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1. EXECUTIVE SUMMARY
T.t INTRODUCTION

The ability to place a low—cost supply of cryogenic and/or storable
propellants in low earth orbit (LEQ) is of primary concern to the goals of
extended space-based operations, such as the mamned Space Station, the orbital
transfer vehicle {QTV), the orbital maneuvering vehicle (OMV), and operational
satellites. The objectives of this study are first to define the most effi~
gient and cost-effective methods for scavenging cryogenic and storabls propel-
lants and then define the requirements of these scavenging systems. The
following scavenging syst&if concepts were defined for this study. For cryo-~
genie propellants, scavenging is the transfer of propellants from the Shuttle
orbiter external tank (ET) and/or main propulsion subsystem (MPS) propellant
lines into storage tanks located in the orbiter payload bay for delivery to
the user station by a space-based transfer stage or the Space Transportation
Syztem (STS) by direct insertion. For storable propellants, scavenging is the
direct transfer from the orbital maneuvering subsystem (OMS) and/or tankage in
the payload bay to users in LEQ as well as users in the vieinity of the Space
Station. As required by the contract, the majority of the study effort was
placed on cryogenic¢ propellant scavenging with each concept treated individu-
ally. ‘

1.2 SCAVENGING STUDY RESULTS

This study has determined that the best method of delivering cryogenic
propellant to orbit is to load propellant into payload bay tankage before
lift—-off and then scavenge reserve MPS propellant after main engine cutoff
(MECO). PFor storable propellant, the hest method is to load the STS OMS tanks
full on each mission even if the mission requirements call for a smaller
load. In addition, propellant could also be loaded into payload bay tankage.
Both of these cryogenic and storable propellant operational scenarios can only
be performed on STS missions where excess lift capability exists so the addi-~
tional weight of propellant and hardware can be loaded on the vehicle. Also,
for scenarios using payload bay tankage, this can only be done on missions
where sufficient payload bay space exists to instzll the tankage.

The propellant will be delivered to the space~based propellant depot by
either the orbiter if the STS mission goes to the Space Station (25%0-nautical
mile altitude) where the depot is located or the OMV, which will rendezvous
with the orbiter at a lower altitude (160 pautical miles for this study). The
OMV will carry empty propellant tanks that will be large enough to receive all
of' the propellsnts bo be transferred from the orbiter. After the propellant
transfer has been completed, the orbiter is free to complete the mission it
was manifested to perfornm.

STS 84-0570-1
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The study has determined that significant quantities of propellant,
either 1.3 or 1.4 million pounds of c¢ryogenic or storable propellant, can be
made available for the decade From 19971 through 2000 using a flight manifest
developed for the least number of STS flights. In addition, the propellant
can be delivered at a cost-effective rate cf approximately $100 per pound.
For comparison, the rate if a dedicated STS tanker mission were used would be
approximately $2,000 per pound plus the development eosts of the propellant
tankage. The evaluations of each concept assume that on any given mission,
only one of the cryogenie or storable propellants is scavenged.

A secondary objective of this study was to identify a method to deliver
2.5 million pounds of cryogenic propellant to orbit. The results of this
evaluation show that this quantity can be delivered using the operating sce-
nario described above. The only change required would be %o create additional
flights and, thereby, more scavenging opportunities. This concept is referred
to as a relaxed manifest. The costs associated with the additional flights
must be borne by the scavenging system. The results for this concept are the
delivery of 2.5 million pounds of cryogenic propellant for approximately $700
per pound, still much lower than the dedicated tanker rate.

The sgenarios presented above differ from the concept of propellant
scavenging typically applied in the past. The concept had been that the
propellants in the ET and orbiter MPS after MECO were transferred under a
low~g environment to tankage located in the payload bay. The thought behind
this concept was that Lhe payload bay tankage could be of a lightweight design
because it would not have to include boest structural loads when full of
propellant.. This study has indieated that this is of only minor importance
because the tankage and supporting structure would essentially be designed to
minimum thicknesses.

The concept selected in this study is to load the tankage before lift-off
with the propellant required to cause the usable MPS impulse propellant to be
driven (o zero. Therefore, only reserve propellant is transferred after MECO
(5,690 pounds of LO, and LH,y). This concept yields more propellant to orbit
for three reasons. First, large-diameter transfer lines and pumps for the
post-MECO transfer are not required, and, therefore, the weight of assoniated
hardware is reduced. Second, the impacts to the ET trajectory are minimel
because the transfer times required just after MECO are reduced. Third, and
most important, since the change in impulse propellant weight with initial
orbiter weight is less than 1-to-1 (0.91 for the study ground rules), more
propellant can be made available on orbit if the maximum possible payload
welght is launched on each mission.

The first task of the study was to use thée Marshall Space Flight Center
(MSFC) nominal mission model (Revision 6) to determine the flight manifest for
the years 1991 through 2000, Payload information was obtained from previous
Rockwell independent research and development (IR&D) studies. The Baseline
Reference Mission 1 (BRM-1) reference flight mission was used to obtain vehi-
cle 1lift capability and was modified only to update the MPS propellant inven-—
tory and calculate the OMS propellant requirements for each mission. With
this information, a flight manifest of 202 missions during the decade was
obtained. Because some missions utilize the entire STS 1ift capability or

2
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missions. For ‘cryogenic propellant, 96 flights were identified as having
scavenging possibilities. For storable propellants, 165 missions were
identified as possible scavenging flights. More storable propellant
scavenging lights were identified than for cryogenic propellants because it
is possible to scavenge the OMS propellant even though the payload bay is
full. More detailed information on these resultg is cortained in Section ¥,
of this preport. .

The second study task was to perform trade evaluations to determine which
tankage concepts and sizes would yield the largest quantities of propellant to
orbit, Trade data was also obtained for capillary acquisition system (CA3)
gize and flow rate requirements and heat load and insulation thickness
requirements for cryogenic propellant scavenging concepts. The results of the
trade studies indicated that an arrangement that has a central cylindrical Lo,
tank surrounded by a ring-shaped LH, tank was the best conecept for cryogenic
propellants. This concept is also favorable if mora than one size of tankage
is selected ‘because the end caps would be the same and only the cylindrical
portions would require changes in lengbh. This tank design is necessary
because it best minimizes the length of payload bay tankage for LH2 propel~-
lant, which has a low density and, therefore, requires a significant storage
volume. For storable propellants, which have a relatively high density, an
arrangement of existing tank designs was selected. Detailzd information on
the trade evaluations is contained in Section 4.2 of this report.

The study next proceeded into study tasks that essentially performed a
point design on the selected concepts, including detailed schematics, prelim-
inary layouts ard component requirements, and preliminary operational require-
ments. Detailed irformation on the point design for both cryogenic and stor-
able propellant systems is contained in Section 4.4, Detailed schematics are
presented in Figures 1 and 2 for the cryogenic system and Figures 3 and 3 for
the storable system. The orbiter scar weight associated with the cryogenic
scavenging system is minimal (~80 pounds), assuming that the helium tank
located under the payload bay liner will be removed on weight-ceritical miz-
sions that are not identified as scavenging mis-.ions. For storable propellant
seavenging, however, the scar weight is considerably higher (470 pounds)
because of all the OMS pod plumbing and valving modifications required.

After the point design system weights were evaluated, the propellant
availability analysis was updated, and propeilant losses and trapped residuals
were included to determine the propellant quantities deliverable to the user
station. The values obtained are presented in Table 1 for both crycgenic and
storable propellants along with the costs associated with eaeh concept.

1.3 STUDY GROUND RULES

The following list contains the study ground rules that were listed in
the study contract or agreed to during the course of the study.

1. 8T8 as specified in JSC 09095-71 Shuttle Systems Weights and
Performance (latest publication) shall be used as the baseline for

STS 84-0570-%
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Table 1. Scavenged Propellant Quantities
Number of Deliverable Total Propellant

Number of Scavenging Propellant Cost, Cost

System Tank Sizes Flights (1,000 1lb) ($M) ($/1b)
Cryogenic 1 69 926 75.6 82
propellants 2 89 1,042 91.3 38
3 89 1,182 106.5 90

L 89 1,220 119.1 98

5 89 1,247 128.4 103

1% (max.) 93 1,321 223.4 169

Storable 1 165 1,403 159.1 113
propellants 2 165 1,491 175.9 118

10.

determining performance except with modification required to account
for the latest operational MPS propellant inventory and mission-
required OMS propellant.

State-of-the~art technology shall be used to the highest degree
possible.

Current STS specification for cryogenic and earth storable propel-
lants shall be used.

On-orbit storage, if used, shall be located on or in the vieinity of
the Space Station (28. 5 degree inelination, 250-nautical mile
altitude).

Assume 1991 initial operational capability {IOC) of a scavenging
system that shall be compatible with the requirements of a Space
Station, with OTV capability, or with other requirements for on-
orbit propellant. Include the 1991 through 2000 decade in the study
evaluation, ) '

Payload manifest is based on MSFC nominal mission model, Hevision 6.

The latest available STS cost per flight data shall be used as the
basis for developing operational cost per flight estimates.

All costs shall be based on FY 1984 dollars,

Concepths requiring capabilities beyond the current capabilities of
the STS main and on-orbit maneuvering engines shall not be
considered.

The OMV shall be the earth-storable bipropellant, space-based
concept initially located at the Space Station (28, 5 degree
inelination, 250-naufical mile alktitude).

“
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12.

13.

14,

15.
16.

17.
18.
19.
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The OTV shall be space~based heginning in 1994 with two dry vehicles
launched to orbit in that year.

Only non-Department of Defense (DOD) payloads with 28.5-degree
inelinations shall be considered except that four DOD payload assist
module {PAM) DII payloads per year shall be included,

The maximum payload weight is 65,000 pounds, even though BRM-1 1ift
eapability is greater.

The maximum manifested payload length iz 60 feet, which must include
6 inches for the dynamic envelope between payloads and a b4-foot
clearance for extravehicular activity (EVA) or a 7-foot docking
module (5,000 pounds) on Space Station flights.

An STS operator—chargeable weight of 3,600 pounds must be included
on each flight whenever possible.

A maximum of five payloads or four PAM payloads can be manifested
per launch.

Reflights are excluded as scavenging opportunities.
OMV propellant requirement costs must be included.

8TS launch cost is $90 million (FY 1982 dollars), equivalent to
$101.4 million in FY 1984 dollars.

1.4 RECOMMENDATIONS FOR FUTURE ACTIVITIES

During the course of this study, certain items that require further
evaluation beyond the scope of the present study were discovered. The items
include hardware, software, and basic STS capabllltles. The following list

identifies these 1tems.

Development of CAS's for cryogenic propellant appliecation.
Bipropellant pump development (or storable propellanté
Quick disconnect (QD) development for storable propellants
Helium compressor development

Flight software changes to support vehicle control requirements
during on-orbit operations

Flight operations requirements for abort missions

Trajectory optimization to minimize performance penalties associated
with delaying OMS 1 burn

STS 84-0570-1




g

10,

Space Transportation ‘ ‘ Rockwe_]l
Systems Division £ % International

Center of gravity (ec.g.) limitations on the development of Flight
manifests o

dccommodation of STS lift capability changes as program maturity is
obtained

Entry and landing weight restrictions on normal and abort missions
to be reassessed by 6.0 loads cyele
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2, BRESULTS

The data presented in this report shows that propellant scavenging for
both eryogenic and sbtorable propellants is feasible and cost-effective, The
amounts of propellants that can be made available and the cost expressed as
doliars per pound of propellant £o orbit are presented in Table 1., The data
is presented for different propellant tank sizes because the on-orbit require-
ments for propellant have not been defined. The data presented should be
compared to the costs for an STS tanker, which would be $2,033 per pound Lo
deliver propellant plus the development and production costs of the tankage
set. :

After the study was initiated, the goal of delivering 2.5 million pounds
of gryogenic propellant to orbit was added to the study. The resulis of this
evaluation are presented in Table 2. These data show that increased propel-
lant to-orbit capability can be attained but that this can only be- accom-
plished by creating more scavenging opportunities by adding STS flights to the
flight manifest. The cost sensitivity to the quantity of cryogenic propellant
achieved is presented in Figure 5. The data indicates a sharp increase in
cost as the quantity of propellant increases beyond that available with the
baseline manifest because the cost for each Flight above 202 in the manifest
is $101.4 million.

Tablie 2. Increased Cryogenic Propellant Quantities

* Pa—
Flights Delivered Total Propellant
Tankage Propellants Cost Cost
Concept Total | Seavenging | (1,000 1b) ($M) ($/1b)
Baseline manifest
One tank size 202 69 926 75.6 82
Five tank sizas 202 89 . 1,247 128.4 103
Relaxed manifest
Five tank sizes 212 103 2,222 1,174.7 529
215 106 2,452 1,481.6 604
216 107 2,507 1,583.7 632

PRECEDING PAGE BEANK NOT FEMED
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Figure 5. Cryogenic Propellant Cost Sensitivity

A specific result requested from this study was the mixture ratio {MR) at
which propellants could be made available on orbit. The data presented in
this report for cryogenic propellants is at an MR of 6. This value can be ’
changed, however, once the desired on-orbit MR is selected simply by adjusting
the design volumes of the payload bay tankage. This volume is selected based
on design MR, propellant losses from heating, and trapped propellant resid-
wals. For storable propellants, the data presented is for equal storage
volumes, which is an MR of 1.6. This value could also be changed to any
desired value by adjusting the payload bay tankage volume, but the maximum
propellant available from the OMS tanks could only be available at the
1.6 MR. MR's above 1.6 can be obtained from the OMS tanks but only with a
reduction of total propellant available because the maximum quantity of fuel
that is available would not be required.

12
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3. CONCLUSIONS AND RECOMMENDATIONS

The data presented in this report presents the quantity of propellant
that can be scavenged; 2 point design for the optimum method of scavenging,
ineluding hardware and procedures; the costs required for the scavenging; and
recommendations for tests necessary to develop and verify the scavenging
concepts. The information is presented in greater detail for eryogenic pro-
pellant scavenging than for storable propellant scavenging because this was
specifically requested in the contract.

The hardware systems designed are all considered to be the state of the
art except for some specifie storable propellant components that require
development. Operationally, the procedures required do not present high risk
to the STS program although certain test programs will be required to
establish the best methods for system operations.

A number of items associated with hardware development, software changes,
and basic STS performance capabilities have been identified during the study
as requiring further study efforts. They are listed below:

1. CAS development for cryogenic propellants application

2. Bipropellant pump development for storable propellants

3. QD development for storable propellants

4. Helium compressor development

5. Flight software changes to support vehicle control requirements
during on—~orbit operations

6, Flight operations requirements for abort missions

T. Trajectory optimization to minimize performance penalties associated
* with delaying OMS 1 burn

8. Center of gravity limitations on development of “light manifest

9, -Accommodation of STS lift capability changes as program maturity is
*  obtained

13
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4, STUDY REPORT

This section presents the results of the study. It begins with an
evaluation of the quantity of propellants that potentially is available for
seavenging. To do this, a flight manifest, based on NASA data, was developed,
and thep the STS 1lift capability was defined. In addition, an evaluation of
the pciential on-orbit users of storable propellants is included. This was
done at the special request of NASA,

System trades that were performed will be described for propellant tank
design, thermodynamic vent system (TVS) design, propellant heat loads, and
capillary vent system sizing., These trades were necessary eitbher to define
the best design or to determine whether the assumed approach to a problem was
feasible.

The rationale for the selection of cryogenic and storable propellant
systems is presented next. This is followed by a point design of each of the
system concepts selected. The point design includes operations; time lines;
purging procedures; hardware design, including components; a system perfor-
mance evaluation; and instrumentation and control system requirements. Test
plans are delineated for those areas or components of the selected systems
that may reguire long~term development.

A final evaluation was made during the study to determine the actual
propellants that would be delivered to the storage depot at the Space Station.
A discussion of this evaluation includes the [actors of system hardware
weight, heat losses, and trapped residuals. A technique for increasing the
deliverable propellants is also presented,

4.1 PROPELLANT AVAILABILITY

The conecept of propellant seavenging began with the thought of saving and
using cryogenic propellants that would otherwise be discarded with the ET or
dumped from the orbiter. The propeliants to be saved could include unused
reserves and residuals as well as excess usable propellant resulting from
less-than-maximum-performance missions. The point o. 'ise for scavenged pro-
pellants would be the Space Station. For this study the concept of simply
saving what would be lost has been breoadened to include carrying cryogenic
propellants as payload in the orbiter payload bay and carrying storable (OMS)
ropellant that exceeds basie mission requirements. This can be done by using
the full OMS tank capacity and by providing payload bay tanks. The availabil-
ity of propellants to be scavenged in any of these ways is the subject of this
section,

It is important to recognize that excess 1ift capability is vital to
scavenging even il caly the cryogenic reserves and residuals are to be
saved. Lift capability must be allocated to the weight of the secavenging
system and to the extra OMS propellant needed for orbital delivery maneu-
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vers. Only after those requirements are met can excess lift capability be
converted into more scavenged propellant.

The propellant availability task relied on the NASA mission model for the
years 19912000 to yield a set of STS missions for which excess performance,
if any, was determined. Excess performance was turned into available eryo-
genic or storable propellant. Since this task preceded the identifieaticn of
scavenging system weights, such weights were not deducted from 1ift capability
at this point in the study. They are accounted for, however, in the tank
sizing task and in the final evaluation of scavenged propellant quantities.

A special task included here identified potential users of seavenged
storable propellant. The scavenging operation itself will use storable pro-
pellant in those cases where an OMV is needed to complete the delivery of
propellants to the Space Station. This OMV propellant requirement was evalu-
ated later in the study for selected scavenging systems.

§,1.1 STS Mission Descriptions

For the calculation of excess performance capability, henee propellant
availability, it is sufficient to describe missions simply by their payload
manifiests (total weights and lengths) and their destination orbits. The MSFC
mission model (FY 1983-2000), Revision 6, PS-01, provided the necessary mis-
sion data. Only the years 1991-2000 are ineluded in this study.

The overall ground rules for defining missions, in addition to the MSFC
model, were the existence of a Space Station in a 250-nautical mile, 28.5-
degree orbit, the existence of an OMV to retrieve payloads from lower orbits,
and the requirement to manifest payloads to obtain the minimum number of STS
flights. Since scavenged propellants are destined for delivery to the Space
Station, only payloads to 28.5~degree inclinations (or unrestricted inclina-
tions) were consjidered. Manifesting for the minimum number of flights neans
that the scavenging concept is accorded no special help, and scavenging sys-
tems must Tly on an “opportunity" basis,

Several additional ground rules and assumptions were made to ensure
reasonable manifests. They are listed below:

1, Composite STS payloads will not exceed 65,000 pounds or 60 feet in
length (including major payloads, STS operator-chargeable weight,
ancillary payloads, STS docking module, payload bay egress length,
and dynamic envelope).

2. No more than one major altitude change (®30 nautical miles) will be
made per mission to avoid excessive OMS propellant requirements.

3. Whenever possible; an STS operator-chargeable weight of 3,600 pounds
and an STS ancillary payload weight of 2,000 pounds were included.
These represent getaway specials; student experiments; mid deck
experiments, such as continucus flow electrophoresis system (CFES),
multilatex reactor (MLR), etc.; crew experiments; payload attachment
hardware; and extra crew seats, orew members, and power reactant
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storage and distribution (PRSD) tanks. These payloads or experi-
ments have no lengith in the payload bay (usually they are placed in
the mid deck or under the payload bay liner)}, but their weight must
be included.

No identical payloads would be manifested on the same flight.' This
allows the recognition of realities in allowing for periodic flights
(such as four per year Space Station resupply missions) and that
insurance for commercial payloads usually will not allow an entire
commercial system to be flown on one Plight (such as two Telstars or
two Palapas).

People's Republic of China communication payloads should not be
comanifested with DOD PAM-D's.

LEQC station and LEQ platform payloads may be comanifested.

MPS payloads may fly at any altitude buft should not "Ly with
tethered satellite system (TSS) payloads.

An upper stage mission may be launched from the orbiter at any alti-
tude. This allows the deployment of upper stage payloads from Space
Station altitudes.

A space~based advanced orbital transfer vehicle (AOTV) was assumed.
To accommodate this, two empty AOTV's were launched tc the Space
Station in {99H and used for all subsequent payloads requiring the
AQTV. The weight and length of the AQTV, plus airborne support
equipment (ASE), were deducted from the MSFC mission model data to
obtain the payload's weight and length, and only these values (+10
percent for ASE) were included in the manifest. The AQTV weight was
taken to be 5,930 pounds dry (48,840 pounds wet). It was 29 feet
long, and the ASE weighed 6,000 pounds.

DOD PAM-D's were baselined to be 15,867 pounds and 11.5 feet long
(3,600 pounds down weight). All other PAM-D's would waigh 10,100
pounds and be 8 feet long (3,600 pounds down weight).

All STS flights must include at least ¥ feet of clearance in the
payload bay to allow contingency EVA egress or 7 feet for a docking
module on any Space Station or space platflorm flight. Three inches
on each side of the payload must be kept clear as a dynamic envelope
(1/2 foot between payloads).

The last three ground rules were imposed on this analysis after an ini-
tial review of the manifest.

Toward the end of the study, it was agresd that the 2,000 pounds For
ancillary payloads be deleted. This change is reflected in the final
manifests and performance data.

17

STS 84~0570-1



- Spaca Transporiatian a - Rockwell
Systeéms Division " International

The ten {light manifests prepared for the years 1991-2000 are presented
in Section A.1 of the appendix. Each table lists the Flight number, major
payload, length (individual paylecads and total), weight up and down, and
destination altitude for each payload. Under the adopted ground rules, 202
flights were required to carry all 28.5-aegree ineclination payloads, with an
overall load factor of 94 percent. For many flights the manifests show a
payload altitude of 160 nautical miles and direct insertion is indicated.
These cases signify an upper stage, which may optionally launch from 160
nautical miles in accordance with the ground rules. Unless a flight carries a
payload that must go to 250 naubtical miles, the flight has been assumed in
using the flight manifests to be a standard insertion to 160 nautical miles to
gain better STS performance.

Table 3 summarizes the resulting ten-year schedule by orbital destina-
tion. The category of "other! orbits includes flights to higher altitudes not
compatible with scavenging. Flights to 160 and 124 nautical miles refer to
the deployment of a TSS at 124 nautical miles after other payloads are deliv-
ered at 160 nautical miles, These flights are the only ones requiring a major
altitude change.

Three payload considerations have been ignored here consistent with the
preliminary nature of the payload manifesting exercise. Orbiter c.g. restric-
tions are a concern in today's STS flight plans and may disallow some of the
flight manifests developed for this study. Alsc no consideration was given to
payload specific requirements (such as lighting) when payloads were combined.
Greater realism in these areas could result in lower &TS load factors and more
excess performance to devote to seavenging.

The third gayload consideration ignored in manifesting is the orbiter
landing welght limit, currently set at 2i1,000 pounds for a normal missicn.

Table 3. Flight Manifest Summary

Number of Flights per Year

Altitude . -

(nmi) 1991 | 1992} 1993 ] 1994 1 1995 [ 1996 | 1997 | 1998 | 1999 | 2000 | Total
250 8 8 9 | 12 11 10 9 10 10 11 98
160 6 10 y il 8 10 8 5 3 8 73
160 and
124 1 1 2 1 2 2 1 2 2 1 15
Other# 2 1 2 2 1 0 3 2 1 2 16

Total]| 17 20 17 26 22 t 22 | 21 19 | 16 22 | 202

'*Flights to Yother" orbits do not offer scavenging because of 1lift capability
and/or length constraints.
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This figure is based on nominal end-of-mission OMS and reaction control system
(RCS) loads and a 32,000~pound return payload. In an intact abort situation,
landing with a 65,000~pound payload (240,000 pounds total weight) is a
requirement that will be met by dumping propellants, flying a shallow glide
slope, and restrieting the landing speed and sink rate. The ongoing 6.0 loads
analysis, to be completed in two years, will include landing weights as large
as 256,000 pounds in order to probe the limits of orbitér capability. The
results of that analysis will apply to Orbiter Vehicle (OV) 103 and subs and
may indicate safe landing weights larger than the current limit.

