulation system for the LOg tank is the same as Case 1 previously
described for the LHg tank,

A wade range of propellant tankage 1s repre sented 1n the OTV con-
figurations shown 1n Figure 2-5 (Layout 3). The AMOOS vehicle for example
uses separated tanks which are nested to mimmize the overall length. The
modular vehicle which uses ''strap on"' propellant assemblies features separate
conventional ellipsoidal tanks which are not ne sted. A third configuration called
a mimmum length OTV uses a cylindrical LHg tank coupled with a LOg toroidal
tank. The propellant transfer systems described earlier are also applicable to
the tanks shown in Figure 2-5. For example, the single fill nozzle shown in
Figure 2-11 for a conventional LOo tank can aiso be applied to the toroidal tank
by using an internal manifold equipped with two or more spray nozzles. For the
nested or compartmentized tanks, the fill nozzle is relocated to the sidewall or
aft bulkhead of the 1O9 tank. Except for location and plumbing routes, vent systems
are also basically common for conventional and non-conventional tanks.
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3

PRELIMINARY EXPERIMENT DEFINITION (TASK II)

During recent years NASA has developed, both through in-house and contracted effort,
an extensive background of low gravity propellant management technology. References
3-1, 3-2, and 3-3 are typical of these pertinent studies. It was not required nor the
1ntent of this study to expand upon this fundamental technology data base. This available
source of published data was used as the basis for the preliminary defimtion of a large-
scale propellant transfer experiment for the Shuttle experiment program.

The individual study task outputs are orgamzed 1nto three separate sections.
Section 3.1 describes the basic analyses; Section 3.2 presents the preliminary experiment
concepts; and Section 3. 3 defines the preliminary experiment designs.

3.1 ANALYSES

The preliminary experiment defimtion required that the most impacting areas of concern
be analyzed at this stage of the study. Figure 3-1 presents an overview of these pre-
liminary, yet fundamentally important, factors associated with the experiment design.
The schematic represents the three major hardware elements of the experiment concept
and the specific technology areas relevant to the specific hardware items. The general
areas selected for analyses during this task are: 1) the chilldown and 2) the fundamental
experiment design and operational drivers. The results presented for this phase of the
study should be considered preliminary. The final results presented 1n Section 4. 0 of
this report represent those actually used to develop the conceptual designs and program
plans.

3.1.1 TRANSFER LINE CHILLDOWN. When chilldown 1s imtiated, liqud and
vapor flow 1n the transfer line together create pressure transients and chugging. These
transients, together with the motion of slugs of liquid in the vapor medium, may transmit
damaging loads to the OTV during the line chilldown period. Several possible methods

of avoiding this difficulty have been suggested. These include propellant pre-heating,
alternate propellant delivery systems during chilldown, and pre-launch chilling.

To obtain an estimate of a reasonable time for the chlling of the transfer
lines, an analysis was made assuming liqud enters the line 1n a saturated condition and
evaporates completely prior to leaving the line. Using a flow rate of 0.45 kg/min (1 1b/min),
results 1ndicate the LHp line can be cooled from 305K to 20K (550R to 36R) 1n about
14 minutes. Since chilldown time varies inversely with mass flow rate, these results may
be used to estimate times for other flowrates within a reasonable range.
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Figure 3-1. Propellant Transfer Areas of Interest/Concern

When the transfer line valve 1s first opened, cold liquid will contact the hot
walls so that a certain amount of vapor and ligmid will flow 1n the line together. Under
1-g conditions, studies (References 3-4 and 3-5) have shown that severe pressure transients,
some as high as 100% above the supply pressure, can result. These excursions, together
with the prospect of slugs of liquid battering the OTV at the hook-up point, give cause for
apprehension about loads transferred to the OTV and ultimately to the connecting fixture
between 1t and Shuttle. Hence, 1t 1s desirable to avoid formation of liquad slugs, pressure
surging, and chugging dunng the chilldown process.

3.1.1.1 Transfer-Iine Chilldown under One-g Conditions. Many studies (both exper-
mental and analytical) have been made regarding transfer-line chilldown; however, none
have been found that were conducted for low-grawvity conditions. Generally, 1n a two-phase
flow, a number of flow regimes are possible, characterized by the relative amounts and



location of the liquid and vapor. Some of the possbilities are mist flow, annular flow,
slug flow, wavy flow, stratified flow, plug flow, and bubble flow. It is apparent that
gravity plays a role in the development of some of these regimes. Although methods
have been proposed (Baker plot) which attempt to predict which regime 1s most likely,
these methods do not correlate the data well for all regimes.

According to Steward, Smith, and Brennan (Reference 3-4), who studied
the chilldown times and characteristics of horizontal LNg and LHy transfer lines, the
following factors aggravate surging:

1. High degree of inlet liquad subcooling
2. Long transfer lines

3. Hgher density liqumds

4. Rapid valve opening

They recommend saturation conditions at 1nlet and gentle introduction of
flmd 1nto the line. Pressure surges were found to vary directly with the length of the
line, and surges with nitrogen were 2 to 4 times as high as with hydrogen.

Manson and Miller (Reference 3-5) studied the flow of LHg 1n lines constructed
from CRES 321 and K Monel steels, Titanium, and Tens-50 Aluminum. Flow-rate stability
was optimized by restricting the entrance rather than the exit of the line. The type of wall
matenal was found to affect the heat flux-temperature curve. Presumably the presence
of a certain amount of restriction to heat flow at the wall extends the nucleate-boiling
regime into the normal film-boiling regime (thus enhancing heat transfer). One may not
find this kind of result 1n low-gravity situations since there 1s some doubt about the exist-
ence of zero-gravity nucleate boiling.

3.1.1.2 Transfer Line Chilldown 1n Low Earth Orbit (LEO). If the transfer lines

are to be chilled 1n low-gravity conditions, 1t is questionable how much of the above data
can be used to advantage. It would seem reasonable to meter-in small quantities of the
propellant at saturation conditions, probably as a spray. A small by-pass line which
avords the main valve in the transfer line appears desirable. Some introductory swirl
may enhance mixing and help mimmize direct impingement on the hot walls (thus avoiding
cold spots which collect liquid).

One might expect 2 regions of the line to be a problem 1n regard to hqud
collection. Those are the entrance where cold liquid spray will always be present to
cool the wall and the point 1n the line where flow impinges on a bend. The wall in these
regions will cool faster and tend to collect liqud at a correspondingly faster rate. An



obvious remedy at the bend is to straighten the line as much as possible prior to chill-
down. However, in order to minmimize liquid collection at other points in the line (such
as the entrance), one might wish to consider the distribution systems depicted in Figure
3-2.

In part (a) of Figure 3-2, a separate small line 1s run along the outside of
the main line to meter cryogen into it at various locations. This line can be operated
at supply tank pressure and will undergo less severe transients than the main line.
Chugging and pressure surges in the small line will transfer much smaller loads to
the orbiter. In part (b), the small line 1s located internally with spacers. Part (c)
suggests an annular space in which to meter small amounts of liqud for cooling. The
inner wall could be solid or screen. Again, the problem of collection of large amounts
of hiquid is addressed by confimng the fluid to a smaller volume. A feed system at the
entrance, separate from the main flow, would be required.

\<«— PRE-CHILL LINE

g /)k\ SPRAY \IOZZLES\
U [

L TRANSFER LINE

{*}

(a)
T TRANSFER LINE

- @\ S E E:‘::Y‘_J
U/ U "X

\— PRE-CHILL LINE
W/HOLES

(d)
TRANSFER LINE

P —— S ANNULAR
5 (- SPACE

Figure 3-2. Transfer Line Chilldown Aids
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Disadvantages common to all these chilldown aids are:

1. Introduction of additional thermal mass to the system to be chilled
2. Reduces useful payload weight available
3. Increased line fabrcation complexaty.

Another method for decreasing the amount of liquid collection 1s to install
static mixers in the line. Briefly, the mixers work by splitting the flow into two streams
and twisting it 1n a helix pattern until encountering the next downstream element where
the process 1s repeated. The process serves to expose the flow to more wall area.
Disadvantages include:

1. Addition of thermal mass and decreased useful payload.
2. Increase 1n pressure drop (though modest)
3. Increased line fabrication complexity.

A final method to avoid liquid 1n the line is to pre-heat the liquid in a boiler
prior to entry. Only vapor at saturation temperature would be introduced into the line.
Disadvantages include:

1. Increased chilldown time

2. Increased energy in the vapor at exit
3. Decrease in useful payload

4, Increased complexity of system

3.1.1.3 Disposition of Vapor in Transfer Line. The problem of disposing of the
helium 1mtially, and later the warm vapor 1n the line must be addressed. Although
the total mass of this vapor 1s small compared to the total mass of propellant to be
transferred, it should be vented. A vent might be provided at the OTV-end of the line.
Back-pressure 1n the line could be controlled more effectively; and compared to tank
venting, the possibility of losing liqud in any quantity would be minimized. This vent
would also be used for transfer line pre-launch purging operations.

Alternatively, the vapor could be dumped into the receiver tank and take
on more heat before venting through the tank vent system. However, this increases
the tank ullage and increases the venting time required of the tank vent.

3.1.1.4 :Analysis of Transfer-Iane Chilldown. In order to obtain an estimate of
line chilldown time, some assumptions were made, and the flow in the propellant trans-
fer lines defined 1n Reference 3-6 was analyzed. It was assumed that:
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1. Spray enters the transfer line in saturated condition at 103 KN/ m? (15 psi1a)
line pressure. For LHg this is approximately 20K (36R) and for LO2
about 90K (162R).

2. The flow 1s predominantly vapor and 1s steady.

3. The wall of the line is at umiform temperature at any instant of time.
4. Exit temperature of the vapor approaches that of the hot wall.

5., Losses from radiation are negligible.

6. Imtial wall temperature 1s 306K (550R).

The total amount of heat which must be extracted from the LHy line can be
calculated from:

= mC_dT

= Jme

where:
m = mass of line, valves, fittings, insulation
CV =  heat capacity of mass
T = wall temperature

A plot of the heat capacity of 18-8 stainless is shown as Figure 3-3. Com-
position 1s similar to CRES 304. Assuming the mass to be predominantly of this materal
the area under the durve can be 1ntegrated between 20K.(36R) and 306K (550R) for
LHs and 90K (162R) and 306K (550R) for LOg. Total mass 1s 122 Kg_gﬁS 1b) for

the LHp line and 155 Kg (333 1b) for the LOg line. The heat stored in the LHy line 1s
calculated at 11130 KJ (10550 BTU) and 1n the LO5 line at 12502 KJ (11850 BTU).

The details of a transient analysis of line chilldown for LHyp are included in
Section 3.1.1.5. Figure 3-4 depicts the results for a flow rate of 0.45 Kg/min (1 lb/min).
The points shown on the plot were determined by incremental application of the solution.
Properties for each increment were updated to reflect temperature dependence; hence,
the points do not lie on a continuous curve. The line 1s an estimated best fit of these
points. Time varies inversely with flow rate so that a corresponding time for any flow
rate and temperature 1s available. For the 0.45 Kg/min (1 lb/muin) flow rate, it can be
seen that a chilldown time of 14-15 minutes is predicted. Gas velocities for various
flow rates as a function of temperature are shown 1n Figure 3-5. For the .45 Kg/man
(1 1b/min) value, gas velocity will not exceed 21 m/sec (70 ft/sec). This 1s well below
sonic conditions which range from 355 m/sec (1165 ft/sec) @ 20K (36R) to 1329 m/sec
(4359 ft/sec) @ 306K (550R).
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The transient analysis was based on the assumption that exit gas temperature
would approach the wall value. To venfy that assumption, a solution was obtained for
the overall heat transfer coefficient (U) necessary for exit temperature differences of
0.5K, 6K'and 8.3K (1, 10, and 15R). The analysis is included in Section 3.1.1. 5,
and the results are shown 1n Figure 3-6. A curve for the convective heat transfer co-
efficient (h), assuming gas flow alone, is also shown.

Although the curve for h crosses the U - curves 1n the 111K (200R) region
(for exit temperature differences of 5.5 - 8. 3K (10 - 15R), 1t is to be expected that
the actual value of h will be substantially higher than indicated by this model. Phase
changes and the presence of liquid on the wall, even in small amounts, will augment
heat transfer considerably. It 1s not unreasonable to expect values for U 1n excess of
612 KJ/m2-hr-K (30 BTU/hr-ft>-R). Even so, the model loses validity 1n the last
few degrees of cooling. As the target temperature 1s approached, it will undoubtedly
be possible to introduce larger quantities of liquid without undesirable consequences.

It is possible that pressure transients, liquid slugs, and chugging occur
during the chilldown period. The effect of these phenomena on the structure of the
OTYV and the linkage between the Shuttle and OTV is unknown. If it 1s found that a
severe problem exists, several methods to address 1t are available. It has been
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calculated that a chilldown time of approximately 1/4 hour can be achmieved with a
modest amount of propellant,6.8 Kg (15 1b). Since this time 1s a small portion of the
total mission time it appears that the method which is most simple and avoids liquid
collection and pressure transients should be selected at the expense of chilldown time.
The best method under these criteria may well be to pre-heat the propellant so that
only a gas enters the line. Whether this gas 1s vented prior to entry into the receiver
tank or not is 2 matter for future consideration (see Section 4. 3).

An estimate of the time required to chill the line by introducing only sat-
urated gas was made. The heat of vaporization term 1n the equations developed in
Section 3.1.1.5 was set equal to zero. The results are shown in Figure 3.7 for 0.45
and 0.9 Kg/min (1 and 2 1b/mun) flow rates. Note that the curve drops below 28K
(50R) at approximately 12. 5 minutes for a 0.9 Kg/min (2 1b/min) flow rate and at
28 minutes for a 0. 45 Kg/min (1 1b/min) flow rate. At this point one could probably
introduce ligmd 1nto the line to accelerate cooling without the consequences of chugging
and slug flow,
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Figure 3-8 shows the computed values of the exit temperature above that
of the wall for a flow rate of 0.9 Kg/min (2 lb/min). The model for the chilldown time
was developed assuming the exit temperature would approach the wall value. This
was done to get a closed-form solution even though 1t was known that this condition
could not be met precisely. Also shown on the plot is the Dittus-Boelter curve for the
flow. For wall temperatures of 55.5 - 278K (100-550R) the exit overheat 1s shown
to be in the range 11-12K (20-22R), dropping off quickly for wall temperatures below
56.5K (100R). This mis-match of the assumed condition and the more likely condition
will result in some lengthening of chilldown estimate. However, this should not mean
more than a few minutes difference.

3.1.1.5 Transfer Line Transient Model. In order to construct a simple model for
estimating chilldown time the following assumptions have been used. A comprehensive
presentation of this approach can be found in Reference 3-7.

1. Entire tube wall at approximately same temperature
at any time, t.
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Flow consists of vapor and/or small droplets entrained 1n 1t.

Gas is superheated at exit and exat temperature 1s equal to wall temperature.

Flow enters as saturated liquid at line pressure.

Radiation losses are small during the chilldown period.
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dT,,

Y T -T.)+mh = - v 3-1
meg( 2 1) mhfg pw wcw dt (3-1)
where:
m = mass flow rate
Cpg = gas heat capacity
T2 = exat temp of fluud = TW
Tw = wall temp
Ts = saturation temp at line pressure
hf = heat of vaporization
o
=]
Pw = wall density
Ta =Ty
Vw = wall volume \
P =P
Cw = heat capacity of wall 2 1

= fime

m = constant

w

T

P; =101 KN/m? (14.7 psia)

m = constant
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and with 1nitial condition:

= At =
TW TWO @t=0.

Now, non-dimensionalize temperature:

g wts
Tawo =~ Ts
Then
—-m dt = __d6
Pw v W Cpge+fo-
Two'Ts
with8 =1@t=0.
et B = C 6 +h
Pg dg
Two‘Ts
Then- dg = C_ds
pg
and:
_;rf_cag_dt _d8 -
( p VO, B8
h
with: 8 = B8 =C +%—fg‘_'i:' @t=o0.
° pg wo S
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Integrating and applying the imitial condition gives the result:

mC

e at - —_bg B
B/ B 5= © where o (pVO), /BO
h
6 + fr 1
C (T 4o~ Tg) _ .
oe = e % (3-9)
fo '
1+
Cpg (TWO - TS)

Calculations for LHp

From previous calculations, 1t was found that for the transfer line and associated
fittings to be chilled from 306 K (550 R) to 20 K (36 R) required the following heat
be removed:

Qw = f m,CdT = 11130 KJ (10551 BTU) for 304 S, S. (3~10)
Then a mean value of (p CV), = mC, can be estimated from:

-
2| my, Cy, dT (3-11)

11,130 = 38.94 KJ/ K = 10551 = (20.53 BTU/ R)
306-20 550 -36

At 20 K (36 R), hg, =447 KJ/Kg (192 BTU/Lb) for LH,.

Mean values of Cpg for vanous ranges of temperature are:

Ty - Ts 35.5 K (64 R) :  Cpg=10.5KJ/Kg K (2.5 BTU/Lb R)
35.5 K (64 RysTy - Tg<91 K (164 R) : Cpg=12.6KJ/Kg K (3.0 BTU/Lb R)
91 K (164 R)s Ty, - Tg<286 K (514 R) : Cpg=15.7KJ/Kg K (3.75 BTU/Lb R)
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Since the "constants" in the equation are not being treated as constants during
evaluation, one should calculate times 1n increments. Solve fort at 2 points
to get a At expression:

st=5 In [(8,/8) (81/80)1=% Ln (8,/B5) (3-12)

Where (5 and Bl are the values at the end and beginmng of a time increment
respectively. A detail tabulation for these values can be found 1n Reference 3-7.

Required Heat Transfer Coefficient

It has been assumed that the convective coefficient is sufficient such that the exit
bulk temperature approaches that of the average wall temperature (which was
assumed umform). To check that assumption, the heat coming out of the wall
must be equal to the heat transfer to the fluid:

dT W

- ow VwClw g T UA AT, (3-13)

where:
= Overall heat transfer coefficient for transfer line flow
A =  Total transfer line heal transfer area
AT = Log mean temperature difference

Im

= (TyT)) - (T=T,)

- (3-14)
. (Tw T1>
Al L
Ty - T,

Note that the exit temperature, Tz, can never reach the wall value.

However, a solution can be found for values approaching it.

Find dTW/dt from previous solution:

-at
dg/. = - «a
/8o 4B /4 © 3-15



C

g d6
= Bi " (3-15)
_ Cpg M (3-16)
,30 (Two~Ts) dt

Then, 1n order to reach the prescribed exit condition:

s (p VC), a8, - - _
z wo ~ ts)e
AATlm Cpg

ot (3-17)

_ o ﬁO(TWO-TS>e-at (3-18)
A

Fora 7.62 cm (3-inch) ID, 18.29 m (60-ft) long transfer line:

A = DL = 4.38 m2 (47.124 Ft2)
Tabulation of parameters for the heat transfer relationship shown 1n equations
3-17 and 3-18 has been made for m of 0. 45 Kg/m (1 1b/min) and exit overheat

temperatures of 0.5, 5.6, and 8.3 K (1, 10, 15R). Reference 3-7 contains
these detail listings.

Gas Velocities 1n Line

Gas velocity 1n transfer line is simply:

m
v =—

PA
_mRT
- PA
where

™D

1SN

|
(e
5 oalo

45.60648 cm?2 (7. 06858 1n2)
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Gas Model for Heat Transfer

Use a turbulent flow heat transfer model for gas-only flow to compare with the required
U. The Dittus and Boelter equation is:

k 0.8 _ 0.4 ]
== 10.02 ) 3-19
h 5 [o 023 Re '~ Pr J (3-19)

ReD=4rf1/TTDlJ-

4 (1/60)
m(1/4) B

=0.0849/p
The tabulated parameters, evaluated in equation 3-19, are presented in Reference 3-7.

3.1.2 FUNDAMENTAL EXPERIMENT DESIGN DRIVERS. This preliminary ex-
periment definition study phase stressed analyses dealing with the fundamental charac-
teristics which were major experiment design, operational and cost drivers. Figure 3-9
indicates this overall relationship and presents an overview from which some of the

more important ones were selected for investigation, The following paragraphs discuss
various aspects of the major design drivers - orbiter constraints, experiment operations,
and scaling considerations,

3.1.2.1 Orbiter Constraints. The survey of OTV concepts presented in Section 2.0
of this report presented the details of several candidate LHy propellant tanks. The pre-
liminary selection for this phase of the study was a large two stage POTV LHg tank as
shown previously 1n Figure 2-4, A summary of its features which w11l be used to es-
tablish receiver tank scaling relationships and orbiter resource requirements 1s as
follows:

OTYV propellants: 53,061 Kg/stage (117, 000 Ib) (Og and Hy total)
Propellant fill time: 3 hrs/45,350 Kg (100, 000 lbs)

POTV LHp receiver tank: 4.215 m (166 1nch) diameter, 116 m3
(4100 £t3)/stage, 2219-T87 Aluminum
alloy construction, with thermodynamic
vent 4.5-9 Kg/m (10-20 1b/hr), steer horn
vent 45 Kg/hr (~100 Ib/hr), MLI insulation,
helium pressurant for engine start, auto-
genous pressurization during engine opera-
tion, and no acquisition device.
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Figure 3-9. Fundamental Design Dnivers

Generalized candidate experiment configurations are defined based on the above features.

Several constraints on the experiment have been 1mposed by conditions re-
lating to orbiter safety, size, and auxaliary power. First of all, it 1s required that the
capability exist to dump all propellants within 300 seconds at a crtical point in the launch
phase. The most obvious method to provide this capability 1s to make a sufficient quantity
of helium pressurant available to the supply tank. To allow lmgh flow rates a dump line
with approximately 12.7 cm (5 inch) diameter must be provided. (See Section 3.1.2.2
for details. )

Fuel available for settling propellants during the conduct of experiments is
1811 Kg (3993 1b). Although additional fuel can be added, 1t 1s chargeable to the payload.
Electrical power available to the experiments will be approximately 50 kwh based on
a 7-day mission. This 1s a 7 kw average power with peak power limited to 9 kw. Ad-
ditional 840 kwh fuel cell kits weigh 750-850 kg with volume available outside the payload
boundary but weight chargeable to payload. Of course, orbiter cargo volume also presents
a constraint. Finally, there is a mimimum number of receiver tank fillings which con-
stitute a complete experiment.
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3.1.2,2 Expenment Operations

Number and Size of Experiment Tanks

It is apparent that the parameter, PV/M, 1s important to the early pressure
history in tank filling, Preliminary estimates of tank structural mass (see Section 3. 3)
for various tank sizes, show that the V/M ratio 1s constant down to approximately 1/2-
scale for the POTV receiver tank. It is also apparent from early designs that if 2 tanks
scales are selected for the experiment, the orbiter cargo volume constraint will require
reducing the largest tank to approximately 1/2-scale. Although the second tank would
not have the same V/M ratio, useful information showing the effect of scale would be
obtained. There appears to be no good reason to complicate the experiment with more
than two recewver tanks.

Options to be considered 1n the selection of experiment configuration are
whether, when, and what quantities of propellant to transfer back from receiver to
supply tank. The candidates which appear reasonable are:

1. Single receiver tank with no transfer back
2. Single receiver tank with transfer back
3. Two receiver tanks with transfer back from largest tank

4, Two receiver tanks with no transfer back

Candidate number 1 restricts the size of the receiver tank depending on
the supply tank size and the mimmum number of experiments (runs). On the positive side,
1t involves the simplest configuration devoid of an array of lines, valves, and fittings.
On the negative side, 1t restricts the amount of useful data obtainable, making mimmum
use of the on-orbit time available and the money expended to get there.

Candidate number 2 allows a larger receiver tank to be used and more runs
to be made. Data showing the effect of tank scale will not be available, settling burns
will have to be made, and extra plumbing and pressurization resources will be needed.

Candidate number 3 is advantageous over candidate number 2 in that the
effect of tank scale can be assessed and more experiments can be performed. Additional
plumbing will be required over that in candidate number 2 and all the negative comments
relating candidate 2 and candidate 1 apply here. However, the additional cost (compared
with candidate number 2) in terms of space and complexity does not appear to be severe.

Candidate number 4 will result in the same size large receiver as candidate

number 1. The principal disadvantage compared to candidates 2 and 3 1s the reduced
recewver tank size possible.
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The supply tank size has been tentatively fixed at 73.63 m3 (2600 ft3). A
95% f111 with 138 KN/m? (20 psia) LH,, the tank wall contain 4929 Kg (10868 1b) of liquid.
It has been established that the abort dump can be accomplished with a 12.7 cm (5-1nch)
line and 45.4 Kg (100 1b) of 31029 KN/m2 (4500 psia) helium. Two 101.6 cm (40-inch)
diameter bottles would be required for the dump contingency. Each container weighs
approximately 136 Kg (300 1b) (empty).

A reasonable sizing of the two receiver tank system appears to be a half-
scale and quarter-scale combination. The larger size will provide a V/M very close to
the full-scale value. There appears to be no reason to increase the size beyond this
point. The quarter-scale tank will show the effect of scale on the data at very modest
cost in payload volume and use of experiment resources.

In order to meet the minimum number of experiment (receiver tank fills)
requirements, the fluid transferred to the larger receiver tank will have to be trans-
ferred back a number of times to the supply tank. For the two-tank configuration,
the number of returns is:

NR i MR(NSX83 + N;‘ XL3) - Ms
MRXL (1-19
where:
Ny = number of returns
Mg = mass of propellant residing in a full-scale receiver tank
Ng = number of experiments in the small receiver tank
Xs = scale factor for the small receiver tank
Ny, = number of experiments in the large receiver tank
XL = scale factor for the large receiver tank
Mg = mass of propellant initially in the supply tank before
any experiments are run

f = fraction of LHg left in the receiver tank after the return is made

If a 5% ullage volume 1s assumed for both tanks and 138 KN/ m2 (20 ps1a) saturated hiquid
is present in both tanks, about 5 returns are required for f = 0.1. Propellant for tank
and line clilldown experiments and other sources of boil-off can be obtained by reducing
the f-value.
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Choosing a single half-scale tank, the number of refills is increased to 8.
The reason for this is that the minimum number of runs for the tank 1s increased from
8 to 12 in the absence of a small tank.

A single-tank system with no return of propellant will requre that the
receiver tank be reduced to a scale of 0.373. A two-tank system with the smaller tank
at quarter-scale and no returns requires an upper limit of 0.379-scale on the large
receiver tank,

Propellant Transfer Methods

In Figure 3-10 a schematic of an autogenous pressurization system with
two receiver tanks, one capable of transferring propellants back to the supply tank, 1s
shown. Note that a boiler-superheater and possibly 2 compressor are needed. Helium
bottles are required for the abort dump capability. The supply tank should have an ac-
quisition device and a thermodynamic vent to control boil-off. Wall heaters will be re-
quired to heat the receiver tank walls up to 200 K (360 R) prior to each experiment.
Each receiver needs a dump line to purge tank contents prior to the next fill. Transfer
back to the supply tank should be through the same transfer line for simplicity.

A system using the helium on board for the abort dump capability is shown
in Figure 3-11. It 1s 1dentical to the autogenous system except the helium supply provides
the pressurization for each transfer.

Another method for transferring propellant is through the use of a pump.
Such a system is shown in Figure 3-12, again for a two-tank system with a transfer-back
capability for the largest receiver tank., To effect a transfer 1n either direction, NPSH
is required to prevent cavitation. Thus, the suction-side tank must be pressurized using
the helium supply during transfer.

Although direct pumping of propellant appears to be attractive, it has some
serious drawbacks. First note that all the piping and equipment necessary for helium
pressurization will also be required to provide NPSH to the pump to prevent cavitation.

An obvious pump choice is the operational Centaur LHg boost pump. However, it requres
NPSH following engine start from the vehicle acceleration. This pump 1s no longer avail-
able from the manufacturer (future Centaur vehicles must use another system). Although

a pump could be developed especially for this experiment, 1t would not be cost effective.
For these reasons, we have chosen to eliminate the pump option from further consideration.

The important question to be answered about helium pressurization method
is: "How much pressurant will be needed in addition to that already available for the
abort dump ?"" Calculations were made to determine the amount of 31028 KN/mz (4500 psia)
288K (520R) helium required to unload the supply tank at a total pressure of 138 KN/m2

3-21



SUPPLY PRESSURIZATION LINE RECEIVER PRESSURIZATION LINC
BOILER/SUPERIEATER

COMPRESSOR RECEIVER TANK

_(Q

“MVWWWWWWA\—  pomp

WALL HEATER LINE

SUPPLY TANK

— T T — =

TRANSFER LINES

DUMP

THERMODYNAM
NAMIC LINE

VENT

HELIUM
BOTTLES

RECEIVECR TANK

—AMMWWWWA—

WALL HEATER DUMP

LINE
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(20 psia). The results are shown in Figure 3-13. I the ullage volume in the supply tank
is allowed to increase to 30% before any refilling is attempted, then the helium required
for the refill process can be estimated by taking the difference between the 30% and 10%
levels on the plot (10% being the refilled state). This difference 1s approximately 3 Kg

(7 1b) of helium, If the ullage volume 1s allowed to increase to 50% before refill to 30%,
the amount of helium usage is 4.8 Kg (10.5 1b). Although less helium 1s used 1in the former
case, 1t may be that the supply tank pressure will be driven too high. Thus, for the two-
tank system with five refills, at least 48,3 Kg (106.5 1b) of helium should be tanked. For
the single tank system with eight refills, at least 62.6 Kg (138 1b) of helium should be
available. In either case, an extra bottle, over the abort dump requrement, is necessary.
Obviously if 2 system with no refills is chosen, no additional helium would be required.

The pressurant supply for autogenous must come from LHy boiled and
moved into the ullage as vapor. The amount of LHy required to unload the supply tank
at a pressure of 138 KN/m*“ (20 psia) 1s shown 1n Figure 3-14, If the ullage volume 1s
allowed to decay to 50% before return fill 1s imtiated, then 6.3 Kg (14 1b) of pressurant
is required for each fill. For the two-tank design, a total of 81.6 Kg (180 1b) of LHgy

must be vaporized. For the single tank design, a total of 100.7 Kg (222 1b) of Hoy vapor
is needed.
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Figure 3-13. Helium Pressurant Required for 73.6 m3 (2600 £t3) LH,
Supply Tank at 138 kN/m2 (20 psia) Total Pressure

The amount of energy needed to generate the required vapor is simply the
product of the mass of LHy and the latent heat. For the two-tank system with refills,
the required energy 1s 8.254 kw-hr (28, 170 BTU); whereas, for the single-tank system
the amount is 10. 180 kw-hr (34743 BTU). If a compressor is used, a modest increase
in the required energy would be necessary. Very little power would be required to
move vapor at low flow rate into a small head. Note that PdV work 1s small since
vapor 1s merely occupying volume left by liquid at the same pressure.

For any receiver tank system with no refill capability, 49.9 Kg (110 1b)
of vapor requires an energy expenditure of 5,043 kw-hr (17215 BTU).

Energy Requirements

Case 1. Helium Pressurization, Single Tank, No Return. For this 0.373-
scale tank, a best estimate is that it will weigh about 28.1 Kg (62 1lb). The energy required
to run three tank pre-chill experiments (cool tank to 200K (360R) is equal to that requared
to heat the tank back up to 289K (520R) twice. To heat aluminum tank from 200K (360R)
to 289K (520R) requires 73.3 KJ/kg (31.5 BTU/1b). Thus 1,144 kw-hr (3906 BTU) is
required for this function. To conduct 12 fills, the tank must be heated from 20K (36R)
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Figure 3-14. Mass Inflow Required to Provide Autogenous Pressurization
of 73.6 m3 (2600 ft3) Receiver Tank at 138 kN/m2 (20 psi1a)

to 200K (360R) eleven times at a rate of 90.7 KJ/Kg (39 BTU/lb). The total for this
function 1s 8.502 kw-hr (29016 BTU). Total energy required to run the experiments 1s
9.646 kw-hr (32922 BTU).

Case 2. Helium Pressurization, Single Tank with Return. The half-scale
tank w11l weigh about 55.8 Kg (123 Ib). Three pre-chill experiments will require
9.9270 Kw-hr (7749 BTU) and the 12 fills will require 15.460 kw~hr (52767 BTU) for a
total of 17. 731kw-hr (60516 BTU).

Case 3. Helium Pressurization, 9-Tanks, with Return. The values for
the 3 pre-chmll and 8 fills of the half-scale tank are 2.270 kw-hr (7749 BTU) and 11.283
kw-hr (38510 BTU) respectively. For the quarter-scale tank the demand is 0.738 kw-hr
(25620 BTU) and 5. 028 kw-hr (17160 BTU) as already stated. The total is 19,320 kw=hr
(65939 BTU).

Case 4. Helium Pressurization, 2-Tanks, No Return. The 0. 378~-scale
tank 1s estimated to weigh 28.6 Kg (63 1b). The energy to run 3 pre-chill experiments
is 1.163 kw-hr (3969 BTU). To conduct 8 fills of this tank requires 5. 039 kw-hr
7,199 BTU) of reheat energy. The small tank (0.25-scale) weighs about 18.1 Kg
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(40 1b). To make 3 pre-chill runs, 0,738 kw—hr<(2520 BTU) is required. The 12 fills

require reheat energy of 5. 028 kw-hr (17,160 BTU). The total for all the experiments
1s 11.968 kw-hr (40, 848 BTU).

The energy requirements for each autogenous system 1nclude those of the
corresponding helium system above plus that energy requred to generate vapor, The
totals for these systems and the helium systems are shown in Table 3-1.

Propellant Settling

calculated. An optimum Bond number of 5.1 was selected, giving an acceleration of
1.26 x 1074 m/sec2 (4.12 x 104 ft/sec2). The Weber number at this value of Bo is 17, 5.
Thus, the time required to settle is 710 seconds. The time required to settle varies

inversely as the cube of the acceleration. Therefore, the settling time can be adjusted
broadly with modest changes in acceleration.

The thrust level required for the 100226 Kg (221, 000 Ib) orbiter 1s 1. 28 Kg
(2.83 1b). Apparently the thrusters must be fired in pairs to avoid a net moment on the
vehicle. Firing two of the 11. 39 Kg (25-1b) thrusters about 6% of the settling time 1n
short pulses w1ll achieve the desired result. The orbiter propellant consumed 1n this
process (1 settling operation) 1s about 3.2 Kg (7 Ib)., Since approximately 1814 Kg
(4000 Ib) will be available to the experiment, this requirement 1s very modest,

The method of Reference 3-9 allows an estimate to be made of the residual
which will be present in the tank as the transfer line first expernences gas ingestion.
At this low value of Bo, the gas ingestion height will be higher than indicated by the ref-
erence. The best scenario appears to be to start with a high flow rate until about the
1/4-full point. Then, the flow can be slowed and perhaps the acceleration increased.
This will provide fast propellant transfer early 1n the settling mode when propellant is
sure to cover the outlet, followed by procedures which will flatten the liqud surface,
lowering the gas ingestion height. To keep the pressure drop 1n the transfer line under
13.8 KN/m2 (2 ps1), the diameter should be at least 5 cm (2 1nches),

3.1.2.3 Scaling Considerations.

Receiver Tank Pre-Chill - It has been concluded in Reference 3-3, Section 6, that
V/M and r’nvz/V are the important parameters which determine receiver tank pressure
response during the pre-chill and early fill process. The pre-chill process is the
process of introducing liquid into the warm, empty receiver tank, waiting a certain
period for significant heat transfer to occur, and venting to ambient pressure before
introducing more liquid. The end of the pre-chill process is reached when the tank
wall temperature is reduced sufficiently so that the allowable pressure is not exceeded
during the fill process which follows. Typically, a number of mass flow-soak-vent
cycles will be required to complete the pre-chill phase,
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Table 3-1. System Requirements for Various Experiment Designs

(ST UNITS)
Tank LH), Tank llelium System Auto System
Volume, mass, mass, Tank pre- pressurant, energy pressurant, energy,
System Scale M3 Kg K Retwmrns _fills chills Kg kw-li Kg kw-n
Single tank, no 1efill  0.373 G.0l06 28.1 425.9 0 12 3 24,5 9,646 49.9 14 689
Two tanks, no refill 0 379 6 113 28.6 432.17 0 8 3 24.5 49.9
11 968 17.011
0 25 1.814 18.1 128 3 0 12 3
Single tank w/refill 05 14.511 55.8 1027 8 12 3 62,06 17 731 100.7 27.911
Two tanks, w/vefill 05 14.511 55.8 1027 5 8 3
48.3 19 320 81.63 27 574
0 25 1 811 18.1 1283 0 12 3
NOTES, 1 Supply tank volume i3 73.63 Ms. receiver tank (full-scale) is 116.11 M3,
2. Ullage volumes for calculations assumed to be 5%.
3. Where returns to 1eceiver made, atleast 90% LU 1clurncd.
4. Supply tank total pressure maintained at 138 KN/M?2 (except during 1efull).
(ENGLISH UNITS)
Tank Llly Tank Helium System Auto System
Volume, mass, mass, Tank pre-~ pressurant, energy pressurant, energy,
System Scale fL 1b b Returns fills chills ib kw=hr 1b kw-hr
Single tank, no refill  0.373 212 43 62 939 0 12 3 54 9 646 110 14.689
Two tanks, no refill 0 379 215 B85 63 954 4] 8 3
64 11.968 110 17.011
0 25 64 00 40 283 0 12 3
Single tank w/refill 05 512 50 123 2265 8 12 3 138 17.1731 222 27.911
Two tanks, w/refill 05 512 50 123 2265 6 8 3
106.5 19.320 180 27.574
0 25 64 06 40 283 0 12 3
3
NOTES 1. Supply tank volume is 2600 ft"; receiver tank (full-scale) is 4100 fta.

Ullage volumes for caleulations assumed to be 5%
Where returns to 1cceiver made, at least 90% LH_retuined.
. Supply Lank total pressure maintained at 20 pata (éxcept during refill).
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The receiver tank physical values which affect the pre-chll mechanism
are shown in Table 3-2. The values are taken from the layouts, 11-15 for the quarter,
half, and full-scale tanks (see Section 3.3). Some of the accessories which have con-
tact with the tank, such as the MLI and tank heaters, will demonstrate a significant
lag in temperature Tesponse compared to those materials which are 1n 1ntimate contact
with the tank flmd. Those matenals which have fluid contact are totaled 1n the column
"wetted weight', The response time and effect of the temperature transient from the
unwetted weight on the pressure are accounted for in the preliminary experiment defi-
nition (see Section 3. 2).

If the propellant mass introduced during pre-chill 1s assumed to vaporize
completely and come to equilibrium with the entire tank and accessory mass, a model
can be readily constructed and used to estimate the maximum possible tank pressure
given an imtial tank temperature. This model is developed below and the results are
shown in Figure 3-15. The computations are reasonable for a 103-138 KN/m? (15-20 psia)
saturated liquid supply. It appears from the allowable pressure and the plots,that pre-
chill of the full-scale tank would have to be below 158K (285R).  For the half and
quarter-scale tanks, the pre-chill goal must be below 150K (270R) and 133K (240R),
respectively. Since there is uncertainty involved in establishing equlibrium with the
unwetted mass, the pre-chill goals will have to be set somewhat lower than these tempera-
tures. The worst-case 1s that the entire unwetted mass lags at the ambient temperature

Table 3-2. Receiver Tank Parameters Which Affect Pre-Chill (English Umts)

Total Wetted
Volume Weight vV/M Pallow Weight %
Scale £t2 1b ft3/Ib  V¥/M*  PSID  Pr*VY/M* b Wetted
1.0 4100 2074.0 1.977 1.0 25.0 1.0 1555.1 75.0
0.5 512.5 279.3 1.835 0.928 25,3 0.939 214.8 76.9
0.25 64. 06 90.3 0.709 0. 358 50.6 0.725 73.6 81.5
(ST Umts)
Total D Wetted
Volume Weight V/M allow Weight %
Scale m3 Kg m3/Kg V*/M* KN/m2 P*y*/pN* Kg Wetted
1.0 116.1 940.6 0.1234 1.0 172.4 1.0 705.3 75.0
0.5 14,51 126,17 0.1146 0,928 174.4 0. 939 97.4 76.9
0.25 1.82 40.95 .0444 0.358 348.9 0.725 33.4 81.5

Notes: 1, Wetted weight 1s that which has intimate contact with fluud
during chill process.

2. Terms with superscript * are dimensionless scaled to full-size
tank values.
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Figure 3-15. Equlibrium Pressure Varies as the Initial Wall Temperature
4 for Pre-Chill of an Empty Receiver Tank

289K (520R) at the time that pre-chill is terminated. The temperature of the tank wall
could then increase an amount (over that predicted from the plot):

MC & T)unwetl:ed
MC)

total

AT =

Using the numbers from Table 3-2, the maximum possible temperature
increase due to thermal lag is 32.64K (58.75R) for the full-scale tank, 30.16K
54.29R) for the half-scale, and 24,16K (43.48R) for the quarter-scale. Using the
plot, Figure 3-15, this would result in pressures of 248,220 and 483 KN/m? (36, 32,
and 70 psia) respectively for the full, half, and quarter-scale tanks dunng the filling
cycle. Obviously, for safety purposes, we would want to pre-chill down to 126K,

120K and 109K (226R, 216R, and 197R) respectively for the full, half, and quai'ter—
scale tanks to avoid any chance of overpressurization.

The mimimum mass of propellant requred for the pre-chill process as
a function of tank wall temperature 1s calculated below and shown in Figure 3-16. It
is assumed that the 1mtial temperature of the tank and accessories 1s 289K (520R) ,
Note the small amount of propellant required to chill the small tank relative to the

full-scale tank. Methods of mass measurement and metering will require special
attention for this experiment. 3-29
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Figure 3-16. Mimmum LHg Mass Required to Cool Receiver
Tank From 289K (520R)
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Recerver Tank Equilibrium Pressures During Chill

The thermodynamics of chilling a warm, empty tank with propellant are modeled by:

S =
heme.Q m_u

fg
where:
he = entrance enthalpy of liquid
m = mass of entering liquid

Q = heat added to fluid i1n tank

mf = mass of fluid in tank at end of chilldown
u, = 1internal energy of vapor in tank at end of chilldown

o
o

But the heat added is simply the energy in the tank wall, the acquistition system,
and other accessories in contact with the tank wall.

Q = MCT AT
where: M = total mass of tank & its accessories
CT = mean heat capacity of the mass
AT = chilldown temperature drop
In applying this model, it 1s assumed that:
1. The final state 1s an equilibrium state

2. The mass has an effectuive heat capacity equal to that of aluminum

Since the liquid has an enthalpy equal to:

h =u, + e
e e LN
where: Pe = supply pressure of liquid
A, = liqud density .
u, = lLiquid internal energy
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then,

m CT AT
M u -h
g e
C T
B - _ - P
U~ UgetUge~ U, =~ _&
Pe
C AT
__T
- P
u - _& + u -u )
fg P, g ge
C T
u, - pe + C. AT
fg 7 v
e
where:
ufcr = heat of vaporization at entrance conditions
b=
u,. = internal energy of gas at entrance conditions
o
Ev = constant volume heat capacity of gas in the range AT
The perfect gas law 1s reasonably accurate in the range of states of interest here:
m
p = /M gy
v/M
where:
P = internal pressure of tank
v = tank volume
R = 0.082054 liter atms/K mol (766. 4 ft-Ib/Ib°R for GHp)
T = tank fluud equilibrium temperature
z = compressibility factor
then: E AT zRT
p= _T
- P + C AT
v/M [ufg P, + G ]
P, -
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3.2 PRELIMINARY EXPERIMENT CONCEPTS

A preliminary defimtion of the experiment areas to be considered is shown in Figure 3-17.
Data from the last three areas listed are obtained as a result of conducting the other ex-
periments or as a requirement for safety purposes., No additional time or apparatus
apart from that required for the other experiments and the mission will be needed. The
baseline configuration for this preliminary identification of tests is the two-tank, half/
quarter-scale layout with screen acqusition device, zero-g vent, and 22 layers of multi-
layer insulation (with purge enclosure) on the supply tank, The helium pressurization
system is the basic source of pressurant, and the half scale receiver tank contains a
start basket and both receiver tanks are covered with 20 layers of multi-layer insulation
(no purge system). Each receiwver tank and the transfer line have strip heaters on the
outside wall for reheat operations. Also, each receiver tank has three sets of nozzle
arrays for pre-chill and fill operations, in addition to the main line into the start basket.
It is assumed that a boiler would be developed as a source of pressurant for the auto-
genous pressurization tests if selected and that a zero-g mass gauging device will be
available.

Each of the tests has been outlined below giving the objective, method,
instrumentation, time, electrical energy, and RCS propellants required.

EXPERIMENT AREAS

TRANSFER LINE CHILLDOWN SUPPIY PRESSURIZATION DRI CHIVER PRESSURZA NON

N
RECEIVER TANK PRE-CHILL LU Cb CB TINe
RECEIVER TANK FILL

RFCIIVFR 1ANK
HLIIUM ait .

MULTILAYER INSULATION A

ZERO-G VENT SYSTEM vy vyl
SUPPLY TANK y WALL 1 ATER UMP
T T S e e e e e )
START BASKET ACQUISTITON DI VICT : LINF
HELIUM PRESSURIZATION ' ;
-
SUPPLY TANK EMERGENCY DUMP® Li—’] g O é
SUPPLY TANK ACQUISITION DEVICE LUE RMODYNAMIC 1:((1;1:’

VINI

NI CELVIR 1ANK

—AAAAAAAANAAAA
WALT HlEALER nome
LINE

Figure 3-17. Preliminary Defimtion of Propellant Transfer Experiments

3-33



3.2.1 TRANSFER LINE CHILI-DOWN. The objectives of this test are:

1. Determine the relationship between the average line wall
temperature transient and the mass flow rate.

2. Determine the severity of pressure transients as a function
of mass flow rate.

3. Determine the effectiveness of the zero-g vent system as a
source of coolant for line chill-down.

4. Determine the effect of introducing large quantities of liquud
into the line at reduced wall temperatures.

The test method of accomplishing these objectives is to momtor the wall
temperature at several locations along the line and the pressure at each end of the line
while cooling from 289 K (520 R)to 20 K (36 R). The test line will then be reheated
to 520 R and the test repeated at another flow rate. The source of vapor for cooling
purposes will be the zero-g vent system sized to deliver 45 Kg/hr (100 1b/hr). A by-
pass line will be used for introducing the small quantities of liqud coolant required.
At least four mass flow rates per fluid state should be run. Metering of vapor can be
accomplished by routing some vapor overboard. Four additional liqud runs should be
initiated when the wall has been reheated to 55.6 K (100 R) to determine the feasibility
of 1nitial chill to 55.6 K (100 R) using vapor and the remainder using liquid. These
runs can be made during tank pre-chill tests. Data wall be put into parametric form
as follows:

®=C, +Cy e

where:
@ =(Ty - Tg) / (Tyo = Ts)
T= ﬁlegt/ (@C),, i

Figure 3-18 shows the expected behavior of the data.

Figure 3-18. Expected Behavior
of Parameteric
Data
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A schematic of the system showing the location of instrumentation is given
in Figure 3-19. The "F'" refers to the location of flow meters, the "T' to wall-mounted
thermocouples, the '"P'" to pressure transducers, and the "S" to a sight-gauge for
assessing quality. The sight gauge would be monitored remotely by a T‘; camera.

CHILLDOWN COOLANT SOURCE LINE

1

ZERO-G VENT

Figure 3-19, Location of Instrumentation for Line Chill-Down

Using a mean flow rate of 0.45 Kg/min (1 Ib/min), the time required to
chill a line with 6.1 m (20 ft) length from 289K to 20K (520R to 36R) is calculated at
approximately 5 minutes for liquid injection and 15 minutes for vapor injection.
Assuming 5 kw will be available for reheating the line, the following times, propellants
and energy requirements were calcul:ated:

Time Required: Energy Required:

4 Vapor Runs, min: 60 Reheats: 7.5 KWH

4 Liquid Runs, min: 20

3 Reduced Temp. Runs, min: 9 LHg Propellant Required:

7 Reheats, 298K (520R), min: 81 .

3 Reheats, 55.6K (100R), min: 9 8 Runs: 36.3 kg (80 1b)
Total 179 min

3.2.2 RECEIVER TANK PRE-CHILL. The objective 1s to determine the re-

lationship between the receiver tank pressure transient and mv2/V for each inlet nozzle
type. The parameter, mv2/V, has been 1dentified in Reference 3-3 as pertinent to
pre-chill and early fill process. The pre-chill process consists of a sernes of injection,
soak, and vent cycles until a ''safe'" wall temperature is reached; that is, a temperature
such that the pressure transient during the fill process will not exceed the allowable
limit. In Section 3.1.2,3 it was determined that the pre-chill target temperature was
126 K (226 R) for the full-scale tank, 120 K (216 R) for the half-scale tank, and 109 K
(197 R) for the quarter-scale tank,
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The test method proposed is to make three runs per nozzle type per tank.
Only two nozzles would be selected out of the three available, based on results of the
first run. If a nozzle configuration 1s obviously very poor, no more time would be
wasted with it. Each set of three runs would be made using equal time increments for
an injection - soak-vent cycle (see Figure 3-20). A fixed mass will be injected each
cycle at each flow rate so that the time interval for injection will vary with the flow
rate (note dashed lines in figure). As a result, the time to achieve pre-chll, mass
required, peak pre-chill pressure for a flow rate, and the average convective co-
efficient, h = f (mv2/V), will be acquired.

NOZZLE A

VENT

INJECTION
SOAK

PRESSURE
g-3-3-
oo

L

TIME

Figure 3-20. Pressure Transient for a Series
of 3 Runs on a Single Nozzle

From Reference 3-3, it has been determined that the scaling parameters
for the pre-chill operation are:

m* = L* m*/v*)z
vk = (M*/V*)Z/L*
T* = L*z/(M*/V*)

where m, v, 7, L, M, and V are mass flow rate, injection velocity, time, tank scale,
tank mass, and tank volume respectively. The * denotes dimensionless quantities based
on full-scale tank values. For a representative set of full-scale values the following
table is presented:

SCALE m, Kg/SEC (LB/SEC) v, m/sec (FT/SEC) t, MIN

1.0 0.454 (L.0) 3.35 (11.0) 15.0
0.5 0 .263 (0.58) 7.77 (25.5) 3.23
0.25 TBD TBD TBD
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The quarter-scale tank values are to be determined based on other critera
since scaled values are not realistic for this tank,

The instrumentation required for each receiver is shown in Figure 3-21.

" A flow meter (F), pressure transducer (P), several wall-mounted temperature sensors
(T), and a temperature sensor tree (U) in the ullage will provide the required data.

+
+
+
+
+
+
+
()

g Y

Figure 3-21. Instrumentation Layout for Pre-Chill Tests

The times required for this experiment and the heater energy and propellant
necessary are as follows:

Total Time Required: Energy Required:
6 Pre-Chills, 1/4-Scale Tank, min: 2 Heaters: 33.2 KWH
6 Pre-Chills, 1/2-Scale Tank, min: 20
5 Reheats, 1/4-Scale Tank, min: 98 LHg Propellant Required:

, 1/2- T ins 300
5 Reheats, 1/2-Scale Tank, min: 300 5 oo oy 29.7 Kg (65.4 Ib)
Total 420 min

(7 hr)

Pre-chill times for the small receiver may take a few minutes longer than
indicated but will not change the total appreciably. The time requred for reheat was
calculated based on the assumption that 5 kw would be available for that task. The pro-
pellant requirements and tank mass were presented in Section 3.1.2. 2. If the relatively
large reheat time becomes unattractive, 1t will be necessary to add an energy kit to
provide the power to reduce 1it.

3.2.3 RECEIVER TANK FILL. The objective of this test is to determine the re-
lationship between the receiver tank pressure transient and the parameter mv2/V for
each inlet nozzle type. Typical behavior of the pressure transient during a fill scenario
is shown 1n Figure 3-22.

As mixing is improved, the contents of the tank approach thermal equilibrium.
Again the pertinent parameter is mv2/V and the quantity of interest is the tank pressure.
Our preliminary approach on this experiment is to initiate tests using the quarter-scale
receiver tank. A total of twelve runs has been allocated to this task and eight runs to the
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Figure 3-22. Proposed Tank Fill Experiments

half-scale tank. As stated in the pre-chill section, it is now planned to have three nozzle
options available in dddition to the ''no nozzle" option of filling through the main outlet
(near the start basket). The first run could be initiated at 75% of the maxamum possible
flow rate (see Figure 3-23) using "no nozzle' delivery. The tank contents would then be

AP

NO NOZZLE
NOZZLE A

NOZZLE B

, NOZZLE C

rﬁvz/ v

Figure 3-23. Pressure Difference from Equilibrium for Available
Nozzle Options 1n Quarter-Scale Receiver Tank

dumped overboard and the walls reheated to the pre-chill temperature. The next run would
be made using another nozzle option at the same 1§1V2/ V. Subsequent runs would exhaust
the nozzle choices at the same parameter value. If the ''no nozzle" runAp 1s very large,
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no further runs need be made with this option. If one nozzle is very close to another in
performance, the more complicated configuration can be eliminated. In short, decisions
can be made based on the initial results as to how the remaining runs will be distrbuted.
After the twelve runs have been made on the small tank, a good choice of nozzles for the
eight runs on the large tank can be made. All contents of the small tank will be dumped
overboard after each run. The half-scale tank tests will require at least five returns of
contents to the supply tank.