Of the 202 flights manifested for this study, 37 have return payleads
that weigh more than 32,000 pounds, the largest being 45,700 pounds, These
were allowed on the basis that the return payload limit is somewhat soft,
considering the discussion in the previous paragraph. In addition, the return
payload weights are less certain than those of up payloads due to uticertainty
in the consumables included. In all cases a reduction of return payload
weight would logically require a corresponding reduction in up payload weight,
ereating additional flights and more Lift capability and space on the original
flights., Thus, eliminating all 37 Y"overweight”™ cases would greatly increase
the amouni of propellant potentialiy scavengeable.

It is appropriate to mention here that many of the potential scavenging
flights identified in Seetion Y4 carry a combined wesight of up payload plus
scavengeable propellant exceeding the nominal 65,000-pound limit. This poses
no problem for ascent {all weights are within the 1ift capability), and by
dumping scavenged propellant the abort landing weight could be brought within
the 1limit in all but a few cases. In these cases the weight of secavenging
system hardware plus payloads would exceed 65,000 pounds, but the amounts are
considered to be within the tolerance of a preliminary mission analysis.

4.1.2 875 Performance Capability

With the flight manifests developed above, only three mission profiles
need to be considered in the propellant availability task and the scavenging
tank sizing tasks. In the simplest terms these are:

1. 8tandard insertion to 160 nautical miles, propellant delivery to OMV,
other payload operations, and deorbit from 160 nautical miles

2. Same as No, 1 bubt transfer to 128 nautical miles prior to deorbit

3. Direct insertion tc 250 nautical miles, propellant delivery to Space
Station, other payload operations, and deorbit from 250 naufical
miles

Detailed fime lines for the propellant delivery part of these missions
are coverad in a laber section, but these basic deseriptions plus appropriate
ground rules are sufficient to define the STS performance capabilities in each
case. The 16 flights shown going to other altitudes in Table 3 have also been
evaluated and found to lack significant scavenging potential, Their high
altitudes tend to require full 1ift capability and nearly full OMS loads.

They have nobt been considered further.
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Table 4. BRM-1 Description From JSC~09095-T4
Ground Rules Weight Summary (1lb)

Missions BRM~1 Current manager's 5,287

Launch date Winter reserve

Launch site ETR Payload 65,000

Orbiter QV-103 Lift capability 70,287

External tank LWT~7

EPS tank sets 3 STS operator -

Software release Orbiter inert 146,843

Crew/days /7 SSME X 3 inert 20,655

SSME throttle settings (%) 108/109 Persorinel 3,505

SSME Isp Spec nom | Wonpropellant consumables 4,749

SrB MWC/HPM OMS propellant 19,700

Aseent aerodynamics IVBC-3 ACS propellant 7,416

Trajectory shaplng Nominal [ MPS propellant unexpended 13,554

Altitude (nmi) 150 - MP8 pressurants 423

Inclination (deg) 28.45 ET inert 67,020

Design season Winter Shuttle system at MECO 354,152

Q-M design constraint TPS limit '

Max Q 720 Nonpropulsive weight yup

Load relief Q-alpha -2,000 loss (4)

Entry target line Steep SRB ¥ 2 inert 375,382
SRB X 2 propellant 2,216,864
MPS propellant expended 1,575,528

Shuttle system at b, 522,468
SRB ignition

The primary study ground rule for STS performance is the assumption ol
BRM~1 lift capability per the August 2%, 1984, Green Book adjusted for the
Revision 5B propellant inventory. The information in Table 4, taken from the
Green Book, summarizes BRM-1 conditions and capability. Tables 5 and 6 present
the orlglnal and revised inventories, respectively, and Table 7 shows the
steps required to adjust the propellant inventery. The change in propellant
load at 1ift-off affects propelliant consumption at MECO by a factor that must
be evaluated from trajectory simulations. The value of W w /W w = 0.91 used
here came from a recent Rockwell evaluation of BRM-1

The adjusted manager's reserve of 6,646 pounds is really excess usable
MPS propellant at MECO and applies only to the BRM-1 MECO conditions and
weights for payloads (65,000 pounds) and OMS load (19,700 pounds). The set of
potential scavenging flights, however, involves a variebty of payloads and
requires a variety of OMS loads. Also, those flights going by direct inser-
tion (DI) to 250-nautical mile altitudes reach a different MECO velocity and
flight path angle. Thus, further adjustments to the basiec BRM~1 lift capabil-
ity are required before scavenging flight perfoermance can be evaluated.
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Table 5. BRM—1 MPS Propellant Inventory
- LH2 L02 Total
Loaded 231,480 1,384,200 1,615,680
Orbiter lines 249 3,304 3,553
SSME X 3 58 1,325 1,383
ET (HXT = 1046.3, HUP = 0.3,
LXT = 420.0, LUP = 0.1) 231,173 1,379,571 1,610,748
Loss before engine start comﬁand
(DBT~~8M:545) 104 10,000 10,104
Boiloff, bleed, seal leak,
pogo flush 104 10,000 16,104
Load at engine start command 231,376 1,374,200 1,605,576
grbiter lines 29 3,304 3,553
SSME X 3 58 1,325 1,383
ET . 231,069 1,369,571 1,600,640
Transferred from ET 58 172 230
Used for THR buildup znd SRB
ignition delay 1,733 9,434 11,187
Load at SRB ignition command 229,643 1,364,766 1,594,409
Orbiter lines 249 3,304 3,553
SSME ¥ 3 116 1,497 1,613
ET 229,278 1,359,965 1,589,243
Lnusable 2,113 4,798 6,911
Croiter lines (LO, ECO T = 3.398,
NPSP = T.2) 249 550 799
SSME X 3 N 58 1,325 1,383
ET wet walls, bellows 0 175 175
BT: LO, lines; LHy lines and tank 870 0 670
Flight press 1,136 2,748 3,884
Usable reserves 1,785 4,628 6,413
Orbiter lines (FPR) 0 2,754 2,754
SSME X 3 0 0 0
ET (FPR) 769 1,874 2,643
Bias 1,016 0 1,016

21

STS 84-0570-1




Space Transportation a HOCRWE}I
Systems Division ¥ international

Table 5. BRM-1 MPS Propelliant Inventory (Cont)

LH, LO, Total
Usable impulse 225,745 1,355,340 1,581,085
Used at OBMR 224,970 1,353,875 1,578,845
Shutdown consumption 77 1,293 2,010
0 SSME from nominal MTS
percent 0 0 0
3 8SME from 65 MTS percent 17 1,293 2,010
Vented after SSME valve closure 58 172 230
Notes:
Nominal T = T1 + (.00
Fuel bias = 1,016, MTS nominal/abort = 109,109, MR = 6.0000
Total FPR = 5,397, Ullage 02, = 2.25, Sigma = 3, OMBR = 6.0180
Delta FPR = -300, Ullage H2 = 1,63

The adjustment for variable ascent payload (PL) and OMS load (W,,s) is
easily made using the W W /W W, factor since a change in either of these items
is simply a change in lzunch weight, Wo' Thus for excess MPS propellant, we
have (Emps' pounds)

E -(SI) 6,646 - 0.91 [(PL - 65,000) + (W

mps - 19,7003 1]

oms

(1}
83,723 - 0.91 (PL + W

oms )

This equation applies to standard insertion (SI) flights. Adjustment for
direct insertion conditions was estimated in two ways using the JSC Red Book
data base for generic standard znd direct insertion ascent trajectories.
Table 8 shows the steps involved.

In the second column, the BRM-1 MECO weight from Table 4 is noted. The
third column shows the standard insertion data corrected for 109-percent Spacs
Shuttle main engine (SSME) thrust, and the Ffourth column shows direct inser-
tion data corrected for a 250-nautical mile apceze. The difference betuween
the standard and direct insertion cases is a decresse in payload weight of
9,149 pounds for the direct insertion case. This translates (by the 0.9]
factor) into a delta E of 8,326 pounds. Finally, a correction for the
large difference in MPS load between BRM-1 and the Red Book propellant inven-
tory is shown in the fourth columit. The final MECO weight for direct inser-
tion is 8,598 pounds less than the BRM~1 MECO weight, but there is significant
uncertainty in this value due to the large correction for propellant load and
some doubt about the consistency hetween the BRM—-1 and Red Book ascent perfor-
mance calculations. 1In addition direct insertion target conditions have been
revised sinee the October 1982 Red Book issue and the effect of this is
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Table 6. Revised MPS Propellant Inventory
LH, LO, Total
Loaded 231,650 1,388,379 1,620,029
Orbiter lines 249 3,304 3,553
SSME X 3 58 1,325 1,383
ET (I{XT = 101{4,6, HUP = 0-3,
LXT = 412.6, LUP = 0.4) 231,343 1,383,750 1,615,093
Loss before engine start command
(DBT-~54:08) 104 5,700 5,804
Boiloff, bleed, seal leak,
pogo flush ' 104 5,700 5,804
Load at engine start command 231,546 1,382,679 1,014,225
Orbiter lines 249 3,304 3,553
SSME X 3 58 1,325 1,383
ET 231,239 1,378,050 1,609,289
Transferred from ET 58 172 230
Loss for THR buiidup and SRB
ignition delay 1,733 9,434 11,167
Load at SRBE ignition command 229,813 1,373,245 1,603,058
Orbiter lines 249 3,304 3,553
SSME X 3 116 1,497 1,613
ET 229,448 1,368,444 1,597,892
Unusable 2,223 4,770 6,993
Orbiter lines (LO, ECO T = 0.478,
NPSP = 6.4) i 249 522 771
SSME X 3 58 1,325 1,383
ET wet walls, bellous 0 175 175
ET: LO, lines; LH, lines and tank 780 0 780
Flight press 1,136 2,748 3,884
Usable reserves 1,594 4,195 5;789
Orbiter lines (FPR) 0 2,782 2,782
SSME X 3 0 o] 0
ET (FPR) 694 1,413 2,107
Bias 900 0 900
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Table 6. Revised MPS fPropellant Inventory (Cont)

LH2 L02 Total
Usable impulse 225,994 1,364,279 1,590,275
Used at OBMR 225,329 1,362,838 1,588,167
Shutdown consumption 609 1,269 1,878
0 SSME from nominal MTS
percent 0 ¢ 0
3 SSME from 65 MTS percent 609 1,269 1,878
Vented after SSME valve closure 58 172 230
Notes:
Nominal T = T1 + .00
Fuel bias = 980, Throttle setting (nominal/abort) = 104/104, MR = 6.0301
Total FPR = 4,888, Ullage 05, = 1.57, Sigma = 3, OMBR = 6.0482
Delta FPR = G, Ullage H2 = 1.55
Table 7. BRM-1 Inventory Adjustment
Propellant (1b)
Revision S1 Revision 5B
Inventory Inventory Delta
Load at SRB ignition command 1,594,409 1,603,058 +8,6u49
Unusable 6,911 6,993
Usable reserve ) 6,413 5,789
Usable impulse 1,581,085 1,590,275 +§,190
MPS expended 1,575,528% 1,583,399 +7,871 %%
VYented 230 230
Manager's reserve 5,32T% 6,646 +1,319%%%
*From Table 3.3 of Green Book. Note 40-1b discrepancy in Green
Book manager reserve.
#¥Y Expended/W loaded = 0.91 for this trajectory.
¥%¥%*Fxcess MPS varies as -0.91 x W (payload + OMS load).

unknown. In the end it was decided conservatively to use 8,598 pounds as the
delta Emps figure, ylelding
Epps (DI) = 75,125 ~ 0.91 (PL + Wg,.) (2)

Equations 1 and 2 express ascent performance capability to MECO, but
additional data and assumptions are needed to define the OMS propellant
requirements for the remainder of the flight maneuvers,
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Table 8. Performance Adjustments for Direct
Insertion to 250-Nautical Mile Apogee

Mission
Standard Direct
Insertion Insertion
BRM-1 to 160 nmi to 250 nmi
Data source Green Book Red Book Red Book
JSC-09095-T74 JSC-17332 Rev. A | JSC-18628
(8-2L-83) (9-82) (10-82)
MECO weight (1b) 354,152 345,659 344,439
Conditions BRM-1 Rev. S1| e qp . 719 psf | e ax 120 psf
inventory e 102% SSME ¢ 240 nmi apogee
For 109% SSME +7,505
For 250 nmi apogee -424
Adjusted MECO weight 353,164 344,015
For 17,103-1b +1,539
difference in MPS
loading
Adjusted MECO weight . | 345,554

Orbiter weight for OMS maneuvers is obtained from the weight summary in
Table 4 by adding the weight of the inert orbiter, SSME's, personnel, nonpro-
pulsive consumables, and RCS propellant, giving 183,168 pounds. In perfor-
mance calculations, the RCS load has not been depleted, resulting in a conser-
vative estimate of CMS consumption. The orbiter's weight is increased by
payloads (up and down) and scavenged propellants as appropriate to each
flight. 1In tank sizing and final performance calculations, the scavenging
system weight is also included.

OMS performance ground rules are given in Tables 9 and 10. The OMS
propellant inventory comes from the JSC 104-percent Generic Performance Study
ground rules and the delta-V's from Rockwell trajectory data. The 35-fps
rendezvous allowance was derived from a Space Station user reference mission
analysis and applies to all flights on which the orbiter delivers propellant
to the Space Station (i.e., all scavenging flights to 250 nautical miles).
The apogee delta-V for direct insertion is based on the MECO condition given
in the direct insertion Red Book. Additional OMS delta-V data are shown as a
function of altitude in Figure 6.
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Table 9. OMS Propulsion Data

Weight (1ib)

Tank capacity 25,061
Unusable propellant

Residuals 799

Gaging error 518

Engine failure 125

FPR (1.5% full load) 349

Total 1,791

Maximum usable propellant 23,273
Specific impulse 313.2 seconds

Table 10. OMS Delta-V's for Scavenging Missions

Insertion/Deorbit Altitude (nmi)

160/160 1607124 2507250

Delta-V with up payleoad and
scavenging propellants (fps)
@ Ascent 433 433 380

@ Rendezvous * - 35
Delta-V with down payload
(fps)
e Payload deployment/retrieval 20 20 -
e Hohmann transfer - 127 -
8 Deorbit 297 273 b3

The analysis of STS performance for each flight moves in reverse from
deorbit back to MECO. The steps, in principle, are as follows:

1. Compute GMS propellant (OPQ) for deorbit and other postscavenging
maneuvers with the down payload.

2. Compute OP1 for ascent and rendezvous maneuvers carrying the up
payload, scavenged propellants, and OP,.

3. Compute Enpg from Equation 1 or 2 with woms = 0Py + QP, and PL =
manifested up payloads plus any extra storable propellant carried for
scavenging.
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Figure 6. OMS Delta-V Requirements

When scavenging system weighis are considered, they are included in both the
up and down payloads. In actual practice these steps are combined in two
relationships among up payload, down payload, scavenged cryogenic propellant,
and scavenged storable propellant. One of these relationships follows from
the ascent performance limit (Ep,. = 0 in Equation 1 or 2) and the other from
the OMS tank limit, which requires OP; + OP, + unusable < tank capacity.
Simple modifications are made to {reat the scavenging of cryogenic reserves
and residuals and the use of payload bay tanks for additiénal storable propel-
lant. Computer programs were developed for the automatic analysis of the 202
flights.

When this analysis began, the emphasis was on post-MECO scavenging of
excess and residual cryogenic propellants. Later, emphasis shifted to the
prelaunch loading of cryogenic propellants in payload bay tanks to use up any
predicted MPS propellant margin. However, the calculations for eryogenic
progellant secavenging were not changed to refleet prelaunch loading. A3 a
result, the cryogenie propellant weights shown for scavenging in this report
are conservative by an estimated 5 to b6 percent because of the .91 factor
relating Em 4 5O launch weight. This situation does not apply to storable
propellant scavenging results.

An additional product of this analysis is the general payload-to-altitude
curve in Figure 7. This may be used to compare the performance ground rules
and assumptions used hare with those of other studies. The mission profiles
for this plot consists of payload delivery, 20 fps for deployment, and deorbit
with no down payload. Other delta-V's are taken from Figure 6.
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Figure 7. Payload Delivered Vs. Circular Orbit Altitude

4,1.3 Availabilibty Analysis

Combining the ten-year flight manifest with the STS performance capabil-
ity just described yields the amounts of cryogenic and storable propellants
potentially available for scavenging. This analysis was first performed early
in the study to provide an indicator of the overall attractiveness of scaven-
ging and as a guide to the development of scavenging concepts. Alternative
concepts and designs can be rated partly on how much of the potentially avail-
able praopellant they are actually able to deliver. During the study, modify-
ing the ground rules had some effect on propellant availability. The informa-
tion presented in this section reflects updates of the final study ground
rules discussed in the previous sections, in particular the deletion of ancil-
lary payloads. )

Cryocgenic propellants are potentially available from two sources: excess
MPS propellant on less-than-maximum payload flights and the reserve and resid-
ual propellants normally remaining at MECO even on maximum payload flights.
The MPS propellant is loaded to fixed sensors in the ET for each flight. The
excess then varies because impulse propellant on each flight varies due to
payload weight, MECO targets, and OMS loading for post-MECO maneuvers. The
avallability of reserve propellant depends on the system and environmental
dispersions experienced on each flight, which may be good or bad for propel-
lant consumption. This study assumed that the baseline propellant inventory
reserve and residuals would be available on each flight since on the average
that is true. '
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Figure 8. LO, Propellant Allocation

Figures 8 and 9 illustrate the complete allocation of MPS propellants,
LO, and LHy, respectively, according to the baseline SBHB inventory. Propel-
lants are considered to be available potentially all the way to the orbiter/
SSME interface. Thus, the L02 reserve and residual propellant contributes
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SRR S——— | . [N ..

(GRITION CMD e } FLT PRESS. GAS
. 228677 4 (1136)
E
3 USABLE IMPULSE
IMPULSE 4 (225996)
LHz 1
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DEPENDENT
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k-
:::‘1 | BIAS (300)
- } R
Q=== === fr====-0RB/ET I/F= 7 | UNUSABLE FOR SSME
== o hoows(iB PREVALVES 158 £
SA\" ===~~~ 0RB/SSME I/F » | UNUSABLE IN SSME
o == = = = = SSME NFV 0 (58)

’

Figure 9. LH, Propellant Allocation
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4,717 pounds and there are 2,623 pounds of LH,, for a total of 7,340 pounds of
potentially available reserves and residuals. This value has been used here
in the cryogenie propellant availability calculations. The selected concept
for post-MECO scavenging, however, will obtain propellants only down to the
orbiter prevalves. In this case the corresponding numbers for LO, and LH, are
3,517 pounds and 2,523 pounds. In addition, 350 pounds of LH, will be left in
the ET due to feed line dropout, leaving a total of 5,690 pounds of scavenge-
able reserves and residuals. This is the value used later in determining the
eryogenic propellant deliverable by the selected tank configuration.

The evaluation of the potential eryogenic propellant avallable made one

. conecession to the realities of scavenging system design: a length of 2 feet in
the cargo bay was assumed as a minimum for even the smallest system. This
constraint and the available STS performance capability eliminated scavenging
on 106 out of the 202 manifested flights because there is no room in the
payload bay and/or there is no excess performance. Table 11 shows the result-
ing total number of scavenging flights and propellant quantities by year. The

Table 11. Potential Excess Cryogenic Propellant
Availability for 149i-2000

Year

1991]1992] 1993|1994} 1995]1996 | 1997] 1998]1999] 2000 Tota1

Total flignts 17 20 17 26 22 22 21 19 16 22 1202
Efcess performance 2 5 b 13 9 ) 51 10 8 8 169
but excess length (3u%)
<2 %

Excess length i 0 2 3 2 2 2 4 3 2 |21
>2 £t but no {(10%)
exesss performance

No excess perfor- 2 1 i > i 0 3 2 1 2 116
mance or length (8%)
Potential scaven— 12 1 18} 10 71 10| 14 | 12 3 41 10 196
ging flights (48%)
Excess MPS 191 (293 {102 {120 {243 (331 (2854 ( 70 | 61 {168 (1,833
(1,000 1b)

Propellant 85" | 99 T1 50 1 99 85 21 28 71 680

reserves (1000 1b)

Total (1,000 1b)#* | 276 |392 | 173 {170 {314 |430 {339 | ¢ 89 (239 (2,513

¥Tobtal prepellant available from potential scavenging flights only.
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remaining 96 flights provide 1.83 million pounds of cryogenic propellant from
excess performance and another 0.68 million from MPS reserves and residuals,
for a total of 2.51 million pounds of potentially available propellant. This
quantity does not consider any reduction that is redquired for the scavenging
system weight or propellant losses from boiloff, propellant transfer, or
trapped propellant. It does make allowances in ascent performance, however,
for the OMS propellant needed %o push the weight of scavenged propellant
through ascent and on-orbit OMS maneuvers,

Storable propellant scavenging can be aceomplished by loading OMS propel-
lant in the orbiter OMS tanks beyond the amount required by the mission or by
loading tanks containing storable propellant in the payload bay if space is
available. Either approach requires excess asceent performance, but since all
202 manifested flights offer extra room in the OMS tanks, no flight was elimi-
nated because it lacked payload bay space. Table 12 shows that additional
propellant can be loaded in the OMS tanks on 165 flights, for a total of 0.80
million pounds. Additional performance capability exists to carry 2.48 mil-
lion pounds in payload bay tanks (for a grand total of 3.28 million poynds).
Again this quantity dces not consider the weight of the scavenging system or
payload bay tanks but does consider the increased OMS propellant. required by
OMS" maneuvers.

This study recognized the possibility of scavenging some OMS reserves
before the deorbit burn, but this option is operationally unattractive.
However, some of the reserve items in Table 9 are believed to be quite conser-
vative and may be reduced in the future, freeing more OMS Lank capacity for
scavenging.

Table 12, Potential Excess Storable Propellant
Availability for 1991-2000

Yeoanr

1991(1992( 1993 |1994{1995[1996 (1997] 1998} 1999 [ 2000 Total

Potential scaven- 14 19 14 20 19 20 16 13 12 18 165
ging Plights--
includes excess
length<2 £%

Excess OMS from 68 | 96 | 60 108 | 91 {106 { 83} 65 | 54 | 88 815
orbiter tanks ’
(1,000 1b)

Excess OMS from . | 229 {388 {180 (390 [371 |503 |358 [ 307 |216 [335 {3,277
orbiter and pay-
lecad bay tanks
(1,000 1b)
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The scopé of the propellant avallability analysis was limited to scaven-
ging cryogenic propellant or storable propellant but not both on the same
flight. It is instructive, nonetheless, to consider the fundamental fradeoff
between cryogenic and storable scavenging imposed by the ascent performance
limit and the OMS tank limit. Figure 10 displays the possibilities presented
by three typical flights chosen from the ten-year set. In the first case
(Flight 15 in 1991), A represents potentially available cryogenic propgllant
with no available storable propéllant. This point is determined by ascent
performance capability, as is the entire line from 4 to C. Point B represents
potentially available storable propellant with no available cryogenic propel-
lant, determined by the OMS tank capacity limit line. With the option of
payload bay tanks for storable propellant, the available amount jumps to C on
the ascent performance limit line. Points 4, B, and C are the cases investi-
gated in this study.

From the viewpoint of overall transportation efficiency, the small slope
of the OMS tank limit line is significant. Beginning at B, it is possible %o
provide cryogenic propellant for scavenging with very little loss in available
storable propellant, using only the OMS tank capacity. The intersection of
the constraint lines at D yields the maximum sum of available propellants of
both types. The near 1-to-1 slope of the ascent performance limit line means
that the sum of available propellants is nearly constant anywhere along this
line, but storable propellant payload bay. tanks are required in the region
from D to €.

_ The other cases shown in Figure 10 illustrate similar tradeoffs ror other
payload weights and orbit destinations. The second case exhibits a very large

20 FLIGHT PAYLOADS ORBITS
© 1991=15  53,800/17,410 160/ 160 =cwmmmeumrn
1992-12  37,600/3,600  160/150 =smeacen
. 15k 1993-6 48,600/8,600  250/250 o smmms seem
AVAILABLE
STORABLE N\ NOTE: STORABLE PRCPELLANT ABOVE OMS
PROPELLANT | s TANK L1HIT REQUIRES PAYLOAD BAY TANKS
{KLRY %
10 N\

i m-ASCENT PAYLOAD LIMIT—wd,

\\k \@® - \\h
n 13 { ) [] d 1 i i

¥ 5 10 ™15 20 27 30
AVAILABLE CRYORENIC PROPELLANT (KLB)

Figure 10. Typical Tradeoffs for Scavenging Cryogenic and Storable
Propellants
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cryogenie propellant capability due to the relatively swmall up payiocad. The
third case exhibits reduced availability of both propesllants due to the
250-nautical mile orbit destination.

Lack of payload bay space would generally preclude carrying both types of
tanks on one f£light, but scavenging cryogenic propellant, plus storable pro-
pellant from the OMS tanks, is a posaibility. Fubure interest in combined
scavenging schemes would depend on the perceived demand for each type of
propellant and the desired size and frequency of individual Aeliveries.

4.1.8 Relaxed,Flight Kanifest

After the study had started and the flight manifest was defined, NASA
defined a propellant delivery requirement of 2.5 million pounds of cryogenic
propellant to the space~based depot. Within the constraints on scavenging ;
defined by this study, the only method available to attain this goal is to i
create more scavenging opportunities. This is accomplished by creating more
STS flights ("relaxing" the baseline flight manifest). Specifically, flights
that are full with multiple payloads and that are not secavenging flights in
the baseline manifest are split into two Flights with scavenging performed on
both flights. The cost associated with each additional flight must be borne
by the scavenging systen.

Table 13 presents one baseline flight for each year of the 1951-2000
decade that was split into two Flights. The number of additional flights
required depends on the amount of propellant required on orbit. This concept
is limited because only a given number of flights fit the requirements.

4.1.5 Storable Propellant Users

A Rockwell IR&D study (Project 84286) has identified a number of poten-
tial bipropellant users in the four orbital inclinations of 28.5 to 33 )
degrees, 56 to 57 degrees, 63.4 to 65 degrees, and 90 to 99.5 degrees. These ;
on-orpbit bipropellant quantity requirements were determined for the years 1990
through 2000. i

From the mission scenarios that had worst-case usage of bipropellants,
the OMV required approximately 90 percent of the on-orbit resupply quantities
to perform satellite deployment, retrieval, refurbishment, and resupply opera-
tions. The mission traffic models also indicated that resupplying the OMV by
scavenging the Shuttle orbiter OMS pod propellants is highly desirable., It
was also assumed that orbiter resupply of the OMV occurred in the traffic
model,

Other ground rules for the propellant resupply traffic model included the
following:

¢ The OMV IOC was 1990, with ground-basing in 1990 and 1991, and space-
bagsing for 1992 through 2000.

® All satellites are deployed from the orbiter payload bay.
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Table 13. Relaxed Manifest Propellant Availability

Baseline | Delta
Propellant Propellant Available Propellant

Flight Available New - for Each New Flight Available
No. (1b) Flights (1b) (1b)
91-17 14,700 A 51,237

B 49,511 86,048
g2-12 25,200 A 50,095

B 53,827 78,722
93-11 14,700 A 33,389

B 42,719 61,408
qu-24 0 A 56,402

B 49,870 106,272
95-16 16,800 A 56,290

B 48,732 88,222
g96-20 6,300 A 57,5585

B 62,518 107,773
97-14 6,300 A 56,270

B b3,329 93,299
28-15 0 A 56,108

B 48,877 _ 104,985
99-13 (6} A 53,891 _

B 48,713 102,604
00~-17 . @ A 54,028

B he ik 99 472
Note: WMPS reserves are included.

@ All retrieved satellites are returned to the orbiter payload bay.
e All maintenancs missions were considered candidates for resupply.
e Extended mission kits wers assumed to be available,. .
o Inclination angle changes were limited to 5 degrees,

o Multiple mani’ost missions were considered.
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e OMV resupply for 28.5 degrees was assumed at the Space Station and at
the orbiter for all other inclinations.

e Three space-based OMV's were assumed, one each at 28.5 and 97.5
degrees and one for 56 and 63.4 degrees in a hybrid ground- and space-
based mode.

Figure 11 shows the user propellant requirements by orbital inclination
and year. In one year (1996), the Space Station-based OMV will require as
much as 18,500 pounds of propellant, supplied from the Space Station, for OMV
operations. At the higher inclination of 97.5 degrees, extended-mission kit
and OMV usage in one year requires as much as 66,300 pounds of bipropellant,
to be supplied by the Shuttle orbiter from scavenging or a boosted tank farm.

Table 14 lists storable propellant users by year and orbital inclination.
Also broken out are the satellite and extended-capability OMV tank kit resup-
Ply requirements.

4.2 PRELIMINARY SYSTEM TRADES

This section defines the necessary system trades that were made to obtain
data so that a system concept selection could be made. Determining the best
concept for delivering cryogenic propellants to orbit required an evaluation
of when the propellant transfer should be performed during the prelaunch or
ascent phases. This evaluation is necessary because the ET is jettisoned with
usable residuals shortly after MECO. For storable propellants, the concept

BIPROPELLANTS (MMH, N204) ONLY

70000 g=

ssoool- : ]
INCL ideg] INCL %deg!
. | I 28.5 - 33 63.4 - 65
55000 - i
50000}~ M
56 - 57
450004~
= 400004
=
e 350004~
-
5 300004~ n
25000}~ [
20000 - s
*
15000 k- :
: o : : :
10000 ¢ . E :
: : :
5800 1= FinNK ; o 3 M
';:; 1| BinH _Iﬁl-}
1991 | 1992 | 1993 | 1994 | 1995 | 1996 | 1997 | 1998 | 1959 | 2000

YEAR

Figure 11. Storable Propellant Users' On-Orbit OMV and Satellite
Propellant Resupply
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Storable Propellant Users' On-Orbit
OMV and Satellite Propellant Resupply

Propellant Resupply Requirements (MMM, NTO Onlg;i by Year
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must be to transfer propellants from the OMS tanks on orbit and load tank sets
of propellant in the payload bay on missions when space is available. The
types and arrangement of payload bay tanks were also evaluated because payload
bay space is limited and an optimization of the tank configuration is
required, The heat load to the cryogenic propellant tanks in the payload bay
was evaluated so insulation requirements could be defined and TVS concepts
evaluated. The flow rate capability that various sizes of capillary acquisi-
tion systems (CAS's) can support was defined so that a system size can be
selected once the transfer system sizes ars defined. A zero-g CAS is required
because transfer capability must exist when the orbiter is docked with the
Space Station.

4.2.1 Optimization of Propellant Scavenging Time Frame

4,2.1.1 Cryogenic Propellant Scavenging. Cryogenic propellant scav-
enging could be performed at various times during the ascent phases of a given
mission. For example, propellant for scavenging could be loaded in tanks
located in the payload bay before 1ifti-off, thereby increasing the payload :
welght until all the MPS impulse propellant loaded on the 8TS is required for :
the ascent phase of the misrion, The ET is always loaded to fixed level sen-—
sors and cannoct be off-loacded., Scavenging could also be performed during
SSME-povered flight by monitoring vehicle performance and transferring pro-
pellants that are identified by this evaluation as not being required for the
mission. Scavenging also could be performed after MECO by transferring as
much as possible of the usable and unusable propellants that remain in the
MPS. some of which are in the ET and some in the orbiter. Combinations of
these schemes are also possible,

Scavenging concepts that have been evaluated in the past typically
focused on scavenging after MECO because the propellant tankage located in the
payload bay would be dry-launched and therefore would weigh less, However,
the transfer system sizes required to transfer the propellant in a reasconable
time, 20 minutes, for example, are very large and could require pumps. The :
results, which are presented im Reference 1, are shown in Figures 12 and 13,
They indicate that for 3,000 pounds of LH2 and 18,000 pounds of L0, the system
line sizes are 3.2 and 6 inches, respectively, for pressurized transfer. The
L0, size could be reduced to 2 inches if a pump were installed. Other impor-
tant factors that must be considered are propellant interface control and ET
trajectory impacts. For post-MECO L02 propellant transfer quantities above
8,000 pounds, a pitching maneuver cannot be used for propellant orientation
because the propellant would be thrown forward, Therefore, linear accelera-
tion must be applied., The impacts of pifiching or linear acceleration are
presented in Section 4.2.4.

To transfer propellants during SSME-powered {light requires real-time,
accurate knowledge of the vehicle's performance. At present, no such evalua-
tion exists, and the accuracy that could be attained is questionable, Trans--
ferring too much propellant during ascent could result in a propellant deple-
tion cutoff and force the orbiter into an abort mission.

The option of transferring (loading) the propellants on the ground before
lift-off has one important advanpage that the other options don't have. That
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is that the STS baselined for this. study has a performance sensitivity factor
of impulse propellant weight-to-initial orbiter weight of 0.91. This factor
means that if 11,000 pounds is added to the payload bay (increased payload),
then only 10,000 pounds of additional MPS impulse propellant is required to
boost that weight to orbit. Therefore, on missions with excess MPS perfor-
mance, tankage and propellant can be loaded in the payload bay to drive this
excess to zero and thereby gain payload capability equal to the excess divided
by 0.91. By doing this, each mission that has room in the payload bay for
Gankage will use up all the impulse propellant, The reserve propellant, how-
ever, will still exist at MECO and can be transferred through 2-inch lines
without the use of pumps in leas than 10 minulss by using an orbiter piteching
maneuver at 2 deg/sec¢. This rate and duration would require only 155 pounds
of RCS propellant, which is considered minimal, On roughly a third of the
total number of scavenging missions, the payload bay tanks will be loaded full
on the ground and the post-MECO transfer is not required. Data presented in
Table 15 shows why, from a propellant to orbit viewpoint, the desired option
is prelift-off loading and post-MECO transfer of reserves. Three cases for
initial excess propellant are included.

4,2.1.2 Storatle Propellant 3cavenging. An optimization of the best
time to perform storable propellant scavenging is not required because all of
the propellant is contained within the orbiter. If space and payload weight
capablility exists on a given mission, a tankage set will be loaded with
storable propellant before the launch and the OMS tanks will be filled.

4,2.2 Propellant Tank Length, Weight, and Propellant Capacity

4,2.2.1 Cryogenic Propellants. Three basic payload bay tank conceptual
arrangements were developed for cryogenic propellants., The first concept is
an arrangement of conventional c¢ylindrical tanks with ellipsoidal ends. The
second concept is a conventional spherical LH, tank with a toroidal LO, tank.
The third concept is a conventional eylindrical L02 tank surrounded by a ring-
shaped LH, tank. The concepts are shown in Figure 14, and the preliminary
weights and lengths of these concepts are presented in Figures 15 and 16. The
weight curves f{or each of the concepts do not account for components, fluld
lines, helium system, and docking provisions. A weight of 1,750 pounds was
included to account for these factors, .

4.2,2.2 Storable Propellants. The system weight and length were esti-
mated for a storable bipropellant payload bay tank system (PBTS), ineluding
the orbiter vehicle scar and required airborne support equipment (ASE) to
provide scavenging from the OMS pod tankage and PBTS. The scar weight
required for the orbiter to perform scavenging from the OMS pods was estimated
to be 470 pounds, which includes the valves, lines, flanges, electrical equip-
ment and the modifications required to the T~U disconnect panel. The ASE
required for scavenging includes the plumbing to the umbilical arm. the
umbilieal arm, and the electrical equipment and is estimated to weigh
930 pounds. These weights were determined in s Rockwell IR&D study (Pro-
Jject 842u44), The total additional weight required to perform scavenging from
the OMS pods only is 1,400 pounds. The weight required for scavenging from
the OMS pods and a PBTS is 1,300 pounds plus the weight of the PBTS.
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Table 15. Propellant Scavenging Optimization Data
Scavenging Timeframe
All
Post~MECO Ascent + Prelift-off
(Baseline) Post-MECO + Post-MECO
Excess propellant (1b) 7,000 | 14,000 {24,500 | 7,000 | 14,000 {24,500 | 7,000 | 14,000 | 24,500
Apayload weight (1lb) 0 0 0 0 0 0| 7,690 [15,380 | 26,920
Atank weight (1b) 0 0 0 =40 =40 -40 =100 =100 =100
Acomponent weight (1lb) 0 0 0 +50 +50 +50 +40 +40 +10
Reserves (1lb) 5,690 | 5,690 | 5,690 | 5,690 | 5,690 | 5,690 | 5,690 | 5,690 5,690
Propellant to orbit (1b) | 12,690 |19,690 | 30,190 |12,700 } 19,700 | 30,200 |13,320 21,010* 32,550

Note: A = (baseline-concept)

*Maximum propellant to orbit for 14,000-pound excess propellant cases
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Figure 14, Cryogenic Propellant Payload Bay Tankage Concepts
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Figure 16, Cryogenic Propellant Payload Bay Length Requirements

The PBTS weights were estimated using the results of a Rockwell IR&D
study (Project 83226) that determined system weights for various propellant
weight requirements utilizing previously built flight-qualified tanks.
Included in the PBTS weights are estimates for the forward and aft frame and
interconnecting structure, sill and keel trunnions, valve panels, pressure
panels, test coupling panels, payload bay fluid and electrical interface
panels, thermal control (active and passive) systems, fluid and pressurant
lines, and propellant and helium tanks, valves, and pressurant components.
The weights for various PBTS designs are shown in Figure 17.

The length of the PBTS was taken as the propellant system tankage dimen-
sion plus 18 inches to allow for mounts, frame structure, and thermal control
blankets. Estimates for the PBTS length are shown in Figure 18. The dashed
lines connect the four PBTS concepts utilized in the storable propellant a-
vailability study.

4,2.3 Propellant to Orbit Vs. Tank Size and Configuration

As noted in the previous section a tank configuration that requires the
least payload bay length for a given capacity may weigh more than competing
configurations. Thus, it is not at once obvious which configuration will best
utilize the excess performance and payload bay space available on a scavenging
flight or set of flights. Within one configuration, moreover, a tank of large
size will not fit on many potential scavenging flights and, so, loses its
effectiveness, while a tank that is too small fails to accommodate much of the
available propellant. These tradeoffs have been evaluated in this study to
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Figure 17. Payload Bay Storage Tank System Dry Weight
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maximize the total propellant scavenged over the ten-year flight set. 1In the
case of cryogenic propellant scavenging, the three tank configurations were
compared at discrete size increments up to 40,000 pounds capacity. In the
case of storable propellant, the four tank configurations were compared as
point designs. In both cases the use of more than one size to increase the
amount of propellant delivered was considered.
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Unlike the propellant availability results, all data in this section
fully account for scavenging system weight and length. They do not, however,
account for propellant trapped or lost to boiloff, effects which are evaluated
in a later section. The eyrogeniec tank configuration comparison and multiple
size selection used the 'interim mission manifests, which include the 2,000
pounds of ancillary payloads and exelude reserve and residual scavenging. All
other results shown are based on the final manifests and, in the case of
cryogenic propellant, are presented with and without reserves and residuals.

The majority of both eryogenic and storable propellant scavenging flights
go to 160 nautical miles and require an OMV sortie to complete the delivery of
propellant to the Space Station., OMV propeliant for these flights is identi-
fied at the end of this section.

4,2.3.1 Cryogenic Propellant Tank Selection. For each tank configura-—
tion the dependence of the total propellant scavenged on tank capacity
exhibits similar characteristics, which are dictated by the constraints of
ascent performance c¢apability, payload bay length, and tank capacity. Fig-
ure 19 presents the situation for two flights with the ring tank design. The
picture for total propellant is the aggregate of many such individual
situations.

Following the solid lines in Figure 19 for Flight 1 in 1972, we see a
large execess propellant limit (35,000 pounds) that must be reduced to account
for scavenging system weight. The net scavengeable propellant, thus,
decreases slowly with tank capacity along the downward sloping performance
limit line. The payload manifest in this case leaves only 3.5 feet for tank
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Figure 19. Typical Variation of Scavenged MPS With Tank Size
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length, corresponding to the approximately 8,000-pound capacity shown by the
vertical limit line. Finally, scavenged propellant cannot exceed tank capac~
ity, as shown by the upward sloping capacity limit line. For this flight,
scavenged propellant increases with tank capacity only up to the tank length
limit and drops to zero for larger tanks.

The second flight, 1991 Flight 15, provides much less excess propellant
but allows much more tank length. Scavenged propellant increases up to the
performance limit, slowly decreases to the length limit, then drops to zero.
In every case the optimum tank capacity {for that flight) occurs at the inter-
section of the capacity line with either the performance or length limit line.

In accord with the above discussion, the total propellant scavenged over
the ben-vear set of flights should increase strongly with tank size when the
gize is small enough to fit in most flights. Az size increases, some flights
will drop out, leaving a discontinuous drop in the curve of propellant versus
gize. Other flights will hit the performance limit, causing a gradual
decorease with size. At some point a further increase in tank size will reduce
scavenged propellant as more and more flignts drop out or hit the performance
limit. The curves in Figure 20 illustrate these very effects. However, since
only discrete points have been calculated (at capacity increments of 2,100
pounds), the discontinuocus drops are not seen here.

g0 DiSCRETE SIZES ANALYZED
WITH TANK CONFIGURATION
7001~ O CONVENT | ONAL
] SPHERE/TORO 1D
{600 ARING

500
1400

300

TOTAL SCAVENGED EXCESS
MPS PROPELLANT (KLB)

200

100

510315 20 25 30 35 k0
SCAVENGE TANK CAPACITY (KLB)

Figure 20. Scavenged Excess MPS Propellant Vs. Tank
Configuration and Size {(Interim Data)
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The comparison of configurations in Figure 20 shows the general superior-
ity of the ring tanks despite their heavier weight. The ring tank configura—
tion was selected over the sphere/toroid for further analysis. The conven-—
tional configuration is a distant third choice due to its poor weight in small
sizes and excessive length in larger sizes. )

For the selected ring tank configuration, the best of the discrete sizes
analyzed is 14,700 pounds. This result is reinforced by the curves in Fig-
ure 21, which show final ring tank data with and without scavenging of reser-
ves and residuals. In both cases, 14,700 pounds is the best single size; but
when reserves and residuals are scavenged, total propellant falls more slowly
with increasing size, as would be expected. The peak values of total propel-
lant scavenged with the 14,700~pound capacity tank are 834,000 pounds without
reserves and residuals and 972,000 pounds with.

Although the 14,700 pounds capacity appears best over the ten-year
regime, it is of further interest to see which tank sizes performed best for
the variety of yearly flight manifests. Table 16 shows the yearly breakdown
of scavenged propellant, with and without reserves and residuals, for capaci-
ties from 10,700 to 18,900 pounds. This range encompasses all the yearly
optimum sizes, and 14,700 pounds is seen to be the best size In 14 out of 20
instances. This result indicates relative insensitivity to variations in
manifesting.

Obviously the fotal propellant scavenged would increase if more than one
tank size were available so the best size could be selected for each flight.

RING TANK CONFIGURATION
O WITHGUT RESERVES/RES|DUAL
1 WITH RESERVE/RES|DUAL

1,000
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600
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300

[]
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0 ] 3 [} 1 1 I
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Figure 21. Scavenged MPS Propellant Vs, Ring Tank Size (Final Data)
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Table 16, Scavenged MPS Propellant With Ring Tanks by Year .
(Thousands of Pounds)
10,500-1b, | 12,600-1b, 1%,700~1b, 16,800-10, 18,900-1b,
4,5~ Tank 5.1-ft Tank 5.8-rt Tank 6.4~f% Tank 7.1-ft Tank
Year a* B | A B A B a B 3 B
1991 113 116 | 123 {139 | 128"° | 1" | o7 142 96 145
1992 137 137 | 142 | 151 | 1s8*t | 176" | 119 147 123 157
1993 60" | 7u| s2 | 72- | 53 78" | 38 65 3 | 6
1994 61 631 70 { 76 | 78 87 8t 97 8g** | 105**
1995 69 | 69 | T8 | 79 85 90** | 95" | 62 68
1996 96 107 | 102 | 113 | u®* | 130™F 88 13 74 102
1997 66 8| 76 86 | 86" | 97" 63 74 31 42
1998 28 32 32 38 37" L p2™* 7 12 7 12
1999 28 2| 32 37 35°% y** 20 28 19 30
2000 53 53 | 63 63 69" | 74 75 8u™ | 62 .| 73
Total [ 710 758 | 761 | 848 | 83y 972 680 | 858 601 799
*ﬁ = Without reserves and residuals; B = With reserves and resliduals
Best annual totals

The optimum pair of sizes was established by a computer analysis of all pos-
sible discrete pairs with the results shown in Figure 22. This is a contour
map of the total scavenged propellant as a function of first (larger) and
second (smaller) size. The U45-degree line represents equal sizes (really just
one size), and point A is the 14,700-pound optimum. The narrow ridge to the
right of A represents high performance from 14,700 pounds paired with larger
sizes. The optimum pair, however, is 6,300 and 14,700 pounds, which lies at
point B. This calculation was made with interim payload manifests and without
seavenging reserves and residuals. Because of the good agreement of single-
tank sizing with the interim and final ground rules (Figures 20 and 21), the
two—tank result was assumed also to hold for the generation of final study
data.

Further analysis of multiple eryogenic tank sizes assumed that 6,300- and
14,700-pound capacity tanks would be the best pair. Then other sizes were
added one at a time to obtain the largest increments of scavenged propellant.
This policy is not optimal but is believed to yield close to the maximum curve
of propellant versus number of tanks., The difficulty in finding the optimal
three tanks, for example, arises because the optimal two may not be included
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Figure 22. Total Cryo Propellant Scavenged With Two Tank Sizes

in the optimal set of three., However, some numerical experimentation shows
that the total propellant with three or more sizes is not very sensitive to
exactly which three or more are chosen. In any case; Figure 23 shows the
trend obtained with up to five sizes and also the limiting case in which the
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optimal size is chosen for each Flight. The latter approach reauires 15
different sizes when reserves and residuals are excluded and 16 sizes when
they are included. All these calculations used the disecrete-size ring tank
data only.

in the curve with reserves and residuals, the incremental propellant
going from two to three sizes slightly exceeds the 1-to-2 increment. This
indicates that 6,300 pounds is not the best second size; something larger than
14,700 pounds would have heen better. This situation has no significant
impact on study conclusions.

Table 17 presents a detailed breakdown of multiple tank size usage with-
out scavenging reserves and residuals and Table 18 with reserves and residu-~
als., With only one tank size there are 69 scavenging flights. This jumps to
89 with two to five sizes. At this point only four potential scavenging
flights are omitted. Those that can fit only the 2,100-pound capacibty tank,
The absolute total number of scavenging flights is 93, compared to the 96
indicated as potential scavenging flights in the propellant availability dis~-
cussion (Figure 10) because three of the 96 have insufficient excess
performance to carry the weight of even the smallest (2,100-pound) tank,

4.,2.3.2 Storable Propellant Tank Selection. The analysis of storable
propellant tank sizing considered five cases: use of excess OMS tank capacity
alone and with one of the four payload bay tank designs discussed in Sec-
tion 4.2.2. In each case there is an allowance of 1,400 pounds for & pro-
pellant transfer system in addition to the payload bay tank weight, if any.
The total amount of propellant scavenged over the ten-year flight set was the
evaluation eriterion as in the cryogenic propellant analysis,

In finding the amount of propellant that can be scavenged on each flizht,
one of four things will occur, three of which are illustrated in Figure 24,
First, the ascent performance limit may preclude filling the OMS tank, so a
payload bay tank would be useless. Second, the payload bay tank under con-—
sideration may be partially filled as determined by the intersection of the
performance and CMS tank capacity limit lines. Third, the CMS and payload bay
tanks may both be filled. Finally, the tank under consideration may not fit
in the payload bay, so only the OMS capacity is available. The resulting cal-
culation logic is more complicated than with cryogenic propellant tank sizing
but leads again to an optimum size based on the best combination of capacity,
length, and weight.