The scaling parameters to be used for these tests have been derived in Reference 3-3.

m* = L*1°63 vk = L*—0'37 o* = L*1'37

The following are some scaled values for m, v, and t based on representative
full-scale values:

Scale m, Kg/sec (Ib/sec) v, m/sec (ft/sec) t, min
1.0 0.91 (2.0) 6.71 (22.0) 139.0
0.5 0.295 (0.65) 8.26 (27.1) 53.4
0.25 0,095 (0.21) 11.19 (36.7) 20.7

The instrumentation required for

= l — (®) the fill tests (see Figure 3-24) is essentially
\ the same as that required for the pre-chill
g ')'*' thE S @ tests with an important exception. A mass
— ) gauging device (G) will be required to
(5 provide a reasonable estimate of the liquid
present at any time in the tank.

Figure 3-24., Instrumentation for Receiver
Tank F1ll Tests The times required to conduct the
operations in this experiment have been
estimated and are shown below with the required RCS propellants (used for transfer back
operations) and the reheat energy.

Total Time Required: Energy Required:
Pre-Chill Each Tank, hr: 0.06 Heaters 6.3 KWH
12 Fill Runs, 1/4-Scale, hr: ° 4.14
8 Fill Runs, 1/2-Scale, hr: 7.12 RCS Propellant Required:
11 Reheats, 1/4-Scale, hr: 0.64
7 Reheats, 1/2-Scale, hr: 1.26 5 Settling Thrusts: 20 Kg (44 1b)
12 Dumps, 1/4-Scale, hr: 0.75
8 Dumps, 1/2-Scale, hr: 1.00
5 Returns, 1/2-Scale, hr: 1.25
Total: 16.22 hr
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3.2.4 MULTI-LAYER INSULATION. The objective of this test1s to determine
the effectiveness of the MLI in controlling the heat load to the supply tank. To make
this assessment, the supply tank pressure transient will be recorded during the mission.
The heat load profile for the early part of the mission will look similar to that for other
shuttle missions which have been investigated. Figure 3-25 shows the typical tempera-
ture response expected for the inner and outer layers of the MLI from lift-off until about
three hours into the mission. On the ground, convection and conduction keep the heat
transfer rate relatively lmgh. About two minutes after lift-off the convection mechanism
is shut off and conduction and
radiation prevail. Finally, after
orbit 1s attained, the conduction
OUTER LAYER through the M1I is reduced
significantly by the purge of helium.
At the same time, the cargo bay
temperature has been rising from
the aerodynamic heating. Ths
phase peaks about one hour into
the mission. Given these events,
it appears reasonable to assess
the supply tank pressure data in
INNER LAYER the period from 1 to 24 hours into
— the mission. Based on a
preliminary estimate of 403 KJ/hr
: ) (382 Btu/hr) incident heat rate, a
2 3 13.8-20.7 kN/m2 (2-3 psia)
TIME . HR pressure rise can be expected
for a 24~hour period. Since this
estimate is based on space heafing
Figure 3-25. Typical MLI Behavior During and shuttle interior will provide a
Early Phase of Mission higher load, a larger pressure rise
can be expected. Thus, a2 minimum
time period of 8-12 hours would be required to obtain sufficient resolution of the data.
Test data would be obtained early while the ullage volume is small. Since automatic
control is exercised over the acquusition of data, additional information could be gathered
during sleep periods.
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A pressure transducer in the supply tank and temperature sensors on the
inner and outer layers of the MLI, as well as on all penetrations and supports, will
provide all the data required for an energy balance.

3.2.5 START BASKET. The objective of this test is to verify the start basket
performance. The start basket in the half-scale receiver will be used as the test
apparatus. The test can be conducted durmng a transfer-back operation. The procedure
would be to first pressurize the tank to lower the vapor content of the basket. Then the
receiver would be emptied to the 70% fill level, and RCS thrusters employed to move
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the liquid to the end opposite the basket. This would represent a worst case situation
for restart. Then, transfer of propellant would be initiated with forward thrust (see

Figure 3-26) at 0.016 g.

] fl) H\D _@l T umHK’

FORWARD THRUST
PR

RE VERSE THRUST

Figure 3-26. Propellant Positioning for Start Basket Test

This thrust level is representative of low-thrust OTV's as presently
conceived. About 30 seconds would be sufficient to evaluate the start basket
performance. The evaluation would be qualitative - detection of vapor at the receiver
tank exit. Thrust would then be reduced to a lower level and transfer continued until
the 50% level was reached. At that time, the sequence of events would be repeated.
Runs at 70, 50, 30, and 10 percent levels are recommended.

The only instrumentation required for this test is apparatus to assess quality i
at the recewver tank exaxt. This instrument will already be required for the line chill-down
tests, The time required to conduct the test is simply that required to empty the tank
(15 minutes) plus that required for four reverse thrust operations at ten minutes each.
The RCS propellant requirements for this test were determined to be 657 Kg (1448 1lb)
based on using four RCS engines at 395 Kg (870 1b) thrust each, and specific impulse of
290 sec for 30 seconds at each tank level.

3.2.6 AUTOGENOUS PRESSURIZATION. The objective of this test 1s to determine
the extent of ullage collapse (from condensation) due to introduction of hot LHg vapor.
Although 1t may require development of a gas generator to conduct this test, it 1s possible
that sufficient vapor near 345 KN/m2 (50 psi) might be generated 1n the small receiver
tank. As stated earlier, a minimum of 6.3 Kg (14 1b) of pressurant is required for a

single transfer. If all the energy of vaporization comes from the power supply, about

0.4 kwh is required. No additional instrumentation other than that associated with monitor-
ing gas generator performance will be required. No additional time 1s required since

the operation replaces a helium pressurized transfer.

3.2.7 AUXILIARY EQUIPMENT TESTS. These tests consist of evaluations of
the performance of equipment used in the previous tests or that related to mission abort.
No additional time, power, or RCS propellant will be requred.

1. Helium Pressurization System ~ Data taken during fill and return tests provide
basis for evaluation of this system. l
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Zero-g Vent System - Initial venting of the supply tank, prior to initiation of
transfer experiments, will provide an opportunity to assess the performance of
the vent package. One objective will be to gather sufficient data to determine

the ability of the system to meet venting requirements on orbit. Another objective
will be to determine mixer capability to maintain supply tank equilibrium during
inactive periods (periods without outflow).

Instrumentation will be provided on the vent package such that data on vent fluid
state and flow rate, mixer performance, and heat exchanger hot-side pressure
drop and temperature can be obtained. In addition, temperature and pressure
sensors on the vent line will be useful.

Supply Tank Emergency Dump System - The final contents of the supply tank
will be dumped through the emergency dump line providing data on the time to
unload a given mass of propellant. A flow meter and a quality gauge will be
required on the dump line. Such a test would require only a few seconds.

Supply Tank Screen Acquisition Device - The performance of the screen acquisi-
tion device in the supply tank will be assessed during the off-loading of the final
contents of the tank. Since the purpose of the device is to minimize tank residuals,
assessment of performance will depend on the use of the mass gauging device,
probably during the final dump operation. In addition to the mass gauging device,
flowmeter, temperature and pressure sensors on the dump line will aid in this
performance assessment.

Experiment Time Schedule - A preliminary time schedule for the entire set of ex-
periments 1s shown 1n Figure 3-27.

DAY 1 DAY 2
AM PM AM
7 891011121 23 466 9101112 1 2 3 4 §
1. 1.1 L1t 1. t _t 1 1 e -l L1 1 \1 11 1 3 W l \
— P AV B[ 1 p N\ N
5 El s \ sieep \\\\\ 3 ? ? £ N su:ex-\\\ CREW
E A A&\\ \\\\\\ AL £ A i\\\ SN \
3 ML o TLC
s ul s RPL fFE MU Rl
DAY 3
M 7 PN [P A\ N\
E1E 3 It \\\ Jisek \\\\\ cREW
A A\ AN
MU AFE, SBE MLl EXP
P4, SAD, APE
DAY 4
T PSA — PRE-SLEEP ACTIVITY 3BE — START BASKET EXPERIMENT
H ML — MULTILAYER DNSULATION EXPERIMENT APE ~ AUTOGENOUS PRESSURIZATION EXPLRIMENT
Al TVS ~ THERMODYNAMIC VENT TLST HP8 = NELIUM PRESSURIZATION SYSTEM TEST
» AFL 4AD TLC = TRANSFER LINE CHILLDOWN EXPERIMENT 8AD — SUPPLY TANK ACQUISITION DEVICE TEST
u £DS RPE = RECEIVER TANK PRE-CHILL EXPEROMENT EDS — EMERGENCY DUMP SYSTEM TEST
RFE — RECEIVER TANK FILL EXPLIRIMENT
Figure 3-27. A Possible Time Schedule for the Experiment.
3.3 PRELIMINARY EXPERIMENT DESIGNS

This section documents the design evolution of the propellant transfer experiment. These
preliminary designs were the basis of the detail conceptual designs of Section 4.1 and the
program plans of Section 5. Some of the preliminary design concepts presented were
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dropped as candidates; however, they are presented to provide an overview of the total
design evolution. The results of this design effort as well as the previous experiment
definitions formed the basis for the NASA approval to proceed with the selected designs
presented 1n Section 4. 0.

3.3.1 EXPERIMENT SIZING AND ARRANGEMENTS. The 1nitial prelimnary
design activity was keyed to determine the maximum scale receiver tank that could be
accommodated within the Shuttle cargo bay. In addition the designs also considered the
probable OTV orientations durng propellant tanking to determine if any adverse design
problems existed because of this operational consideration. Subsequent design studies
eliminated the articulating receiver tank configurations as being unnecessary from the
propellant transfer standpoint.

Figures 3-28, -29 and -30 (Layouts 4, 5 and 6) were developed to determine
the approximate size of the experimental LHp tank mstalled in the Shuttle payload bay and
to present orientation options for conducting the expertment. Iayout 4 shows an experi-
ment tank module, a LH2 supply tank, and interconnecting plumbing installed in the Shuttle
payload bay. The tank module is a 3/4 scale model of the full size LH, tank for the POTV
discussed 1n Section 2.0. The tank is suspended inside a truss cage using the same sup-
port system descrbed for the full size tank. The truss cage in turn interfaces with the
Shuttle payload support journals at stations Xq 766.13 and X, 935.27. The experiment
tank 1s equipped with fill, vent, and insulation systems similar to those for the full size
tank. No acquisition system is included in this design; however, conceptual designs
described later in Section 4.1 do contain the capability to return propellant to the supply
tank via an acquisition device. The vent systems are connected to the Shuttle LHyp flaght
vent circut.

The LHg supply tank 1s a 427 cm (164 1n) dia. cylinder with two spherical
bulkheads. The tank is suspended inside a vacuum shell equipped with two girth rings
which in turn interface with the Shuttle payload support journals. The tank features an
insulation system, a pressurization system, an acquisition system; and plumbing which
connects to the Shuttle payload service interfaces.

Similar to the full-scale article the transfer line between supply tank and
experiment incorporates swivel joints, flex joints, a disconnect valve, and insulation.
The line is connected to the experiment before launch, therefore the RMS is not used to
manipulate the transfer line when 1n orbit. In addition to propellant transfer data, the
Layout 4 arrangement offers a means for checking out major transfer line components
such as swivel joints and disconnect valve systems.

In Figure 3-29 (Layout 5) the experiment truss cage incorporates a means for
rotating the experiment 1.57 RAD (900) from the stowed position. The truss cage also
features an external disconnect panel and a latch system which attaches to a truss yoke
when at the 1.57 RAD (90°) position. A nonpropulsive steer horn vent system has also
been added at the forward end (see View A-A). The transfer line1s a model of the full-scale
article including the disconnect valve capturing and latching systems. The transfer line is
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not connected to the experiment before launch, therefore the RMS is required to position
the transfer line disconnect valve to the experiment disconnect panel. In addition to
propellant transfer data, the approach provides opportunities for checking out the
transfer line and system dynamics when exposed to realistic operating modes.

In Figure 3-30 (Layout 6) the experiment truss cage is equpped with a
docking adapter and provisions for latching and unlatching from the Shuttle payload support
journals. Prior to propellant transfer, the experiment is attached to the Shuttle docking
module using the RMS, The RMS is also used to position the transfer line disconnect
valve to the experiment disconnect panel. Compared to Layout 5, this arrangement more
closely represents the actual conditions encountered with a full-scale OTV docked to the
Shuttle.

3.3.2 PRELIMINARY EXPERIMENT INSTALLATION CONCEPTS. The major
intent of this installation exercise shown in Figure 3-31 (Layout 7) was to define the ap-
proximate size limits of a receiver tank, a supply tank, and associated plumbing, and
electrical systems. (See Section 4.1 for the final selected designs.)

At the forward end of the payload bay, a 1.2m (4-ft) EVA zone is provided.
At the aft end an additional 1m (3 ft) is required for items such as abort dump, pres-
surization systems, ground vent, ground fill & drain, and electrical systems. The
maximum length available for the experiment concept 1S app roximately 16.2m (53 ft).
The receiver tank shown is a 3/4 scale model of the LHp tank for the target OTV that
is being considered 1n the mission model. The tank example is suspended inside a truss
cage which 1n turn interfaces with the Shuttle support journals using an arrangement
similar to that shown 1n Detail "A' on the layout. As a first cut conceptual design it
was assumed that the remaining space (after receiver installation) in the payload bay
was occupied by a dewar supply tank. The resulting dewar volume 18 102m3 (3600 ft3)
which is slightly more than twice the volume for the 3/4 scale receiver tank.

The example concept shown assumes that both tanks will include acquisition
systems. The receiver tank will also include hardware for selecting several types of
filling modes. The filling may be accomplished with simultaneous sprays at the forward
and aft ends versus a single spray 1njection at the aft end. Plumbing systems are Eggulred
for propellant transfer, abort dump, vents, fill and 7drain, and pressurizatlon. Layout 7
shows general locations for these systems. The propellaht transfer line is a static line and
will 1nclude thermal masses and bends for simulating the joints and flow paths of actual
OTV tanks. The abort dump requirement is a prime driver 1n the experiment plumbing
system due to its large size, vacuum jacketing, and valve redundancy. A possible plumbing
arrangement for this abort capability is shown 1n View C~C of the layout. Both tanks re-
quire vents, therefore the vent plumbing will traverse the full length of the installation
and interface with the Shuttle at Xo 1302. Fill and drain plumbing 1s associated with the
supply tank and therefore will be located primarily in the aft region between the dewar and
X, 1302,
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Several helium storage bottles, control valves, regulators, etc. are required
for the abort pressurization system. The interconnecting plumbing for these systems will
be located aft near the storage bottles and is typical of that shown in View B-B. A small
portion of the plumbing will also extend forward to the receiver. Instrumentation wiring
will be located over the full length, width and depth of the 1nstallation envelope. The main
trunks of the harnesses will typically be located at the top side as shown in View A-A.
Equipment for data and controls will be supported off the dewar forward bulkhead or the
receiver tank truss cage.

The pertinent thermodynamics, fluud dynamics, and scaling considerations
have been studied and were summarized previously in Section 3.1.2. A preliminary ex-
periment design approach that reflects these analyses 1s shown 1n Figure 3-32 (Layout #9).
This includes a 73. 6m3 (2600 ft3) LHy supply tank with two experimental receiver tanks.
The supply tank is located approximately 1m (3 ft) forward of Xo 1302. 0 to allow room
for plumbing and electrical systems including an abort dump system. Both receiver tanks
are supported from a skirt section which is part of the supply tank assembly. The overall
length of the total installation 1s 12, 2m (40 ft) which leaves a net 3.8m (12.5 ft) for ad-
ditional payload space. A 1.2m (4.0 ft) EVA zone 18 assumed at the forward end.

Unlike the first cut design concept discussed previously (see Figure 3-31), the
supply tank is not a dewar. The basic tank shell is a cylinder equipped with two hemispherical
bulkheads. The tank is suspended inside a cylindrical body structure which 1n turn inter-
faces with the Shuttle suppoxrt journals. The forward end of the body structure features an
adapter which interfaces with the experiments. This adapter 1s equipped with flat closure
panels which serve as purge enclosures (see View B-B). The aft end of the body structure
has a fiberglass bulkhead which also serves as a purge enclosure. The tank is enveloped
with MLI and a purge system.

The two experimental receiver tanks are 1/2 and 1/4 scale models of an
OTV LH, tank. Each tank is a 2219-T87 aluminum alloy cylinder with two elliptical bulk-
heads (a/b =1.38). The tanks are suspended inside body structures which in turn are
attached to the support adapter.

3.3.3 PRELIMINARY TANK & INTEGRATED SYSTEM CONCEPTS. A halfscale
receiver tank and a weight estimate 1s shown 1n Figure 3-33 (Layout #11). The basic shell
is a 2219-T87 aluminum cylinder equipped with two ellipsoidal bulkheads (a/b =1.38).

The tank is equipped with a multi-layer insulation (MLI) s ystem, outside wall heaters, and
acquisition system, and internal fill manifolds. Also included is wall penetration hardware
for electrical, plumbing and access.
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The basic shell is all welded construction with chem-milled weld zones on
both the bulkheads and the cylindrical shell. The thickness at these weld zones 1s twice
the basic shell gage. The 0.064 cm (0. 025 1n) basic wall gage is considered minimum
relative to manufacturing and handling,

The entire surface of the tank is covered with MLI applied 1n gore and cap
sections. Since the tank is dry before and during ascent no purge system is used. Dry
mtrogen gas in the shuttle payload bay is considered adequate for preconditioning.

The wall heaters are circumferential strip types equally spaced along the
length of the cylindrical section. The heaters are bonded to the outside surface of the
tank wall with the electrical leads packaged into a single cable which penetrates the MLI
at one point.

. The acquisition system is a capillary type device located inside the aft
bulkhead. The device 1s basically a shallow dish equipped with a conical lid, an internal
channel assembly and an outlet. The material is aluminum alloy. Typical wall construction
consists of a capillary screen attached to a perforated sheet.

It is planned to equp the tank with two internal spray manifolds and a single
nozzle. This provides testing flexibility since different filling modes can be selected.
The spray manifolds are straight tube sections located inside the tank and running the full
length of the cylindrical section. Each of these tubes have tee fittings equipped with spray
nozzle fittings, Additional details including the single spray nozzle are shown in Figure
3-34 (Layout #11A)., Tank wall penetration fittings are required for the electrical, plumbing,
and access opening. These fittings are boss type rings welded into the shell. A brief de-
scription of these parts is shown in the weight breakdown chart.

Layout #11A shows how the half-scale model receiver tank is supported and
also some additional details of the fill and acquisition systems. The tank is suspended
inside a cylindrical truss cage using low conductive struts. Four pairs of struts arranged
in a "V pattern are used to attach the aft bulkhead to the truss cage box ring. The center
line of these struts is directed tangentially into the bulkhead wall. The forward bulkhead
is attached to the truss cage with four tangential low conductive drag links per Detail "B"
on the layout. The complete assembly (tank and cage) is mounted from the supply tank
adapter. The aft box ring on the truss cage interfaces with adapter beams. An enclosure
bulkhead is provided at the aft end which separates the supply tank purge from the receiver
tank assembly.

A quarter-scale receiver tank is shown 1n Figure 3-35 (Layout #12). Except
for size, the tank is the same as that shown for the half scale in Layout #11 and 11A
including the support methods. A weight breakdown is also shown in the layout.
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Figure 3-36 (Layout #13) gives a description and a weight breakdown for the
supply tank and body structure. The tank is a 416.6 cm (164.0 in) dia., cylinder equpped
with hemispherical bulkheads. The tank material is 2219-T87 aluminum alloy. The ac-
cessores include a channel type capillary acquisition system; thermo vent/ internal
plumbing for ground and flight vent; F/D and dump outlet fitting; 2 MLI system, accesS
openings, and electrical penetrations. A basic parts breakdown 1S shown in the weights
chart. The tank is supported from an outer body structure which 1n turn interfaces with
the shuttle support journals. The tank support system is the same as that described for
the half-scale receiver tank. The body structure is a 442 cm (174 in) dia. cylinder equipped
with a support adapter at the forward end and a purge enclosure bulkhead at the aft end.
Each end of the structure has box rings equipped with support trunnions. The support
adapter at the forward end has cross beams which interface with the recerver tank truss
cages. These beams are covered with flat panels in the areas between the truss cages
which complete the purge enclosure.

The overall system installation and a weight breakdown 1s shown in Figure
3-37 (Layout #14), Sheets 1 and 2. The purpose for Layout #14 is to show the general
arrangements and basic plumbing routes. No attempt is made to show all circuits.

The complete assembly including supply tank, body structure and receiver
tanks 1s positioned 1n the shuttle so that the aft end is approximately 102 cm (40,0 in) from
station Xol302. 0. The purpose for this location 1s to allow room at the aft end for the
abort dump mamfold and other systems associated with fill, drain, vent and electrical.
Most of the lines are routed along the top of the body structure as shown in views A-A
and B-B. The transfer line has three straight sections coupled with swivel joints for
simulating the operational fill line. At the forward end, the receiver tanks are inter-
connected with plumbing and valves so that different transfer modes can be selected.

The helium storage bottles with controls and plumbing are supported from the supply tank
body structure at the forward end.

The abort dump manifold is 2 prime driver in the plumbing system due to the
quad valve system, vacuum jacketing and large size. An arrangement 1S shown 1n view C-C.
The manifold is supported from the supply tank body structure with a strut system. A duct
section with three axially restrained flex joints routes from the mamfold to the shuttle
overboard interface fitting at station Xo 1295.0. A weight breakdown showing the basic
parts is shown in Sheet 2 of Layout 14.

To provide baseline data for scaling analyses presented in Section 3.1.2.1,
a design and weight estimate for a full-size LHo tank was made and 1s shown in Figure
3-38 (Layout #15). Except for size, the basic tank construction and support systems
are the same as those described for the half-and quarter-scale receivers. Unlike the
scale receivers which provide experiment flexibility, only a single loading system is
used in the full-scale tank. For estimating purposes, one Spray manifold 1s shown.
The MLI also includes a purge system which was not used on the scale receivers.
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SELECTED EXPERIMENT CONCEPTUAL DESIGNS (TASK III)

The preliminary experiment definition presented in Section 3 included as a final checkpoint

a design review by NASA which established the direction of this subsequent conceptual design
task. The intent of this conceptual design task is to present a level of experiment concept
detail sufficient to provide a credible basis for the program planning tasks that follow.

The experiment conceptual design has three major task elements. Section 4.1
provides the detail configurations, layouts, and physical descriptions of the experiment
hardware design; Section 4.2 describes the pre-flight procedures of ground applications
and design features required to implement the Shuttle safety criteria; and Section 4.3
details the typical experiments, instrumentation, and flow schematics for a series of
proposed propellant transfer experiments in orbit.

4.1 EXPERIMENT DESIGN LAYOUTS/CONFIGURATIONS

The designs presented provide alevel of detailnecessary to: 1) establish feasibility
of the experiment concept;2) provide sufficient detail for defining costs; and 3) to provide a
basis for defining the development, testing, and manufacturing schedule. It was not the intent
of this study to develop a final detail design of the experiment. The subsequent program
plan for implementation of this experiment would include the formalized phase B, C& D
activities where the detail design would be an element of the overall program development.

Table 4-1is a listing of the experiment tankage and support systems that have been
conceptually designed. Also indicated in the table are the report sections in which the

details of the particular designs are presented.

Table 4-1. Experiment Tankage and Support Systems

Design Element Section

fu—y
[y

Supply Tank

Supply Tank Insulation and Purge Systems
1/2 Scale Receiver Tank

1/2 Scale Receiver Tank Insulation System
1/2 Scale Receiver Tank Acquisition Device
1/4 Scale Receiver Tank System

Supply and Receiver Tank Support Structure
Complete Experiment Module Assembly
Experiment Module Shuttle Installation
C.G. of Experiment/Shuttle During Landing

N
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.
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4.1.1 SUPPLY TANK DESIGN. In Figure 4-1 (Layout #19) a design for a 72.80 m3
(2600 ft3) supply tank is presented. There are three sheets to Layout #19. The general
arrangement, supports, and details for the acquisition system are described on Sheet 1.
Additional details for the acquisition system, bubbler mamfold, and access openings are
given on Sheet 2. Also included on Sheet 3 is a detailed parts list (with weights) showing
the basic parts and assembly. The tank is a 421.6 cm (166. 0 in) dia cylinder equpped
with two ellipsoidal bulkheads (a/b = 1. 38); an acquisition system, and a helium bubbler
manifold. The material 1s 2219-T87 aluminum alloy, except for the acquisition system
which is 304 L corrosion resistant steel (CRES), Tank accessories include two access
openings, forward and aft support fittings, and tank wall penetration fittings. These
penetration fittings are for fill, drain, vents, abort dump, pressurization, and electrical.

4.1.1.1 Forward and Aft Bulkheads. A single piece spun formed bulkhead with chem-
milled weld lands is assumed. Compared to gore construction, the single piece approach
saves approximately 46 meters (150 ft) of welding and 10 kg (22 1b) using 0. 79 radian (459)
gores. GD/C has constructed a 221 cm (87.0 in) diameter ellipsoidal tank with single piece
hot spun bulkheads. The diameter was limited to the available stock sheet size. For this
analysis, it is assumed that larger stock sizes and forming equipment will be available.
The aft bulkhead has a wide weld zone (55 cm) at the girth area. The purpose for this
zone is for attaching the eight support fittings (Detail "B'") and the penetration fittings for
electrical and helium pressurization. Any additional penetration fittings would be located
in this zone. At the aft end of the bulkhead, two additional weld lands are provided for
the acquisition system outlet fitting and the access door ring. The aft bulkhead access
opening consists of a ring (contaimng thread inserts) and a cover. The cover 1s equipped
with two penetration fittings, one for ground fill and drain, and the second for abort dump.
The cover also has a pull-thru plate for abort dump (see H-H on Sheet 2 of Layout). The
purpose for the off-center location of the access opening 1s to permit access to the tank
with the acquisition system installed. Also, abort dump modes require the outlet to be
offset from the tank center line which in turn depends upon the Shuttle attitude during the
dump mode. The location shown, therefore, serves a two-fold purpose; access and abort
dump. Eighteen support fittings are required for the bubbler mamfold; these fittings are
located and welded to the aft bulkhead in the support zone previously described.

The aft bulkhead is welded to the cylindrical section at the tangent line (see '""T"
on Sheet 1). To mimmize internal tooling, a lip 1s machined on the bulkhead which in
turn engages with the I. D. of the cylindrical section. This lip provides alignment plus
backup for the butt welding process. Internal tooling should be kept to 2 minimum because
the acquisition channels are in place when the bulkheads are installed. These channels
(which are surfaced with fine screen) are close (1.27 cm) to the tank wall and have pre-
viously been cleaned and checked out, therefore, activities inside the tank should be at
an absolute mimmum at this assembly level.
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The forward bulkhead 1s the same as the aft bulkhead, except the weld zone at
the girth is narrow (2.84 c¢m) and the access opening contains penetration fittings for
the ground and zero-g vents. Similar to the aft bulkhead, the access door 1s located
off-center to permat access with the acquisition system in place.