Tne results of this analysis are presented in Table 19 with the scavenged
storable propellant detailed by year. Utilizing only the excess OMS tank
capacity results in 784,780 pounds of propellant scavenged. The best of the
four payload bay tanks, with 15,000-pound capacity, boosts the total by
81 percent to 1.438 million pounds. This tank design-is the best in seven of
the ten years. Altogether 165 flights permit storable scavenging, 98 with the
OMS capacity only and 67 wore with the 15,000-pound payload bay tank.

The incremental propellant gained by providing two storable propellant
tank sizes (15,000 and 28,000 pounds) is 94,000 pounds, for a further 6.5 per-
cent 1ncrease. This improvement does not justify the development of two tank
sizes.
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Table 17. Summary of Multiple Cryo Tank Sizing Without
Reserve/Residual Scavenging

Number of 3Scavenging Flights
Tank Size

(1b) 1 Tank | 2 Tanks | 3 Tanks | 4 Tanks | 5 Tanks | 15 Tanks

2,100 k

4,200 . 2

6,300 26 26 26 22 18

8,400 6
10,500 20 16
12,600 ' 9
14,700 69 63 49 4g 33 18
16,800 ' 6
18,900 2
21,000 14 8 8 5
23,100 — 1
25,200 & 6 2
27,300 1
29,400 \ i
>31,500 2 2
Total flights 69 89 89 89 89 93
Total propellant 834 951 1,028 | 1,051 1,072 1,129
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Table 18. Summary of Multiple Cryo Tank Sizing With
Reserve/desidual Scavenging
Number of Scavenging Flights
- Tank Size

(1b) {1 Tank | 2 Tanks | 3 Tanks | U4 Tanks | 5 Tanks | 15 Tanks
2,100 2
4,200 2
6,300 22 22 22 9 9
&,400 13 9
10,500 I
12,600 5
14,700 69 67 29 29 29 18
16,800 18
18,900 9
21,000 38 29 29 7
23,100 2
25,200 9 9 3
27,300 0
29,400 0
>31,500 5
Total flights 69 89 89 89 89 93
Total propellant 972 1,098 1,240 1,279 1,306 1,383
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Figure 24, Limiting Cases for OMS Scavenging

Table 19. Scavenged Storable Propellant by Year (in Pounds)

Tank 1 Tank 2 Tank 3 Tank 4
(8,935 1b/ | (15,156 1b/ | (27,658 1b/ | (37,141 lo/
Year No Tanks 4, b2 £L) 5.67 ft) 7.63 ft) 9.42 &)
1991 66,391 146,407 151,421° 120,509 102,946
1992 93,961 199,128 220,790" 191,679 174,901
1993 55,473 92,379* 84,136 68,902 58,842
1994 | 102,238 148,046 162,784 164,650" 130,109
1995 82,760 134,317 154, 231 158 ,401" 146,533
1996 101,279 176,460 196,049" 174,983 118,165
1997 80,871 128,691 155, 204" 107,886 107,327
1998 63,531 82,822 93,526" 64,673 63,531
1999 52,286 70,601 7T ,438" 62,641 63,882
2000 85,990 126,717 142,261" 140,799 114,897
Total | 784,780 | 1,305,567 1,437,839 1,255,124 1,081,132
*Best annual total
52

STS 84-0570-1




Rockwell
International

Space Transportation ‘
Systems Division

4.,2,3.3 OMV Propellant Requirements. The OMV will be based at the Space
Station. In orbiter flights to 160 nautical miles, the OMV will transport
empty tanks from the Space Station down to a waiting orbit for rendezvous with
the orbiter. Propellant transfer to these tanks will take place at the
160-nautical miles altitude. The OMV will then transport the propeilant back
to the Space Station where it will be transferred again or held in the tanks
transported by the OMV.

By study ground rules the OMV propellant (in pounds) required on each
sortie is given by 450 + 0.056%4 x payload (pounds), whare payload includes the
scavenged propellant and the tanks to hold it. These tanks have been esti-
mated conservatively to weigh 20 percent of their propellant capacity. Table
20 presents the amount of OMV propellant required to deliver both oryogenlc
and storable propellants over the ten-year mission model, The number of
sorties and amount of propellant transported lead to OMV requirements of
66,000 to 92,000 pounds of propellant for the eryogenic scavenging flights to
160 nautical miles, depending on the number of tank sizes used. The figures
shown apply to scavenging of reserves and residuals. For the 88 flights %o
160 nautical miles with scavenged storable propellant the OMV requirement is
105,000 pounds of propellant.

Table 20, OMV Propellant Requirements for
Delivering Scavenged Propellants

Propellant oMV
Number of OMV Delivered Propellant
No. of Tank Sizes Round Tr'ips1 (klb} (k1b)<
Cryogenic3
1 47 666 66
2 59 735 76
3 59 843 84
4 59 870 85
5 59 888 87
All 61 958 92
Storable scavenging 88 961 105
with 1 tank size
TFrom Space Station to orbiter at 160 nautical miles and back to Space
Station,
Includes 20-percent factor for tanks to carry scavenged propellant.
Assumes scavenging of reserves/residuals.
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4.2.4 Propellant Orientation Control

In order to allow post~MECO scavenging from the MPS (ET and orbiter
lines), the remaining liquids must be oriented favorably. The LO; must be
impelled toward the aft end of the feed line and the LH2 toward the tank
bottom. As a system sizing goal, ten minutes has been selected as a reason-
able time to allow for the post-MECO propellant transfer, and the favorable
liquid orientation is assumed to be maintained for this time. The methods of
accomplishing propellant orientation investigated are centrifugal accelera—
tion, by pitching the mated orbiter/ET, and linear acceleration, by continuous
thrust through the mated vehicle c.g. The requirements for each method differ
in hardware development, software development, and operational complexity.

Previous studies of propellant settling indicate that 10"” g's accelera-
tion in the desired direction is adequate in the absence of other disturbing
accelerations. For the case of centrifugal acceleration, a pitch rate of 2
deg/sec was selected 23 adequate and well within the current Shuttle software
limit of 5 deg/sec. This rate produces a 10 ' g's negative x-component in the
L0, feed line at a position about 3 feet aft of the vehicle c.g., a point
corresponding to 8,000 pounds of LO, remaining in the system. Of course any
Lo, Forward of the c¢.g. would be driven in the wrong direction by the piteh
maneuver, but that propellant would represent a large excess performance
margin that normally would be eliminated by prelift-off tanking on a scaveng-
ing fliggg. At the bottom of the LH, tank, the 2 deg/sec rate produces about
1.5 x 10 g's of x—acceleration. The centrifugal acceleration field is
illustrated in the top of Figure 25.

A large piteh maneuver with the ET attached is not part of the normal
Shuttle post-MECO mission profile, but such a maneuver can be accomplished
readily with the available control modes. To establish RCS requirements a +Y
rotation was simulated under the assumpbtions of transition digital auto pilot
(TRANSDAP) flight control, 10-degree and 0.5~deg/sec error limits, and no
slosn model, Acceleration to 2 deg/sec required approximately 5-second fir-
ings of the primary fore and aft Z-thrusters, Attitude control in X and Z
axes was negligible during the ten-minute Y axis drift. Five-second firings
again arrested the rotation. Propellant consumption was 62 pounds by the
forward jets and 93 pounds by the aft jets, for a total of 155 pounds of RCS
propellant. This value is proportional to the chosen 2-deg/sec piteh rate and
" could probably be reduced.

Because of asymmetry in the fore and aft jet effectiveness, there is a
net Z force acting during the rotational accelerations. It is small, however,
and will produce no more than 0.2 to 0.3 ft/sec translational velocity.

For settling propellants by linear sceeleration, the present orbiter RCS
is not suitable. Only primary +X jets are provided. Their thrust
(870 pounds) is much more than required, and even one jet firing for 10_%in~
utes would consume 1,900 pounds of propellant. What is required for 10 g's
is 35 to 40 pounds of thrust, 2 range that matches well with the use of two
orbiter vernier jets at 24 pounds of thrust each. These would be located in
the left and right af* pods and should be canted through the nominal c.g. to
avoid the firing of other attitude control jets, insofar as peossible, during
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Figure 25. Post-MECO Propellant Crientation Methods

propellant settling. The resulting acceleration direction is illustrated in

the lower portion of Figure 25. A delta-V of 2.5 ft/sec would be added in a
ten-minute firing.

Using two added +X vernier thrusters during the transfer process would

require approximately 110 pounds of aft ARCS propellant. The certified
steady-state burn time limit of the present vernier thrusters is 125 seconds;
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however, flights and ground qualification testing have shown that steady-state
burn times of over 200 seconds in flight and 1,500 seconds in ground qualifi-
cation tests are acceptable, The thruster and structure reach thermal equili-
brium in approximately 100 seconds of firing.

The current life limitation of the vernier thruster is due to thermal
cyeling, short pulsing, and burn time. White Sands test data indicates a
firing life in excess of 70,000 seconds. 4 600-second burn time per scaveng-
ing mission translates into well over 100 scavenging missions per +X vernier
seb.

It should be noted that the LH2 will be oriented quite differently by the
two settling methods (Figure 25). The thrust direction from aft pads to c.g.
is preferable to the centrifugal acceleration in locating the LH, near the
tank outlet, In either method the effects of post-MECO attitude disturbances
and LH, sloshing must be investigated if post-MECO transfer is to be con-
sidered further because these effects may be quite significant to the settling
requirements.

Another consideration with either settling method is the need to modify
or work around current Shuttle software sequences in order to insert the
settling maneuver (and of course the propellant transfer itself) between MECO
and ET separation. The piteh manuever, being somewhat more complex than the
linear acceleration, will be used to illustrate what is required.

. The upper diagram in Figure 26 indicates the primary events that initiate
the ET separation sequence and the TRANSDAP flight control mode. These
sequences normally execute automabically up to the ~Z translation maneuver,
which is performed manually. However, several options exist for manual over-
ride of the automatic sequences. One possible procedure deseribed in the
lower diagram requires the crew to make four manual selections (A-D). 3elect-
ing manual enable (C) for ET SEP prior to MECO inhibits the separation
sequence until auto separation is again selected (D). The use of Y axis
rotational pulse mode (A} allows the pilot to achieve the 2-deg/sec pitch rate
with the rotation hand controller (RHC) while the auto maneuver mode continues
attitude nold in the X and Z axes. 8Selecting the ¥ axis auto .maneuver (B)
causes the Y rate to be driven to zero after propellant transfer is complete.
A procedure such as this might be acceptable on an-experimental basis, but for
routine post-MECO scavenging operations a new automatic software sequence
would certainly be needed.

In summary, the evaluation of twoe propellant orientation methods favors
linear accelgration for better LH, location and simpler operations. However,
it requires hardware development to provide suitable thrust capability. The
centrifugal acceleration method is theoretically feasible with current Shuttle
hardware and software, but in reality both methods require development of new
software sequences. RCS propellant consumption is acceptably small with
either method, The cost of implementing either method will help determine the
attractiveness of the third option, which is to forgo post-MECO scavenging.
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Figure 26. Orbiter/ET Post-MECO Sequences

4.,2.5 Propellant Tank Insulation Thickness and Heating Rate

The thermal analysis effort took the form of a determination of heating
rate to the LH2 and LO2 receiver tanks for three orbital orientations, two
tank configurations, and a variety of tank insulation thicknesses. The first
tank configuration thermally evaluated consisted of cylindrical LH2 and LO
tanks with the hydrogen tank placed above., Figure 27 shows an isometric view
of the tanks and the cylinder which represents a full payload »ay. The sec-~
ond, and favored, configuration was a ring LH2 tank with the LO, receiver tank
located in the LH, tank's annulus. The thermal representation of the ring
tanks is shown in Figure 28. 1In both tank confizurations, the tanks are
assumed to be placed within the aft 10 feet of the payload bay.

Modeling of the orbiter was provided by the 390-node model of the orbiter
mid fuselage. A cylinder was added to the payload bay to represent a full
payload bay.

Form factors and incident heating for the various orbital orientations
used in the evaluation were obtained using the Thermal Radiation Analysis
System (TRASYS) program. In all analyses, it-was assumed that the payload bay
doors were open.

In order to bound the heating, it was decided to evaluats a hot case

(full sun in payload bay), a cold case (no sun, but planetary heating in pay-
load bay), and a case between the two.
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Figure 27. Conventional Receiver Tanks

Figure 28. Ring Tanks

Figure 29 shows the hot orientation at an angle between the orbit plane
and the sun equal to 90 degrees. This represents a hot condition in which the
sun is constantly shining in the payload bay. The cold case is depicted in
Figure 30, In this o1 .entation (XSI), the sun is always parallel to the
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Figure 29. Orbiter in Top Solar Inertial (+ZSI), 150-nmi, and

Beta = 90 deg Orientation

A Zy

s
h

SUN

Figure 30.

Orbiter in Tail Solar Inertial (+XSI), 150-nmi, and
Beta = 0 deg Orienation

orbiter X axis (tail toward sun), resulting in a minimum heat input into the
payload bay and a day/night cycle because of the orientation. Figure 31 shows

the constant orientation of the payload bay toward the earth (ZLV), This ZLV
or-ientation provides a thermal severity between the hot and cold cases,
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Figure 31. Orbiter in Top Loecal Vertieal (+ZLV), 150-umi, and
Beta = 0 deg Orientation

The Systems Improved Numerical Differencing Analyzer (SINDA) program was
used to determine the effect of the heating and form factors on the tank con-
figurations. It was assumed that the receiver tanks were covered with a
sprayable external insulation. In order to get a sensitivity of insulation
thickness on heating rate to liquid propellant, the external insulation thick-
ness was varied.

Figure 32 shows the integrated heating rate for the cylindrical LH, and
L0, tank as a function of tank insulation thickness. As seen, the total heat-
ing rate for the LHZ tank varies from 12,200 Btu/hr for 0.25 inch of insula-
tion to 5,300 Btu/hr for 2.0 inches of insulation. The LOZ tank's total heat-
ing rate is 11,550 and 4,400 Btu/hr for 0.25 and 2.0 inches of insulation,
respectively, In this case and all subsequent results, the heat rate noted is
the total neating rate to the propellant.

The effect of the ring tank configuration for the above (ZSI) orientation
is shown in Figure 33. For the ring configuration, the LH, tank's total heat
input is 28,000 Btu/hr (more than twice that of the cylindrical LH, tank for
the same insulation thickness), and the LO, heat is reduced by a factor of
more than 3 fo approximately 3,200 Btu/hr.

This relatively large heat input has prompted the addition of a shade to
close out the region befween the tanks and the payload bay liner (and between
the tanks and the bulkhead/simulated payload), thereby eliminating the solar
trapping phenomencon (increased heating due to the inability of surfaces to
radiate to space). This occurs when large-diameter payloads are close to one
another, near bulkheads, or 2 wall. Adding the shade reduces the total heat-
ing rate to the LH, from 28,000 Btu/hr to approximately 18,500 Btu/hr (see
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Figure 32. Conventicnal Tank Heating ZSI Orientation

Figure 33). A much smaller total heating rate to the L0, propellant is
observed because the LH, tank almost completely encloses the L.O2 tank. It
should be noted that in all the ring tank configurations there was assumed to
be 4 inches of insulation between the LH, and 1O, ring tankage.

Because the ZSI orientation represents such an extreme condition (hot)
and this orientation would present a high-temperature condition to other pay-
loads in the bay, it probably would not be flown. Therefore, investigations
of other orientations were deemed prudent.
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Figure 33. Ring Tank Heating ZS8I Orientation

The orientation of ZLV (payload bay toward earth) was determined to be
meaningful since 1t represents somewhat of an analysis standard for orbiter
work. The result of using the environment produced by a ZLV orientation is
shown in Figure 34, As expecbed, this orientation results in tank total
heating rate inputs that are significantly less than for ZSI. The total heat
input for 0.2% inch of tank insulation is on the order of 9,700 Btu/hr, but
adding the shade reduces that value to 8,750 Btu/hr. The L0, tank total
heating rate is near 900 Btu/hr.
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Figure 34. Ring Tank Heating ZLV Orientation

In order to evaluate a minimum heat input to the tank, an additional
orientation was considered. The result of the +¥{SI (tail towards the sun)
environmental case is shown in Figure 35. From the curves, the minimum
heating rates are seen to be 5,150 and 500 Btu/hr for LHB and L.02 tanks,
respectively.

In summary, the maximum and minimum heating rates for the ring LH, tank
are 28,000 and 5,150 Btu/hr, respectively, with a realistic operational value
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Figure 35. Ring Tank Heating XSI Orientation

of 9,700 Btu/r, Adding a shade reduces this value to 8,750 Btu/hr. Maximum
L0, heating r~=o.2 is on the order of 3,200 Btu/hr with a minimum value of 500
Btu/hr, Table .} lists pertinent results from the analyses for the ring tank
geometry.

h,2.6 Thermodynamic Vent Systems (TVS)

In a low-g environment, long-term suberitical storage of cryogens is
complicated by the lack of positive control of the location of the liquid and
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Table 21. Ring Tank Heating Rate

Heating Rate Without Shade Heating Rate With Shade
(Btu/hr) {Btu/hr)

LH2 L02 LH2 L02
Insulation Insulation Insulation Insulation

Orientation (in.) {in.) {in.) (in.)

0.25 2.0 0.25 2.0 0.25 2.0 0.25 2.0

ZS1 28,000 {19,000 {3,200 ) 2,200 | 18,500 {13,800 | 2,600 {1,800
ZLY 9,700 7,900 | 1,100 800 8,750 7,200 900 700
XSI 5,150 4,500 500 390 - - - -

vapor phases in the tank. Vapor generated by tank external heat leakage must
be vented to effectively control tank pressure; however, this is not easily
assured, An alternate method of regulating tank pressure is to use a TVS
where a limited quantity of liquid propellant ig throttled, vaporized and
vented continuously (or on a required basis) in a pressure-controlled
environment while passing through a heat exchanger to extract heat and reduce
the pressure from the bulk propellant.

TVS's differ primarily in the heat exchanger configuration used to absorb
excess energy from the tank contents. TVS concepts include:

1. An internally mounted TVS heat exchanger (employing conduction/free
convection heat transfer with no forced mixing)

2. An externally mounted tank wall neat exchanger

3. An internally mounted compact heat exchanger with a pump mixer
(employing forced convection heat transfer)

The prime objective of this task is to identify the optimum method of
thermodynamically conditioning the LH, ring tank for a storage period of eight
hours in a low-g (10 2 g's) environment, The TVS must be capable of maintain-
ing a tank pressure of 18 psia while the tank is exposed to an external heat
load of approximately 7,200 Btu/hr (see Figure 34). This is the heat load
resulting with an insulation thickness of 2 inches, ‘

4,2.6,1 Pressure Rise in a Stratified Propellant Tank. The need for
thermal conditioning can best be reallzed by examining the pressure rise in a
completely stratified propellant tank. As a heating rate, Q, is entering the
tank, newly created boiloff vapor occupies a volume approximately 30 times
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greater than its original liquid state. Considering the liquid to be incom-
pressible relative to the vapor, the boiloeff vapor creates a change in pres-
sure by compressing the initial ullage and restricting the growth of the new
vapor layer. Assuming perfect gas behavior, the most rapid rate of pressure
rise that is possible in the propellant tank c¢an be given by

Y

AT - Wa/ve) Cp ‘Vt

where Vg/Vt is the minimum percent ullage volume (~5 percent) and Q/Vt is the
heating rate per unit tank volume (see Reference 2). For example, assuming an
initial tank pressure of 18 psia and a heat rate of 7,200 Btu/h», a 1,070~ft
ring LH, tank will experience a significant pressure rise of 4.0 psia/min.

The need for thermal conditioning is apparent. The nomenclature for the TVS-
related analyses is presented in Section 4.2.6.4.5.

4.2.6.2 Thermodynamic Venting Process. The basic function of thermody-
namic venting is to control tank pressure and ensure that liquid is not dumped
overboard during the vent process., The thermodynamic process required to
accomplish this task is shown in the pressure-enthalpy diagram in Figure 36.
During TVS operation, liquid hydrogen (at 37.7°R, 18 psia) fed from a capil-
lary acquisition device is throttled and expanded adiabatically (Joule-
Thompson expansion) through a shutoff valve and a pressure regulator down to
30.8°R and 5 psia. The vent fluid is then heated isobarically up to 36°R in a
heat exchanger, absorbing excess heat energy from the stored bulk fluids in
the tank. The valve and pressure regulator must be sized according to the
flow rate and pressure drop (AP = 13 psia) requirements so that all of the
vented liquid is vaporized before it exits the heat exchanger. A Flow=-
limiting nozzle is incorporated downstream of the heat exchanger to maintain a
nearly constant flow rate and back pressure through the TVS line., The
throttled-down pressure of 5 psia allows the vented hydrogen to stay above its
triple-point pressure (~1 psia), eliminating the possibility of solid hydrogen
formation in the flow passages. Hydrogen vapor passing through thne nozzle is
then vented overboard.

The TVS flow rate required to intercept the 7,200-Btu/hr heat leak can be
calculated from the energy balance egquation:

Q=n (hy - hy) (2)

where Q is the heat leak, H; and H, are the TVS heat exchanger inlet and out-
let enthalpies, and @ is the flow rate. Taking the enthalpy values for States
1 and 2 from Figure 36, the necessary flow rate for proper heat removal is at
least 36.6 lbm/hr (1.03 gpm) of LHp.

where Q is the heat leak, H1 and H2 are the TVS heat exchanger inlet and out-
let enthalpies, and m is the flow rate. Taking the enthalpy values for States
1 and 2 from Figure 36, the necessary flow rate for proper heat removal is at
least 36.6 lbm/hr (1.03 gpm) of LH,.
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Figure 36. Thermodynamic Process

4.2.6.3 Pressure/Flow Control Selection. It is necessary to control
both the flow rate and the pressure in the cold side of the heat exchanger so
the heat loads and the available temperature differences are known. A method
of pressure and flow control was presented by Lockheed in Reference 2. Basi-
cally, pressure and flow control ean be achieved by an intermittent or contin-
uous flow expansion unit. The unit has a dual function, which is performed by
independent but physically joined valve sections. The shutoff valve portion
of the unit has a snap-acting type of operation that utilizes z Belleville
spring and functions to regulate the mass flow rate. The regulator valve por-
tion of the unit functions to maintain an outlet pressure at a predetermined
value (4 to 6 psia)., Controlling the discharge pressure in this way ensures
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control over the downstream portion of the thermal conditioning system (e.g.,
the heat exchanger) and results in improved system performance. A discharge
pressure of about 5 psia was selected to keep the TVS fluid sufficiently above
the triple-point pressure (~1 psia) to prevent sclid hydrogen from forming in
the system line.

An expansion unit similar to that discussed above has been developed by
Consolidated Controls Corporation (Reference 3). This expansion unit is
referred to as a controlling valve module (CVM) by Consolidated Controls and
features a redundant shutoff valve and pressure regulator configuration (see
Figure 37). The estimated weight of the CVM is approximately 6.6 pounds.

A flow-limiting nozzle will be positioned downstream of the heat
exchanger. Since the fluid state at the heat exchanger exit will always be a
vapor within a few degrees of the tank temperature and at a pressure of 4 to 5
psia, the nozzle will ensure that the flow through the system essentially will
be constant. This then allows the heat exchanger cold-side flow rate to b2
closely matched to the system requirements.

Assuming that the vapor exiting the TVS heat ‘exchanger may be treated as
an ideal gas, the effective area for choked flow in the TVS nozzle can be cal-
culated from

_WVT R oY+ 1y Y+1 1 L2
A= - m ( > ] Y =1 3,600 (in.™) (3)
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Figure 37. Integrated CVM Design Concept
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where

2

&

gravitational constant, 32.2 lbf/lbm sec

o
[}

pressure, U4 psig

oo
[}

gas constant, 766 ft 1lbf/lbm °R

i

fluid temperature, 36°R

W

flow rate, 36.6 lb/hr
Y= ratio of specific heats, 1.4
The area required for choked flow at the nozzle throat is A = 0.1086 in.2.

4.,2,6.4 TVS Heat Exchanger Feasibility Trade Study

4,2.6.4.1 Internally Mounted, TVS Heat Exchanger. An internally mounted
TVS heat exchanger, wnich basically is a tube that passes through the tank
interior, is one method of transferring tank energy to a TVS. The mathemat-
ical model that describes the heat transfer process assumes that free convec-
tion and conduction are the driving modes of heat transfer to the heat
exchanger. Such a system can be called "passive" as opposed to an "active"
system, where forced convection (as supplied by a pump mixer) is employed.
Assuming that the LH, tank uses a capillary channel propellant acquisition
system, the internal heat exchanger may be attached to the capillary device as
shown in Figure 38. This configuration offers the advantage of providing
localized cooling to the screened acquisition channel, precluding the possi-
tility of screen dryout and vapor intrusion into the channels. Although the
analysis makes no allowance for thermal stratification, it does provide a
basis for determining the length of heat exchanger tubing required for thermal
control.

The heat transfer rate into the TVS fluid can be expressed as

dQ B v
= - S, (4)
dt ER
where
. 1 . 1n ro/ri . 1
hBAB 2m KL hVAV

Making an assumption that the tube/capillary channel arrangement may be
approximated as a vertical fin, the outside free convection coefficient, hg,
can be given as

K
hB='[:NL‘. {5 )
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Figure 38. Thermodynamic Vent In-Tank Heat Exchanger

where the Nusselt number, Nu, is given by

ZPP 0.25 0.25

0.5

{GrPr)

Nu = [

5(1+2 P _~*7+2 Pr

and the Grashef number is

The effective area for heat transfer is

Ay = WL + 7 DL = LW + x Do] (5)

where W is the width of the capillary channel, L the length of tubing, and D,
the tubing outside diameter. All equations were evaluated with properties at
the bulk fluid film temperature

Tp = g (7)

Assuming fully developed turbulent flow inside the heat exchanger tube, the
inside heat transfer coefficient is given by

l-":

(0.023) Re?*8 pr0-4 8)

[

K
h. = Nu Sy
i i

v
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Since the heat transfer coefficient, hv' will vary as the TVS fluid is
heated from a two-phase fluid to a single-vapor phase, a simplifying assump-
tion can be made that the first portion of the heat exchanger will contain a
two-phase fluid of a known average quality which will remain in this state
until the heat required to vaporize this fluid has teen absorbed, After the
heat of vaporization has been absorbed, the remainder of the heat exchanger
will contain a single-phase vapor. The inside heat exchanger area for heat
transfer is

Av =T DiL (9)

The results of this analysis are presented in Figure 39 for heat trans-
ferred versus length of tubing for 3/8-inch nominal 304-A stainless steel.
The results indicate that for TVS operation (m = 36.6 lbm/hr LH,) in a 1073 g
environment, a heat exchanger length of 2,820 feet is needed to transfer
7,200 Btu/hr. For TVS operation in 1072 g's, this same length of tubing will
only transfer 2,214 Btu/hr out of the 7,200-Btu/hr total heat leak. The
effect of the gravity level on the heat transfer rate is well illustrated.
Although the tubing may provide heat removal capability for temperature con-
trol, thermal stratification effects may cause excessive pressure rises, and
only that area of vent tube exposed to the vapor fan be relied on to effec-
tively control the pressure., The length of tubing to compensate for antici-
pated stratification effects will be several times greater than that required
to maintain the temperature of the liquid. This preliminary feasibility
analysis indicates that an internal passive heat exchanger is not practical

0.493 IN. 1.D. 304-A STAINLESS STEEL ((K =519 _ Btu )
A 0.675IN.0.D. | 3/8 IN. NOMINAL HR-FT OR

7,000
6,000
5,000

4,000

Q (Btu/Hr)

3,000

2,000

1,000

|
0 1,000 2,000 ’ 3,000

L (FT) 2820 FT

Figure 39. Heat Transfer Vs. Internal Heat Exchanger Length
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for TVS appiications where high leakage rates are encountered under low-g con-
ditions due to the excessively long heat exchanger tubing required to transfer
propellant energy adequately for pressure control. Hence, further design
analysis is not warranted.

4.,2.6.4.2 Externally Mounted Tank Wall Heat Exchanger. An externally
mounited heat exchanger consists of a tube or channel attached to the tank
exterior. The wall surface serves as an extension of the tube as a fin to
enhance the effective heat transfer area and provide a path to intercept the

incident heat flux to the tank. Some primary advantages of this concept are
as follows:

1. Heat leakage to the bulk liquid and vapor can be controlled
separately. This decouples the control of the ullage pressure from
that of the bulk liquid temperature.

2. Vapor formation along the walls can pe controlled. Heat is
© intercepted before tank absorption.

A few disadvantages of this system are as follows:
1. Any tube leakage would impact the performance of the tank insulation.

2. The concept requires that the tank wall be capable of structurally
supporting the tube attachment and be sufficiently thick to provide
adequate paths for heat conduction.

3. Hardware weight may be greater than for other TVS concepts.
4. Vapor bubbles within the propellant will not be collapsed easily.

The following analysis, given by Reference Y, provides a method of deter-
mining the external heat exchanger tube spacing for proper TVS operation. The
model assumes that the wall temperature at the midpoint between tubes is kept
at the bulk fluid temperature. The differential model for the analysis is
shown in Figure U40. Assuming convection within the propellant tank and con-
duction in the tank wall, the heat transfer differential equation is given by

3%, ]
=T = =-qC, (10)
ax2 x F i
which reduces to
2
Ty - B o [q+h?21 (11)
3 X2 Kwﬁ- X Kwﬁ
The solution to the above equation is
T =ae ™™ + pe™ & q/h ¢ T (12)
X F
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Figure 40. External Heat Exchanger Model

where
172
h
r o+ ()
Kwé
At the boundary conditions
X=0,T =T, (13)
- - aT _ .
L =1L, Tx = TS, Sy 0 | (14)

Therefore, by differentiating the general solution and applying the boundary
conditions

oT _ =AX Ax
X - ar e "+ b e
a=h ezhL
=AL AL
TL = & e + b e + g/h + 'I'F + TS
2b eAL +q/Mh+ T, =T

B 5
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We obtain the expressions for the coefficients a and b

[TS-TF] -a/h | (TS~TF] ~a/h|
a = S e" 'y b = e (15)
2
If we let 'I‘F = TS
T, = ~q/h cosh (A(L-X)) + q/h + T, (16)
Therefore
T, = ~q/h cosh (AL) + g/h + Ty = Tv (7)
and
T, - T, = ~a/h [1~cosh(aL)] (18}
From which the final sclution can be written as
(r,-7,)n
cosh(AL) =-———1;——— + 1 {19)

In the above equation, T. and T, are the bulk saturation and venting
temperatures, respectively; q 1s the heat flux; h is the heat transfer coef-
ficlents; and L is the half spacing between the external heat exchanger
tubing.

The average inside heat transfer coefficient, h, is given

K
h = -[: Nu (20)
where
Nu = 0.13 Ra'/3; Ra = G._P
rr
and
a = BgATL3p2
r u2

The heat flux, q, is the heat rate, Q (7,100 Btu/hr), divided by the tank sur-
face area, All equations wepre evaluated with properties at the tank satura-
tion temperature and pressure (37.7°R, 18 psia), The vent temperature, Ty
was assumed to be 30.8°R and the tank wall thickness, &, was taken to be
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0.06 inch., Results indicate that the tube spacing required to intercept
7,100 Btu/hr is 7.93 inches., I the LH2 ring tank is wrapped with tubing,
approximately 1,625 feet of 3/8-inch stainless steel tubing weighing

185 pounds is needed for the external heat exchanger.

One of the initial assumptions in the analysis was that the incident heat
flux was uniformly distributed throughout the tank surface. This assumption
may not be entirely realistie, and the heat exchanger length may actually be
longer than the analysis suggests. Also, considering that highly efficlent
heat transfer is desired, welding the heat exchanger tubing to the wall is
required. However, there is no acceptable way to attach the vent tubes struc-
turally without greatly adding weight to the tank. Thin tank walls may also
provide a poor conduction path for heat transfer and reduce the effectiveness
of the method,

4.,2.6.4.3 Internally Mounted Compact Heat Exchanger With Pump Mixer.

S8ince various missions involve proplonged orbital coast at low gravity, where
natural or free convective heat transfer is low, heat can be transferred more
effectively from the liguid propellant to the heat exchanger by forced convec-
tion, This concept is shown schematically in Figure 41, The pump mixer, in
addition to providing forced convection across the heat exchanger, will also
limit thermal stratification and ensure pressure control by providing circula-
tion and uniform heat &transfer through the liquid.

The cold~side TV¥S heat exchanger flow rate has been previously destermined
to be 36.6 lbm/hr of LH,. The hot-side forced convection flow rate can be
calculated from

=m C_AT 21
Q =1 pA (21)

assuming that the bulk fluid maintains a nearly constant C_, over the heat
exchanger temperature range. Assuming a AT of 2°R and & C of 2.3 Btu/hreR,
the hot-side flow rate required to transfer 7,200 Btu/hr is approximately

CONTROLLING

f
MODULE \J

PROPELLANT WEAT VENTURI
— EXCHANGER p— >

m = 36.6 LEM/HR

PUMP T —
MIXER '

Iy 4 MIXER PUMP

/ i \ {NVERTER

Figure 41, Internal Compact Heat Exchanger TVS Concept
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Table 22, Compact Heat Exchanger Requirements

Mass Flow Rate Pressure Temperature
{lbm/hr) (psia) (R) Quality
Hot-side inlet 1,543 18.1 38.0 0.0
Hot -side outlet 1,543 18.0 36.0 0.0
Cold-side inlet 36.6 5.1 30.8 0.075
Cold-side outlet 36.6 4.0 36.0 1.0
Note: Effective heaf transfer coefficient =575 Btu/hr £t2oR

1,543 lbm/hr (43.7 gpm) of LHZ. The TVS compact heat exchanger flow rate,
temperature, and pressure drop requirements are summarized in Table 22,

Regardless of the flow conditions, delivery of dry superheated vapor cut.
of the TVS heat exchanger is required. One compact heat exchanger design that
could potentially satisfy the stringent TVS performance requirements is a
helical tube coil (Reference 5). Swirl flow in a helical coil would induce a
relatively high artificial g field that would force a liquid layer onto the
tube walls for the majoribty of the coil's length. This would provide for high
heat transfer coefficients with relatively small heat exchanger sizes,

The heat transfer capabilities of a helical coil can best be illustrated
by Figure 42, which presents the helical flow heat transfer coefficients for
high-quality steam. Heat transfer coefficients as high as #,000 Btu/hr PLeof
were attainable with a coiled design. Test runs indicated that no moisture
was ~detectable at the heat exchanger ocutlet even with only several degrees of
superheat (References 5 and 6). The nelical coil heat exchanger has been
demonstrated to be an effective design for energy transfer and appears to be
the one most capable of meeting the TVS requirements.

Sundstrand Corp. has investigated using helical coiled compact heat
exchangers similar %o that shown in Figure 43 for the Centaur LH, zero-g
TVS. The heat exchanger compresses two helical flow paths machined from
aluminum in which the cold-side flow is constrained to flow through the inside
passage and the hot-side flow passes through the outside passage in a counter-
flow fashion (Reference 5). Heat transfer coefficients of 500 to 887 Btu/hr
Pt2eF will be 14 inches in diameter and 24 inches long and will weigh approxi-
mately 24 pounds, including the pump mixer. A heat exchanger design siailar
to that described above appears capable of transferring 7,200 Btu/hr.

i A pump mixer similar to that shown in Figure 44 is electrically powered;
thus, dissipation of this power introduces a source of heat. For a mixer to

76

STS 84-0570-1



Space Transportation ‘ Rockwell
Systems Division International

10,000
5,000 |-
2,000 |-
_ FLOW PATTERN
= (IDEALIZED)
= INDICATES THERMOCOUPLE
: ATTACHMENTS
= 1,000 f— '
& N
a i O 0°POSITION
= s 0 90° POSITION axhs oF
g A 1800 POSITION HELIX
i 3 Q) 270° POSITION
S s00p
o=
w
e .
=z MASS VELOCITY - 23.3 LB/SEC-FT2
E AVERAGE HEAT FLUX - 27,000 Btu/HR-FT2
< INLET QUALITY - 67.6
= EXIT QUALITY - 24%F SUPERHEATED
INLET PRESSURE - 34.1 PSIA
200~ EXIT PAESSURE - 23.3 PSIA
INLET VELOCITY - 194 FT/SEC
EXIT VELOCITY - 408 FT/SEC
HELIX DIAMETER - 9.99 IN.
100 E
50 | ] | | J
50 60 70 80 a0 100

STEAM QUALITY

Figure 42, Helical Flow Evaporation Heat Transfer Coefficients for

High-Quality Steam
i

STS 84-0570-1



Space Transportation ‘ ROCkWQ"
Systems Division International

=D
o

|ﬂ1ﬁhALrﬁ:tuiﬂ rirrtrrr

Figure 43. Sundstrand Heat Exchanger Configuration

L / : <4— |NLET

Figure 44, Pump Mixer

pump 50 gpm of LH,, a nominal mixer power usage of 6 watts (20.5 Btu/hr) has
been reported (Re%erence 6). For a flow rate of 43.7 gpm, the estimated power
usage is 4.4 watts (15 Btu/hr). This additional heat input essentially is
neglizible in comparison to the 7,200 Btu/hr heat leak and poses no severe
disadvantage to the compact heat exchanger concept. The estimated weight for
the pump mixer is approximately 2.3 pounds.
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Figure 45. Thermodynamic Vent System With Compact Heat Exchanger Concept

-

Figure 45 shows three potential propellant-heat exchanger spatial rela-
tionships. The compact heat exchanger concept is feasible regardless of
whether the heat exchanger is immersed in liquid or vapor. If it is immersed
in vapor, the forced flow of vapor through the warm side of the heal exchanger
cools and/or condenses the vapor thus limiting the tank pressure., In this
case, it is not necessary to mix the liquid for destratification since ullage
condensation will keep the ullage pressure within limits, If the heat
exchanger is immersed in liquid, bulk cooling and mixing will limit the tank
pressure,

4,2.6.4.4 System 3election. Three TVS's have been presented and evalu-
ated., The passive internal heat exchanger concept is favorable because of its
simplicity; however, the high heat loads and low-gravity free convective neat
transfer have rendered this concept impractical due to the extreme lengths of
heat exchanging tubing required. The external tank wall heat exchanger con-
cept can be eliminated for similar reasons. 1In each case, free or natural
convection cannot guarantee successful heat transfer of 7,200 Btu/hr to the
vent system.

The most favorable TVS concept for low~-g, high-heat load operation is the
internally mounted compact heat exchanger with forced convection (Figure 1),
This system s ideal because of its small size and low weight. The combined
weight of the TVS is approximately 3% to 44 pounds, which includes a pump
miz=r and inverter, coiled heat exchanger, controlling valve module, and
nozzle (Table 23). Another asset of this concept is the availability of
existing hardware. Components for the TVS may be supplied by a vendor with
little or no modification of existing hardware.

9
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Table 23. Estimated Thermodynamice Vent System Weight

Component

Weight (lb)

Mixer pump

Coiled heat exchanger

Controlling valve module (integrated
redundant shutoff valves and pressure
regulators)

Nozzle

Inverter (for mixer pump)

Total

2.3
20-30

6.6

2.0

3h4-1Y

4. 2.6.4.5, TVS Analytical Nomenclature

effective nozzle throat arsa

internal heat exchanger outer surface area
internal heat exchanger inner surface area
specific heat ratio

inside diameter

outside diameter

gravity field

gravitational constant

Grashof number

enthalpy/heat transfer coefficlient
external heat transfer coefficient
internal heat transfer coefficient

thermal conductivity

length

mass rlow rate

8o
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Nu Nusselt number

P pressure
Pr Prandtl number

Q heat rate

q heat flux

R gas constant

Re Reynolds number

r. inside radius
r outside radius
T, bulk fluid temperature
T, vent fluid temperature
T tank wall temperature
V., ullage volume
Vt tank volume

w flow rate

B volume coefficient of expansion
§ tank wall thickness

u dynamic viscosity

v kinematic viscosity

p density

4.2.7 Capillary Acquisition System (CAS)

The LH2 and L02 propellant tank systems must be designed to have the
capability to feed out vapor~free ligquid cryogens with maximum expuision
efficiency under the reduced gravity of the LEQO space environment. To meet
this requirement, it is necessary to configure a system so that a part of ths
capillary flow acquisition device is always in contact with the bulk liquid
regardless of where the liquid is positioned in the tank. Capillary devices
derive their effectiveness from the phenomenon of bubble pressure; i.e., the
pressure required to drive a bubble through a hole in a screen. Under the
worst—case conditions of flow rate and on~orbit acceleration, the total hydro—
statiec and hydrodynamic pressure lecsses in the liquid flow passages must be.
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less than the screen bubble point pressure so that the ullage vapor will not
be prematurely ingested into the channel system and reduce expulsion
efficiency.

An attractive propellant acquisition system consists of muliiple screened
channels mounted along the tank wall ecircumference. The sereened capillary
channels are basically rectangular ducts of width, D, and depth, &, screened
on one side with 325 by 2,300 mesh Dutch twill stainless steel. The 325 by
2,300 screen was selected because of its high bubble point and the wealth of
experience in its fabrication and use, including the orbiter program. The
screened channels are separated from the tank wall a suitable distance by
itylon supports to decrease the heat transfer effects of the thermal boundary
layer from the tank wall on the channels (Figure 46). These channels are then
connected to a common manifold to provide a fluid sump for feedout.

The CAS for the toroidal LH, tank consists of four equidistant radial
channel loops with two interconnecting channels on the tank top and bottom as
shown in Figure 47. The worst—-case LH, propellant orientation is assumed to
be located on the tank side as shown in the figure. The tank length is ini-
tially assumed to be 70 inches.

The CAS for the cylindrical L0, tank consists of four equidistant radial
channels feeding to a common manifold as shown in Figure 48. The worst-case
propellant orientation is assumed to be at the tank top, onposite the fzedout
line.

4.2.7.1 CAS Analysis. A schematic of the capillary channel network is
shown in Figure U49. The analytical model for fluid flow through the channel
can be divided into tv  major sections: (1) flow through the manifold
(submerged) section of the channel, where the velocity varies with length and
(2) flow through the channel exposed to the tank ullage, where the velocity
remains relatively constant.

§.,2.7.1.1 Analytical Model for Flow in the Manifold. The analysis for
fluid flow in the CAS manifold section, given in References 7, 8, and 9, is
presented below. A nomenclature for the CAS analysis is presented in Sec-
tion 4.2.7.2. The analytical model is shown in Figure 50, where the

CAPILLARY.
SCREEN
CHANNEL | CHANNEL STANDOFF
~ " suppORT
A A A Q.
‘%S_J_ M
TANK WALL

Figure 46. Capillary Channel
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Figure 48. LO, Tank Configuration
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Figure 49, Tank and Collector Schematic

differential element of the capillary collector is shown with the positive
vertical direction upward. The positive direction for the gravitational field
is vertically downward, and X and u are pcsitive in the upward direction.

Liquid flows through the capillary barrier walls intu the collector along its
length and then downward.
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Figure 50. Manifold Portion of Capillary Collector

Assuming a rectangular capillary collector channel screened on one side
only with sereen width, D, and with channel depth, &, the conservation of mass
{continuity} equation is given by

[u-(u-+ §§ ax)] 6D + v DAax = O

which simplifies to

veglt (22)

The pressure drop of the liquid {flowing across the capillary barrier into the
collector is given by

P, = P =-S5 (23)
The pressure, Pps of the liquid within the tank is given by

PA = PAO =~ pgx (24)
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. where P is the tank ullage pressure. By rearranging Equations 22 through
24, there results ’

1/2
. 2g (P, -pgx~F)
du = VE dx (25}
SE P
u
A vertical momentum balance gives
G _2kp G, BP0 g (26)
dx g x P& 7 ¢ Ds
s] c
In the above equations, k is an empirical manifold constant. In the
numerical computations that follow, a value of k of 0.79 was used,
To normalize the equations and generalize the results, the following
variables are defined ‘
P,. =P
A
R~ (27)
PB
S U
W= 5 (28)
o]
X~ X
n = S (29)
X

where Pp is the bubble pressure of the capillary material, Ug is the propel-
lant velocity at the end of the manifold, L is the distance from the top of
the tank to the top of the collector, and X is the length of the manifold por-
‘tion of the capillary collector. '

The differentials are given by
dR = dP/Pg (30)
dn = dx/X (31)
Substituting Equations 27 through 31 into 25 and 26, placing in finite

difference form, and changing to a coordinate system that is positive in the
downward direction, we obtain Equations 32 and 33

A 1/2
AW = . [chpB (F + pg[x[n+§—J - xo]]] An {32)
Guo pEu ) chB ‘
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2Kpu_2 - - ofuo> (W + Aw) X (D+6)
AR=——FT—(N+~2-)AW"E--M+ 555 An (33)
E.'p B g, B

These equations are solved numerically with the manifold divided into 100 ele-
ments with the boundary conditions Wy =0, W = 1 and n, = 0. The results
are used to calculate the manifold exit pressure, Pl'

The equations for the Euler number and pressure drop across a capillary
screen barrier given by Reference 7 are

2
g, = 2% [ L] and ap - B4OV_
u ) “2g.
e
Combining the above 2quations results in:
A1 AchDa
Re. =" 2 (34)
1 Cpv

where Re, = Dav P’

The pressure drop across a sereen can also be described in terms of a
frietion factor, f, and the Reynolds number, Rep, as given by Relerences 10
and 11

2
. apEef Pa
Re2 Qtpvz
Bea = ;v (36)
ua Da

Dividing Equation 19 by 13 and rearranging terms produces the final form of
the constant, A1

=QRe1 QD 232
A = 5 = (37)
£ Re €

The values of each of the constants in the above equationﬁ for 325 by
2,300 Duteh twill screen material are « = 3.2, a = 3.3598 x 10 D, = 1.5 x
10 5, € = 0.245, and Q = 1.3. Therefore, the constant A1 has value A1 =
21.04,
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4,2.7.1.2 Constant Yelocity Flow in the Channel Exposed to the Ullage.
In the exposed, or uphill, portion of the channel, the velocity, Uo= no longer
varies with length; and the pressure drop is the sum of the viscous and
gravitational terms. The pressure, P,, a% the end of the channel is given by
pgL,  pfL,U % (Dre) 1.3 pU 2
P, =P, - - ‘ - (38)

c Ddgc 2gc PB

where the last term is the pressure loss due to a right angle turn in the col-
lector channel., The pressure differential aeross the screen interface at the
end of the channel must satisfy the ullage and bubble pressure relationship

Prg ™ P2 g ¢PB (39)

to prevent ullage gas intrusion. The constant, ¢§, is a safety factor less
than one.

A computer orogram has been developed to solve the system equations for
the maximum channel velocity allowable in the following fashion., An initial
value for the terminal fluid velocity, Uo, is assumed and is used in the first
iteration. The manifold and exposed channel equations then generate pres-
sures, P1'and P,. If the value of P, does not satisfy the bubble pressure
constraint, a new value of Uo is obtained by bisection, and the process is
repeated until the bubble pressure relationship is satisfied. Convergence is
rapid, taking about nine iterations around Uo. The maximum flow rate, h,is
then calculated from the resulting velocity.

Ten channel geometries were considered for each tank capillary system in
the initial trade study. Channel dimensions varied from 7.0 to 3.0 inches in
width and 2.0 o 0.75 inch in depth. The effects of gravity +ere assumed
negligible, and the tank pressures were taken to be 27.6 psia and £8.81 psia
For the LOo and LH., tanks, respectively. Results are summarized in Figures 51
through 53 for three of the ten channel geometries analyzed. Briefly, the
resualts lndicate that 7— by 1.5~inch channel is required for an LH, feedout
capability of 8 lbm/sec, assuming a worst-case propellant orientation.” 5- by
1-inch channel is required for an LO, feedout rate of 3% lbm/sec. The above
flow rates are the design capabilities for each of the propellant tank systems
{see Section 4.4.1.3). The above channel geometries will be reevaluated at a
later time as the scavenging tank system operating parameters are better
defined.