4.1.1.2 Cylindrical Section. The 263.1 cm (103.6 in) length cylindrncal section has
weld zones at each end for attaching the bulkheads plus two longitudinal weld zones, The
forward end of the cylinder has a 5. 08 cm (2. 00 in) weld zone for accommodating eight
external tangental support fittings (see '""C-C'). Also, 16 local weld zones near the aft
end and 8 near the forward end are required to mount the acquisition support fittings.
Each end of the cylinder is chamfered at the inside edge for engaging with the alignment
lip on the bulkheads.

4.1.1.3 Acquisition System. The acquisition system is basically two rectangular tubes
formed into rings which follow the contour of the tank and are spaced to form 90° quadrants
(see end view in Sheet 1). The four walls of each tube consist of perforated sheets covered
with capillary screens. The material is 304 L. CRES, including the screen. A typical
cross section is shown in views "F-F'" on Sheet 1 and view "G' on Sheet 2, The two rings
are interconnected at the aft end per view "D-D" and at the forward end per view "R".

The internal flow paths of both rings are interconnected at both ends. The aft end contains
an outlet which 1s routed thru the tank wall.

4.1.1.4 Acquisition System Support. Manufacturing tolerances exist between the acquisition
assembly and the tank., Also, dimensional changes occur between the tank walls and the
acquisition assembly during temperature and pressure cycles. To compensate for these
dimensional changes, the acquisition assembly is suspended inside the tank using a system
of pinned connections and drag links. The aft end of each channel ring is supported with
two tongue fittings attached to the tank wall and two clevis fittings attached to the channel
(see "K" on Sheet 2 of Layout). One of the clevis fittings 1s slotted to compensate for
tolerances. Each of these clevis fittings are also attached to the tank wall with a drag link.
The total aft support for each channel therefore provides radial, lateral and axial restraint.
To reduce heat transfer into the channels the drag link matemnal 1s CRES and the tongue
fittings transist from aluminum to CRES (see note on Detail "K"), Additional heat path
resistance can be obtained using fiberglass drag links and Teflon inserts in the tongue
fittings. The forward support on each channel is similar to the aft support, except no drag
links are used (see "L'" on Sheet 2). Also, the clevis fittings attached to the channel have
wide slots to accommodate forward and aft tolerances and dimensional changes. This
forward support, therefore, provides radial and lateral restraint only.

The acquisition channels are interconnected at the forward and aft ends forming
poles. The system is supported in the radial direction only at each pole using CRES drag
links spaced at 90° (see "D-D" and "R"). The aft pole has an outlet equipped with a bellows
for absorbing axial and radial movements. The bellows is 304 L CRES and the outlet fitting
which penetrates the tank wall 1s a 304 L. CRES to 2219-T87 aluminum transition fitting
(see "A'" on sheet 1).



4.1.1.5 Bubbler Mamfold. The bubbler manifold is a 3.81 cm (1.5 in) diameter aluminum
alloy tube formed 1nto a circle having four offset bends, and is supported from the tank wall
with 18 fittings as shown in view "N-N". The purpose for these offset bends is to provide
clearance from the acquisition channels (see "J'). The mamfold has a senes of holes
equally spaced at the forward side thru which helium gas 1s ejected. Helium gas is sup-
plied thru a tank wall penetration fitting which 1s connected to the mamfold (inside the tank)
with a tubular flex loop. Four union fittings are provided so that the manifold can be in-
serted thru the access opening in 90° sections.

4.1.1.6 Assembly. Prior to final assembly, the acquisition system is cleaned, inspected,
tested, and protective covers placed over the screened surfaces. The total assembly is
positioned 1nside the tank cylindrical section and the support fittings interconnected and
adjusted. The forward bulkhead 1s next engaged with the cylindrical section and clearances
between the acquisition channel and the bulkhead are checked. The forward bulkhead is
then welded to the cylinder and the two forward drag link supports installed.

The aft bulkhead is next engaged with the cylinder, clearances and fits checked,
and the girth weld made. Using a gasket and 8 bolts, the acquisition outlet spool is con-
nected to the tank penetration fitting and the two drag links (shown 1n "D-D'") are then
installed and adjusted. The zero-g vent system, the bubbler mamfold and instrumentation
wiring is installed next and checked out. The assembly is completed by removing the pro-
tective covers on the channels, 1installing the access door covers, and leak-checking. All
access cover seals will provide double tolerant failure designs to satisfy hazard analysis
requirements.

4.1.2 SUPPLY TANK INSULATION SYSTEM. An insulation system for the LHy supply
tank is shown 1n Figure 4-2 (Layout #20). Included is a tank mounted helium purge system
and a detailed parts list with weights.

The 1nsulation 1s multi-layer radiation shelds called MLI applied over the entire
surface of the tank. These shields are separated with flocking which provides purging
and venting paths between the layers. This method was developed by GD/C and given the
name '"Superfloc. "

Blanket assemblies in gore and circular cap configurations are applied to the tank
in two layers. A system of tubing mounted on the tank wall delivers gaseous helium between
each layer. Foam blocks located between these tubes and bonded to the tank wall provide
a unmiform surface for mounting the MLI blankets.

4,1.2.1 MLI Blanket Construction. Two circular cap blankets and twelve gore blankets
make up one blanket layer. Two layers are used. The gore blankets run continuously
between the cap blankets and incorporate cutouts for clearing the tank support fittings.

A typical blanket cross section is thirteen double alumimzed Kapton core sheets sandwiched
between two scrim reinforced face sheets. The face sheets are also aluminized. The
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core sheets are interconnected to the face sheets with interlayer spot bonds located at

the perimeter of each blanket. A typical spot bond consists of adhesive coated fiberglass
buttons inserted between each layer and the total local area bonded. Also bonded to the
face sheets at these areas are "Velcro' tape fasteners described in 4.1.4.2 (Gore Blankets)
for the 1/2 scale receiver tank. Each blanket is constructed over molds which match the
tank contour.

4,1.2.2 Purge System. The purge system 1s basically twelve PPO tubes running the full
length of the tank and interconnected at each end with a ring manifold (see B). Each tube
supplies gaseous helium to one inner and one outer gore blanket. The tubes also extend
1nto the cap blanket areas. Gaseous helium 1s 1njected between the blanket layers with

a series of purge pins attached to the fittings located in the tubes (see '"C-C' on layout).

The tubes are attached to the tank wall with fiberglass fittings, CRES clamps and
screws. The fittings, which incorporate self-locking thread inserts, are bonded to the
tank wall. A typical arrangement is shown in "E-E" on the layout.

Perforated foam blocks are located between the tubes and bonded to the tank wall.
The purpose for these blocks is to provide a uniform base for mounting the MLI blankets.
At the cap areas, the thickness of the blocks is increased due to the jump in the tank profile
at the access door rings (see Detail "A"),

4,1,.2.3 MLI Installation. The first blanket layer installation starts by positioning the
two cap blankets on the bulkheads. The gore blankets are positioned next and attached to
the cap blankets with the "Velcro'" fasteners. The gore blankets are also interconnected
at the gore lines with "Velcro' fasteners. The second blanket layer is installed in the
same manner as the first layer. The butt joints between blankets are staggered 2.54 cm
(1.0 in) as shown in "F-F'" on the layout. The MLI installation is completed by applying
shield accessories at the support fittings as described later (Section 4.1. 3. 3) for the half-
scale receiver tank.

Referring to Detail ""A" on the layout, the MLI blankets have cutouts for the tank
outlets. The cutout diameters in the outer blankets are greater than the cutouts for the
inner blankets. The purpose for this 1s to provide staggered butt ojoinc Axrangement with
the MLI on the plumbing lines.

4,1.3 HALF-SCALE RECEIVER TANK DESIGN. A design for the half-scale receiver
tank is shown in Figure 4-3 (Layout #16). The tank is basically a cylinder with two
ellipsoidal bulkheads equipped with accessories for in-orbit filling and venting; fill, drain
and vent for ground testing; and an acquisition system. Also included are provisions for
mouting instrumentation wiring through the tank wall and external support fittings, The
material is 2219-T87 aluminum alloy. Layout #16 also includes a parts list and weight
breakdown.

4-10
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4.1.3.1 Cylindrical Section. The cylindrical section is 210.8 cm (83 in) diameter

x 313.2 cm (123. 3 in) length and is constructed from two rolled sheets. These two

rolled sheets are welded together with one circumferential weld and one longitudinal
weld. The perimeter of both sheets have one-inch wide weld zones. The thickness of
these weld zones is twice the basic tank gage. Additional local weld pads are located
along the length of the cylinder to accommodate miscellaneous clips for supporting wiring
and tubular manifolds.

4.1.3.2 Bulkheads. Both bulkheads are ellipsoidal having a radius to height ratio equal

to 1.38. The construction is single piece spin formed with chem-milled weld zones.

Each bulkhead has circular cutouts at the top for a 63.5 em (25 in) I, D, access opening.
The aft bulkhead has a wide weld zone at the girth area for accommeodating support brackets
and several fluid penetration fittings. The forward bulkhead has a narrow weld zone at

the girth for attaching the cylinder and six tangential support brackets.

4.1.3.3 Accessories. The accessories are six aft support fittings, six forward support
fittings, two access door rings, two access door cover assemblies, one spray manifold,
one spray tube, a fill port and one electrical penetration assembly. The aft support fittings
are described in detail "B" on the layout. These fittings are "V' shaped and contoured to
fit the shape of the bulkhead at the girth zone. Two upstanding webs with end holes provide
the interfaces for attaching support struts. These holes are equipped with spherical bear-
ings to compensate for angular misalignments. The fittings are positioned on the bulkhead
such that the line of action from the support struts is directed tangentially into the center
of the bulkhead wall. Attachment is made with a continuous fillet weld.

The forward support fittings are single web machined types contoured to match the
tank diameter (see Section H-H on the Layout). The hole at one end of each fitting is for
attaching drag support links. The fittings are equally spaced along the bulkhead girth
weld zone and secured with a continuous fillet weld.

A cross section of the access door rings is shown in Detail "A'" of the layout. The
rings are machined to fit the bulkhead contour and for receiving a metal radial seating seal.
Blind tapped holes equipped with inserts provide the fastening means for the covers. Both
rings are attached to the bulkheads with continuous butt welds,

The access door cover assemblies are basically circular panels equipped with a
ring at the perimeter and penetration fittings near or at the center. The circular panel
portion is contoured to match the bulkhead profile and the perimeter ring is machined to
match the bulkhead ring. The aft access door cover has a flanged boss at the center which
interfaces with the outlet on the acquisition system and a flanged port (positioned off center)
for ground fill/drain. Also included 1s a fitting for injecting fluid to the interior of the
acquisition device. The forward access door has two flanged fittings. One 1s for ground
vent and the second 1s for the zero-g vent system.
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The spray manifold arrangement is shown in detail ""C" of the layout. The mani-
fold is a tube equipped with two tees and two elbows. Both tees are machined to receive
threaded spray fittings. The manifold is supported from the inside of the tank wall with
collar type fittings which provide radial restraint only. The manifold passes through the
aft bulkhead wall using a flanged penetration fitting which is located in the girth weld zone.
The manifold 18 attached to this penetration fitting inside the tank with a V' band joint
using a ""cono seal."

A second method of injecting LHs in the tank is using a single spray tube equipped
with a removal spray nozzle. An arrangement is shown in view ""D-D'" on Sheet 2 of the
layout. This tube is attached to a flanged penetration fitting located in the aft bulkhead
girth weld zone.

A third method of LHs injection is a straight port with no spray nozzle which is
shown in view "E-E" on Sheet 2 of the layout. The port has an external flange only and
is welded into the bulkhead at the girth weld zone.

Electrical penetration provisions are also provided through the aft bulkhead girth
weld zone as shown in view "F-F" on Sheet 2 of the layout. This arrangement uses a
penetration boss, a metal radial seating seal, a receptacle, and a retainer flange. The
boss (which is welded into the bulkhead) contains blind tapped holes equipped with inserts
and a cavity for receiving the seal and receptacle. The receptacle is attached to the boss
with the retainer flange.

An additional accessory is the acquisition device which is mounted on the aft
access door. This permits bench checkouts and testing before installation. Acquisition
device and access cover are installed as a2 module. The acquisition device is described
in Section 4.1.5 of this report. The zero-g vent system shown at the forward bulkhead
is also supported from the access cover.

4,1.3.4 Location of Penetration Fittings. Referring to Layout #16, the end view of the
tank shows most of the penetration fittings located to one side of the tank cemterline. The
purpose of this is accessibility. When installed in the shuttle, these fittings and the inter-
connecting plumbing, valves and electrical harnesses will face the payload doors. This
location will permit easy access for checkout, and servicing.

4,1,3.5 Wall Strip Heaters. The heaters are located between the tank weld lands and
are arranged in six circumferential bands along the length of the cylindrical section.

Protrusions from the tank surface should be kept to a minimum because the multi-
layer insulation (MLI) is mounted on the tank wall, Excessive protrusions cause local
compression of the MLI blankets causing contact between layers and prohibits a uniform
fit over the tank surface. To minimize these conditions, flat ribbon-type power cables
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are used for heaters. A typical arrangement is shown in detail "L" in the layout. The
power cables are routed along the length of the cylinder and are bonded to the tank wall.
Most of the cables are positioned between the weld lands to minimize protrusions. Some
areas are unavoidable where the cable crosses a circumferential weld but these areas
are small,

4,1.3.6 Weights. A detailed parts list with weights is shown on Sheet 2 of Layout #16.
The list is divided in two sections. The first section is for the basic tank shell without
accessories. The first two entries are for the total shell using the basic gage. The
remaining entries are for the weld zones.

The second section of the parts list is for the accessories. This section contains
both removable and non-removable parts. The total tank weight including 10% contingencies
is 107.3 Kg (236. 5 1b).

4,1.4 HALF-SCALE RECEIVER TANK INSULATION SYSTEM. An insulation system for
the half-scale receiver tank is shown in Figure 4~-4 (Layout #18). The insulation techniques
shown were developed by GD/C under NASA Contracts NAS8-27419 and NAS8-31778 for
MSFC and under GD/C funded IRAD studies. The insulation is basically a multi-ply
radiation shield assembly called "Superfloe" (a GD/C development). Layout #18 describes
.the basic lay-up, the major penetrations for supports and plumbing; and includes a parts
list with weights.

The insulation is applied in two layers. Each of these layers consists of two cap
blankets and eight gore blankets. The purpose for two layers is to permit overlaps at
the seams. The blankets are interconnected using '"Velcro" fastener tape sections. These
fasteners operate mechanically by having the hook section of one part interlock with the
pile section of the mating half,

The installation does not include a purge system since ground testing will be done
in a vacuum chamber and the receiver tank will be dry during ascent. Also, after the
in-orbit testing, the LHo 1n the tank is expelled overboard or transferred back into the
supply tank for additional testing.

4.1.4.1 Cap Blankets. Each end of the receiver tank has an access opening with a door.
Each door 1s equipped with a ring flange which in turn fastens to the tank with approxamately
50 bolts. These flanges and bolts protrude sigmficantly above the tank contour. If an in-
sulation blanket is installed over this area, these protrusions will locally compress the
blanket causing contact between the layers. To prevent this, closed cell foam blocks are
bonded to the doors and the adjacent tank surfaces to form a uniform base for mounting

the cap blankets. A description is shown 1n detail "A'" of Layout #18.
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The circular cap blankets are prefabricated over molds that match the contour
of the mounting surface. A typical cross section 1s six core sheets sandwiched between
two serim reinforced face sheets. The material 1s mylar, aluminized on both sides.
GD/C has constructed blankets in both mylar and kapton., Kapton is used for high tempera-
ture applications. Each of the core sheets is separated by dacron flocks spaced in a tr1~-
angular pattern on 0.95 cm (3/8 in) centers which provides venting paths between layers.

The two face sheets and six core sheets are interconnected at the perimeter with
twenty-four 1. 27 cm square interlayer spot bonds. Fiberglass spacers are inserted
between each layer and interbonded. This prevents shifting of the core sheets relative
to the face sheets and provides hard points for attaching the gore blankets. Loads are
primarily passed through the two face sheets. Referring to detail "B", a '"Velcro' tape
strip is bonded to the inboard face sheet at each spot bond. The pile section of the tape
strips extends radially beyond the perimeter for attaching the gore blankets. Circular
cutouts are provided near the center of the blanket for clearing the tank bosses. These
cutouts may be slit as shown n View "H-H" for fitting the blanket under the flanges.

4,1.4.2 Gore Blankets. Eight 0.79 rad (45°) gore blankets (per layer) cover the tank side
wall and a portion of the bulkheads. These gore blankets run continuously between the

cap blankets and are interconnected at the gore lines with "Velcro" tape fasteners.
Similar to the cap blankets, these gore blankets are prefabricated over molds that match
the tank contour. The layers are interconnected at the perimeter with interlayer spot
bonds which also serve as hard points for the "Velero' fasteners. Cutouts are provided
at both ends for clearing the tank support fittings (see details "E" & ""F'"") and the inlet
boss (see Detail '"G").

4.1.4.3 Tank Supports. To reduce heat leaks, the tank supports are low conductive

struts wrapped with "superfloc' insulation. The insulation extends past one end of the

strut which serves as a cover for the tank support fittings (details E &F). These struts

are thin wall fiberglass tubes equipped with adjustable corrosion resistant steel (CRES)

end fittings and internal radiation dises. GD/C has constructed and tested this type of strut.

4.1.4.4 Interfaces with Plumbing. Plumbing lines leading from the tank will be wrapped with
insulation blankets. Referring to detail "A", the plumbing line insulation interfaces with

the first blanket layer on the tank with a simple butt joint. The second blanket layer on the
tank also interfaces with the plumbing insulation using a simple butt joint. Aluminized mylar
self-adhesive tape strips are applied to the outside face sheets of each joint to hold the joint

in position. This technique simplifies fabrication and assembly and has been found satis-
factory under tests. The insulation on the plumbing lines is shown at a diameter for slip-
ping over the flanged connection. This is accomplished by bonding thin fiberglass collars

to the lines over which the insulation is wrapped. More insulation details will be shown

later for the plumbing systems.
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4.1.4.5 Assembly. After bonding the foam blocks to each end, the forward cap blankets
are positioned at the forward end and the tank suspended in the vertical position from the
flange vent boss located at the center of the forward access door. The eight gore blankets
making up the first layer are positioned and attached to the inner cap blanket. The outer
cap blanket is simply folded back during this operation. The first layer cap blanket is
next held in position at the aft bulkhead and attached to the gore blankets with "Velcro'
fasteners.

The first layer 13 completed after checking for fits around the cutouts and applying
the fasteners at the gore lines. The second blanket layer is applied in the same way as
the first layer except the seams and the gore lines are offset from the first layer seams.
The installation is completed by attaching the low conductive struts to the tank fittings,
applying the strut insulation, and attaching the flared end of the strut insulation to the
gore blanket face sheet. The struts are held in position by a temporary external fixture.

4.1.5 HALF-SCALE RECEIVER TANK ACQUISITION DEVICE. A capillary-type acquisition
device is described in Figure 4-5 (Layout #17) for the half-scale model receiver tank. The
device is designed to be supported from the tank access door as shown in Figure 4-4 (Lay-
out #18). A parts list, weights, and an assembly sequence is shown on Sheet 2 of Layout

#17. The material is 304 L corrosion resistant steel (CRES).

Referring to the assembly sequence, the device consists of a bottom section, an
internal channel, a support tube and a 1id assembly. The parts are interconnected and
sealed using Teflon gaskets, CRES screws, and nut plates.

4.1.5.1 Bottom Assembly. The bottom assembly consists of a perimeter ring, a center
hub, a perforated sheet, a screen and two backup rings (see Detail '"B"). The perforated
sheet, screen and backup rings are continuously seam-welded to the perimeter ring and
hub. The screen is located on the outhoard side and is spotweld at approximately 15. 24 cm
(6. 0 in) centers to the perforated sheet over the entire area. The purpose for the per-
forated sheet is to provide support for the screen and to provide a structural tie between
the perimeter ring and hub. The inside face of one leg on the perimeter ring is equipped
with 48 floating-type nut plates for attaching the lid assembly. During transfer into the
receiver tank, a separate circuit is provided for injecting LH, inside the acquisition de-
vice. Section "C-C'" on the layout shows an arrangement for receiving a probe which 1s
mounted from the tank access door. A "KEL-F" lip seal is held between a backup ring
and the bottom wall. The arrangement compensates for axial and angular movements
during chilldown. Another approach is to increase the annulus gap between device and
the tank access opening ring sufficiently to allow the use of a tubular flex loop. This

flex loop would be routed to a fitting located in the lid assembly.
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Figure 4-5. Half-Scale Receiver Tank Acquisition Device (Continued)




4.1.5.2 Channel Assembly. The internal channel is a hub with four spokes sloping
toward the lid. Each spoke has a rectangular cross section (3.81 ecm x 1.91 cm). The
two long sides (3. 81 cm) consists of screens attached to perforated sheets, similar to
that for the bottom assembly except the screens are located inside the perforated sheets.
The screens and perforated sheets are continuously welded to a frame assembly as shown
in Detail E. The walls in the hub area are solid sheet metal (no perforations or screens).

The cross section of a typical frame member is two angles butt-welded together
to form a "C'" section. The purpose for these two separate angle pieces is to permit
continuous seam welding in the area near the hub where the screen ends. The total
channel therefore consists initially of two angle frames equipped with perforated sheets
and screens. The last assembly operation consists of bringing the two angle frames
together and welding (Detail "E'") to form the rectangular flow path., This techmique also
permits the installation of the spacer spool which is located between the two walls at the
hub area.

4,1.5.3 Support Tube. The support tube is a perforated section equipped with an open
flange at one end facing the lid assembly and a blind flange at the opposite end. The
tube serves as a center support for the lid and provides a closure for the channel hub.
Before assembly, the inside wall of the channel hub is open for inspection and cleaning.
The flange facing the lid is equipped with nut plates on the inside face for attaching to
the lid.

4,1.5.4 Lid Assembly. The lid assembly is one conical screen and one conical per-
forated sheet continuously seam welded together at the perimeter using a backup ring.
The arrangement is shown in Detail "B". The center of the lid is equipped with a riser
which is a preformed cylindrical screen with a spherical end. The open end of this riser
has a flange which is seam welded to the lid (see Detail "D'),

4.1.5.5 Assembly. Prior to final assembly, the bottom section, lid, and channel are
cleaned, inspected and tested. The bottom section and a Teflon gasket are positioned
onto the tank access door boss with the LHy injection tube engaged with the hole in the
bottom wall. A Teflon gasket is next placed over the center hub and the channel assembly
positioned over this gasket. A third gasket is then placed over the channel hub and the
support tube placed over this gasket. The three subassemblies (bottom, channel and
support tube) are attached to the access door using eight bolts which pass through these
three assemblies and engage with threaded inserts in the access door boss. The LHo
injection tube is next sealed to the bottom wall using the "KEL~F" lip seal, a backup

ring and 4 nuts which engage with flanged studs. The first part of the assembly is now
completed, and the joints at the gaskets are leak-checked before proceeding with the final
part of the assembly.

A Teflon ring gasket is positioned on the bottom section flange and a second
gasket placed over the support tube flange. The lid assembly is placed over these
gaskets and attached with 54 CRES screws. The assembly is now completed. Prior
to installing into the tank, the two joints for attaching the lid are leak-checked.
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The assembly procedures described above do not include any instrumentation
that may be requred. Instrumentation inside the device would be wired and the penetra-
tion points checked for leaks prior to installing the lid. Penetration fittings for the wires
will probably be located through the web section of the perimeter ring. All wires would
be bundled into a single cable equipped with an end fitting for attaching to the tank wall
penetration fitting, Excess length in the cable would permit the final connection before
the access door is positioned and sealed.

4.1.6 QUARTER-SCALE RECEIVER TANK. The design of the quarter scale receiver
tank is 1dentical to the half scale tank (see Figure 4-3 and 4-4) except for its size and
the absence of a propellant acquisition device. The basic tank is 105.4 cm (41.5 in)

in diameter x 231.9 cm (91. 3 1n) in length including the two ellipsordal bulkheads. The
total volume is 1.81 m3 (64 ft3) and the weight is 49.4 Kg (108.6 lbs). The preliminary
design for this tank is shown in Section 3.3 as Layout #12 (Figure 3-35).

4.1.7 SUPPLY AND RECEIVER TANK SUPPORT STRUCTURE., The two receiver tanks,
the supply tank, interconnecting plumbing, and electrical systems are assembled into one
module and checked out. The module is then installed in the Shuttle and the system inter-
faces connected to the payload service panels. To accomplish this, the structure shown
in Figure 4-6 (Layout #21) is required. The design consists of a cylindrical body section,
two purge enclosure bulkheads, receiver tank support beams, and supply tank support
struts. A detail parts list with weights is also included on Sheet 2 of the Layout.

4.1.7.1 Cylindrical Body Section. The cylindrical body section is an aluminum alloy skin
stringer frame structure. The primary members are two box rings (one aft and one for-
ward) incorporating supply tank support fittings, four trunnion fittings and two keep fit-
tings. Detail ""C" in the Layout shows a typical trunnion fitting arrangement. The two
box rings are interconnected with a cylindrical skin, 48 stringers and 10 stabilizing
frames. The stringers are "I" shaped members spaced at 0.13 radians (7-1/2°) and
running continuously between the two box rings. The stabilizing rings are located inboard
and are spaced along the length of the cylinder. Two of these stabilizing frames are
positioned back to back near the mid-point of the cylinder to form the drag frame arrange-
ment shown in view ""A-A", A third frame (having a deeper section) is located near the
forward end and serves as an interface for the purge enclosure bulkhead.

4.1.7.2 Purge Enclosure Bulkheads. The cylinderical section with two bulkheads attached
forms an enclosed volume for conditioning the supply tank insulation system. Both bulk-
heads are fiberglass and the inside surfaces are covered with a teflon film. "Z" shaped
fiberglass stabilizing rings are bonded to the outside surfaces. The aft bulkhead is el-
lipsoidal and the forward bulkhead is a spherical segment. Each bulkhead has an integral
ring at the base attaching to the structure.

The supply tank has outlets for fill, drain, vent, transfer and electrical. These
outlets penetrate the bulkheads as shown in Detail "E'" on the Layout. The penetration
consists of a split fiberglass collar, two aluminum alloy backup rings, a CRES band clamp,
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and a set of nut plates and screws. The split fiberglass collar is clamped to the neck of
the outlet with a CRES band and the split line sealed. One back-up ring equipped with nut
plates is located at the inboard side of the collar and the second ring is located on the
outside surface of the bulkhead. A gasket or an adhesive coating is used between the collar
and the bulkhead. The purpose for the back rings is to distribute the clamping load between
the screws.

4.1.7.3 Receiver Tank Support Beams. The half-scale and quarter-scale receiver tanks
are positioned in parallel and supported from the forward end of the structure with a net-
work of beams. The beams are attached to the box ring at ten points and are arranged to
interface with each receiver tank at eight points. A typical beam cross section is shown
in view "G-G'" on the Layout.