4.2.7.2 Nomenclature for Analytic Model.

al calculated surface area to unit volume ratio
A, empirical constant for pressure loss in flow through capillary barrier
7 eapillary channel width

Da characteristic pore size for capillary barriers
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Figure 51. CAS Qutflow Capability--LH, Tank (P = 28.81 psia)--LH2
Oriented at Tank Top
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U velocity parallel to capillary barrier
Uo velocity in exposed portion of channel

V velocity perpendicular to ¢apillary barrier
W dimensionless veloecity

X submerged chamnel length

¥o distance from top of tank to collector channel
a viscous resistance coefficient

§ capillary channel depth

A incremental difference

n dimensionless distance

g screen volume void fraction

p fluid viscosity

¢ safety factor, 0.65

p fluid density

4.2.7.3 Removing Vapor in Dry Capillary Channels., It is expected that
the L02 and LH2 propellsnt scavenging tanks will not be filled to capaecity for
launch; therefore, the CAS channels will not be completely subperged in liquid
during the ground hold and ascent mission phases. Any portion of the screened
channel that is not submerged in liquid will contain ullage vapor. Provisions
must be made to eliminate this vapor prior to propellant transfer on orbit,

There are several possible methods of eliminating vapor bubbles trapped
in the capillary channels. One method is to prevent vapor from entering the
system by truncating the channels so no portion of the CAS is exposed to the
ullage vapor during the ground hold, This would assure that the CAS remains
immersed in liquid during the ascent and subsequent mission phases., A dis-
advantage of this method is that the propellant volume may vary significantly
with each mission, thus requiring a different capillary channel length for
each flight, Shortening the channels would also reduce expulaion efficiency
and increase tank residual quantities.

On-orbit roll and pitch maneuvers may be used to bathe and fill dry
capillary channels with liquid. This operation is best suited for ‘spherical
or cylindirical tanks, where the entire tank wall-mounted CAS can be swept with
fluid. It may be more difficult to weft the channels of a tank with an unusual
geometry, such as the toroidal LHE scavenging tank, because of the inner and
outer tank wall surfaces. Propellant may tend to orient toward the surface of
the outer wall of the toroidal tank, leaving the inner surfaces dry.
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One potential passive method of removing-entrapped vapor is to pressurize
the tank, which would instantaneously provide a liquid subcooled relative to
the vapor. The vapor bubbles would collapse in time depending on the size of
the bubbles, gravity level, and the thermal properties of the propellant.
Further thermodynsmic analysis heyond the scope of this study will be required
to determine the vapor bubble collapse time for various conditions.

One other potential alternative is to use a bubble trap device similar to
that used on the orbiter HCS propellant tamnks. The capillary channels in the
RCS tamnks feed to a common asanifold that consists of sereened compartments
that preferentially permit fluid bto pass while retaining vapor due to the
bubble pressure phenomenon. Although this deviece has been used only for stor-
ables and noncondensible pressurant, the tachnology is applicable to cryogens
a3 well, Future anzlysis would be required to determine the feasibilibty of
such a device for cryogenic transfer.

Based on present technology, the most practical method of eliminating
trapped vapor in the CAS appears to be a combination of on-orbit roll and
piteh maneuvers and pressurizing the tanks to allow vapor bubbles fo collapse.
Truncating the capillary channels so that they remain immersed in fluid during
launch is not an acceptable solution due to the varying propellant require-
ments. State-of-the-art cryogenic bubble traps have not been developed at
this time but may have an application in zero-g cryogenic transfer in the
future.

4,3 SYSTEM SELECTION

This section presents the rationale utilized to make the system concept
selections for both c¢ryogenic and storable propellant systems based on tne
data generated during system trades and ground rules data and information
ohtained during the early stages of the study.

4.3.1 Cryogenic Propellant System Select.on

The data presented in Section #4.2.3 shows that the ring tank concept
provides the largest quantity of cryogenic propellants to orbit because the
concept best utilizes avallable payload bay length for propellant storage even
thiough it does have a higher dry weight than the other conecepts. Tasrelore,
the ring tank concept was selected for payload bay cryogenic storage.

In Section 4.2.1, transferring the propellants during ascent or after
MECO was discussed. The most efficient method is to load propellant and tank
set weight in the payload bay before lift-off to drive the excess MPS propel-
lant to zero., This method eliminates the requirement for propellant transfer

_during ascent, which would necessitate making a practically impossible guaran-

tee that sufficient flight performance reserve propellant remains in the ET
pefore MECO. Loading the propellants on the ground also provides a better
environment for accurate control of the loaded quantity. The ressrve propel-
lants that remain after MECO can be transferred through small lines to the
payload vay tankage without the use of pumps by using the pressure source
available in the ET ullage. '
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Propellant orientation for this transfer in both the MPS and payload bay
tanks would be obtained by placing the ET/orbiter combination in a 2-deg/ssc
pitching rate. The only restriction on this transfer is that the transfer
systems be large encugh to make the transfer in a reasonable time (less than
ten minutes) under the prevailing pressure differential (ET ullage pressure
minus tank pressure). This line size was selected a3 part of the system point
design, which will be documented in Section 4.4,

A lightweight spray foam insulation was selected for the cryogenic stor-—
age tanks. This type of insulation sufficiently limits the heat load %o the
propellant during propellant, loading, ascent, and on orbit. The insulation
thickness evaluation (Section Y4.2.5) essentially resulted in the determination
that thicker insulation yields lower heat loads. To keep the application
problems minimal and the dimensions within reason, a 2-inch thickness was
selected. A sun shade was also included in the baseline. The TVS analysis
presented in Section 4.2.6 indicated that an internal compact heat exchanger
and mixer, similar to the Centaur concept, will thermodynamically vent the
heat load that results from the insulation thickness.

4 CAS is also included in the baseline concept because of the requirement
to transfer propellants to the Space Station/space depot, which requires
feedout capability under zero-gravity forces. Including a system with this
capability also gives the scavenging system greater operational [lexibility.

4.3.2 Storable Propellant System Selectian

. The storable propellant payload bay tankage size evaluation presented in
Section 4.2.3 indicated that an arrangement of existing tank designs could
permit significant quantities of propellants to be delivered to orbit. An
intricate design coneept, such as the cryogenic riang tank, ls not required for
the storable prepellants because the high density of both of the storable
propellants makes existing tank designs and sizes usable.

The excess (MS propellant not required for any given mission remains in
the orbiter OMS tanks and, therefore, can be transferred from the OMS tanks to
the user directly. This conecept eliminates any special propellant transfer or
vehicle control requirements (such’'as those for eryogenic propellant transfer
just after MECO) other than what will exist for the transfer to the user.
Transfer from the payload bhay tankage will be made to the user sequentlally
Wwith the OMS transfer.

The requirement %o transfer propellants to the user under zero-gravity
forces when docked with the Space Station/space depot dictates the inclusion
of a CAS in the payload bay tanks. The OMS tanks already contain screened
compartments that control propellant orientation, The existing tank designs
evaluated earlier do not have acquisition systems and must be modified.

4.4 SYSTEM DEFINITION

The information presented in this section details the point design of the
gelected cryogenic and storable propellant concepts. The first part details
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system operations and mission time lines. Next, the detailed hardware design
and operating characteristics are presented. And finally, proposed test
requirements and schedules are presented.

Ib,4,1 Mission Operations

4.4.1.1 Cryogenic Propellant Operations Mission Time Line. The ascent
trajectory and on-orbit maneuvers of a scavenging mission establish the major
events that set the framework for more detailed scavenging events and
sequences. The purpose here is to define realistic and representative major
event time lines in a2 way that will be adequate for the subsequent discussion
of both eryogenic and storable propellant scavenging operations., It is most
important that in doing so to demonstrate that the launch and orbital geomebtry
of the combined Space Transportation System (STS) Space Station/OMV system
will be compatible with the erfficient delivery of propellants to the Space
Station. The mission profiles should not entail excessive plane changes
(performance penalty) or long phasing times during cryo propellant delivery
(cryo losses).

The rapid delivery of cryo propellant to the Space Station has been
assumed to be a requirement, as noted under the mission ground rules in Sec—
tion 4.1.1. There appear to be no special time considerations for delivering
storable propellant. Thus, for consistency, all propellant deliveries are
assumed to precede other payload deployments.

The manifesting of payloads and the analysis of propellant availability
in Section ¥ leads to the use of just two alternative scavenging mission
profiles. 1In the first profile (Figure 5b&), the Shuttle launches by direct
insertion to the Space Station orbit (250 nautical miles, 28.5 degrees)} and

250 — | 1 o —of ]

ALTITUDE
(M)
{d space staTion
® SHUTTLE ORBITER
0
TINE EVENT
(HR)
0 1. SHUTTLE LAUNCH
8.14 2 MECO

0.78 3. OMS-2 COMPLETE, BEGIN ORBITER ACTIVE RENDEZVQUS

448 -4, BEGIN MANUAL PHASE PROX OPS

7.08 5. DOCKING GOMPLETE, BEGIN PROPELLANT TRANSFER

8.08 6. PROPELLANT TRANSFER COMPLETE, CONTINUE GHBITER MISSION

Figure 54. Time Line for Propellant Delivery by Direct Insertion to
Space Station Orbit (First Profile)
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immediately begins a rendezvous sequence. After docking and propellant trans-—
fer the orbiter ccntinues its mission at the Space Station or elsewhere. The
rendezvous time of 3.7 hours reflects the praferred orbiter active mode
requiring 2-1/2 revolutions. The manual proximity operations time includes 45
minutes of station keeping to guarantee favorable lighting. Both rendezvous
and proximity operation times are based on Rockwell Space Station support
studies. The one hour allowed for propellant transfer is a maximum require-
ment established by this study.

The cryo propellant delivery time in the first profile is 8.1 hours from
launch to completion of propellant transfer at the Space Station.

The second mission profile begins (Figure 55) with an OMV leaving its
base at the Space Station and descending to a 160-nautical mile circular
orbit, where it waits for the Shuttle. A standard insertion (two OMS burns)
brings the Shuttle to the 160-nautical mile vieirnity, and rendezvous begins at
once with the Shuttle active again. An hour is allowed for propellant trans-
fer to tanks on the " Another hour is provided for undocking and safe
separation, after which the orbiter is free to continue its mission. The OMV
ascends to the Space Station vicinity where it performs an OMV-active rendez-
vous requiring 1-1/2 revolutions (2.1 hours). The proximity operations and
propellant transfer times at the Space Station are the same as in the first
profile.

1 2 3 13 14 15

ALTITUDE
(NMI) 18 b |
4 f
TIM
(Hﬁf EVENT [] sPAcE sTATION
@ SHUTTLE ORBITER
-34.13 1. DEPLOY OMV FROM SPACE STATION ~ A OMV
-33.13 2. 0MV PLANE CHANGE :
~32.70 3. OMV DEPART 250 NMI
-31.92 4. OMV ARRIVE 160 NM!
0. 5. SHUTTLE LAUNCH
0.14 6. MECO
0.75 7. OMS-2 COMPLETE, BEGIN ORBITER ACTIVE RENDEZVOUS
4.32 8. BEGIN MANUAL PHASE PROX OPS
6.92 9. DOCKING COMPLETE, BEGIN PROPELLANT TRANSFER

1.92 10. PROPELLANT TRANSFER COMPLETE, UNDOCK,AND CONTINUE ORBITER MISSION
8.92 1. OMV DEPART 160 NMI
9.69 12 OMV ARRIVE 250 NMI, BEGIN OMV ACTIVE RENDEZVOUS
11.82 13. BEGIN AUTOMATIC PROX OPS
14.42 14. DOCKING COMPLETE, BEGIN PROPELLANT TRANSFER
15.42 15. PROPELLANT TRANSFER COMPLETE ,

Figure 55. Time Line for'Propellant Delivery by Standard Insertion 3
to 160-nmi Orbit With OMV Transfer to 250 nmi (Second Profile)
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The cryo propellant delivery time in the second profile includss 7.9
hours in the orbiter tanks-and 7.5 hours in the OMV tanks,

The analysis of propellant availability in this study has assumed that
any flight in the ten-year mission model is potentially able to deliver
scavenged propellant to the Space Station without significant performance
penalties. It remz.ns to be determined whether the twe scavenging mission
profiles just described are compatible with this assumption. The key factor
here is the adoption of a rendezvous-compatible (once-per-dav} orbit for the
Space Station. The advantages overall to the Space Station make this a
reasonable assumption at this time. The altitude required (257 nautical
miles) at a 28.5-degree jinclination is close enough to the secavenging study
guidelines to avoid a1y significant impaet to thé study coneclusions regarding
propeliant availabilivy and scavenging system sizing. Throughout this report
and particularly in this section, the Space Station aititude continues to be
shown as 250 nautical miles with the understanding that the orbit will be
rendezvous compatible. The penalties associated with a nonrendezvous-—
compatible Space Station orbit, however, are briefly described below.

The {irst mission profile is readily accomplished on a once-a-day basis
when the Space Station is in a rendezvous-compatible orbit. At the instant of
lzaunch, the launch site leads the Space Station orbital position by about 154
degrees and is ideally located with respect to the desired plane. HNo phasing
maneuvers are required other than those inherent in the basic rendezvous
profile,

In the second profile, two effects must be accommodated so the OMV can
return quickly and efficiently to the Space Station. These are the differ-—
ences in nodal regression rate and orbital angular rate between cthe Space
Station orbit and the OMV orbit profile., The OMV (without payload) must make
a plane change of 0.52 degree dfter leaving the Space Station to compensate
for differential nodel regression. The maneuver iz made at 90 degrees from
the line of nodes and actually shifts the node eastward by about 1 degree
without changing inclination. At Event 12, the OMV will be in the Space
Station plane again. After transferring to the 160-nautical mile orbit, the
OMV must wait 32 hours before the Shuttle launch. This delay achieves correct
phasing for rapid return to the Space Station at Event 11. There is no
performance penalty for waiting, but the plane change will require a delts-V
of 230 fps, adding about 20 percent (12,000 pounds) to the ten-year OMV
propellant requirements shown in Table 20.

A third concern in the second profile is the out-of-plane launch require-
ment for the Shuttle at Event 5. At this time in the mission the OMV trails
the Space Station by 80 degrees. At 4 cegrees per minute, the OMV will
require 20 minutes to move into the correct orbital position for the Shuttle
launech and rendezvous to begin. Launch window data for 28.5-degree orhits
indicate less then 100 pounds yaw steering penalty for a 20-minute launch
delay past the ideal coplanar opportunity, assuming that launch azimuth is
properly chosen.

At this point it is appropriate to put the possibility of a nonrendez-
vyous—-compatible orbit for the Space Station into perspective. With orbit
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inelination so close to launch latitude, very long launch windows exist for
moderate yaw steering penalties. This is the case particularly when the
launch azimuth i1s freely optimized, as it would be for a planned launch time
as opposed to an unplanned hold., The data cited above yield an 84-minute
window for a 550-pound penalty on a direct insertion to 250 nautical miles.
This window would cover 90 percent of all possible Space Station~to-launch
site phasings. Furthermore, the yaw steering penalty can be reduced by trad-
ing againat on—orbit phasing, where delivery time is not critical, as it is
for storable propellant secavenging. Thus, while a rendezvous~compatible orbit
assures day-by-day consistent performance, it is not a e¢ritieal assumption to
the validity of delivering scavenged propellants.

An unplanned launch hold of up to 30 minutes will likewise entail a
penalty of 500 pounds or less for yaw steering into the corrsct 28.5-degree
plane, However, the subsequent phasing time for a rendezvous with the Space
Station or OMV will increase considerably. A typiecal phasing profile for
ascent to a 257-nautical mile target adds approximately 15 hours for a 30-
minute delay. Allowance for launch holds, thus, can have some influence on
the design of in=ulation for cryogenic scavenging tanks.

Post-MECO scavenging operations are discussed elsewhere, but it should be
noted here that they require an extended mated coast that will impact the OMS-
T burn in the second (standard insertion) profile. Available targeting and
simulation data support the feasibility of delaying OMS-1 as much as 20 min-
utes with some small performance penalty. Constraints on targetting may
ageount for most of the penalty, and these constraints may not apply to
Shuttle operations in the 1990 era. A realistie treatment of this trajectory
phase must await further studies.

The detailed sequences of propellant scavenging will be controlled by the
on~board propellant scavenging microprocessor. Each of these sequences will
be initiated either by the orbiter general-purpose computer (GPC). or the
ground lsunch processing system (LPS). Table 24 lists the input commands.

Before it is installed in the orbiter payload bay, the scavenging pallst
will be checked out (leak and functional) and purged by a special cheackout
console. This console will be capable of checking out the microprocessaor and
also providing individual component control through a special breakout con—
nector located between the microprocessor and functional components. Also
regulated helium and closeout plates will be provided for lesak checking and
purging. At the completion of checkout, both tanks will be purged with helium
and maintained at a standby pressure of 20 psia until after installation in
the payload bay.

After installation, all the final LO, and L82 connections will be leak-
checked using closeout plates and drag-in helium in eonjunction with existing
orbiter and facility valves. At the complebion of this leak check and with
the orbiter powered up, the power to the scavenging pallet will be turned on,
which will bring the scavenging microprocessor on line. At this time, the LPS
can issue a standby command to the microprocessor, provided the MPS helium
bottles are pressurized to 1,500 psia. ’
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Table 24, Scavenging Microprocessor Inputs

© Input Command Origin

1. Standby LPS through GPC, crew through GPC
2. Pretanking line purge LPS through GPC

3. LO, ground fill ' LPS through GPC

4, LH, ground rill LPS through GPC

5. Stop fill LPS tﬁrough GPC

6. Ground LO, drain LPS through GPC

T. Ground LH, drain LPS through GPC

8. Launch preparation LPS through GPC

9. LH, TVS on Crew through GPC

10. On-orbit fill Crew through GPC

1. LO2 user transfer Crew through GPC

i2. LH2 user trénsfer Crew through GPC

13. Vacuum inerting Crew through GPC

14. Abort dump Crew through GPC

15. Terminate Crew through GPC, LPS through GPC

in response to the standby command, the microprocessor will:

1.

2-
3.

4,

The

Open the primary side of the helium supply and initiate failure
monitoring to determine that the helium supply is correct If not,
it will switch to the backup control leg.

Control the pressure in each scavenging tank to 20 £ 2 psia through
the pressurization control valves.

Apply the closing commands to both solenoid valves for both the LO,
and LHE dump valves and to the LH2 TVS shutoff valve.

Remove commands from all the scolenoid valves.

above logie will remain in effect unless specifically overridden in

the following sequences,
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The pretanking line purge command will be issued at the completion of the
" MPS purge operation and will purge each of the scavenging lines by blowing
ttelium from the tanks overboard by performing the following:

1.

6.

7.

Open the LH, fill valve for two minutes. (The orbiter LH, relief
shuteff valve [RSV] and LH2 inboard and outboard fill valves must be
opened to the facility vent at this time.)

Open the LH, dump valve for two minutes.

Open the LH, vent valve for two minutes.

Open the LH, TVS valves for two minutes.

Open the LO, fill valves for two minutes. (The Orbiter LO, RSY and
inboard and cutboard fill valves must be opened to the facility vent
at this time.)

Open the L02 dump valve for two minutes.

Open the LO, vent valve for two minutes.

The LO, ground rill command will be issued by the LPS when the ET is in
stable LO, replenish and will accomplish the following:

1.

Terminate L02 standby pressure control.
Open the LO2 vyent valve.
Open the L02 high-resistance fill valve.

mMonitor the LO, ullage pressure. If the pressure is:> 28 psia, fill
valves will be clesed; if <15 psia, the vent valve wil! be closed.

Monitor the LO, liquid level. When greater than 5 percent, it will
open the low-resistance fill valve. When greater than 95 percent, it

- Wwill close the low—resistance fill valve. When greater than 100

percent, it will close the high~resistance f£ill valve. The 100
percent indication will be mission dependent (mission initial-load)

" sinece each mission will have a different payload margin. When the

liquid level drops below 98 percent, the high-resistance fill valve
will be recpened and then closed again when the level is greater than
100%.

The LPS must alsg open the MPS LOy, RSV at this time.

The LH, ground fill command will be issued by the LPS when the ET is in
stable LH2 replenish and will accomplish the following:

1.

Terminate Lhp standby pressure control.

99

STS 84-0570-1




Space Transportation ‘ Rockwell
Systems Division International

2. Open the LH, vent valve.
3. Open the LH, fill valve.

4. Monitor the LH, ullage pressure. If>28 psia, it will close the tank
£il1l valve. If<15 psia, the LPS will closes the tank vent valve.

5. Monitor the LH2 liquid level. If greater than the mission-dependent
100~percent -level (mission initial load), the LPS will close the fill
yalve. IT the level is less than 98 percent, it will open the fill
vaive.

The LPS must also open the MPS LH2 RSY at this time.

The stop fill command will be issued by the LPS normally at T{0)-9 min—
utes and will accomplish the following:

1. Close the Lo, £i11 valve.

2. Close the LH, i1l valve.

At T(0)-9 minutes, the LPS will also issue the close commands to the MPS Lo,
and LH, RSV's. This command will also be issued by the LPS in conjunction

with any ET locading stop flow or revert condition. To reestablish Flow to

gither tank, the appropriate ground fill command must be reissued.

The ground L02 drain command will be issied by the WLPS if the L0, tank
must be drained on the ground. It will not be issued uncil after the BT LO
drain flow has been terminated. This command will accomplish the following:

1. Close the vent valve.

2. Open the fill valve.

3. Pressurize the LO, tank Lo 20 % 2 psia.

The ground LH2 drain command will be issued by the LPS if the LH2 must be
drained on the ground. It will not be issued until after the ET LH, drain
flow has been terminated. This command will zccomplish the following:

1. Close the vent valve,

2. Open the fill valve.

3. Pressurize the LHy, tank to 20 % 2 psia.

The LPS must also open the MPS LH2 RSV, inbeard and outboard Ffill valves, and
appropriate facility valves.

The LPS must also open the MPS LO2 RSV, inboard and outboard fill valves,
and appropriate facility valves.
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launch prep command will be issued by the LPS at T{0)-2 minutes and

will accomplish the following:

1.
2.
3.
The
and will
1.

2.

The

Close the LO2 vent valve.
Clcse the LH2 vent valve.

Terminate all ullage pressure control (close all pressurization
golenoid valves).

LH, TVS on command will be initiated by the GPC after SRE separation
activate the TVS as follows:

Open the primary supply side shutoff valve.

Open the TVS shutoff valve.

Start both TVS motors.

Initiate TVS supply redundancy monitor logie. If the primary gupply
fails, it will activate the secondary side and terminate the primary

side.

on~orbit fill command will be.initiated by the GPC after MECO and

after the orbiter has initiated and attained a 1/3 rpm tumbling mode by pitch-
ing the nose up. The ET separation will be delayed until after this on-orbit
f£ill operation is accomplished., The on-orbit fill command will accomplish the
following:

1.
2-

3.

Open the LO; fill valve.

Open the LH, fill valve.

Activate the LO, vent valve control. If the ullage pressure is

> 18.7 psia, it will open the vent valve. If it is > 18.3 psia, the
vent valve will be closed.

Activate the LH, vent valve control; If the ullage pressure is

> 22.3 psia, it will open the vent valve. If it is < 21.9 psia, the
vent valve will -be closed.

Monitor the LH, fill bubble detector and L0, overfill sensor. If
bubbles are detected or the tank is overfilled, the LO, fill opera-
fions will be terminated as follows:

A. Close the LO, fill valve.

B. Close the LO2 vent valve.
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Monitor the LH2 £ill bubble detector and LH2 overfill sensor. If
bubbles are detected or the tank is overfilled, the LH2 fill opera-
tions will be terminated as follows:

A. Close the LH2 fill valve.

B. Close the LH2 vent valve.

When both the LO; and LH, £111 are terminated, the microprocessor
will inform the GPC.