4.1.7.4 Supply Tank Support System. The aft supports for the supply tank are eight pairs
of low conductive struts arranged in a "V'' pattern. A schematic is shown in Detail "F",
The struts are oriented so that the loads are directed tangentially into the bulkhead, This
system provides restraint in all directions while allowing tank dimensional changes.

The forward end of the tank is supported with eight drag struts as shown in View
"A-A" and the schematic in Detail "B", This arrangement provides radial restraint only
while compensating for tank dimensional changes.

4.1.7-5 Half-Scale Receiver Tank Support Structure. The half scale receiver tank must
be supported at each end from a cylindrical structure which 1n turn interfaces with the
beams on the supply tank support structure. Several types can be used such as an open
truss, open isogrid, honeycomb, skin stringer frame, and semi-monocoque. In the
interest of low cost, the semi-monocoque shown in Figure 4-7 (Layout #22) was selected
Since the experiment 1s Shuttle dedicated, weight 1n this case is not regarded as a

disadvantage,

The design is a simple 228.6 cm (90 in) diameter x 312.4 cm (123. 0 in) length
cylinder equipped with two end rings and five intermediate stabilizing rings. The aft
ring has a tee-shaped cross section and is equpped with clevis type fittings for attaching
the tank support struts (detail A). The aft ring also has holes in the outboard flange for
attaching to the supply tank support structure beams. The forward ring also has a tee-
shaped cross section and 1s equipped with fittings for attaching the tank support drag
struts (Detail B). The intermediate stabilizing rings have "Z' shaped cross sections
and are equally spaced along the length of the cylinder. End bulkhead closures are not
required since the tank insulation does not require a purge system.

The tank supports are the same as that described for the supply tank which uses
a system of low conductive struts at the forward and aft ends. Loads through these
struts are directed tangentially into the tank shell,

Included in Layout #22 is a parts list with weights. This list shows materal
gages and the basic geometry of each component.
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4,1.8 EXPERIMENT MODULE ASSEMBLY. The complete experiment module assembly
shown in Figure 4-8 (Layout #23) consists of a support structure, a supply tank, two
receiver tanks, power supply unit, remote acquisition interface unit, pneumatic control
unit, three helium storage bottles, interconnecting plumbing, an instrumentation system,
and wiring. The expennment module assembly contains all systems and interfaces neces-
sary to conduct, momtor and record data for propellant transfer. Also included are
provisions for structural, fluid and electrical interfacing with the Shuttle as well as
systems for status monitoring during ascent and descent. The equipment is arranged

for easy accessibility during factory checkout and KSC ground operations when installed
in the Shuttle.

4.1.8.1 Support Structure. The support structure consists of a large cylindrical shell

for supporting the supply tank and two smaller cylindrical shells which in turn support

the receiver tanks. The large shell has support trunnions and keel fittings for interfacing
with the Shuttle. This large shell also contains support beams at the forward end for
attaching the two smaller shells and two purge enclosure bulkheads which form a closed
cavity for purging the supply tank insulation system. The smaller cylinders are canti-
levered from the forward beams, therefore additional support struts and an interconnecting
shear panel are employed. The support struts are attached to the main forward box ring
on the large cylinder. The shear panel interconnects the two small cylinders and is also
attached to the forward beams.

During assembly, both the receiver tanks and the supply tank are suspended inside
the shells prior to final structural connections between the shells.

The aft support trunmons are positioned in the payload bay at X, 1202.7 and the
forward trunnions at X, 974.6. The keel fitting locations are slightly offset from the
trunnions due to available locations. Station Xo 1202. 7 provides sufficient clearance
between the aft end of the module and the Xo 1307 bulkhead for routing plumbing and
accessibility for making connections. The overall length from X 1302.0 is 12,5 meters
(41. 0 ft).

The system connections and controls between the Shuttle and the experiment mod-
ule assembly are abort dump, ground fill and drain, ground vent, helium fill, helium
purge, flight vent, data management and electrical. The abort dump duct routes from
the dump valve on the module to an overboard interface located at Z, 331.2 and Xg 1295. 0.
The duct is an offset ""S" shaped assembly incorporating three axially restrained flex
joints for absorbing dimensional changes and tolerances. A flanged connection, incor-
porating dual seals with overboard vented cavity, is used to connect duct to valve. The
duct is also equipped with insulation.

The fill and drain duct starts at a valve located adjacent to the abort dump valve
and is routed to the Shuttle fuel umbilical panel. The location of this umbilical panel is
shown in Figure 4-9 (Layout #24). The duct incorporates three axially restramed flex
joints, a disconnect and a purged insulation system. Similar to the abort duct, a flanged
connection with dual seals is used at the fill and drain valve.
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4.1.8.2 Supply Tank. Details for the supply tank were shown previously in Figures 4-1
and 4-2. The tank contains an acquisition system, an insulation system, and provisions
for fill, drain and vent. The tank is suspended inside the large cylindrical shell with a
system of low conductive struts located at the aft and forward ends.

4.1.8.3 Plumbing. The supply tank is equipped with circuits for ground fill/drain,
ground vent, flight vent abort dump, and experiment fluid transfer. The receiver tanks
have circuits which permat filling in three different modes (manifold spray, single spray
or direct njection) and also vent provisions.

The 1/2 scale receiver tank has an acquisition system which permits transfer
back to the supply tank. Both can be emptied by boiling off thru an overboard vent cir-
cuit. The helium storage bottles are also interconnected to permit pressurization of
the supply tank for transfer or abort and for actuation of control valves. The plumbing
for these systems is basically 304L CRES tubing supported from the three structural
cylinders which envelop the tanks. Both pneumatic and solenoid operated valves are used.
For the abort dump, a multiple actuated harpoon valve is located at the tank outlet. Over-
board plumbing for the abort dump and for other circuits are provided at installation level
in the Shuttle.

As a safety measure all joints that are operationally amenable to welding are
welded. When 1t is necessary to use a flanged connected dual seals are used with the
cavity between the seals vented overboard. For small mechanical connections such as
in the helium circuits, the AFRPL bobbin seal connectors or shrink couplings may be
used.

All lines are routed over the top side of the supply tank support structure. The
transfer line for example starts at the supply tank aft bulkhead and is routed forward
over the purge enclosure bulkhead and the cylindrical support structure. At the forward
end, the line branches out into two manifolds which attach to the recewer tanks. Ths
transfer line incorporates axially restrained flex joints for absorbing dimensional changes
and 1s enveloped with a multi-layer insulation (MLI) system. Those lines which must be
routed overboard are terminated near the aft end of the purge enclosure bulkhead., At
the Shuttle installation level, a plumbing kit is used to make the overboard connections.
The purge enclosure bulkhead is equipped with stiffner rings which provide support for
these lines.

4,1.8.4 Electrical Systems. Instrumentation, receiver tank wall heaters, valve actuation,
monitoring, data collection, and interfacing with Shuttle systems are functions of the elec-
trical system. Also included are provisions to satisfy the safety grounding and redundancy
requirements for Shuttle payloads. The wiring harnesses for this system are located on
the top side of the supply tank support structure adjacent to the fluid lines. Excess length
is provided at the aft ends of these harnesses so that connections to the Shuttle payload
service panel at station X, 1307 can be made without additional splices.
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4,1.8.5 Remote Acquisition Interface, Power Supply and Pneumatic Control Units.
These units are located at the forward end of the supply tank support structure and are
oriented for easy accessibility. Data management, electrical and tubing lines gomng to
and from these interface units are routed along the cableway (see Figure 4-8).

4,1.9 INSTALLATION IN THE SHUTTLE. The main cylindrical structure which con-
tains the supply tank has two aft trunmons, two forward trunnions and two keel fittings
which 1nterface with supports on the Shuttle. Each trunmon has an outboard fitting
which engages with the Shuttle and an inboard flange which is designed to accept AGE
equipment. A typical arrangement was shown previously in View C of Figure 4-6 (Layout
#21). The complete module is picked up by these flanges, placed into the Shuttle payload
bay and attached. Referring to Figure 4-9 (Layout #24), the centerline of the module 1s
slightly below the payload bay centerline. The purpose for this offset is to provide added
space on the top side between the payload bay envelope and the module plumbing. The
module structure 1s 448. 0 cm (174. 0 in) diameter across the tops of the stringers. At
the bottom side, this structure clears the payload bay envelope by 5.08 cm (2. 00 1n) and
at the top by 15.24 cm (6.0 in). Assuming 2.54 cm (L. 0 in) depth stringers and sub-
tracting 5. 08 cm (2.0 in) for envelope clearance, the net space available for plumbing
is 7.62 cm (3. 00 in). Both plumbing and wiring is located between the stringers and
supported with fairleads attached to the tops of the stringers.

On the experiment module assembly, the ground vent duct starts at the top of
the supply tank and terminates at the stub-up located near the end of the aft purge
enclosure bulkhead. The stub-up is supported from the purge enclosure stiffener
ring. The overboard duct section routes from this stub-up to the fuel umbilical panel.
Similar to the fill and drain this vent duct incorporates flex joints, a disconnect and
insulation,

The helium fill line is routed similar to that described for the vent. The helium
fill is a high pressure tube having flex loops for absorbing deflections and tolerances.
The tube terminates at the fuel disconnect panel through a disconnect.

The helium purge is a low pressure tube which starts at the aft purge enclosure
bulkhead and terminates at the fuel disconnect panel thru a disconnect. This line sup-
plies helium for conditiomng the supply tank MLI prior to ascent.

The flight vent duct and the electrical harmess interface with the Shuttle at two
service panels located in the Xo 1307 bulkhead. Location of these panels is shown
on Layout #24. The vent duct branches off the ground vent near the aft purge enclosure
bulkhead and is equipped with a shut-off valve. In addition to venting the supply tank
during ascent, this flight vent duct will also convey gases from the zero-g vents and
boiloff from the receiver tanks.

4,1.10 CENTER OF GRAVITY AND WEIGHT SUMMARY., A weight summary for the
complete module, the c.g. location, and the relation of the module c.g. to the Shuttle
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allowables is shown in Figure 4-10 (Layout #25). The weight summary is broken down
into major areas such as tanks (including insulation), support structure, plumbing, etc.
Those items which have been previously designed with detailed weight analysis are noted
on the parts list. Weights for the remaining items were extrapolated from similar
systems which have been detailed.

4.2 PRE-FLIGHT PROCEDURES

The more significant pre-flight procedures for the propellant transfer experiment
involve the ground operations and integration at Kennedy Space Center (KSC), and the
experiment design and operational controls imposed by the required STS safety and
hazard analysis criteria. Section 4.2.1 provides an overview of the ground operations
at KSC. The preliminary safety and hazard analysis for this conceptual design phase
of the experiment is presented in Section 4. 2. 2.

4.2,1 GROUND OPERATIONS. The Propellant Transfer Experiment (PTE) integration
and ground operations will take place at the Kennedy Space Center (KSC). Figure 4-11
presents an overview of this planned ground operations scenario.

This section describes typical operations which must be performed at KSC to
ready a PTE payload for launch on the Space Shuttle Vehicle (SSV). Payloads for each
Shuttle are manifested by JSC into a complete Shuttle cargo. KSC then prepares an
integrated ground operations flow for each Shuttle flight. A part of the integration
analysis by KSC is to determine whether the payload will be 1nstalled in the Orbiter
at the OPF or at the launch pad. Certain hazardous operations cannot be performed 1n
the OPF; consequently, some payloads must be installed at the launch pad. The type
of hazardous operations to be performed is the most important criterion in deciding
whether a payload will be installed in the OPF or at the launch pad.

A preliminary analysis of PTE launch site requrements indicates the vertical
processing mode of operations, e.g. launch pad payload installation appears to be com-
patible with PTE requirements.

Some of these requirements, the on-pad propellant loading in particular, were
identified during the Centaur-in-Shuttle study and solutions were recommended. These
solutions have been incorporated into the PTE scenario to the extent that they apply.

Several baseline data sources were used for this analysis. The most important
were:

K-STSM-14.1 Launch Site Accommodations Handbook
for STS Payloads, Vol. VI

- K-STSM-09 Rev. 4 Operations and Maintenance Management
Plan, Vol, 1

- Shuttle Turnaround Analysis Report (STAR) No. 17
- K-STSM-14.1.12 Vertical Processing Facility Handbook
4-33
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- GDC 979-STS-79-1 STS/Centaur Integration Launch Operations Plan

The following ground rules and assumptions were used in the development of
the integration and ground operations for the PTE configuration:

1. The PTE 1s installed with the Orbiter vertical at the launch pad.

2. The current 160-hour KSC Shuttle turnaround is used.

3. LH, loading will be remotely controlled from the STS launch control center (LCC).
4, Remote PTE payload fill and drain operations will be accomplished via the

Orbiter T minus 0 umbilical system capability.

5. It is assumed that a Shuttle will be exclusively dedicated to support a Pro-
pellant Transfer Experiment mission. In this case, there is only one P/L
in the cargo which is the PTE.

4,2.1.1 PTE Payload Processing Facility., Payload Processing Facility (PPF) wall

be required for the receiving inspection, assembly, test and checkout operations. An
electrical ground support equuipment (EGSE) station to monitor and conduct checkout
will be established. Mechanical, electrical and functional tests will be performed to
meet the interface requirements of the STS EGSE and mechanical ground support equp-
ment (MGSE) at the pad, mobile launcher platform (MLP) and the LCC. The test will
include a cryogenic tanking simulating as close as possible to the Shuttle conditions

and interfaces.

The following is a checklist of PTE operations which may be performed 1n the

PPF:

a) Receiving/inspection

b) Removal/installation of transport covers

c) Initial pressure system test

d) LHy loading system, pressurized and leak-tested
e) Functional/performance verification test

1) Weight and center-of-gravity determination

Upon completion of PPF operations, the PTE will be transported to the Vertical
Processing Facility for Orbiter to PTE interface verification.

4-36



4.2.1.2 Vertical Processing Facility (VPF). .The PTE w11l be transported to the
airlock in the VPF where the PTE will undergo an exterior cleaning operation prior
to entering the Class 100,000 high bay. The PTE, after an initial interface check,
will be installed in the Vertical Payload Handling Device (VPHD) and installed 1nto
one of the test cells. After a series of mechanical and electrical interface validation
and compatibility tests, including end-to-end, the Cargo Integration Test Equpment
(CITE) test operation w11l be run wath the entire flight manifest. Trunnion and keel
fittings will be verified and an electrical compatibility test with the Orbiter interface
will be performed. Upon completion of the CITE test, the payload canister 1s moved
vertically up to the workstand and positioned such that the vertical payload handling
device on the workstand can transfer the entire PTE into the canister for movement
to the rotating service structure (RSS) at the launch pad.

a) Operations in the VPF are conducted under environmentally controlled con-

ditions. The entire VPF is a class 100, 000 clean room with temperature
at 297.2 ¥ 2 K (75 £ 3 F), and relative humdity controlled at 45 1 5 percent.

b) VPF operations include:

1. Removal of PTE from the transportation canister.
2. Electrical systems test.

3. Mechanical systems test. .

4, CITE testing.

5. Removal of MSS control panels from PTE-peculiar GSE for movement
to OPF for installation into the Orbiter.,

6. Installation of complete PTE cargo assembly into canister.

4.2.1.3 Pad Operations. Installation of the PTE into the RSS will occur prior to the
Space Shuttle Vehicle (SSV) transfer to launch pad, and begins with the positioming of
the canister below the retracted rotating service structure. Once at the pad, the pay-
load canister will be hoisted into position, the entire PTE extracted from the canister
by the Payload Ground Handling Mechanism (PGHM) and retracted into the RSS. Some
RSS time may be available 1n the rollback position for systems test prior to or during
Orbiter-to-Pad transfer operations.

After the Mobile Launch Platform (MLP) is hard down on the pad, the RSS
will rotate into position for PTE payload insertion into the Orbiter bay. Following
RSS and Orbiter cargo bay door opening operation, the PTE will be inserted into the
Orbiter bay by the PGHM and secured. Prior to the cargo bay doors closing, the
total cargo-to-Orbiter interface verification tests, closeout procedures, and payload-
unique tests (end-to-end test) will be accomplished. Orbiter cargo bay door closing
will be the last time that the PTE may be accessed prior to liftoff,
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RSS and launch pad operations include:

o Installation of PTE-peculiar GSE into RSS.

(] Hoisting canister into RSS.

° Removal of PTE from canister.

° Removal of canister from RSS.

® Inspection, test and servicing of PTE payload prior to arrival

of Orbiter at launch pad.

° Insertion of PTE into Orbiter.

) Connection of PTE to Orbiter interfaces.
° Interface verification test.

° Final PTE payload servicing.

° Payload bay closeout.

. LHy/GHe loading (see Tanking Operations).
] Retraction of PCR,

o Launch countdown.

4,2,1.4 Tanking Operations. To support the PTE tanking operations, LHy supply
control skids will be installed on the Mobile Launcher Platform (MLP). The skids
will interface between the propellant supply stub-ups and the Orbiter T-0 umbilicals.
A TBD-supplied GHe control panel installed in the MLP will control GHe flow from
the MLP supply interface to the T-0 panel.

PTE remote monitoring, tanking, and control functions will be processed thru
hardwires via the Orbiter T-0 umbilicals from the LHa/GHe control skids to the launch
control center at the VAB.

4.2.1.5 Post~flight Processing. After landing at the Orbiter Landing Facility (OLT),
the Orbiter is towed to the Orbiter Processing Facility (OPF) for deservicing/safing
operations. Once the deservicing/safing operations have been completed, the PTE
payload (utilizing the OPF payload strongback) will be removed from the Orbiter cargo
bay and placed in the PTE transporter and moved to TBD facility for post-mission
processing.

4.2,1.6 Summary of Preliminary Launch Site Requirements

Payload Processing Facility (PPF):

- LHy tanking supply and control system
- PTE transporter

- Transport covers
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- Handling GSE

- Electrical interface checkout equipment

Orbiter Processing Facility (OPF):

- Provisions for installing Orbiter cabin located PTE
remote control panels

- Provision for installing fluid lines connecting PTE
and Orbiter T-0 umbilicals

Vertical Assembly Building (VAB):

- Connecting cables between PTE and CITE launch control center

Provisions for remote control of PTE LHy and He tanking and
checkout

Rotating Service Structure (RSS):

- Electrical power for PTE-peculiar GSE

- GHe interface for purging operations

It is apparent that most of the major launch site facilities required for the PTE
are presently available at KSC. There are no sigmficant unique requirements. Other
facility elements specifically required to support future OTV operations such as the
LHp tanking and helium pressurization control skids would become available to support

any needs of the PTE program.

4,2.2 PRELIMINARY SAFETY AND HAZARD DESIGN ANALYSIS. In order to insure
the design of an operationally safe experiment, specific safety and hazard gmdelines
were used as an integral part of the design effort. The intent at this conceptual stage
of the expernment design development was to mghlight these safety and hazard guide-
lines which directly relate to major operational, or design decisions. These funda-
mental safety and hazard gudelines were selected from References 4-1 thru 4-5.

Table 4-2 lists the requurements and guidelines that were used during the con-
ceptual design phase of the program. Examples of the design and/or operational com-
pliance are summarized for each of the safety and hazard guidelines listed, In addition,
safety oriented design practices were used in all the design concept considerations and
would normally be expanded 1n subsequent program phases as the level of the design
detail expands.
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Table 4-2. Hazard and Safety Analysis of Propellant Transfer
Experiment Conceptual Designs

1.

3.

5.

Typical Requirements and Guidelines

Experiment LHg tank and pressure
vessel design factors of safety shall
be at least as conservative as the
Orbiter design factors of safety taking
into consideration their operational
status during flight.

A pressure-relief capability shall be 2.
provided for the experiment tanks which
automatically limits the maximum
pressure. Venting shall be overboard

and shall be arranged so that reactive

fluids cannot mix.

A capability shall be provided for the
Shuttle crew to dump experiment
fluids and vent payload pressurants
overboard within the time constraints
imposed by an abort situation. This
capability shall be available with the
payload-bay doors open or closed.

3.

Experiment tanks and their support
equipment shall be designed and
qualified at serviced conditions to
withstand the Orbiter payload-bay
environment, including that encountered
during emergency maneuvers and the
post -landing heat soak.

4.

The experiment payload propellant fill,
drain, and vent interface with the
Orbiter shall permit system propellant
transfer, venting, and emergency de-
tanking with the payload-bay doors
closed and latched in a safe mode.

Specific Experiment Designs/Operations
Interfaces/References

The LHy tanks (supply, 1/2 scale and
1/4 scale) safety factor is 1.4 or
greater. Helium pressure vessel
safety factor is 2.0 or greater.
Pressure not required for structural
stabilization of LHo tanks. Example
of tank layouts 10, 19 and 22. (See
Sections 3.3 and 4. 1).

All tanks are designed with adequate
pressure regulators and pressure
relief systems. Overboard relief is
of hydrogen gas only and will be
arranged so as not to mix with any
Shuttle reactive gases that may be
released at the same time.

The Centaur RTLS abort criteria were
used in the design of the LHp dump.
Redundancy and 300 second time
requirements defined the size and
configuration. See Layout 14, Section
C-C for example. (See Section 4.1).

Support structure for the supply tank
and two scale receiver tanks have been
designed for Shuttle environment and
loads. Layout 21 provides a preliminary
design of the tank support structure (see
Section 4.1). Post-flight processing
has been defined in Section 4.2.1.

Section 4.2.1 defines the guidlines used
for our planned ground operations. The
tanking operations and the requred
equipment will be in the mobile launcher
platform (MLP).
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Table 4-2. Hazard and Safety Analysis of Propellant Transfer
Experiment Conceptual Designs (Continued)

10.

11,

. A capability for remotely controlled 6.

Specific Experiment Designs/Operations

Typical Requirements and Guidelines Interfaces/References

The Orbiter crew station control panel

exhaustion of payload hydrogen
residuals to space before retrieval
operations.

The LHy tank thermal protection system 7.

and the tank overpressure vent capability
shall be designed to maximum heat rates
during ground tanked, inflight operational
and abort modes including the post land-
ing heat soak. Overpressure relief

will provide for final checkout of the
automatic test sequence system. Over-
ride capability mill be designed mto the
control station to permit hydrogen dump
before return to the landing site.

The supply tank is designed with MLI
and a He purge system for ground
tanking. Ground vents and TVS are an
integral part of the experiment design.
An example of the thermal protection
system is shown in Layout 18. (See

. LHg fill and drain umbilical disconnects 8.

capacity shall be redundant to vent
capacity.

Section 4. 1),

Section 4.2. 1 defines the umbilical
disconnects. This disconnect is inter-
faced with the T-0 control panel.

shall have positive sealing at disconnect.
A redundant shutoff valve inboard of the
payload disconnect shall be provided.

Cleanliness requirements and water 9.
restrictions for propellants and

propellant systems shall be controlled

and monitored. The level required

shall be consistent with Shuttle systems
cleanliness requirements.

The ground operations scenario includes
the vertical processing facility (VPF)
where the experiment will undergo
external cleaming and then enter the
class 100,000 high bay clean room.
Reference Section 4. 2.1 for details of
ground operations.

Experiment payloads shall not have 10.
structures that depend on tank pressure

for structural stabilization where

Shuttle damage could result if the tank
pressurization were lost.

LHy supply and receiver tanks as
designed do not require internal pres-
sure for support. See Layouts 16, 19,
22 for examples of tank designs.

(See Section 4, 1).

A structural interface shall be provided 11.
between the payload and the Shuttle
payload-bay support points that transmits
the payloads mto the Shuttle structure

with a 25% margin of safety under the

most adverse Shuttle design loads.

The support structure for the experiment
is designed to required Orbiter safety
margins. An example of some of the
structural aspects are shown in Layout
21; see View C for a trunion design
concept. (See Section 4.1).
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Table.4-2, Hazard and Safety Analysis of Propellant Transfer
Experiment Conceptual Designs (Continued)

12,

13.

14 .

15,

16.

17.

18.

Typical Requirements and Guidelines

Specific Experiment Designs/Operations
Interfaces/References

The payload-to-Shuttle interface struct-
ure shall position the payload center of
gravity to assure controllable stable
aerodynamics in all flight regimes.

The payload cryogen-tank thermal
protection systems surfaces that are
exposed to the payload-bay environ-
ment shall be at temperatures in excess
of nitrogen liquification temperatures.

All vents of the payload shall be non-
propulsive.

Payloads shall have operation proced-
ures established for each redline limt
that include those circumstances that
require payload jettison, propellant
and pressurant dump, and hazardous
system safing for mission abort.

Integrated checkout and testing of safety
critical payload support systems shall
be conducted to the extent possible on
the ground before installation into the
orbiter.

Contingency equipment and procedures
shall be available for extravehicular
inspection and securing or emergency
operation of a system that jeopardizes
safe Shuttle earth refurn.

Experiment payload and payload support
equpment leakage sources shall be
mimmized by use of all welded
construction where practical.

Item 11 above includes the basic
reference design. Layout 25 gives a
preliminary indication of CG locations

during landing. (See Section 4.1).

12.

13. During tanking and prior to lift-off the
MLI covered supply tank containing the
LHs is purged with He to prevent
condensation of nitrogen. See Layout
18 for design concept example. (See

Section 4.1).

All vents have balanced force "'steer
horn" outlet designs.

14.

15. Experiment control operations will
provide the procedures fo be used in an
automatic mode various interlocks and
checks will be considered for safe
operation. As a back-up, the crew can
override the system to accomplish the
desired safe operating mode.

16. Section 4.2.1 describes hazardous
operations and checkout procedures.
Safety mechanisms will be ground
checked prior to shipment of experiment
payload from the manufacturer's facility.
17. No special equipment 1s anticipated for
the experiment. EVA capability and
standard tools are presently considered
adequate as contingency support.

18. All pressure lines, seals and flanges,
where possible, are of welded construct-
1on. See Layout 19 for example. (See

Section 4. 1).
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Table 4-2. Hazard and Safety Analysis of Propellant Transfer
Experiment Conceptual Designs (Continued)

19.

20,

21.

22,

23.

24.

Typical Requarements and Guidelines

Specific Experiment Designs/Operations
Interfaces/References

Message signals from the experiment
payload systems shall be provided at
the Shuttle data management system
interface. Measurements shall
include sequence logic status, valve
positions, temperature and pressure
measurements, and failure indications.

All experiment module cases shall be
electrically bonded to the Shuttle
structure to prevent electrostatic
charge buildup and electrical shock
hazard.

Experiment modules utilizing the
Shuttle electrical grounding system
shall comply with the grounding
requirements for the Shuttle.

Experiment modules utilizing Shuttle
electrical power shall comply with
overload protection and wiring
requirements of the Shuttle.

Electrical umbilical disconnects
between the Orbiter and the
experiment shall be separated from
hazardous-fluid disconnects, shall
be qualified as explosion proof, and
shall not have power applied during
disconnect.

Electrical connectors, wiring
functions, and all electrical and
electronic devices used inthe pay-
load and its flight support equipment
shall be hermetically sealed or
otherwise positively protected against
moisture.

19.

20.

21.

22,

23.

24.

RAU will be used to gather experrment
data for transmittal to the Orbiter data
management system. Additionally, at
the crew station monitor, data will be

available to oversee and when required
override automatic functions.