After the on-orbit Fill is complete, the orbiter will be stabilized and the ET
separation performed. The orbiter will then perform the required maneuvers to
mate witit the propellant user. After mating with the propellant user, the
transfer to the user will be initiated through the GPC.

Upon receipt of the LO, user transfer command from the GPC, the micropro-—
cessor will accomplish the following:

1.

2.

Open the user transfer valve.

Monitor the tank pressure. If the pressure is < 21.3 psia, the pres-
surization valves will be opened. If > 21.7 psia, it will c¢lose the
pressurization valves.

Monitor the LO, bubble detector. Transfer is terminated as follows
when bubbles are detected.

A. Close the user fransfer valve.
B. C(Close the pressurization valves.

C. fInform the orbiter that L02 transfer is complete.

Upon receipt of* the LH2 user transfer command from the GPC, the mieropro—
ecessor will accomplish the following:

Open the user transfer valve.

Terminate TVS operation. Turn off both motors and close both TVS
shutoff valves.

Monitor the tank pressure. The pressure is < 21.3 psia, the pres-—
surization valves will be opened. If > 21.7 psia, it will close the
pressurization valves.

Monitor the LH, babble debector. Transfer is terminated as follows
when bubhles are detected:

A&. Close the user transfer valve.
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B. Close the pressurization valves.

-

4

C. Inform the orbiter that the LHy trénsfer is complete.

After the transfer of both propellants has been completed and the orbiter
has been demated from the user, the GPS will issue the vacuum inerting com-
mand, which will accomplish the following:

i. Open the LO, user transfer valve.

2. QOpen the LO, vent valve.

3. Open the L02 dump vaive.

4. Open the LH, user transfer valve.

5. Open the LH, vent valve.

6. Open the LH, dump valve.

7. Start a ten-minute timer. When this timer expires, the LO, and LH,
user transfer, vent, and dump valves will be closed.

8. Inform the orbiter that vacuum inerting is complete. .

The terminate seguence command can be issued through the GPC at any time
during the mission to handle any off-nominal condition. When issued, this
command will result in the microprocessor removing electrical power from all
the pneumatic solencids and motors, allowing all components to return to their
normal positions. ’

The abort dump command will be issued by the GPC to dump all the propel-
lants from the seavenging tanks prior to reentry. The initiation time will be
consistent with orbiter abort requirements. Upon receipt of this command, the
following will be accomplished:

1. Open the LO, dump valve.

2. Open the LH, dump valve.

3. Close the LOé vent valve.

4, Monitor LO, tank pressure. If the pressure is < 26.0 psia, the
pressurization valve will be opened. If > 26.5 psia, the pres-
surization valves will be clossd.

5. Turn off the TVS.

6. Close the LH2 vent valve.
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7. Monitor the LH, tank pressure. If the pressure is < 26.0 psia, the
pressurizagion valves will be opened. If > 26.5 psia, the pressuri-
zation valves will be closed.

8. Start a 250-second timer. When this timer expires, the LH, and LH,
pressurization valves will be closed. '

9, Allow 30 more seconds for tank pressure to blow down and fhen close
the LO, and LH, dump valves.

10. Return to configuration defined by standby.

Prior to any ncnabort reentry, the GPC will issue the standby command,
which nas been defined earlier,

Since the scavenging tanks are in the standby mode, no additional
activity is required after landing. The pallet can be removed and stored if
it is not required for the next flight. If needed for the nexi flight, no
activity is required unless a review of the flight data reveals an ancmaly
that requires corrective action.

4.4.1.2 Storable Propellant Operations Mission Time Line. Prior to
launch, the payload bay tank system (PBTS) will be mounted at the aft end of
the payload bay by Keel and still frunnions while the orbiter i1s in the
Orbiter Processing Faecility (OPF). Pressurant and propellant loading of the
PBTS could be performed either at the OPF or at the launch pad. Nominally,
pressurant and propeliant transfer from the PBTS and the OMS pods is performed
as part of the on—orbit vperations. Once the transfer is completed, the PBTS
would be safed with no further action required prior to orbiter reentry.

Due to a constraint on orbiter landing weight, a means of dumping the
PBTS propellants will be required during a return-to-launch-site (RTLS)
abort. One method of dumping the PBTS propellants is to provide the orbifer
with overboard dump ports similar to the dump ports proposed for use with an
earlier OM3 payload bay kit design., The second option is to burn the PBTS
propellants through the OMS and RCS engines. Due to a software change, start-
ing with 5TS-61B(30) there will be approximately 300 seconds available to burn
the PBTS propellants during an RTLS. Some fzilwre modes could leave as little
as 100 seconds in which to burn the PBTS propellants. Burning the PBTS pro-
pellants instead of dumping them overboard would require increasing the Peed-
line diameters from the OMS crossfeed lines to the PBTS from 1/2-inch to
approximately 2-1/2 inches.

Overboard dump ports are the recommended means of dumping propellants
from the PBTS during an RTLS. Future tanker concepts may also require the
dumping of propellants during an RTLS, when it would be unfeasible or impos-
sible to burn them through the OMS and RCS engines, requiring the overboard
dump ports.

Following propellant transfer, it may be essential to purge the propel-

lant transfer QD's prior to disengaging. This can be performed by sequen-
tially opening each set of purge isolation valves and flowing gaseous helium
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through each of the propellant transfer QD's. The waste material from the
purge can be expelled through the nonpropulsive vents or, if required, stored
in the waste disposal tanks. If the propellant scavenging is from the OMS
tank only and the PBTS is not present, a separate helium bottle purge source
may be required.

Propellant loading of the PBTS could be performed at the QPF or at the
launch pad. The disadvantage of loading the hypergolics and helium in the OPF
before orbiter roll-out is that there is no ecapability of monitoring pressures
and temperatures during the roil-out to the pad. This problem could be mini-
mized by leaving the PBTS at pad pressure during the roll-out following load-
ing at the OPF and then loading the helium bottles and pressurizing the pro-
pellant tanks of the PBTS at the launch pad.

Propellant loading of the PBTS tanks at the launch pad could be accom-
plished through the OMS crossfeed lines and the OMS poad scar plumbing to the
1307 bulkhead flange. Propesllant would enter from the bottom of the tank
(with the orbiter in‘'the vertical position) and may require internal bleed and
vent lines to accommodate the vertical orbiter load and drain if surface
tension vane or capillary screen propellant acquisition device tanks are
used, Ullage gas, which is replaced during propellant loading, is transferred
back ‘to the OMS propellant tanks, where it is then venfted overboard. Propel-
lants could be drained from the PBTS through the T-4 umbilical panel QD or
back through the OMS crossfeed lines.

If propellant loading of the PBTS is performed in conjunction with OMS
propellant loading, a fill method similar to that for the RCS propellant tanks
could be used with the PBTS. This method uses the ullage vent tube inside the
propellant tank as a fill/spill line during propellant loading, leaving a
known ullage and propellant volume. Propellant flowing through the fill/spill
line would be carried back to the OMS propellant tanks. Propellant flow
through the fill/spill line would continue for a few minutes after the tank is
full to assure complete loading of the PBTS propellant tanks. An accurate OMS
propellant load would be determined by subtrazceting the propellant weight
locaded in the PBTS from the total weight of propellant loaded, as determined
from the ground support equipment (GSE) totalizer.

Helium loading and venting of the PBTS would be accomplished through the
T-4 umbilical panel QD. The PBTS would be isolated from the OMS helium
bottles by the OMS pod segar helium isolation valves during loading or venting.

Propellant and pressurant loading of the PBTS in conjunction with the OMS
and RCS is recommended. This option is considered to be less hazardous than
loading the PBTS at the OPF and has minimal impact on OMS and RCS loading.

The PBTS is capable of carrying approximately 15,500 pounds of transfer-
able bipropellants. However, there may be many instances when a payload
welght constralint would require the PBTS to be off-loaded. Off-lecading could
be performed in two ways., The first is to partially fill all six propellant
tanks., The advantage of this is that any range of propellant loads may be
icaded. On-orbit wetting of the capillary acquisition system (CAS} is the
main disadvantage. Wetting of the CAS is required to assure bubble~free
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liguid transfer tc the receiver. On-orbit, in a zero-gravity environment,
propellant tank ullages settle to the center of the tanks; therefore, with
proper CAS design, wetting of the CAS would not be a problem, A bubble trap
in the CAS would also be required because on-orbit wetting of the CAS would
Yrap gas bubbles in the CAS channels.

The second method of off-loading is to Fill only Two or four of the six
PBTS propellant tanks full. The advantage of this is the assurance of &
wetted CAS without a large amount of gas being trapped in the CAS. The dis-~
advantage is that off~loading could only be performed to disecrete load values
corresponding to two or four fully loaded propellant tanks.

When the PBTS is not installed in the payload bay and no OMS scavenging
is required, leakage protection will be required on the propellant lines
leading from the crossfeed lines to the 1307 bulkhead flanges. When the aft
propulsion system is operating in crossfeed or interconnect mode, the only
inhibit to the payload bay is a cap on the 1307 bulkhead flange. The helium
and ullage return lines have scar isolation valves for leak protection. A
similar condition existed in the design of the OMS payload bhay kit, which
proposed a capped QB, giving two inhibits at the 1307 bulkhead when the pay-
load bay kit was not installed. Two inhibits could be employed on the PBTS
Flanges by installing a dual seal flange cap. It may be desired Lo use a
third inhibit in this location by adding an isolation valve between the cross-—
feed line and the 1307 bulkhead or by using a triple-seal flange cap.

Prior to launch, the OMS pod scar valves and the PBTS ASE propellant and
pressurant valves will be closed. While on orbit these valves will remain
closed except during the transfer operations. After the receiver docks to the
Shuttle, the transfer QD's and electrical connectors are mated, and the pro-
pellant and pressurant transfers operations from the OMS or PBIS tanks can be
initiated.

Pressurant will be transferred using a gas compressor after the pres-
surant tank has been equalized. Pressurant transfer should be performed
before the propellant has been transferred if the propellant transfer is by
receiver ullage vent or ullage recompression. In this way the pressurani load
for the supply~to-receiver pressurant tank equalization transfer operation
will be utilized best. This operation can be performed by opening a flow path
from the OMS or PBTS pressurant supply to the receiver pressurant tank {(only
one leg of redundant flow paths). Following the pressurant tank equalization
transfer the direct flow path will be closed and one leg of the redundant gas
compressors will be opened, The gas compressor will be used to bring the
receiver pressurant tank to its final operating pressure. Receiver pressurant
tank pressure and temperature visibility are required to determine the pres-

surant quantity transferred and to protect against pressurant tank compression
overheating.

The pressurant system in the PBTS will be used to pressurize the PBTS
propellant transfer (except for receiver ullage return transfers), resupplving
pressurant to the receliver, and for purging the propellant QD's following the
propellant transfer operations. If gas compressors are used in the pressurant
system, the helium bottle volume would need to be a 20 percent of the PBTS
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propellant volume to accommodate these three functions. If no gas compressors
are used and pressurant resupply is accomplished only by tank equilization,
the helium bottle volume, as a minimum, would need to be 50 percent of the
PETS propellant volume. The recommended structure contains a pressurant
volume equal to 20.5 percent of the propellant volume.

Propeliant transfer from the PBTS with receiver ullage return can be
initiated by opening a flow path from the PBTS tank cutlet o the receiver and
back to the PRTS tank ullage and activating the transfer pump. This requires
the opening of the PBTS propellant tank isolation valves, pump isclation
valves, QD isolation valves, receiver isolation valves, and the purge/ullage
return isolation valves {only one leg of redundant flow paths would be
opened). Propellant transfer will be from one fuel and one oxidizer tank set
at a time. When one tank set transfer has been completed, the respective
individual tank isolation valves will be closed and the next tank set isola-
tion valves would be opened. A similar procedure would be used for the third
tank set. When propellant transfer from the PBTS has been completed, the PBTS
tank isclation valves and purge/ullage refurn isolation valves will be closed
in preparation for OMS propellant transfer.

Propellant transfer f'rom the OMS tanks will be performed from one pod at
a time. Initiating the OMS propellant transfer, with receiver ullage return,
requires opening the OMS propellant tank isolation valves, crossfeed valves,
and ullage return isolation valves (only one leg of redundant Flow paths would
be opened). '

Following transfer, the OMS pod valves that were opened will be closed
and the corresponding valves in the other OMS pod will be opened to initiate
the propellant transfer. When the OMS propellant transfer has been completed,
all OMS, PBTS, and receiver valves will be closed.

Propellant transfer may be performed by receiver ullage vent or ullage
recompression rather than receiver ullage return. This would require a regu-
lated pressurant supply to the OMS and PBTS propellant tanks during the pro-—
pellant transfer operations. This regulated pressurant will be supplied to
the propellant tanks by opening the helium isolation valves and fépor isola~
tion valves of the OMS pod or PBTS during their respective propellant trans-
fers. The OMS and PBTS ullage return isolation valves will remain closed
during propellant transfer.

Cne concern following oxidizer transfer from the PBTS was whether the NO
content of the oxidizer tank residuals was sufficient to prevent stress-
corrosion damage of the propellant tanks. It has been found that stress-—
corrosion damage would not occur with nitrogen fetroxide containing at least
0.4 weight percent NO. Oxidizer loaded in the OMS and RCS propellant tanks
must have s minimum NO content of 1.5 weight percent and a maximum of 3.0
weight percent. A computer program that tracks NO was used Lo predict the NO
content in the PBTS propellant tanks following propellant transfer. The
vorst—case conditions assumed in the simulated propellant transfer were mini-
mum NO content of oxidizer loaded into the PBTS, a tank residuzl of 1 pound,
propeliant temperature of 100°F, and uninterrupted propellant transfer from a
full tank down to the tank residual. The results indicate that following
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propellant transfer the NO content would be above 0.4 percent and that the
tanks would be in a safe condition. However, if the oxidizer tanks were
subjected to any vent/repressurization eyeles fellowing propellant transfer,
the NO content could drop below 0.4 pereent. The NO content could be pre-
dicted for vent/repressurization cycles if tank residuals, vent duration, vent
pressures, and other specifics were known.

During propellant transfer from the OMS tanks to the receiver, precau-
tions must be taken to preclude the transfer of too much propellant firom the
OMS tanks. Each transfer line contains a set of two series-redundant flow-
meters. The flowmeter concept has been proven and their inaccuracy disper-
sions will be accounted for in the propellant quantity available for transfer.

For propellant and pressurant transfer operations to cccur, there are
some requirements that the user/regeiver must meet. First, the user must be
designed with a QD interface panel common to that of the boom umbilical inter-~
face QD panel. The user must be designed with two grapple fixtures. The
orbiter's remote manipulator system (RMS) must attach to one grapple fixture
so that it can locate the user in the position required for docking. The
second grapple fixture is used for docking to the umbilical boom and allowing
the mating of the QD interface panels.

The user must provide liquid-free ullage for return to the scavenging
system or for vent. To accomplish this, the user must have a propellant
management device capable of positioning the ullage during propellant tran-
sfer. The user muat be designed to allow the purging of the propellant Lran-—
sfer QD's prior to demating the QD panels.

Propellant scavenging with the PBTS lends itself to the possibility of
feeding OMS or RCS engines rom the PBTS during cn-orbit operations. The
propased 1/2~inch lines from the PBTS to the OMS crossfeeds would be capable
of supplying propellant to fire the four aft RCS vernier thrusters simul-
taneously. With a four-vernier thruster flow rate through this line section,
a pressure drop of 3 to 5 psid could be expected. This 1/2-inch line seetion
would not be capable of supplying propellants to the RCS primary thruster.
The flow rate from one primary thruster would cause a pressure drop of 30 to
35 psid in this line section.

Six RCS primary thrusters could be fired simultaneously for on-orbit
maneuvers. The propellant flow rate of six RCS primary thrusters is nearly
equivalent %o that of one OMS engine. A line diameter of 2 inches would be
required For these flow rates with pressure drops of T to 10 psid to be
expected. 4 line diamster of 2-1/2 inches would be required to support a two—
OMS engine flow rate with a pressure drop of 10 to 13 psid expected.

4.4,2 Hardware Description

¥.b.2,1 Cryogenic Propellant Hardware Description.

L.45.,2.1.1 Detailed Schematie. The LO, and LHy cryogenic scavenging sys-
tems are shown schematically in Figures 1 and 2. The systems are similar for
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L02 or LH2 with the exception of the TVS, which is only used on the LH2

gside. Because cf this similarity, the subsequent discussion will be common to
both sides. The following philosophy was used in defining the system require-
ments.

1. The system must be safe after any single—-point mechanical failure.
Delivery of the propellant to the user need not be accomplished.
However, the system must be capable of withstanding two mechanical
failures and still not dump or vent propellant into the orbiter
payload bay.

2. If an existing component with more capability than required has been
found, it will be used rather than a2 simpler new component.

The 2-inch Fill system tees into the existing orbiter MPS between the
normally open MPS feed line RSV and the feed line relief valve. The LH, fill
system incorporates a single normally closed, pneumatic—actuated shutoff valve
near the scavenging_tank putlet. The L02 fill system incorporates two nor-
mally closed, pneumatic-actuated shutoff valves in parallel near the scaveng-
ing tank outlet. These valves, one a low flow resistance valve and the other
& high flow resistance valve, are required to allow ground loading of the LH2
tank during ET replenishment, when the MPS feed manifold pressure is 70 psig.
The high-resistance valve (5 lb/sec at A P = 70 psi) will be used during the
initial ¢hill and fill of the tank and also for the final fill and replenish-
ment. The ground fast fill and on-orbit fill of the tank will be accomplished
through the low-resistance valve. This combination will have minimum impact
on the exisfing ET LO, replenishment control system. Since the LH, manifold
pressure during replenishment is only 4 psig, the use of a single fill valve
is considered adequate.

Each of the Fill valves is controlled by a single normally closed sole-
noid valve. The valves, in conjunction with the MPS RSV, which is commanded
closed from lift-off to MECO, provide redundancy in isolating the feed system
from the scavenging tank. There is also a bubble detector logated in the fill
line near the scavenging tank that will be used to terminate the on-orbit fill
of the scavenging tank when bubbles are present in the fill line.

To ensure that there is no propellant remaining in the scavenging system
during reentry on .any mission, ineluding any abort cases, a 3.5-inch dump sys-—
tem has been provided. To be compatible with the worst-case dump require-
ments, the system has been sized to dump the entire system within 250 seconds
(Centaur requiremsnt). To prevent inadvertent opening and to ensure opening
when required, the dump system utilizes a single valve with parallel pneumatic
actuvators. The pneumatic control system to the valve will 'utilize two nor-~
mally closed closing solencid valves in series and two normally closed opening
solenoids in parallel to ensure proper redundancy (system can be dumped with a
single failure}. The propeliant will be dumped overboard through the Centaur
dump locations.

The 2-ineh user transfer system contains a single normally closed pneu~

matic shutoff valve, which is controlled by 2 single normally closed opening
solenoid valve, a [lowmeter, and a dual-poppet disconnect valve, where both
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poppets open independently when mated with the user. The bubble detector
located in the tank fill and drain line will bs used to terminate flow to the
user at the onset of bubble formation.

The vent and relief system incorporates a relief capability to protect
the tank structure from overpressure and & vent that is normally closed o
permit tank loading, vacuum inerting, and purging. These capabilitises can be
acconplished by a single integral component or by &wo separabe components,
The reliefl pressure sebiing will be defined to minimize tank structural
weight, The vent will use a 2-inch or greater flow diameter to minimize tank
backpressure during loading and will be contreolled by a single normally closed
golencid valve, The LO, system will be vented overboard to the atmosphere
through the existing Centaur LO2 vent/dump port. The LH2 system will be
vented overboard to the ground vent system through the existing Centaur LH,
vent disconnect. This disconnect will be open during flight; howsver, the
system will be restricted from venting below 100,000 feet.

The pressurization system will route helium from the 750-psia manifold of
the helium supply system %o each bank through two parallel normally closed
two-way solencoid valves. Each leg will be orificed to reduce the amount of
valve cyecling since a bang-bang control system will be used to control the
ullage pressure in the required band. A check valve will be used to keep the
propellant out of the helium system components. The pressurization system
will be used to pressurize the tank during purging and standby, user transfer,
zbort dumps, and reentry,

The ullage pressure measuring system will consist of three 10- to 30-psia
pressure transducers that will be used to control the tank pressure. The
microprocessor that will be used to control the scavenging system will use a
two~of-three voting scheme to maintain the required ullage pressure through
either pressurization or venting control.

Since the amount of propellant that can be loaded before 1lift-off is
mission—-dependent, a continuous liquid level measurement system will be
used. This system will consist of a capacitance probe with a discrete sensor
at the low end to allow for cap probe calibration., In addition, another
discrete sensor will be located near the top of the scavenging tanks to pre-
vent overfilling the tanks during ground or on-orbit filling.

To allow for transfer to the user under zero-g conditions (Space Sta-
tion), a passive CAS will be used. This system will prevent any gas from
entering the user transfer line until almost all of the liquid is transferred
out of the scavenging tank.

Because of the scavenging tank configuration a cylindrieal LO, tank
surrounded by & toroidal LH2 tank), the TVS will be installed only on the LH2
tank since the heat leak into the LO, tank is insignificant, if not
negative. Additionally, since the scavenging tanks are not vacuum-jacketed,
the size of an external heat exchanger to intercept the heat coming into the
tank is prohibitive. Therefore, an internsl heat exchanger with a blower for
forced convection will be used to take the incoming heat out of the bulk
temperature and discharge it overboard (Centaur G and G-prime concept). The
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TVS will consist of a parallel redundant supply side that incorporates a
normally closed shutoff valve (pneumatically controlled by a normally closed
solencld valve) and a reguiator that maintains an outlet pressure of 5 psia,
The supply system redundancy will be managed by the microprocessor, which will
switch to the secondary path if the primary path has d malfunction. The heat
exchanger portion will be common to both supply paths. The blower will
consist of a2 single compressor powered by parallel redundant motors that will
operate at the same time, Downstream of the blower is a flow control nozzle
that will maintain the system flow at a nominal 0.6 lb/min and a normally
open, pneumatically clesed ghutoff valve that will provide redundancy in
ensuring no H, venting during early ascent { 100,000 feet) and to prevent
contaminants %rom entering the system during reentry.

The helium supply system will supply and regulate all the helium requirad
for the scavenging system, LO2 tank pressurization, LHa tank pressurization,
and pneumatic control for all valves. The system is shown schematically in
Figure 56 and will use existing MPS supply system components. The helium
system will not be located on the scavenging pallet but will be mounted in the
orbiter mid body under the payload liner. The 17.3-cubic-foot boftle will be
filled to 4,300 psia before lift-off. It will tee into the existing MPS
helium fill line and will be isolated from the MPS by a fill check valve. The
helium will be regulated to 750 psia by two parallel redundant paths, each of
which eontains a normally closed solenoid valve, high-flow regulator, 800-psia
relief valve, and check valve. The system redundancy will be mahaged by the
microprocessor Lo ensure that no single failure will deplete the system or
cause supply helium system to fail when it is required.

- P
{ [;%== "FROM ORBITER MPS
| =/ He FILL SYSTEM

HELIUM STORAGE =7 ] 2

AND DISTRIBUTION R 1 REGULATORS
{SUPPLIES BOTH
(LO2 AND LHy SYSTEMS)

LO; PRESS
LHg PRESS _
PNEU VALVE ACTUAT!ON

Figure 56, Cryogenic Scavenging System Helium System Schematic
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B.4.2.1.2 Layoub Drawings and System Weight. The cryogenic tankage and
pallet structure is presented in Figures 57, 58, and 59. The figures show the
proposed plumbing arrangement for the £ill lines, the dump system, the vent
system, and the transfer lines to the user interface, including the deployable
doeking boom mounted on the side of the pallet. The line routing from the MPS
interface on the LO, and LH, Till and drain valves i3 shown in Figure 60. The
lines in this figure, from the fill and drain valves to the 1307 bulkhead, are
the only scar weight ltems that remain on the orbiter for nonscavenging mis-
sions., The scar weight is estimated to be less than 80 pounds.