Basic electrical overloading and
grounding approach will be developed
during detail electrical system design.
Interface modules and panels shown in
Layout 23 would be the focal point of
these safety design considerations.
(See Section 4.1).

Same as Item 20.

Same as Item 20.

Section 4.2.1 describes umbilical
disconnect for ground operations and
servicing. All Orbiter to experiment
electrical panels will consider these
guidelines. Layout 23 provides a
preliminary interface design. Pre-
liminary electrical penetration concept
is shown in Layout 16, View F-F.

(See Section 4.1).

Basic design of electrical systems will
follow guadlines. Ground functional and
environmental tests, along with the
launch site electrical system tests in
the VPF will establish flight readiness.
Example of an electrical connector
design is shown 1n View F-F of Layout
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Table 4-2. Hazard and Safety Analysis of Propellant Transfer
Experiment Conceptual Designs (Continued)

Specific Experiment Designs/Operations
Typical Requirements and Guidelines Interfaces/References

24. Continued

16. Other typical electrical interfaces
are indicated in Layout 23 for the RAU,
power and pneumatic modules. (See
Section 4.1).

25. Redundant electrical circuits in 25. Typical wiring circuit for both the
experiment elements shall not be control and instrumentation will prevent
routed through the same connector. total loss of control or data by using

redundant connectors as well as
redundant circuits. Layout 23 provides
a preliminary design of circuit inter-
face modules that will include proper
redundancy provisions. (See Section -
4.1).

4.3 TYPICAL EXPERIMENT CONCEPTS

The preliminary experiment analyses and definitions as outlined 1n Section 3. 2
were channeled during this task to emphasize typical instrumentation and control pro-
cedures. Figure 4-12is a total system schematic showing the location and identifica-
tion of all sensors, valving, plumbing and propellant tanks. A listing of the various
system control valves, their size and type of operation is presented in Table 4-3.

The individual test procedures and instrumentation needs that have been de-
fined are summarized in Table 4-4. These tests are typical of the family of tests
that the experiment hardware can accommodate and are not meant to be a final se-
lection. The three primary experiment areas of: transfer line chilldown; receiver
tank pre-chill; and receiver tank fill also provide opportumties to simultaneously
investigate many of the secondary experiment goals. In addition specific ancillary
experiments as well as the sensor requirements are defined.

4.3.1 TRANSFER LINE CHILLDOWN, The transfer line from the supply tank to
the half-scale receiver has been sized to 3.81 cm (1-1/2 inch) diameter. The branch
to the quarter-scale receiver has been scaled to a 1.91 c¢m (8/4 inch) diameter. For
a previous preliminary analysis of 7.62 cm (3-inch) line 6 m (20 foot) length required
a chilldown time of 15 minutes using vapor at 0.45 Kg/min (1 1b/min). The ti‘;_n:eE_iﬁ
vary directly with the line size (for equal line lengths) and inversely with the flow-
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Table 4-3. Valves Required for Experiments
Nominal Size

Valve cm (In.) Type Action
1 1.27 1/2) Open-Close
2 12,7 5) Open-Close
3 3.81 (1-1/2) Open-Close
4 .27 (1/2) *Open-Close
5 1.27 (1/2) *QOpen-Close
6 1.27 x/2) Open-Close
7 3.81 1-1/2) Open-Close

8 1.91 (3/4) **Throttling
9 1.91 (3/4) Open-Close
10 .64 1/4) Open-Close

11 3.81 (1-1/2) **Throttling
12 3.81 (1-1/2) Open-Close
13 1.27 1/2) Open-Close
14 3.81 (1-1/2) Open-Close
15 1.27  (1/2) Open-Close
16 1.27 @/2) Open-Close
17 1.27 @/2) Open-Close

* Assume control valve on thermodynamic vent system.
** Valve requred for each nozzle array (4 per tank),
Valves to be open-close action,

Table 4-4. Typical Experiment Concepts

Test Procedures

Transfer Line Chilldown

Recelver Tank Pre-Chill

Receiver Tank Fill

Secondary Experiments

Start Basket

- Hehum Pressurization
- Emergency Dump

MILI & TVS

Sensor Identification

Section
4.3.1
4.3.2
4.3.3
4,.3.4

4.3.5

4-46




rate. Four runs each with vapor and liquid have been planned; however, for the
smaller line diameter chosen (3.81 cm and 1,91 ¢m) more runs are feasible. Reheat
power for each run will vary directly with line diameter.

The nozzle used to inject the coolant into the transfer line at the upstream
end 1s sized to deliver 0,45 Kg/min(1 1b/min)of LHg at 117 Kn/ m? (17 psid).  Vapor
flow rate will be controlled using a valve integral to the TVS. Refer to Figure 4-12
for the flow path during a typical chilldown run through the transfer line to the half-
scale receiver using GHy from the TVS. All of the chilldown runs will be made through
the larger receiver tank line, with the exception of a single run prior to conducting a
prechill of the quarter-scale tank. Thus, only this portion of the transfer line which
goes to the larger receiver tank need be configured with heaters.

During a vapor run, the flowmeter (F1), bulk flow temperature sensor (T2),
pressure transducer (P2), and quality sensor (Q2) will provide data on the state and
mass flow rate of the vapor leaving the TVS. Just downstream of valve 5, the vapor
will be injected into the transfer line through the nozzle. At that time another quahty
(Q1),bulk flow temperature (T3), and pressure (P3) check will be made. Thermocouple
pairs, 1800 apart will be located along the transfer line outer wall to record the wall
temperature, They will be equally spaced at 20 locations along the line. At the re-
ceiver end of the line, quality (Q5),bulk temperature (T9), and pressure (P8) will again
be recorded. The flow will continue 1nto the receiver and out through vent valve 14.

A typical liquid injection run will be made by routing the source LHg from
the tank, where 1ts initial pressure (P1) and temperature (T1) are known, through a
1.27 cm (1/2 inch) bypass to the injector nozzle. From that point, flow path and
instrumentation is the same as for the vapor injection run described above.

Figure 4-13 shows a schematic of the line heater circuit and the required
controls and mstrumentation. The controller should provide circuit breaker pro-
tection overriding the constant voltage demand. Since heater resistance will be
fixed by design, wall temperature feedback to the controller should be employed to
protect against inadvertent overheating of the system. All sensor requarements for )
this experiment are summarized in Section 4. 3. 5.

4.3.2 RECEIVER TANK PRE-CHILL. Each pre-chill run will consist of a series

of cycles, each including an injection, 2 soak, and a vent period. Refer to Figure 4-12
for the typical flow path for an injection into the large receiver tank. Following a suit-
able soak period the tank contents will be vented by opening valve 14, During the in-
jection function, liquid will leave the supply tank through the main transfer line and
will be 1mmediately monitored to determine flow rate (F3), bulk temperature (T3),
quality (Q1), and pressure (P8). Near each receiver inlet, flow rate (F5, F6), bulk
temperature (T6, T9), quality @3, Q5), and pressure (P5, P8) can again be monitored
if desired. (The redundancy here 1s available due to requirements for other experiments. )
The liquid will be injected through the selected nozzle array (1 of 3 provided). A sche~
matic showing the piping for the half-scale receiver nozzles is included in Figure 4-14.
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Figure 4-13. Suggested Circwit Schematic for

+

NOZZLE ARRAY

Transfer Line Wall Heaters

3" I N I )"
NOZZLE ARRAY

N N " ) N

- 1 ! J
NOZZLE ARRAY

N

IAN
1

A N A

[—W
—D<t
-
-

NO NOZZLES

» TO OUTFLOW

END OF TANK

Figure 4-14, Typical Nozzle Schematic for Receiver Tank Pre-Chill and
Fill Experiments

This is typical of both receiver tanks. During the entire pre-chill process, the
receiver tank wall temperature will be monitored using wall-mounted thermocouples.
Twelve thermocouples will be mounted on the cylindrical portion of each receiver tank
in sets of four at the middle and each end. The thermocouple 1n the set will be spaced
at 90° intervals. At the ends of each tank single thermocouples are located.

The fluid condition inside each receiver tank will be monitored using bulk
temperature sensors (T7, T10) and pressure transducers (P7, P9). Each receiver
tank will contain 12 temperature sensors for the range 28-290K (50-520R) and 12
sensors for the range 14-28K (25-50R), mounted on an instrument "tree." Each tree
will also contain three pressure transducers. All sensor requirements are summarized

in Section 4.3.5.
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Following each pre-chill run, the chilled receiver tank will be reheated to
the ambient condition, approximately 290K (520R). A schematic of the tank wall
heater circuit is shown 1n Figure 4-15. The same controller and instrumentation
which will be used for the transfer line heaters can be used for the receiver tank

heaters.

 SHUNT
cl
S3 S2 s1
1 1 POWER
SOURCE
LARGE SMALL TRANSFER
RECEIVER RECEIVER LINE
TANK TANK HEATER
HEATER HEATER
v1i: MILLIVOLTMETER Si, S2, S3: DPDT SWITCHES
v2: VOLTMETER
Cl: CONTROLLER

Figure 4-15. Suggested Circuit for Experiment Heaters
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4.3.3 RECEIVER TANK FILL. This experiment will contain several flow
scenarios: fill of large and small receivers, return of large receiver contents to
supply on some of the runs, dump of large and small receiver contents following a
fill. Durng a typical filling run on the small receiver, helium will be used as neces-
sary to bring the supply tank to a proper tanking pressure. LH, outflow will then be
initiated.

At the supply tank exit, the outflow rate (F3) will be measured and the state
of the liquid recorded (Q1, T3, P3). At the receiver entrance, the state will again
be determined (Q3, T6, P5) and the flow rate recorded with (F5). The flow will enter
one of the selected nozzle arrays and then be injected along the tank wall. Mass con-
tent (M2), pressure (P7), and temperature (T7, T15) will be recorded at various
positions on an instrument tree 1n the tank. Twelve temperature sensors (T7) will
have an extended range and modest accuracy to determine the state of tank contents.
Twelve more sensors (T15) will be employed to get better accuracy in the limited
range of liquid temperatures. The wall-mounted thermocouples will provide data on
the wall temperature drop from the pre-chill value during fill.

Following the fill run on the small receiver, the contents will be dumped by
opening valve 9. The quality (Q4) will be momtored during this operation to determine
when liquid flow stops. To facilitate dumping, some helium pressurant may be used.
It w11l be necessary during dump operations to provide thrust for settling. This is to
avoid formation of solid Hg at 6.89 Kn/ m2 (1 psia). The RCS propellant requirement
will be approximately 50 Kg to dump all the small receiver runs and all the large re-
ceiver runs that are not returned to the supply tank.

Fill of the large receiver 1s accomplished in a similar fashion. The instru-
mentation requirements are the same as for the fill of the small receiver. Throughout
the fill experiment the contents of the supply tank will be momtored with a mass gaug-
ing device (M1), temperature sensors (T1), and pressure transducers (P1). Helium
temperature will be taken at the supply inlet (T5).

During a transfer back to the supply tank following a fill run of the large
recceiver, the receiver tank pressure is increased above supply tank pressure with
helium. Pressurant temperature at the tank inlet will be recorded using sensor T11.
At the outlet, the quality (Q6) and flow rate (F7) will be measured. At the supply tank
inlet, the quality (Q1) and state (P3, T3) is checked. Within the supply tank, the in-
strumentation on the tree will provide information on the filling progress. When 1t
is determined that liquid is no longer flowing (usirg Q6, M3, and M1), the valve 12
will be closed and the remaining contents vented through valve 14, Of course, through-
out the transfer process settling thrust will be employed.

In those circumstances where a transfer back to the supply tank is not
chosen, the large receiver contents must be dumped. Some of the transfer line will
be used for this function. Outflow will be momtored at the receiver exit (Q6, F7).
Procedures 1dentical to the dump function for the small receiver will be employed,
ut1lizing thrust settling and helium pressurant as needed.
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Between fill runs, the receiver in use will be vented and heated to the pre-

chill temperature.

4.3.4

SECONDARY EXPERIMENTS.

Start Basket

Dunng a dump operation from the large receiver tank, a performance
test of the receiver start basket can be made. The procedure outlined in
Section 3.2 will be used. The instrumentation in the large receiver outflow
line (@6, F7) will be used to assess the nature of the outflow.

Helium Pressurization System

The condition of the helium pressurant will be momtored using the
temperature (T12, T13, T14) and pressure (P10, P11, P12) sensors in
the bottle outflow lines. No other special instrumentation is planned.

Emergency Dump Line

The rate at which supply tank contents can be dumped is potentially
useful information. The LHo remaining in the supply tank following all
other tests will be dumped out the 12, 7-cm (5-i1nch) abort dump line while
a flowmeter (F4), bulk temperature sensor (T4), and pressure transducer
(P4) record the nature of the flow. During this test, settling thrust should
be employed and pressure kept as high as possible with helium pressurant.
Following the dump test, the supply tank should be purged with helium,
while continuing to vent out the dump line.

Supply Tank Screen Acquisition Device

During the emergency dump test, the capability of the supply tank
screen acquisition device will be assessed. Performance can be monitored
during offloading of the last 5 percent of fuel using the mass gauge (M1).

MLI and TVS

Prior to the primary emphasis experiments discussed above, supply
tank MLI and thermodynamic vent system (TVS) or zero-g vent system
performance can be evaluated. MLI performance can be assessed from
data taken using sensors P1, T1 and the thermocouples on the outer wall.
Data on performance of the TVS can be obtained from basic instrumen-
tation on the vent package and using sensors F1, T2, P2 and Q2. During
periods of operation of the vent mixer only (no venting), mixer performance
(ability to maintain equilibrium of tank contents) data can be gathered
using vent package instruments and the supply tank sensors (P1 and T1).

Receiver tank pressures and temperatures (P7, P9, T10, T16, T7, T15)
after each filling operation will be useful in evaluating the performance of
the MLI on those tanks.
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4.3.5

SENSOR IDENTIFICATION. The sensor indicators in Figure 4-12 have

been defined with respect to requirements. Table 4-5 and Table 4-6 presents a
summary of these requirements in English umts and SI umts, respectively.
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Table 4-5. Summary of Sensor Requirements
(English Units)
Meter
or Fluid

Sensor Type Environment Quantity ILocafion Range Accuracy

F1 Flowmeter GHs @ 38R 1 TVS outflow 0-0.1 =0. 0001
line Ib/sec  1lb/sec

F2 Flowmeter LHy @ 38R 1 Supply out-  0.03 =0. 0001
flow bypass lb/sec  1b/sec
line

F3 Flowmeter LH, @ 38 R 1 Supply out-  0-15 £0.2 lb/sec
flow line Ib/sec

F4 Flowmeter DELETED: NOT SHOWN

F5 Flowmeter LHs; @ 38R 1 Large 0-15 %0.2
receiver lb/sec  1lb/sec
transfer line

F6 Flowmeter LHo @ 38R 1 Small recei- 0-5 =0.05
er transfer 1lb/sec  1b/sec
line

F7 Flowmeter LHy @ 38 R 1 Large 0-20 0.5
receiver out- lb/sec  lb/sec
flow line

Ml Mass gauge LHp,GHp @ 38 R 1 Within supply 0-11,500 =115
tank b 1b

M2 Mass gauge LH,,GHp @ 38 R 1 Within small 0-2801b =31b
receiver

M3 Mass gauge LHp,GHp @ 38R 1 Within large 0-22501b =20 1b
receiver

Pl Pressure LHy,GH, @ 38R 2 Instr. tree, 0-30 =0. 001

transducer supply tank  psia psid
P2 Pressure GH2 @ 38R 1 TVS out- 0-20 =0.1
transducer flow line psia psid



Meter

or Fluid

Sensor Type Environment

P3 Pressure LH,,GH2@
transducer 38-520 R

P4 Pressure LHy @ 38R
transducer

P5 Pressure LHp,GHa @38 R
transducer

P6 Pressure DELETED:
transducer

P7 Pressure LHy,GHp @
transducer 38-520 R

P8 Pressure LH,, GH2 @
transducer 38-520 R

P9 Pressure LHy,GHy @
transducer 38-520 R

P10

P11 ?;S:df;r GHe @ 520 R

P12
Pressure GHe @ 520 R
transducer
Pressure GHe @ 520 R
transducer

Q1 Quality Saturated Hy
sensor .

Q2 Quality Saturated Hg
sensor

Q3 Quality Saturated Hp
sensor

Q4 Quality Saturated Hp
sensor

NOT SHOWN
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Quantity Location Range Accuracy

1 Supply out- 0-100 £0.1 psid
flow line psia

1 Supply 0-25 psi1a 0.1 psid
dump line

1 Small 0-100 0.1 psid
receiver psia
transfer line

3 Small 0-75 =0.001
Tecelver psia psid
instr.tree

1 Large 0-100 =0.1 psid
receiver psia
transfer line

3 Large 0-30 +0.001
receiver psia psid
mstr.tree
Helium

200- ES

3 bottle out- (s)?a4500 zfd
flow lines P P

3 Inside 0-5 +0.1
Supply psia psia
tank MLI

3 Inside 106 = 2x1078
Supply 10-3 torr
tank MLI torr

1 Supply * *
outflow line

1 TVS out- * *
flow line

1 Small * *
recelver
transfer line

1 Small * *
receiver
dump line



Meter

or Fluid
Sensor Type Environment Quantity  Location Range Accuracy
Q5 Quality Saturated Hy 1 Large * *
sensor receiver
transfer line
Q6 Quality Saturated Hy 1 Large * *
sensor receiver
outflow line
Tl Bulk temp LH,, GHg 12 Supply tank 25-45 R =0.02 R
sensor instr. tree
T2 Bulk flow GHy 1 TVS out- 25-60 R =0.1R
temp. sensor flow line
3 Bulk flow LHg or GHp 1 Supply out- 25-520R 0.5 R
temp. sensor flow line
T4 Bulk flow LH, 1 Emergency 25-60R =0.1R
temp. sensor dump line
T5 DELETED: NOT SHOWN
T6 Bulk flow GHp or LHy 1 Small 25-5320 R 0.5 R
temp. sensor receiver
transfer line
T7 Bulk temp. GHp or LHE, 12 Small 25-520R %0.5R
sensor receiver
instr. tree
T8 Bulk flow GHe 1 Small 300-520 R+0.5 R
temp. sensor receiver
pressurant
line
9 Bulk flow GH, or LHy 1 Large 25-320 R X0.5R
temp. sensor receLver
transfer
line
TL0 Bulk temp.  GHjp or LHy 12 Large 25-520 R =0.5'R
sensor receiver
instr. tree
T11 Bulk flow GHe 1 Large 300- 0.5 R
temp. sensor receiver 520°R
pressurant
line
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Meter

or Fluid
Sensor Type Environment Quantity Location Range Accuracy
T12 GHe 3 Helium 300-520 R 0.5 R
Bulk flow
T13 temp. sensor bottle out-
T1l4 p- flow lines
T15 Bulk temp. GHg,LHy 12 Small 25-60 R +0.02 R
sensor receiver
instr. tree
T16 Bulk temp. GHz2,LHp 12 Large 25-60°R +=0.02 R
sensor receiver
instr. tree
Temp. sensor Vacuum,GHe 14 Supply tank 25-60 R 0.1 R
Thermo- outer wall
couple
" Vacuum, GHe 14 Inside outer 400-600R =0.2 R
radiation
shield,
supply tank
" Vacuum, GHe 4 ea Outer wallof 36-520R 0.5 R
penetration penetration
" Vacuum 40-60 Outer wallof 25-320R +0.5 R
transfer line
" Vacuum 14 Quter wallof 25-520 R 0.5 R
small
receiver
" Vacuum 14 Outer wallof 25-520 R 0.5 R

*Sensor must detect liquid 1n gas flow, or gas in liquid flow. Gas flow rates

large
recelver

as hgh as 0.03 lb/sec. Liquid flow rates as high as 20 Ib/sec.

On volume basis, range 0-100% gas +2% accuracy.
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Meter
or
Sensor Type
Fi Flowmeter
F2 Flowmeter
F3 Flowmeter
F4 Flowmeter
F5 Flowmeter
F6 Flowmeter
F7 Flowmeter
M1 Mass gauge
M2 Mass gauge
M3 Mass gauge
P1 Pressure
Transducer
P2 Pressure
transducer
P3 Pressure
transducer
P4 Pressure
transducer

Table 4-6.

Environment

GH, @ 21 K
LH, @21 K

LH, @ 21 K

DELETED: NOT SHOWN

LH, @ 21 K

LHz @21 K

LHy @ 21 K

LH2, GHy @ 21 K
LH,,GH, @ 21 K
LHg, GHy @21 K

LH,y,GH, @ 21 K

GH, @ 21 K

LH,,GHp @
20 - 290 K

LH, @ 20 K

Summary of Sensor Requirements
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(SI Units)
Quantity Location

1 TVS outflow
line

1 Supply out-
flow bypass

1 Supply out-
flow line

1 Large
receiver
transfer line

1 Small re-
ceiver
transfer line

1 Large re-
ceiver
outflow line

1 Within supply
tank

1 Within small
receiver

1 Within large
receiver

2 Instr. tree,
supply tank

1 TVS outflow
line

1 Supply out-
flow line

1 Supply
dump line

Range

0-0.05
Kg/sec
0-0.01
Kg/sec

0-7
Kg/sec

0-7
Kg/sec

0-2
Kg/sec

0-10
Kg/sec

0-5500
Kg

0-125
Kg
0-1000
Kg

0- 207
Kn/m?2
0-138
Kn/m2
0 -690
Kn/m2

0-172
Kn/m2

Accuracy
£ 0. 00006
Kg/sec

£ 0. 00005
Kg/sec

£0,1
Kg/sec

to.1

Kg/sec

t0.02
Kg/sec

t 0.007
Kn/m?2

0.7
Kn/ m?2

0.7
Kn/m?2
0,7
Kn/m?2



Meter
or

Sensor

P5

P6

P7

P8

P9

P10
P11
Pi2

Q1

Q2

Q3

Q4

Type

Pressure
transducer

Pressure
transducer

Pressure
transducer

Pressure
transducer

Pressure
transducer

Pressure
transducer

Pressure
transducer

Pressure
transducer

Quality
sensor

Quality
sensor

Quality
sensor

Quality
sensor

DELETED: NOT SHOWN

LH,,GH, @
20 - 290 K

20 - 290 K

LHy,GHg @
20 - 290' K

GHe @ 290 K

GHe @ 290 K

GHe @ 290 K

Saturated Hp
Saturated Hp

Saturated Hy

Saturated Hy
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Environment Quantity Location
LH9,GHg @ 20 K 1 Small
receiver

transfer line

Small
receiver
instr. tree

Large
receiver
transfer line

Large
receiver
instr. tree

Helium
bottle out-
flow lines

Inside
Supply
Tank MLI
Inside
Supply
Tank MLI

Supply
outflow line

TVS out-
flow line

Small
receiver
transfer line

Small
receiver
dump line

Range
0-690
Kn/m?2

0 -517
Kn/m?2

0-690
Kn/m?

0 - 207
Kn/m?2

1397-31433
Kn/m?

0-35
Kn/m?

1077
1074
KN/m?

*

Accuracy

£ 0.7
Kn/m2

% 0,007
Kn/m2

o

Kn/ m2

% 0,007
Kn/m?2

f17s
Kn/m?2

£ 0.7
Kn/ m?

t2x10
KN/m2



Meter

or

Sensor Type Environment

Q5 Quality Saturated Hy
sensor

Q6 Quality Saturated Hy
sensor

T1 Bulk temp LHg,GHy
sensor

T2 Bulk flow GH,y
temp. sensor

T3 Bulk flow LHg or GH,
temp. sensor

T4 Bulk flow LHy
temp. sensor

T5 DELETED: NOT SHOWN

T6 Bulk flow GH, or LHp
temp. sensor

T7 Bulk temp. GHy or LHgp
sensor

T8 Bulk flow GHe
temp. sensor

T9 Bulk flow GH, or LH3
temp. sensor

T10 Bulk temp. GHy or LHg
sensor

T1i1 Bulk flow GHe

temp. sensor

Quantity

Tocation

1

12

12
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Jarge
receiver
transfer line

Large
receiver
outflow line

Supply tank
instr. tree

TVS out-
flow line

Supply out-
flow line

Emergency
dump line

Small
receiver
transfer line

Small
receiver
instr. tree

Small
recewver
pressurant
line

Large
Recewver
transfer
line

Large
receiver
instr. tree

Large
receiver
pressurant
line

Range

*

14 -25 K
14 - 35 K
14 - 290 K
14 - 35 K
14 - 290° K
14 - 290 K
150-290 K
14-290 K
14-290 K
150-290 K

Accuracy

1+

t+

1+

1+

1+

1+

H-

I+

*

.01

.05

.25

.05

.25

.25

.25

25

.25

.25



Meter
or

Sensor

T12
T13
T14

T15

T16

Type

bulk flow
temp. sensor

Bulk temp.
sensor

Bulk temp.

Temp. sensor
Thermo-
couple

"

Environment

Quantity

Location

GHe

GHs, LHo

GH,, LHg

Vaccum, GHe

Vacuum, GHe

Vacuum, GHe

Vacuum

Vacuum

Vacuum

3

12

12

14

14

4 ea

40-60

14

14

Helium
b.ottle out-
flow lines

Small
recelver
instr. tree

Large
receiver
instr, tree

Supply tank
outer wall

Inside outer
radiation
shield,
supply tank

Outer wall of
penetration

Outer wall of
transfer line

Outer wall of
small
receiver

Outer wall of
large
receiver

* Sensor must detect liquid 1n gas flow, or gas in liquid flow. Gas flow

as high as 0, 015 Kg/sec.
On volume basis, range 0-100% gas * 2% accuracy.

Liquid flow rates as high as 10 Kg/sec.
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Range

150-290 K

14-35 K

14-35 K

14-35° K

200-350 K

20-290 K

14-290 K

14-290 K

14-290° K

rates

Accuracy

1+

I+

1+

1+

i+

"+

1+

1+

1+

.25 K

.01 K

.01 K

. 050" K

0.1 K

.25 K

.25 K

.25 K

.25 K
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EXPERIMENT DEVELOPMENT PLAN (TASK IV)

This section summarizes the study effort directed toward the two principal subtasks of
Task IV, 1) the preliminary defimtion of program development plans and schedules, and
2) a preliminary cost estimate of the flight experiment. The objective of the first sub-
task 1s to outline program planning requirements and to produce a program master
schedule suitable for advanced planmng applications. The objectives of the second
subtask are to conduct a cost assessment of the selected final experiment configuration
and provide a cost estimate, again usable for planning purposes. The results of these
two efforts are discussed below.

5.1 PROGRAM PLANS AND SCHEDULES

A preliminary program development master schedule has been prepared based
on the flight experiment definition from Task IIT and the programmatic groundrules and
assumptions discussed below. The project schedule is summarized 1n Figure 5-1 and
the detailed master schedule is shown in Figure 5-2.

5.1.1 APPROACH. The approach used to develop this schedule 1s first to establish
the overall program milestones. All major functional task areas were then 1dentified
together with the necessary sequence of major activities and events. These were to
include the complete sequence of functions and tasks required for each of the principal
phases: experiment development and test, flight article fabrication, and operational
flight. Once these major mulestones and tasks were identified, detailed program mile-
stones, task durations and other pertinent data were laid out in the master program
schedule. The key activities of each functional task area discipline identified show time
phased relationship to each other and to the external program milestones such as Shuttle
activities. Thus, the interfaces and relationships between these activities and the pro-
gram milestones were 1dentified. This program master schedule therefore serves as

a focal point for displaying and evaluating of interface constraints and time critical
elements.

5.1.2 GROUNDRULES AND ASSUMPTIONS. The following groundrules and assumptions
were used during the development of the program master schedule:

1) The initial experiment flight would occur in mid-CY 1985.

2) A Phase B Defimtion Study would precede the Phase C/D.



3) All system level development and qualification testing is
conducted using the flight article which is refurbished prior
to the flight (no complete system level prototype, engineer-
ing test model, qualification article or backup flight article
is procured). '

4) One dedicated set of tanks is required for ground testing
during the tank development phase.

5) All purchased components are assumed close to or aerospace
flight qualified and only minor modification and/or testing 1s
required. New fabricated or procured components require
normal design, analysis, and qualifications to meet the STS
payload requirements.

5.1.3 PROGRAM MILESTONES. The summary Propellant Management Technology
(PMT) Experiment Schedule for development, manufacturing, and ground and flight test
is shown in Figure 5-1. The overall Phase C/D Design and Development schedule pro-
vides for a 36-month development program from Authority to Proceed (ATP) in mid-CY
1982, to the initial flight of the experiment (m1d-CY 1985). A three-year period was
selected as reasonably representative for an experiment such as this. A Phase C/D
for a complex vehicle such as an upper stage typically extends for about four years.
This experiment might be comparable to a single subsystem of an OTV and therefore
the necessary sequential integration and testing would not be nearly as demanding time-
wise as a full vehicle program.

Fysl | Fvys2 | FYs3 FYs4 | FYs5 | FYs6 |
PROGRAM PHASE Y81 cvs2 cvs3 cves cvss CY86
PHASE B g
DEFINITION FLIGHT FIAST
ATP POR coR UNIT FLIGHT
PHASE C/D v v v Y ¥
DESIGN & DEVELOPMENT e
TEST TANKS D0 250
\/

QLING 7

JFLT EXP

MANUFACTURING

|
GROUND TEST H
]
]
OPERATIONS I
GROUND
7 LAUNCH
FLIGHT
POST FLIGHT ,m

Figure 5-1. PMT Schedule Summary
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This Phase C/D programis preceded by a Phase B Definition Study starting in
the first quarter of CY 81 (mid-FY 81), This Phase B study will provide refinement of
selected concept and tradeoffs and evaluation of any alternatives, system design data
including preliminary systems specifications, a complete set of implementation plans
including manufacturing, procurement, test, reliability and safety, quality assurance,
configuration management, contract, data, operations, etc. Also produced will be
detailed schedule and resource estimates (funds, manpower, facilities). The principal
output from these activities are validated requirements, a design solution and supporting
analyses, and a preliminary estimate of resource requirements. The Phase B effort
thereby provides a firm foundation for efficiently proceeding with the subsequent C/D
phase of activities.

Phase C/D is initiated (ATP) in mud-CY 1982 with the preliminary design re-
view (PDR) in 3 months, and the Critical Design Review (CDR) following 9 months later.
The tank test articles are available for testing by the 4th quarter CY 83 and the flight
experiment is ready for testing early in CY 84. The ground testing phase is completed
1n late CY 84 and the experiment is then refurbished, checked out and available for ship-
ment for the ground operating and integration phase by the start of CY 85. A six month
flight preparation period is provided prior to the mid-CY 85 launch date. (Not all of
this preparation period will necessarily be spent at KSC because of the desire to mim-
mize STS payload on-site time spans.) A nominal post-flight period is allowed for experi-
ment disposition or refurbishment and modification for potential reflights and for data
retrieval and analysis.

This overall PMT experiment schedule was discussed and reviewed with team
members of the ongoing Orbital Transfer Vehicle (OTV) Study (NAS8-33533) and 1t was
determined to be compatible with the development program envisioned for the OTV evo-
lutionary scenario.

5.1.4 PHASE C/D MASTER SCHEDULE. Figure 5-2 presents the PMT experiment
baseline master schedule which 1dentifies major functional Phase C/D tasks and activities,
period of performance, and major milestones. The major activities at program imtiation
ATP are the requirements identification and definition (Systems Engineering and Integra-
tion), predesign activities (Design and Analysis) and finalizing of all Contractor End Item
(CEI) specifications and program plans. The imtial milestone in the review process 1s

the Program Requirements Review (PRR) held two months after ATP, The predesign
activities and specification finalization culminate in a Preliminary Design Review (PDR)

3 months after ATP. At the PDR the final requirements and the final hardware configura-
tion are established.
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Following the PDR the detailed design and drawing preparation process proceeds.
Concurrent and coordinated with detailed design the design verification, performance veri-
fication and interface defimtion and verification activities and analyses are conducted.
Similarly the plans for product assurance are implemented including safety, reliability
and quality assurance, and parts materials and processes (PMP) analyses. During this
detailed design period subsystem development activities (as well as GSE) proceed with
the fabrication, or procurement of components hardware for development on qualification
testing. It is during this period that tank tooling 1s designed and fabricated and the ground
test tank articles are fabricated. These test articles are then used for the required struc-
tural and thermodynamic demonstration tests and qualification tests as necessary. Most
of the required software tasks are also completed during this period.

These activities then culminate in a CDR wherein design adequacy is determined
through formal comparison of the requirements to the experiment design and all analysis
and supporting data is reviewed. Following the CDR, supporting system engineering and
design and analysis are provided as required. The procurement and fabneation of com-
ponents for the flight experiment 1itself are initiated following engineering release and the
flight article experiment hardware is available for ground testing early in CY 84, 20 months
after ATP. The required structural, dynamic, and experiment functional integration testing
is then conducted using this flight article. System Test Equipment (STE) is provided to sup-
port these tests, which includes test facility setup, etc. Upon completion of this testing,
the flight article is maintained and refurbished to flight configuration and undergoes final
checkout and acceptance testing prior to sell-off (DD250) to NASA. This flight article 1s
then available for flight preparation 30 months after ATP.

The ground operations and integration period activities include the preparation
and shipment of the flight experiment to KSC, receiving and inspection, and off-line pay-
load preparation. The experiment is then installed in the Cargo Integrating Test Equipment
(CITE) which simulates the Shuttle Orbiter payload bay and all of its interfaces. Integration
testing 1n this facility verifies and validates the payload as meeting all of the payload/orhiter
interface requirements. The flight experiment may then proceed to the on-line integration
where the payload is installed and checked out 1n the Orbiter's payload bay. Flight support
functions such as training and Payload Operations Control Center (POCC) preparation,
mission, and postmission activities are properly phased to support the nominal seven-day
orbital operations.

Following landing post-mission operations,activities include payload removal from
the Orbiter and payload disposition. In the case of potential reflights of this experiment,
this period would be reserved for maintenance, refurbishment, modification and checkout.
A nominal period 1s also allowed for data retrieval and analysas.



5.2 EXPERIMENT COST ESTIMATE

A cost analysis of the PMTE has been conducted and the results are presented
herein. This section includes the WBS, the cost analysis methodology and ground rules,
program definition and assumptions, and the program cost estimates themselves, including
annual funding requirements.

These data represent preliminary top level estimates that can only reflect the
program defimtion work performed to date and, therefore, cannot be considered complete
or final, They do, however, represent a reasonable estimate based on information avail~
able at this time and are useful for planning purposes.

5.2.1 WORK BREAKDOWN STRUCTURE. The Work Breakdown Structure (WBS)1s a
comprehensive breakdown of all total program life cycle elements categorized or sorted
into several levels of hardware and task or function-oriented end items. The resulting
format is displayed for each major program phase, including project development, flight
article production, and operational test flights, The WBS serves as the basic format for

all cost reporting and programmatic data, and to organize, plan, and manage the subsequent
program.

A preliminary WBS for the PMTE project is presented in Figure 5-3. This WBS
1s based on the final selected experiment concept hardware (Section 4.1) and the program
schedule and groundrules defined 1n Section 5.1 of this report.

The WBS serves to identify all of the cost elements to be included in the cost
analysis task. This WBS contains all of the hardware and tasks associated with program
Phase C/D development and test, the test hardware refurbishment and modification, and
fabrication of the flight hbardware, and the operations activities incurred during the first
flight. It is assumed that the Shuttle user charge includes all Shuttle-related activities
such as on-line payload installation mission operations center activities, flight crew costs,
and other common ground operations/mission operations and activities. Other Shuttle-
related services such as energy kits and other optional services are added to the Shuttle
user charge for the basic transportation. Potential user charges for tracking and data
acquisition (TDRSS, etc.) are carried as separate program level items.

The nonrecurring development portion of the C/D phase includes the one-time
tasks and hardware to design and test the PMTE payload. It includes the requred design
and analysis for all ground and flight hardware, including structural analysis, stress,
dynamics, thermal, mass properties, etc. This phase also includes all software develop-
ment. This nonrecurring category includes component development and test through
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component qualification, as well as all component development test hardware. In addition,
this phase includes: system engineering and integration; system level test hardware and
system test; GSE design, development test, and manufacture; facilities; and lastly, overall
program management and administration,

The production portion of the C/D phase (umt cost estimate) includes all tasks and
hardware necessary to provide one complete set of flight hardware equipment. It includes
all matenal and component procurement, parts fabrication and hardware refurbishment,
subassembly, and final assembly. In addition, this category includes the required quality
control/inspection task, an acceptance test procedure for sell-off to the customer, and
program management and admnistration activities accomplished during the manufacturing
phase.

The operations phase includes all preparation, launch, and on-orbit operations
associated with the PMTE payload. It includes all ground operations, Shuttle system inte-
gration (including postmission activities), and the mission operations (ground) activities
themselves, including mission control, data handling, support, etc., together with program
management and administration during the operations period.

A discussion and definition of the individual cost elements 1s 1ncluded as the WBS
dictionary i1n Appendix A,

5.2.2 COST METHODOLOGY. A cost work breakdown structure was developed (Section
5.2.1) that includes all elements, chargeable to the Propellant Management Technology
Experiment Project for each of the program phases, 1.e., development, production, and
operations. This cost WBS sets the format for the estimating model, the individual cost
estimating relationships (CERs), cost factors or specific point estimate requirements, and,
finally, the cost estimate output itself. Cost estimates are made for each element, either
at the WBS breakdown level shown or one level below in certain cases. These estimates
are accumulated according to the WBS to provade the required development, flight article
production, and first flight operations costs.

The estimating methodology varies with the cost element and with the availability
of mstorical data or vendor quotes. For new non-off-the-shelf hardware, parametric CERs
are used. These CERs were developed during past cost analysis activities performed by
Convair on space experiment systems and during the Space Transportation Systems Pay-
loads and Data Analysis (SPDA) study (Contract NAS8~29462). These CERs have
been derived for various categories of hardware and many subcategories representing dif-
fering levels of complexity or technology farulies. These CERs are derived from available
historical cost data or detailed estimating information and relate cost to a specific driving



parameter such as weight, area, power output, etc. TFor example, the varous facility
structural mechanical items, mechanisms, control systems, etc., were estimated using
such CERs. The tankage for this experiment represents a special problem since little

or no historical cost experience is available for this type of flight experiment, i.e., a set
of equpment that will not be operational 1n the sense of a launch vehicle stage yet still needs
to meet the requirements and criteria necessary to fly in the Shuttle. Figure 5-4 shows a
plot of cryogenic tankage cost vs. volume for three levels of technological complexity.
These technology families are 1) uninsulated tanks, 2) insulated tanks, and 3) vacuum 1nsu-
lated devices. It should be noted that all data points shown represent operational programs,
not an experiment as considered in this study. It may be expected the cost impact of being
"an experiment’" will be substantial 1n the development phase cost but not necessarnly too
significant in the unit cost.
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Figure 5-4. Cryogenic Tankage First Unit Cost Relationship



Hardware actual costs are shown with solid dots and estimates with open dots.
They include the dewar family, a group of insulated tanks (mostly foam insulation) and
a family of uninsulated tanks. Regressions for these three families produced nearly
identical slopes. Uncertainty bands at a fixed average slope were then used to bound
each family., As may be seen 1nsulated tanks represent a factor of about 2.2 of the cost
of uninsulated versions. A deficiency in this data 1s that the dewar does not overlap that
of the other tank and therefore cannot provide a positive confirmation of the average slope
used.

Non-recurring or development cost data are shown in Figure 5-5. Less data
were readily available than for unit costs and also more difficult to interpret because of
the widely varying design requirements and development environments and philosophies.
With respect to these development costs historical data suggests that development and
qualification costs may run as high as 25 times the Theoretical First Umt (TFU) production
cost for users having stringent design requirements, and ranging down to 5 times the TFU
for relaxed requirements in the area of weight, reusability, safety factor, etc. In fact,
1n cases with no weight limitations and very mgh safety factors, development may be equal
to or even less than the umt fabrication costs. Ths would represent a high degree of
qualification by analysis and similarity, and mimimum testing. The multiplication 5 x
and 25 x development cost lines have been included in the figure for reference.

COST - 1973 M$
1000
wol CENTAUR
(W 14SUL)
[ ]
sive
CENTAUR (TANK) *
o GD SP TUG
APDLLO
[ ]
[ )
THOR L,
10
10 1 1 1
003 0.3 28 28 293 2832
(10 1o (100) (1000) {10K) (100K)

TANK VOLUME - m3 (FT9)

Figure 5-5. Cryogenic Tankage Development Cost Relationship
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The conclusion from these data is that both development and unit production
costs of these cryogenic tankages will be strongly dependent upon the design require-
ments imposed. As a result, specific assumptions need be made concerning each indi-
vidual concept applications. Information obtained since the 1mtial analysis indicates that
dewar cost may indeed be less than indicated if design requirements are relaxed from the
applications shown. The judgement made at this time is that the tank unit fabrication cost
will not vary significantly from that shown for insulated tanks above. Development costs
are assumed to be 2.5 times the unit cost for the supply tank and 5 times the unit cost for
the receiver tanks. In the case of the receiver tanks the requirements and hence the de-
sign are quite close to flight weight tankage so as to obtain proper scaling of the resulting
experiment data.

Point estimates were also used for specific pieces of equipment where the defi-
nition data was sufficiently detailed or the hardware item was existing equpment and cost
data was available. In another example of point estimates, several task areas in ground
and mission operations consist of all labor and, therefore, manloading estimates were
made and converted to cost.

The remaining "floating item'’ cost elements such as system engineering and
integration, program management, etc., are estimated using simple cost factors con-

sisting of appropmnate percentages of the applicable related program effort.

Ground Rules and Assumptions

The following general ground rules and assumptions were used 1n estimating the
costs presented herein.

a. Costs are estimated 1n current/constant FY 1980 dollars.

b. No prime contractor fee is included in these estimates.

C. Costs are estimated for nonrecurring, recurring production, and
recurring operation phases. The costs include all facility payload-
related costs incurred from the start of Phase C/D (development
phase) through a single (first) launch of the experiment including

orbital monitoring and data acquisition.

d. All system level development and qualification testing 18 conducted
using the flight article which is refurbished prior to flight.
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e. One dedicated set of test tankage is required for ground test
during tank development tests.

f. Most purchased components are assumed off-the-shelf and close
to or aerospace flight qualified with only minor modifications or
testing requared. New components require normal design, analysis
testing and qualification.

g. No new facilities will be required chargeable to \PMTE payload.
h. NASA IMS and Program Office costs are excluded.
i. This cost data 1s for planning purposes only.

5.2.3 PMTE PAYLOAD TECHNICAL DESCRIPTION. The PMTE payload assembly
installed 1n the Shuttle payload bay is shown in Figure 5-6 and the assembly 1itself in
Figure 5-7. The experiment system schematic is shown in Figure 5-8. A bref summary
technical description of the payload hardware assemblies and components 1s 1ncluded
below as used as a basis for the subsequent program cost estimate. The physical charac-
teristics of these hardware items are summarized in Table 5-1, This hardware defimtion
1s based on the detailed system description included in Section 4.1 of this report.
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Figure 5-8. PMTE System Schematic

Structure - The primary structure consists of a large cylindrical shell of
aluminum skin stringer frame construction supporting the supply tank and two small
cylinders of semi-monocoque construction supporting the recewver tanks. The large
shell has support trunnions and keel fittings for interfacing within the Orbiter payload
bay. The large support cylinder also includes fiberglass purge enclosure bulkheads for
conditioning the supply tank insulation system. The receiver tanks are cantilevered
from forward beams on the supply tank support structure. The tanks are supported
from these cylhindrical shells by means of low conductive struts arranged 1n a V pattern.
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Table 5-1. PMTE Physical Characteristics

Kg (Ibs) Weight Volume m3 {cu ft)
Structure 1097 (2419.0)
Primary 1041.3  (2296.0)
Secondary 55.7 ( 123.0)
Tapkage
Supply Tank 749.4 (1652.5) 73.62 (2600)
Receiver (1/2 Scale) 131.9 ( 290.8) 14.46 ( 511)
Recewver (1/4 Scale) 49.3 (108.6) 1.81 ( 64)
Fluid System 725.6 (1600.0)
* Helium Storage 580.5 (1280. 0)
Lines/Valves 77.1  ( 170.0)
Dump Manifold 68 ( 150.0)
Control System/Aviomes 326.5 (720)
RAU/Control Umts 136 (300)
Controls and Displays 9.1 (20)
Instrumentation 22.7 (50)
Harness and Cables 158.7 {350)
Dry Weight 3079.8 (6790.9)
Liquid Hydrogen 4928.8 (10868.0)
Helium 244.9  (540.0)
Expendables 5173.7 (11408, 0)
- Wet Weight 8253.5 (18198.9)

The secondary structure consists of mounting bracketing attachment fittings, etc.

Tankage/Insulation - The 73.62 m3 (2600 £t3) supply tank is fabricated from alum-
inum with spinformed and chem-milled bulkheads welded to the center cylindrical section.
The tank includes a CRES capillary acquisition system and a bubbler mamfold. The
acquisition system 1s in the form of two rectangular tubes spaced to form 900 quadrants
and following the contour of the tank bulkhead. Perforations 1in the tubes are covered
with capillary screens. These tubes then lead to the tank outlet. The bubbler mamfold
1s a circular aluminum alloy tube providing for injection of helium gas through a series
of holes 1n the tube and provide the necessary cooling of the pressunzing gas. The tank
insulation is a multilayer radiation shell (MLI) applied over the entire surface of the tank.
Thirteen layers of aluminized mylar are used with each layer separated by flocking pro-
wviding for purge and vent paths between each layer. A purge system guides gaseous helium
between each layer. Appropriate fluid, gaseous, and electrical penetrations are provided
in the tank/insulation combination. The insulated tank 1s then suspended 1n the support
structure cylindrical shell with a system of low conductive struts located at the aft and
forward ends.

The large half scale receiver tank 14.46 m?2 (511 ft3) is constructed of aluminum
in a similar manner to the supply tank and is equipped with accessories for on-orbit filling
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and venting, fill, drain, and vent for ground testing and an acquisition system. The
latter permits transfer of propellant back to the supply tank. Three alternate methods
of LHp injection are provided for,including a spray manifold, a single spray nozzle and
a straight port with no spray nozzle. A CRES capillary acquisition system is also
provided on the aft access door and a zero-g vent system is positioned on the forward
bulkhead. The insulation for this tank consists of 16 layers of MLI of similar design
to the supply tank. The small quarter-scale receiver tank 1.81 mS (64 ft3) is similar
to the half.scale tank, except no acquisition system is included.

Fluid System - The flud system plumbing provides for circuits for ground fill
and drain, ground vent, flight vent abort dump and experiment fluid transfer.

A helium storage system including three 33,600 kN/m?2 (4875 psi), 101.6 cm
(40 in) pressure vessels provide for pressurizing the supply tank for transfer or abort
and actuation of control valves. The plumbing for these systems is CRES tubing, welded
where possible, and both pneumatically and solenoid operated valves together with other
controls regulated and fittings. Cryogenic lines are msulated with MLI.

The abort dump system includes a multiple actuated harpoon valve located at the
tank outlet. Overboard plumbing for abort dump and for other circuits is provided at the
installation level of the orbiter.

Control System/Avionics - A computerized automatic operational experiment
sequencing system will utilize a microprocessor for experiment control and will have
provisions for mission specialist intervention in case of unanticipated problems., This
computer system will provide the control signals necessary for ¢« peration of the pneumatic
control units and solenoid valves for proper sequencing of the various experimental runs.
Remote acquisition units and power supphes are provided for data acquisition and for
electrical power for the control system and instrumentation and receiver tank wall
heaters,respectively.

A control and display panel will be provided on the orbiter aft flight deck for
monitoring and override control of the experiment payload operations. Caution and
warning (C&W) signals and data will be integrated into the standard orbiter C&W panel,

Extensive instrumentation will provide for data collection as well as proper
experiment operational sequencing and control. A list of the instrumentation sensors
is presented in Table 5-2 below.

Table 5-2., Instrumentation Sensors

Flow Meters 6
Mass Sensors 3
Pressure Sensors 22
Quality Meters 6
Temperature Sensors 170
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A wiring harness/cabling assembly will provide the proper electrical connections for
experiment control, data acquisition, and electrical power.

Software - Computer software will include programs for the control computer experi-
ment operations sequencing and data acqusition signal processing and formatting both
within the payload itself as well as for interfacing with the Orbiter data systems.

5.2.4 COST ESTIMATE. The resulting nominal cost estimates for the experiment
are summarized in Table 5-3 and detailed in Table 5-4 for the experiment hardware
complement and for the complete experiment program. The costs are coustant FY 1980
thousands of dollars and exclude prime contract fee. The experiment hardware
estimates identify costs for both component development (design, modification, test
article procurement) and component test and qualification.

This total experiment program shown in Table 5-4 includes software, Ground
Support Equipment (GSE), and imtial spares. Other wrap-around costs include facility
level design and analysis, system engineering and integration, facility level testing,
and project management. The operations costs include support operations and logistics,
ground operations off-line and on-line, and post-mission operations, and Mission Operations
(mission control data handling/processing and mission support), Post-flight maintenance
and refurbishment have been excluded in this estimate as were any reflights or payload
update or modifications. No required facilities were identified chargeable to this ex-

periment.

As may be seen, experiment hardware (component) development may be
expected to cost about $13M, and the flight hardware production and/or procurement
cost is estimated at about $4.5M. The remaining cost elements bring the development
and flight unit cost to $19M and $4.8M, respectively, for a total acqusition cost of

Table 5-3. PMTE Program Cost Summary

COST (FY '80 M$)
COST ELEMENT DEVELOPMENT | UNIT PRODUCTION OPERATIONS
PMTE EXPERIMENT PROGRAM 19.04 4.75 32.95
PMTE PAYLOAD 19.04 1.75 1.19
TLIGH1 IIARDWARE (13.06) (4.52) -
SYSTEMS ENG. & INFTEGRATION ( 1.58) - -
SYSTEM TEST ( 3.17) - -
GSE ( .34) —_— —
OPERATIONS - - (. 63)
MAINTENANCE & REFURB,. - - (. 50)
FACILITIES/STE (0) (0) (1BD)
PROGRAM MANAGEMENT ( .91 (.23) (. 06)
STS USER CHARGE - - 31.76
T/DA USER CHARGE - - TBD
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Table 5-4.

PMTE Cost Estimate

COST 1980 M3

COST ELEMENT DEVELOPMENT PRODUCTION OPERATIONS

0000 PMTE EXPERIMENT PROGRAM 19.04 4:75 32.95
1000 PMTE PAYLOAD 19.04 4.75 1.19
1100 FLIGHT HARDWARE 13.06 4.52 -
1110 STRUCTURE .81 .75 -
1111 PRIMARY 1.62 .71 -
1112 SECONDARY .19 .04 -
1120 TANKAGE/INSULATION 6.10 1.85 -
1121 SUPPLY 3.18 .27 -
1122 RECEIVER (LG) 2.40 .43 -
1123 RECEIVER (SM) .32 .10 -
1130 FLUID SYSTEM 2,25 .53 -
1131 He STORAGE .02 .13 -
1132 LINES/VALVES 1.15 .22 -
1133 DUMP MANIFOLD 1.08 .20 -
1140 CONTROL SYS/AVIONICS 2.80 .87 -
1141 CONTROL UNITS/RAU 2.06 .48 -
1142 CONTROLS/DISPLAYS .08 .02 -
1143 INSTRUMENTATION .26 .26 -
1144 HARNESS/CABLES .40 .11 -
1150 SOFTWARE .10 - -
1160 FINAL ASSY, INST. & C.O. - .50 -
1200 SYSTEM ENG, & INTEGRATION 1.56 - -
1300 SYSTEM TEST 3.17 - -
1310 SYSTEM TEST ART (TANKS) 1.85 - -
1320 SYS TEST OPS & SUPPORT .87 - -
1321 TANKS .19 - -
1322 FLIGHT EXPERIMENT .68 - -
1330 TEST ARTICLE REFURB. .45 - -
1400 GSE (PECULIAR) .34 - -
1500 OPERATIONS - - .63
1510 GROUND OPERATIONS - - .42
1520 MISSION OPERATIONS - - .07
1530 OPERATIONS SUPPORT - - .14
1531 TRANSPORTATION - - .08
1532 TRAINING - - .03
1533 LOGISTICS - - .03
1600 MAINTENANCE & REFURB. - - 30
1610 SPARE AND REPAIR PARTS - - «15
1620 MAINTENANCE & REFURB. - - TBD
1630 UPDATE EQUIPMENT - - TBD
1640 EXPENDABLES & CONSUM. - - .05
1700 FACILITIES AND STE - - -
1710 FACILITIES 0 TBD
1720 SPECIAL TEST EQUIPMENT 0 -
1800 PROGRAM MANAGEMENT .91 .23 .06
2000 STS USER CHARGE - - 31.76

BASIC - - 28.28

ADDITIONAL 4 DAYS - - 3.30

ENERGY KIT - - .18
3000 T/DA USER CHARGE - - TBD
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about $23.8M. The flight mission will cost about $1.1M per flight exclusive of Shuttle
transportation charges. The user charge for a dedicated Shuttle flight will vary upward
from $31.8M depending on flight time and other optimal services required. The total
program cost is then about $§56.7M. The confidence limits on this estimate are judged
to have an uncertainty of about -10 percent to +20 percent for the PMTE payload portion
depending upon the design requirements imposed. These cost uncertainties are shown
in Table 5-5.

Table 5-5. Cost Uncertainties for PMTE Payload

Estimate Development Unit
High $15.67TM $5.42M
Nominal $13.06M $4.52M
Low $11,75M $4,07TM

5.2.5 ANNUAL FUNDING REQUIREMENTS. The annual funding requirements for the
PMTE phase C/D program are shown in Figure 5-9. These funding estimates are shown
indivadually for the development phase, the production phase wherein the flight payload 1s
fabricated, and the operational period including the preparation for and conduct of the
flight mission. As may be seen, the STS user charge for Shuttle transportation 1s also
shown separately.

These funding requirements were obtained by accumulating the costs for each
WBS element estimated (Table 5-4), properly spread over time 1n accordance with the
program development as presented in Figure 5-2.

The STS user charges are spread 1in accordance with the schedule of rexmburse-~
ment required by the '"Space Transportation Systems Reimbursement Guide! dated March
1979. A nominal schedule is assumed, i.e., the STS is contracted for more than 33 months
before launch,

As may be seen, the total funding is nearly constant between $15M to $20M per
year for the three principal years of the program when STS funding is included. Imtial
year funding (FY 82) is low since ATP (Authority to Proceed) is not assumed until the
last quarter of the year and team buildup then proceeds. (If phase C/D were to follow
the phase B Definition study without a gap, an accelerated buildup would be possible,
increasing the funding for FY 82 and a corresponding decrease of development funds in
FY 83).

5-19



20

DEVELOPMENT 7.

PRODUCTION il
OPERATIONS :
SHUTTLE

. %

5-20

PMTE Annual Funding Requirements



6

CONCLUDING REMARKS

The propellant management technology experiment area, under the direction of NASA/
LeRC, has systematically investigated experiment designs from the small Spacelab
rack mounted experiment to the large Shuttle payload bay installation of this current
study.

The "In-Space Cryogenic Fluid Management R&T Ad-Hoc Planning
Commuttee! composed of various NASA center technical and management personnel
recommended in December 1979 to focus the propellant management technology and
demonstration program on a mid-sized experiment. This approach presently plans
the use of the Martin Marietta designed CFME tank as the basic LHy supply source
to support a series of pallet mounted experiments in Shuttle payload bay.

The present General Dynamics study describes the largest scale experiment
configuration considered for in-space propellant management experimentation. Figure
6-1 indicates some of the basic characteristics of this 11.5m (37.7 ft) by 4.42m (14.5 ft)
experiment package. The total wet weight including an energy kit is 8993.6 Kg (19831 Ib).
The support requrements for this experiment concept are all well within the Shuttle
capabilities and constraints.

The estimated cost and funding spread to support the design, development,
and operation of the experiment program is shown in Figure 6-2. All costs are in
FY 1980 dollars and are for planning use only. The total cost estimate is $56.7M, of
which about $32M are Shuttle user costs.

The fundamental aspects of the entire study are summanzed in Figure 6-3.
The conceptual design has addressed the broad needs of propellant management for the
future. This future includes a family of OTVs and their operational interfaces which
have provided the basis of the experiment design features. The primary experiment
objectives have been satisfied with a design that also provides the flexibility needed to
be responsive to new and unforseen requirements of the future.



EXPERIMENT ELEMENT WEIGHT KG (LBS)

SUPPLY TANK SYSTEM ) 752.3 (1652)

1/2 SCALE RECEIVER TANK 131.9 ( 291) "

1/4 SCALE RECEIVER TANK 49.4 ( 109) f

PRESSURIZATION SYSTEM 725.6 (1600) ; ! "
INSTRUMENTATION & WIRING  181.4 ( 400) = ;,: e io8 —F
SUPPORT STRUCTURES 1097 (2419)

CONTROLS, RAU, DISPLAYS  _145.1  ( 320)

TOTAL DRY WEIGHT 3082.7 (6791)

TOTAL WET WEIGHT (LHs & He) 8253.5 (18199)

PLUS ENERGY KIT (840 KWH) 740.1 (1632)

SUPPORT ELEMENTS

RCS PROPELLANT 725.6 Kg (1600 LB)
ELECTRICAL ENERGY 47.4 Kw-h
ORBITAL EXPERIMENT TIME 3 + DAYS
SECONDARY EXPERIMENTS 6

Figure 6-1. Experiment Design Summary
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THE CONCEPTUAL EXPERIMENT DESIGN SATISFIES A BROAD RANGE OF OTV PROPELLANT MANAGEMENT
SCENARIOS

SINGLE STAGE/SINGLE BURN/MULTI-BURN
MULTI-STAGE/MULTI-BURN

PROPELLANT TANKS (LHg - LOg) WET OR DRY

SHUTTLE OR DEPOT REFUELING BASE

MISSIONS OF SEVERAL DAYS TO SEVERAL MONTHS
SUBSYSTEM VARIATIONS - PRESSURIZATION, INSULATION,
VENTING ACQUISITION, ABORT DUMP

THE CONCEPTUAL EXPERIMENT DESIGN PROVIDES A HIGH DEGREE OF EXPERIMENT FLEXIBILITY

PRIMARY OBJECTIVES SECONDARY OBJECTIVES SUPPORTING RESOURCES

FILL LINE CHHILLDOWN PRESSURIZATION (He) - ZERO-G MASS GAUGE

TANK PRECHILL PROPELLANT ACQUISITION ~ MODIFIED OTV GROUND

RECEIVER TANK FILL TANK INSULATION SUPPORT EQUIPMENT
TVS FOR INTERFACE OF EX-
START BASKET REFILL/PERF. PERIMENT LHy & He
ABORT DUMP REQUIREMENTS

L

THE CONCEPTUAL EXPERIMENT DESIGN REPRESENTS AN EXPERI-
MENTAL TOOL TO INVESTIGATE THE PROPELLANT TRANSFER TECH-,
NOLOGY REQUIREMENTS OF A BROAD RANGE OF SPACE-BASED OTVs

Figure 6-3. Summary of Study
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WBS NO: 0000 Level: 2

WBS Title: Propellant Management Technology Experiment (PMTE) Program
This WBS element summarizes all effort, material, and services required to conduct
the development program, flight article fabrication, and the orbital test flight(s) of

the PMTE. It includes the payload itself, Shuttle transportation and any tracking
and data acquisition user charges incurred during the operational flights.

The following subelements are included:

WBS No. WBS Title

1000 PMTE Payload

2000 STS User Charge

3000 Tracking and Data Acquisition User Charge
WBS No: 1000 Level: 3

WBS Title: PMTE Payload

This WBS element summarizes all effort and material required for the design,
development, fabrication, assembly, test and checkout, and the operation of the
PMTE Payload system.

The following subelements are included:

WBS No. WBS Title
1100 Flight Hardware
1200 System Engineering and Integration (SE&I)
1300 System Test
1400 Ground Support Equipment (GSE)
1500 Operations
1600 Maintenance and Refurbishment
1700 Facilities and Special Test Equipment (STE)
1800 Program Management
WBS No: 2000 Level: 3 -
WBS Title: STS User Charge

This WBS element summarizes all of the costs incurred by the PMTE program in
the form of User Charges for Space Shuttle transportation including optional services.



WBS No: 3000 Level: 3
WBS Title: Tracking and Data Acquisition User Charge
This WBS element summarizes all of the costs incurred by the PMTE program in

the form of user charges for Tracking and Data Acquisition functions including
TDRSS satellite services.

WBS No: 1100 Level: 4
WBS Title: PMTE Payload

The WBS element summarizes all effort and material required to design and develop
and to manufacture the basic PMTE flight vehicle hardware and software.

This vehicle consists of all primary and secondary structure, tankage, and all
supporting subsystems necessary for payload functional operation and to provide
the necessary resources to the mission payload equipment.

PMTE development includes all requirements definition, design and analysis, mnter-
face integration, subsystem and component hardware fabrication and procurement
for test, and for development and qualification testing thereof, tooling, software,
etc. Payload production includes all fabrication, material, parts, and components
procurement, sub-assembly, and quality control activities.

The following subelements are included:

WBS No. WBS Title

1110 Structure

1120 Tankage/Insulation

1130 Fluid System

1140 Control System/Avionics

1150 Software

1160 Final Assembly, Installation, and Checkout
WBS No: 1110 Level: 5
WBS Title: Structure

This WBS element summarizes all of the primary and secondary structural hardware
making up the PMTE payload.

The following subelements are included:




WBS No. WBS Title

1111 Primary Structure
1112 Secondary Structure
WBS No: 1111 Level: 6
WBS Title: Primary Structure

This WBS element consists of the primary basic structure which provides support
and protection for the three tanks and provides for mounting accommodations in the
payload bay. It consists of the protecting support shells for each of the tanks and
the tank supporting beams making up the overall installation assembly.

WBS No: 1112 Level: 6
WBS Title: Secondary Structure
This WBS element consists of all secondary structure required for the PMTE pay-

load. This secondary structure includes mounting bracketry, attachment fittings,
etc.

WBS No: 1120 Level: 5

WBS Title: Tankage/Insulation

This WBS element summarizes the three tanks: 1) the supply tank, 2) the 1/2
scale receiver tank, and 3) the 1/4 scale receiver tank.

The following subelements are included:

WBS No. WBS Title
1121 Supply Tank
1122 Receiver Tark (1/2 scale)
1123 Receiver Tank (1/4 scale)
WBS No: 1121 Level: 6
WBS Title: Supply Tank

This WBS element consists of the assemblies and hardware making up the supply

tank. This tank has about (73.62 m3 ) capacity and includes the tank shell and bulkheads.

MLI insulation and installation components, the acquisition system, the bubbler
manifold, tank supports and plumbing/electrical interfaces.



WBS No: 1122 Level: 6
WBS Title: Receiver Tank (Large)

This WBS element consists of the assemblies and hardware making up 1/2 scale
recewer tank, This tank has about (14. 46m3) capacity and includes the tank shell
and bulkheads, MLI insulation and installation components, the acquisition system,
tank supports, and all plumbing and electrical interfaces.

WBS No: 1123 Level: 7
WBS Title: Receiver Tank (Small)

This WBS element consists of the assemblies and hardware making up the 1/4 scale
receiver tank. This tank has a capacity of about (1. 81m3) and 1ncludes the tank shell
and bulkheads, MLI insulation and installation components, tank supports and all
plumbing and electrical interfaces.

WBS No: 1130 Level: 5

WBS Title: Fluid Systems

This WBS element summarizes all of the components and assemblies making up the
fluid systems of the PMTE payload including cryogenic as well as gaseous pressuriza-

tion systems. It includes the helium storage system, all lines and valves for either
pressurization or for propellant transfer, and the dump manifold.

The following subelements are included:

WBS No. WBS Title
1131 Helium Storage
1132 Lines and Valves
1133 Dump Manifold
WBS No: 1131 Level: 6
WBS Title: Helium Storage

This WBS element consists of the helium pressurized storage tanks used to pressurize
the tanks and transfer propellant. There are three 33.6MN/ m? (4, 875 psi) tanks of

0.507m3 (31, 000) cu. in. capacity.



WBS No. 1132 Level: 6
WBS Title: Lines and Valves
This WBS element consists of all of the fluid or gas lines and fittings (i.e. plumbing)

and all control valves and devices such as shutoff valves, checkvalves, pressure
regulators, etc.

WBS No. 1133 Level: 6
WBS Title: Abort Dump Manifold

This WBS element consists of the fluid lines, connectors, valves, etc. making up
the abort propellant dump system.

WBS No: 1140 Level: 5
WBS Title: Control System/Avionics
This element summarizes all of the control system and avionics equipment required

for the PMTE payload. It includes control units, RAUs, controls and displays, in-
strumentation, and the necessary harness and cabling.

The following subelements are included:

WBS No. WBS Title

1141 Control Units/RAU

1142 Controls and Displays

1143 Instrumentation

1144 Harness and Cables
WBS No: 1141 Level: 6

WBS Title: Control Units/RAU

This element consists of all control units, sequencers, microprocessors, remote
acquisition units and power supplies required for the proper functioning of the
experiment during on-orbit operations.

WBS No: 1142 Level: 6
WBS Title: Controls and Displays



This WBS element consists of all of the controls and displays, which will be located
in the aft flight deck of the Orbiter, for backup override operation of the payload
experiment. It will also include any caution and warning equipment required.

WBS No: 1143 Level: 6
WBS Title: Instrumentation
This WBS element consists of all of the instrumentation sensors necessary for this

payload including the measurement of pressure, temperature sensors, flow rate,
quality, mass, etc.

WBS No: 1144 Level: 6
WBS Title: Harness and Cabling

This WBS element consists of all of the harness and cabling necessary for the con-
trols, instrumentation, and electrical power for this payload.

WBS No: 1150 Level: 5
WBS Title: Software

This WBS element consists of all of the effort and material required to design, code,
debug, and validate the software necessary for control and for data management
associated with the PMTE payload including programs for operational sequencing
control and data acquisition.

WBS No: 1160 Level: 5
WBS Title: Final Assembly, Installation, and Checkout
This WBS element consists of all effort and materials required to accomplish sub-

system installation, final assembly, checkout, and acceptance testing of the payload.
These are all ground activities and culminate in selloff to the customer (DD250).

WBS No: 1200 Level: 4-
WBS Title: System Engineering and Integration

This WBS element summarizes all system level studies, analyses and tradeoffs to
support the development of requirements, specifications, and interfaces necessary



to direct and control the design of the overall system. It also includes all mission
studies and analyses to establish requirements and planning for all phases of the
mission, and logistics activities. It also includes all Product Assurance activities
consisting of safety, reliability, maintainability quality assurance, and parts,
material, processes (PMP) control.

The following subelements are included:

WBS No. WBS Title
1210 System Analysis and Integration
1220 Mission Requirements and Analysis
1230 Logistics Requirements and Analysis
1240 Product Assurance

WBS No: 1210 Level: 5

WBS Title: System Analysis and Integration

This WBS element consists of all analyses, studies, and evaluations necessary to
establish system requirements and specifications (hardware and software), identify
and define interfaces (ICDs), establish requirements for design and performance
verification (test requirements, etc.), conduct performance and system eifective-
ness studies and capabilities evaluations, and validate design, performance and
interfaces.

It also includes all studies and analysis necessary to ensure the physical, functional
(performance), and environmental compatibility of the payload and all interfacing
external system elements such as the STS.

WBS No: 1220 Level: 5

WBS Title: Mission Requirements and Analysis

This WBS element consists of all analyses, studies, and evaluations associated with
determination and establishment of mission operation requirements, establishment
of flight and mission operations plans, and evaluation of associated procedures.

It includes payload orbit analyses, payload crew activities planning, real time
mission planning, flight crew operations requirements (procedure and training)

and flight support POCC analysis for the experiment mission.

~



WBS No: 1230 Level: 5
WBS Title: Logistics Analysis

This WBS element includes all effort required to plan for, establish requirements,
implement, operate and maintain logistics management system for support of the
PMTE Program and its related support equipment and systems. This includes
identification of spares requirements, analysis of support requirements, inventory,
repair requirements, warehousing and storage, and transportation analyses and
planning.

WBS No: 1240 Level: 5
WBS Title: Product Assurance

This WBS element consists of all safety, reliability, maintainability, quality
assurance and parts, materials, processes (PMP) control for the PMTE Program
to assure that these considerations are included in the design, development, and
test operation phases in a cost effective manner. This element also includes those
efforts associated with planning for, requirements establishment, implementation,
and maintenance of these activities to ensure satisfactory hardware/software
delivery and operation through procedures, training, analysis, review, and assess-
ment.,

WBS No: 1300 Level: 4
WBS Titles System Test

This WBS element summarizes all effort and hardware required to conduct and
support all PMTE system level testing necessary to refine and validate the design
and verify the accomplishment of the development objectives. They may include
but not be limited to full-scale structural tests, integrated avionics tests, all-up
cryogenic functional tests, and payload functional and integration testing. This
element includes all major test articles fabrication; test article maintenance, re-
furbishment and reconfiguration; test analysis, preparation and operations; test
software and test support activities.

Excluded are the design and analysis of major test articles (WBS 1110 thru 1140)
component and subsystem development and qualification testing (WBS 1110 thru 1140)
and special test facilities/equipment (WBS 1700).
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The following subelements are included:

WBS No. WBS Title
1310 System Test Articles
1320 System Test Operations and Support
1330 Test Article Refurbishment
WBS No: 1310 Level: 5

WBS Title: System Test Articles

This WBS element consists of all labor, materials, and services necessary to fabri-
cate major system test articles to be used for system level ground developmental

or qualification testing. It includes one set of ground test tankage; the supply tank,
and two receiver tanks, one large and one small. It includes all fabrication,
material and parts procurement, subassembly, final assembly and all quality
control activities.

WBS No: 1320 Level: 5
WBS Title: System Test Operations and Support

This WBS element consists of all labor, materials, and services necessary to ac-
complish the required system test objectives. It includes both test operations for
the ground test tanks as well as the ground system level testing conducted using

the flight payload. It includes all test planning and design; procedures; preparation,
set up, and set up validation; operations; teardown and disposition; data recovery,
analysis, and evaluation and finally documentation. It also includes test software
and all test supporting activities.

WBS No: 1330 Level: 5
WBS Title: Test Article Refurbishment
This WBS element consists of all labor and materials necessary to maintain, re-

furbish, or reconfigure the flight article after ground system testing for the sub-
sequent flight test. ) ’

WBS No: 1400 Level: 4
WBS Title: Ground Support Equipment (Peculiar)
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This WBS element summarizes all effort and material required to define, design,
develop, test and qualify, procure, fabricate, assemble and check out all PMTE
peculiar new or modified Ground Support Equipment (GSE). It includes all deliver -
able GSE hardware and its associated software required to support the PMTE System
during the development, manufacturing and operations phases, and all effort and
material required for GSE maintenance. It includes all necessary handling and
transportation equipment; servicing equipment; functional checkout equipment; and
maintenance and auxiliary equipment.

Unique test facilities and major test setup/fixtures are excluded from this element
and included under Facilities/STE (WBS 1700).

The following subelements are included:

WBS No. WBS Title
1410 Handling and Transportation GSE
1420 Servicing Equipment GSE
1430 Checkout GSE
1440 Maintenance and Auxiliary GSE
WBS No: 1410 Level: 5
WBS Title: Handling and Transportation GSE

This WBS element consists of all PMTE program peculiar GSE necessary for handling,
protecting, shipping, and storage of the flight experiment or equipment items during
all phases of development, production, integration, operations and maintenance and
refurbishment. This element includes such items as transporters, dollies, handling
slings, protective covers, shipping containers, etc.

WBS No. 1420 Level: 5
WBS Title: Servicing GSE

This WBS element consists of all PMTE program peculiar GSE necessary for
servicing the payload, experiments, or equipment items during all phases of
development, production, integration, operations or maintenance and refurbish-
ment of the platform, and payloads and experiments. This element includes
such equipment as fluids servicing equipment for propellants, and pressurized
gas servicing equipment for helium.




WBS No: 1430 Level: 5
WBS Title: Checkout GSE

This WBS element consists of all PMTE program peculiar checkout and monitoring
GSE necessary for checkout, test and diagnostics, monitoring, and repair and main-
tenance of the payload or equipment items during all phases of development, pro-
duction, integration, operations, and maintenance and refurbishment. This element
includes such items as automated checkout systems, equipment item test sets,
signal stimulus sets, monitoring controls and displays.

WBS No: 1440 Level: 5
WBS Title: Maintenance and Auxiliary GSE

This WBS element consists of all PMTE program peculiar auxiliary GSE necessary
for maintenance or training activities. It includes all maintenance equipment other
than checkout GSE, such as simulators (signal, power, etc.) special tools, fixtures,
or other maintenance aids; all traming aids and simulation equipment; and all other
special ground equipment as necessary.

WBS No: 1500 Level: 4
WBS Title: Operations
This WBS element summarizes all of the effort and materials required to support

the PMTE program during its operational phase. It includes all ground operation
and integration activities, flight and mis sion operations, and all operations support.

The following subelements are included:

WBS No. WBS Title
1510 Ground Operations
1520 Mission Operations
1530 Operations Support
WBS No: 1510 Level: 5-
WBS Title: Ground Operations

This WBS element consists of all effort and material required for the ground opera-
tions and integration phase prior to launch of the experiment and post-mission tasks.
It begins with NASA acceptance of the vehicle (DD250) and ends with the shuttle
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return and demating operations. It includes all integration preparations, installa-
tion and integration into the shuttle orbiter, launch operations support and post-
mission operations.

WBS No: 1520 Level: 5
WBS Title: Mission Operations

This WBS element consists of all effort and materials required on the ground for
support of the on-orbit mission operations phase of PMTE flight. It includes PMTE
monitoring (housekeeping) and problem resolution and consists of payload operations
control center (POCC) and data acquisition activities.

WBS No: 1530 Level: 5
WBS Title: Operation Support

This WBS element consists of all contractor effort and materials required for trans-
portation, training and logistic system activities during the operational phase -
clusing launch, on-orbit operations and post mission activities. Also included

is sustaining engineering and support during the experiment operations period

for support in problem simulation and resolution and update engineering.

The following subelements are included:

WBS No. WBS Title
1531 Transportation
1532 Training
1533 Logistics

WBS No: 1531 Level: 6

WBS Title: Transportation

This WBS element consists of all effort, material, and services required for pay-
loan transportation to the cognizant NASA center and/or to the KSC launch site
after NASA acceptance (DD 250).

WBS No. 1532 Level: 6
WBS Title: Training
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This WBS element consists of all effort, material, and services required for PMTE
system unique training of the mission and/or payload specialist, but excludes his
basic spaceflight training.

WBS No: 1533 Level: 6
WBS Title: Logistics
This WBS element consists of all effort, material and services required for the

PMTE logistics effort and activities including transportation, storage, and account-
ing for all spare and repair parts.

WBS No: 1600 Level: 4
WBS Title: Maintenance and Refurbishment

This WBS element summarizes all of the effort and material required to procure
hardware components and assemblies for maintenance, refurbishment, and capa-
bilities update. This hardware includes all spare and repair parts, maintenance
and refurbishment labor, and update replacement equipment, expendables and
consumables for the payload systems.

The following subelements are included:

WBS No. WBS Title
1610 Spare and Repair Parts
1620 Maintenance and Refurbishment
1630 Update/Replacement Equipment
1640 Expendables and Consumables
WBS No: 1610 Level: 5
WBS Title: Spare and Repair Parts

This WBS element consists of the procurement of all required spare and repair
parts consumed during the operational period for the experiment. These spare
and repair parts, components, assemblies, etc. are primarily for the repair
of failed units.
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WBS No: 1620 Level: 5
WBS Title: Maintenance and Refurbishment
This WBS element consists of all effort, both labor and services, necessary to

accomplish post flight maintenance and refurbishment or update modifications
as required in case of potential reflights.

WBS No: 1630 Level: 5
WBS Title: Update/Replacement Equipment

This WBS element consists of the acquisition of all update and replacement equip-
ment used to refurbish and/or update or change the basic functional capabilities
of the experiment. The acquisition of this equipment includes the design, test,
and manufacturing thereof.

WBS No: 1640 Level: 5
WBS Title: Expendables and Consumables
This WBS element consists of the procurement of all expendables and consumables

required during the operational flight of the PMTE payload. It includes all pro-
pellant, fluids, and gases.

WBS No: 1700 Level: 4
WBS Title: Facilities/STE

This WBS element summarizes all of the effort and materials necessary to acquire
or modify and to maintain all of the unique capital facilities and Special Test Equip-
ment (STE) necessary for the total PMTE program during development, manufac-
turing, and for operations. It includes all planning, design and layout, construction
and installation, and activation.

The following subelements are included:

WBS No. WBS Title
1710 Facilities
1720 Special Test Equipment (STE)
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WBS No: 1710 Level: 5
WBS Title: Facilities

This WBS element consists of the PMTE program unique new or modified capital
facilities and equipment necessary to develop, manufacture and operate this
system. Equipment includes all fixed facility associated equipment not categorized
as tooling, special test equipment (STE) or GSE. It may include facilities for
development and test, manufacturing, integration, and launch operations.

WBS No: 1720 Level: 5
WBS Title: Special Test Equipment

This WBS element consists of the PMTE system special test equipment, not
categorized as facilities or GSE, necessary to conduct the required test program
for the flight experiment. It may include special test fixtures, mission operations
simulators, etc.

WBS No: 1800 Level: 4

WBS Title: Program Management

This WBS element summarizes all of the effort required to manage, direct, and
control the entire PMTE Program. These functional tasks and activities include
planning, organizing, budgeting, scheduling, directing, and controlling and other
administrative tasks to ensure that the overall objectives of the program are
accomplished.

The following subelements are included:

WBS No. WBS Title
1810 Program Direction
1820 Program Planning and Control
1830 Data Management
1840 Procurement Management
1850 Configuration Management
WBS No: 1810 Level: 5
WRBS Title: Program Director

This WBS element consists of all effort of the Program Manager and his staff.
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It includes management review and control as well as direction in executive,
engineering and scientific areas necessary to assure proper progress and
attainment of program goals. It also includes continuous monitoring of all
functional management disciplines for central direction and control of the over-
all project by ensuring timely resolutions of scientific, technical, or program-
matic problem areas, and interface with the cognizant customer Program Office.

WBS No: 1820 Level: 5

WBS Title: Program Planning and Control |

This WBS element consists of all management effort associated with integrated
program planning, scheduling, financial and manpower budgeting, cost control
and reporting necessary to provide management visibility and control of overall
program activities. This effort includes the preparation and maintenance of a
master project schedule and those planning documents associated with definition
of the PMTE Program. Also included is a performance management system for
monitoring and controlling technical performance of all tasks.

W3BS No: 1830 Level: 5
WBS Title: Data Management

This WBS element consists of all overall management activities required to ensure
proper program documentation, information control, compatibility, availability,
and currency. Included are services to identify, prepare, control, reproduce,
distribute and maintain status of the internal and deliverable documentation for

the PMTE Program. Establishment, implementation, and maintenance of the

data management requirements and procedures are also part of this element.

WBS No: 1840 Level: 5

WRBS Title: Procurement Management

This WBS element consists of all management and technical control of effort by
subcontractors and vendors. Tasks included are the providing of work direction
to subcontractors and vendors; authorizing subcontractor tooling and equipment;
analyzing subcontractor reports; conducting subcontractor and vendor reviews;
and on-site coordination and evaluation of procurements. Also included is the
maintenance of records and submission of required reports relating to the geo-
graphic dispersion of minority and small business participation in project pro-
curements and subcontracts.
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WBS No: 1850 Level: 5

WBS Title: Configuration Management

This WBS element consists of all management activities associated with planning
for and defining, controlling, and accounting for the hardware and software con-
figurations at any point in time throughout the program life cycle. The configura-
tion management system developed will provide identification of configuration and
programmatic baselines, control changes to and maintain current status account-
ability of these baselines, and progressively verify that the as-built configuration
agrees with the contract requirements (or that differences are identified). In-
cluded in this element are establishment, implementation, and maintenance of
specification formats, end item selection criteria; procedures for control and
accounting of configurations and changes, provisions for design support; conducting
design reviews, audits and analyses; and Class II change control are also included
in this element, as well as participation in configuration verification to support
CEI acceptance.
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