The structural load-transmitting paths for the aft LO, eylindrical dome
and the aft LH, ring tank dome are through struts between the domes and the
aft pallet structure, The struts are compressively stiff ¢o resist ascent
loads and allow movement for cryogenic contraction,

The forward LO, cylindrical dome and the forward LH, ring tank dome
attach to struts that allow thermal changes between the pallet's forward and
aft support structures, which are in fixed planes rigidly attached to side
beams.

The pallet structure is designed so that the aft portion is stronger than
the forward portion to accommodabe ascent loads. The side beams joining the
forward and aft portions attach to orbiter longerons and dump the fore and aft
loads through the trunnions and deployable latches., The keel trunnion zlso
takes fore and aft loads but mainly accommodates side locads by A frames bolted
to the trusses that terminate at a fore and aft beam for mounting the keel
trunnion. The side beam trunnions accept the balancing moments because all
the side loads cannot be taken out at the keel trunnion due to the moment arm
to the payload c¢.g. The side and keel beams will be capable of disassembly at
the bolted joints for individual tank assembly. An internal tank structure
will be required for sufficient rigidity to impart loads to the localized
support fittings.

In order to reduce weight signifiecantly, it was decided to propose the
use of the following state—-of-the-art materials that would be available
1989-90:

@ Aluminum copper lithium (Al-Cu-Li) for the eryogenic tankage applica-
tion., Alcoa is developing lithium~-bearing aluminum alloys that are
expectad to reduce weight from 10 to 15 percent and be commercially
available in 1985. Alcoa is alsec planning to conduct extensive cryo-
genic testing of 41~-Cu-Li alloys and is predicting satisfactory weld-
ability.

® Improved graphite polyimide composites for the scavenging sysiem
support structure (pallet). By using improved graphite polyimide
composites in place of the conventional aluminum alloys, a weight
reduction of 30 to 35 percent can be achieved. 4 material temperature
range of -250°F to 600°F is attainable,
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Figure 58. Vent Lines to Interface

The helium supply system consists of one filament-wound 17.3-cubic-foot
heljum tank loaded to 4,400 % S0 psia (existing orbiter design) with associ-
ated valving and supply lines., The tank will be located in the mid body
between X 919 and X, 980 on the right side of the vehicle and below the
payload bay liner.

An RMS standard end effector on the left side of the orbiter and an RMS
standard grapple fixture on the user vehicle will be used for orbiter to user
docking, The orbhiter effector is stored in a vertical (up) position to accom-
modate the payload bay door while in the closed position and then rotated 90
degrees (outboard) after the payload bay door has been opened to accept the
user vehicle grapple fixture for docking with the orbiter.

4.4.2,1.3 System Performance Characteristics. The scavenged propellants
will be loaded in the orbiter tanks on the ground before lift~off. Propellant
conditioning of the LO2 and LH2 will be performed by venting the tank pressure
down to 15 psia to ensure the presence of cold propellants. After MECQ, the
mated ET/orbiter are put into a 2 deg/sec pitching rate creating a 10 ' g
acceleration level, gettling the liquid at the feed line inlets and allowing
the propellant reserves remaining in the ET/orbiter to be transferred to the
orbiter tanks, The time requirement to transfer the maximum available
reserves of 5,789 pounds is ten minutes or less, The available reserves used
for this analysis differ from the 5,690-pound actual value. In determining
line sizes, this difference is insignificant. The propellant transfer maneu-
ver will not be required on flights where the orbiter tanks can be loaded full
on the ground, Following ET separation the orbiter circularizes, docks, and
transfers the propellant to the user in zero g.
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This section discusses the fluid and thermodynamic analysis completed in
support of the performance definition of each phase of the propellant transfer
operating mode, The areas evaluated include propellant transfer from the ET
to the orbiter tanks, propellant transfer from the orbiter to the user, and
propellant dump in the event of a mission abort.

Propellant is transferred from the ET to orbiter tanks with propellant
location control provided by the RCS. The transfer is performed using the
available ET tank pressure lével as the driving force. The ET pressure level
at the end of SSME shutdown is approximately 20 psia in the LO, tank and 32
psia in the LH, tank. The pressure level in the orbiter tanks during transfer
will he controlled by venting the ullage gas overboard. A vent pressure level
will be selected high enough to keep the propellants subcooled but low enough
to permit quick transfer. The vent pressure level is therefore a function of
the vapor pressure or temperature of the propellants in the ET.

The propellants in the ET are heated by ground hold and boost heating
causing the liquids to warm and stratify within the tanks. To predict the
propellant stratification, a thermophysical model was developed at Rockwell
using data derived from main propulsion test (MPT) and flight testing. As
shoun in Figures 61 and 62, the propellant stratification model and flight
data from STS~41C (13) agree well. ST3-41C data is shown in comparison
because it had the lowest propellant residuals to date (3,000 pounds of LO5
and 3,600 pounds of LH2) and, therefore, the highest degree of thermal strati-
fication. The propellant stratification model used to predict an increase in
propellant temperatures during transfer indicated that the orbiter tank pres-
sure levels must be maintained zbove 18 psia for the L02 and 26.6 psia for LH,
so that vapor formation is avoided in the feed lines.

The diseonnect engagement requires two pneumatically actuated hooks to
pull/engage the user vehicle disconnect halves into the orbiter disconneet
halves. During the engagement sequence three springs located 120-degrees
apart are compressed. For user vehicle/orbiter LH, and LH, disconnect dis-
engagement/undocking, the two engagement hooks are pneumatically actuated to
relzase the user vehicle disconnect halves, and the spring force moves
(undocks) the user vehicle away from the orbiter fluid transfer interface.

A summary of system weights for various lengths and associated propellant
capacities of the ring tank pallet structure is presented in Table 25, The
sear weight of B0 pounds is included in the component weight.

With the pressure levels known in the ET and the vent pressure levels
established in the orbiter tanks, a sensitivity analysis was performed to
determine the effect of feed line diameter on flow rate and transfer time. In
addition to the transfer time goal, the unique inverted feed line design of
the LH, ET also imposed a requirement on the transfer flow rate. Because
fluid transfer is performed at low g, vapor ingestion can occur when residuals
are low and transfer rates are high. An analytical model of vapor ingestion
during low-g feedout was developed for the LH, tank from subscaled tests in
order to analyze vapor ingestion during SSME shutdown. The analytical model
defining the ineipient vapor ingestion is presented in Figure 63. This model
was incorporated into the feed line sensitivity analySLS to identify operating
regions that may be restrictive.
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Table 25. Cryogenic Propellant Hardware System Weights
Payload Helium Total
Bay Propellant | Tank Pallet | Component | System | Insulation | Hardware
Length Propellant Capacity Weight | Weight Weight Weight Weight Weight
(in.,) System (1b) (1b) (1b) (1b) (1b) (1b) (1b)
76 LH,, 2,016 342 | 1,170 560 356 297 2,956
L0, 11,990 145 35
96 LH, 2,740 408 | 1,300 604 356 354 3,303
Lo, 16,483 178 103
116 Lk, 3,464 47y 1,463 626 356 411 3,660
L0, 20,976 209 121
136 LHy 4,188 535 | 1,625 648 356 468 4,017
LO, 25,518 241 140
g — ACCELERATION RATEIN i-'TI!iE[:2 DEG
11T —— A’%ﬁa

H - DROPOUT HEIGHT ABOVE SIPHON
A — SIPHON STANDOFF HEIGHT (4.129 IN.)
R — RADIAL DISTANCE TO DROPGUT (R = 2.5 FT)

Q- fl,

. 0.0778 (

0.2225 + —&
Qz 1/3
R |-

LIQUID SURFACE

Figure 63.
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The resgults of the orbiter transfer line sensitivity analysis are pre-
sented in Figure 64 which fhows the relationship between feed line diameter
and transfer time. The example case evaluated corresponds to a mission where
the maximum propellant quan{ity is transferred from the ET (3,517 pounds of
LO, and 2,272 pounds of LH,) to a partially loaded orbiter tank (22,197 pounds
of LO, and 2,014 pounds of (H,) with an assumed total tank capacity of 30,000
pounds. The analysis assumed that 7,000 pounds of LO, and 3,000 pounds of
LH,, which are the nominal reserves, remained in the ET/orbiter at the start
of transfer including the +3 s performance allocations. '

As can be seen, transfer line diameters greater than 1.5 inches will
satisfy the ten-minute transfer requirement. A 2-inch line size was selected,
however, in order to shorten the maximum transfer time and because the larger
line diameter improves abort dump system performance, which is discussed later
in this seection. The propellant transfer performance characteristies for the
baseline design of 2 inches are presented in Figures A-1 through A-6 in the
appendix for the LO2 system and Figures A-7 through A-13 for the LH2 system.

The computer simulations show that ullage pressure in the ET decays only
slightly as a result of liquid expulsion and low-g heat transfer from the
ullage gas to the liquid surface. The orbiter storage tank pressure levels
are controlled at 18,5 * 0.5 psia on the LO, side and at 22.1 + 0.5 psia on
the LH2 side by venting overboard. During the transfer process 9.6 pounds of
GO, and 31.8 pounds of GH, are vented. The time required to transfer 3,517
pounds of LD2 is 3.7 minutes and 3.6 minutes to transfer 2,272 pounds of LH,.

10
MASS TRANSFERRED
3517 LB L,
2272 LB LK,
Z
=
jE1}
=
= 9 DESIGN POINT
bro
[72]
4
<
o=
}_
. | !
1.0 ' 15 20 2.5

LINE DIAMETER (IN.)

Figure 64, Orbiter Transfer Line Sizing From MPS Feed Line to
‘ Orbiter Tank
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For the baseline simulation, vapor ingestion into the LH2 syphon occurred
11 seconds before fransfer was completed. Because hydrogen vapor ingestion
occurs so late in the transfer and the bubble travels slowly (1.4 fps), the
ingested vapor does not reach the orbiter tanks but remains in the 17-inch
feed line near the ET/orbiter disconnect. It is very likely that the ingested
GH, condenses out when it mixes with the surrounding colder LH, in the feed
line, Sinece the orbiter tank pressures are maintained above the inecoming
fluid vapor pressure no other source of vapors are expected in the transfer
Lline. Figures A-6 and A~12 in the appendix show the temperature of the incom~
ing propeliant and the maximum allowable temperature above which vapor forma-
tion can begin.

Becauss the orbiter tanks were partially full of much colder propellants
at the start of the transfer process, the incoming propellants mix wikth the
colder propellants in the tank, slightly elevating the bulk temperatures. For
the oxygen and hydrogen, the increase due to bulk mixing is estimated to be
less than 0.2°R and 1.0°R, respectively. The increase in the temperature of
the LO, propellant due to the mixing of scavenged propellants and heat leakage
is considered to be small. The TVS will maintain the temperature of the LH,
below 37.7°R (18.0 psia vapor pressure) before it is transferred to the user.

Fropellant will be transferred from orbiter storage tanks to the space-
based user in zero g by helium pressurization of the storage tanks and venting
of the user tanks. It is assumed that the user tank has the capability of
venting gas in the Zero-g environment. The vent pressure level of the user
tank must be maintained above the incoming vapor pressure of the LO, and LH,
so the transfer fluid does not vaporize. The LO, and LH2 vapor pressures in
the orbiter tanks will be less than 18 psia at the time of transfer as a
result of heat absorption in the LO, tank and TVS operation in the LH, tank.

The propellant transfer process was simulated for a range of transfer
line diameters in order to define the propellant transfer time, helium pres-
surant requirement, and propellancs trapped in the orbiter tank CAS. To
minimize the helium required, it was assumed that the orbiter tank pressure
was controlled at 5 psi above the nominal user tank pressure. The sensitivity
analysis also assumed (as an example) that a total of 30,000 pounds of L02 and
LH2 are tranéferred to a set of empty tanks with the same capacity but con-
taining a small quantity of ecryogenic 1liquid so the tanks and lines are at,
cryogenic temperatures.

The results of the line diameter sensitivity analysis are summarized in
Figures 65, 66, and 67, showing the transfer times, helium pressurant
required, and average transfer flow rates, respectively. to accomplish the
transfer, a i7.4-cubic-foot helium bottle containing approximately 40 peounds
of usable helium is required. Thisg helium requirement can be satisfied by a
2-inech transfer line size, with approximately a 5-pound helium margin
remaining.

The helium pressurant requirement changes with line size even though the
arbiter tanks are pressurized to the same level because of the increased heat
loss from the ullage gas to the liquid surface for the longer transfer times
or smaller line diameters. For the 2-inch line, the transfer time is esti-
mated to be 24 minutes for L0, and 16 minutes for LHQ.
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Figure 65. Transfer Line Sizing From Orbiter to User Tank
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Figure 67. Transfer Line Sizing From Orbiter to User Tank

The propellant transfer performance characteristics for the baseline
design of 2 inches are presented in the appendix in Figures A-14 through A-20
for the LO2 system and Figures A-21 through A-2T7 for the LH, system. The
computer simulation shows the ullage pressure, temperature, transfer flow
rate, liquid mass quantity, helium pressurant flow rate, and vent flow rate
histories in the storage and receiver tanks. The simulation results indicate
that approximately 9.8 pounds and 25.2 pounds of helium pressurant are
required to transfer 25,714 pounds of LO, and 4,286 pounds of LH,, respec-
tively. During the transfer 80 pounds of GOy and 27 pounds of GH, were
vented. Propellant transfer will be terminated by bubble detectors within the
transfer line.

in the event of a mission abort, the L0y and LH, propellants will be
dumped before landing in order to reduce the orbiter landing weight and to
minimize the amount of hazardous propellants on board at touchdown. To mini-
mize the dump duration, the propellant dump will be performed with helium
pressurization. During an RTLS or transatlantic landing abort, the propellant
dump will be performed during SSME operation to take advantage of the avail- .
able vehicle acceleration rate. The dump thrust disturbances generated at the
dump line exit and on the wing will be nulled by the SSME's during these TAL
aborts. The minimum dump duration in the event of an RTLS abort For helium
sizing is assumed to be the same as that for a Centaur abort dump, which is
250 sea2onds., In the event of an abort from orbit, the propellant dump will be
performed in conjunction with OMS burns and also at low g with the RCS provid-
ing propellant settling and attitude control. Since the maximum quantity of
. propellants to be dumped is less than the Centaur G-prime propellant quantity
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(46,000 pounds of LO, and LHy) and because the same dump port locations are
used, the RCS requirements are expected Lo be no greater than those for the
Centaur G-prime, which have been determined to be acceptable.

A two-pnase flow analysis of the propellant dump has been completed in
order to define the dump flow characteristiecs. The two-phase Tlow analysis is
based on the Lockhart-Martinelli correlation method, which has been used
suceessrully for Centaur and MPS propellant dump predictions. The dump flow
rate definition analysis is presented in Figures 68 and 69 for the LO, and LH,
systems. Based on the results of the two-phase flow analysis, a 3.5-inch-
diameter dump line was selected. For the 3.5-ineh line and assuming 30,000
pounds of total propellant te be dumped, the tanks must be pressurized to 7.5
psi and 4.0 psi above the liquid vapor pressure for the LO, and LH, tanks,
respectively, in order to satisfy the 250-second RTLS dump time requirement.
The helium required to perform the pressurized propgllant dump is estimated to
be approxzimately 37 pounds, which is within the usable helium quantity of the
helium storage botila. For on-orbit dumps lower tank pressure levels may De
used since longer dump times can be accommodated.

The results of the transfer and dump analyses discussed above are sum~
marized in Table 26. They indicate that the fluid transfer is feasible and
within the performance capability of the concept presented in this study.

In order to satisfy the operating parameters shown in Table 26, the CAS
must be capable of delivering approximately & lbm/sec of LH, and 3% lbm/sec of
L0, from a source pressure of 21.5 psia. The analytical equations and
computer program that were developed for the trade study described in Section
b,2.7 were used to point design the width and depth of the rectangular
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Figure 68. LO2 Dump Line Sizing for Propellant Transfer System
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Table 26. Propellant Transfer System Operating Parameters
L02 System LH2 System
Transfer from ET to orbiter tanks
Line size (ID, in.) 2.0 2.0
Loss coefficient (K) 2.04 1<TT
ET Pressure Level (psia) 20 to 19.8 32 to 31.3
Orbiter tank pressure level (psia) 18.5 £ 0.5 22.1 = 0.5
Propellant mass transferred (lbm) 3,517 2,272
Duration (sec) 220 217
Pressurant requirement (lbm) None None
Vapor mass vented (lbm) 9.7 31.8
Transfer from orbiter to user tank
Line size (ID, in.) 2.0 2.0
Loss coefficient (K) 5.6 5.34
Orbiter tank pressure level (psia) 21.5 £ 0.75 21.5 + 0.75
User tank pressure level (psia) 16.5 £ 0.50 16.5 ¢ 0,80
Propellant mass trarsferred (lbm) 25,74 4,286
Duration (min) 24 16
Pressurant requirement (1lbm) 9.8 25.2
Vapor mass vented (lbm) 80 27
Abort dump
Line size (ID, in.) 3.5 3.5
Loss coefficient (K) 0.88 0.78
Tank pressurization level above
vapor pressure (psid) 7.5 4.0
Dump flow rate (lb/sec) 102 18.2
Dump duration (sec) 250 250
126
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Figure 70. Worst—-Case Propellant Drientation—-L02 Tank

capillary channels for each of the cryogenic storage tanks. The trade study
initially had assumed storage tank pressures of 27.6 and 28.81 psia for the
L0, and LH, tanks, respectively. These were updated to 21.5 psia for each
tank. The worst-case propellant orientation for the L0, tank also had been
reevaluated to assume an orientation where only one of the channels was
immersed in LO, during the final expulsion process (see Figure 70). The flow
path analysis was adjusted accordingly in the computer program to accommodate
this change. The propellant orientation for the LH, tank as assumed to be the
same as for the system trade study. The results from the analysis indicated
that a 7.0 by 2.0-inch channel is required to satisfy the LH2 design flow
requirement and a 6.0~ by 1.5-inch channel to satisfy the LO, flow
requirement, Figures 71 and T2 show the outflow capability for each of the
selected CAS's as a function of the tank fluid volume. Residuals for the LH,
and L02 tanks after maximum fluid expulsion are predicted to be 3 percent and
1 percent, respectively. Tank residuals were determined from the volume of
fiuid Eemaining in each tank when the bubble pressure constraints (13.87

lof /8" for LH2 and 99,23 1bf/ft° for L02) were exceeded [or the given flow
rates.

b,4.2.1.8 Component Definition. Most of the components selected for use
in the pneumatic system for valve actuation and tank pressurization are quali-
Fied for Space Shuttle environments. These components were certified for a
minimum of 100 missions and do not require any type of design changes to meet
scavenging system requirements.

Proposed components for the fill and drain, propellant transfer and
thermodynamic TVS functions were selected from existing Shuttle or Centaur

cryogenic systems. These components are either fully qualified or are under-
going design changes or qualification testing at various subecontractors.
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It is anticipated that all of these components will be fully certified to
meet the Shuttle requirement before the scavenging system need date. In the
selection of components, priority was given to the availability of suitable
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a cost-effective and reliable system will be realized.

The selected compornents are listed in Table 27.
are presented in Figures 1 and 2.

presented in the appendix.

‘ - Rockweli
AW Internalional

By maximizing the use of off-the—-shelf hardware,

The system schematics
A detailed description of each component ig

Preliminary Component List

Table_ET.
Name Part No. Quantity Yender
L02 CRYQ SCAVENGING SYSTEM
LO, lines TBD TBD Ametek/Straza
System f£ill valve MC284-0395 series 1 Consolidated Controls
Corp.
Seals MC261-0045 series TBD TBD

Dump valve dual
actuator

User transfer valve

Disconnect-~dual
poppet

Solenoid valve-~-3-way

Solencid valve-—-2-way
(tank pressure)

Orifice (pheumatic
system)

Check valve

Relief valve

Vent valve

Orbiter relief shug-~
of f valve

Orbiter fill and
drain valve

Flowmeter

83053001 (modified) 1

MC284-0395 series

TBD

MC284-0404-0012

MC284-0403-0011

TBD

ME284-0472
200600

MC284-0395 series

MC284-0395-0052

MC284-0397-series

TBD

Fairechild Control
Systems Co.

Consolidated Controls
Corp.

TBD

Wright Components

Wright Components

TBD

Cirele Seal
HTL

Consolidated Controls
Corp.

Controlidated Controls
Corp.

Fairchild Control
Systems Co.

Quantum Dynamies
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Preliminary Component List (Cont)

Part Ho.

Name Quantity Vendor
LH2 CRY0O SCAVENGING SYSTEM
Li, lines TBD TBD Ametek/Straza
System f£ill valve MC284-0395 series 1 Consolidated Controls
‘ Corp.
Seals ME261--0045-geries TBD TBD

Dump valve--dual
actuator

User btransfer valve

Flowmeter

Disconnect dual
poppet

Solenoid valve—--3-way

Solencid valve-—-2-way
(tank pressure)

Orifice (pneumatic)
Check wvalve
Relief valve

Vent valve
Shutoff valve--TVS
Orbiter fill and

drain valve

Orbiter relief shug-
of T valve

Orifice {TV8)

83053001 (modified) 1

MC281-0395 series

TED

TBD

MC284-0u404-0012

MC285-0403-0011

TBD
ME284-0472~-00XX
200690

MC284-0395 series
MC284-0395-0052
MC284-0397 series
MC284-0395-0052

TBD

Fairenild Contrél
Systems Co.

Consolidated Conbrols
Corp.

Quantum Dynamiecs

TBD

Wright Components

Wright Ccmponents

TBD
Cirele Seal
HTL

Consolidated Controls
Caorp.

Consolidated Controls
Corp.

Fairchild Control
Systems Co.

Consolidated Controls
Corp.

TBD
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Preliminary Component List

Name

Part, No.

Quantity

Vendor

LH, CRYO SCAVENGING SYSTEM

Controlling valve
module (CVM)

Mixer motor/pump/
heat exchanger

TED

TBD

4]

1

Consolidated Controls
Corp. :

Sundstrand

HELIUM PRESSURIZATION SYSTEM

Chack valve

Check valve

Solenoid valve--2-way
Regulator--750 psig

Helium

§upply tank--

Relief valve--850 psi

ME284~0472-0002

ME284-0472-0034

MC284~-0403-0011

MC284~0533-0004

MC284-0082-0001

MC284-~0398-0005

1

Cirecle Seal
Circle Seal
Wright Components

Conscolidated Controls
Corp.

Brunswiak .

Consolidated Cdntrols
Corp. '

INSTRUMENTS/CONTROL SYSTEM

Control system
Signal conditioners

Signal conditioners
chassis

Temperature sensors

Pressure transducepr
He tank and line .

Pressure transducer
GH, and GO, ullage

Quantity gaging system

Bubble detectors

TBD

TBD

MCU476-01U7-3004

MEL4U4-0010 se

ries

MEL49-017T7 series

TED

TBD

TBD

2

TBD

TBD
TBD

ELDEC

RDF

Gould

TBD

Simmonds Precision

TBD
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The instrumentation and control system for the LH, and LO, propellant
scavenging system is based on using proven hardware and concepts that will
require a minimum of development. The control system is designed to meet the
Shuttle high-reliabilify fail-safe criteria.

Various candidate systems were considered in the development of the
control and monitoring block diagram shown in Figure 73. The selected system
utilized GPC software to control the vehicle maneuvers for propellant acquisi-
tion and valve control for ground and flight use. The actual valve control
gsequence will be controlled by local microprocessors using sequence initiation
or termination commands from the GPC.

An on-board Keyboard entry or an uplink command will be utilized for this
function. Data parameters required to -control the loading, scavenging, and
transfer operations will be provided to the GPC by means of multiplexer/
demultiplexer (MDM) shannels and will be sequentially downlisted and displayed
on the crew station CRT display. This control concept will require minimum
involvement of the payload specialist.

An alternate system could be used to maintain all valves and instrument
controls via GPC commands without any local microprocessor control. This
design is only feasible if and when upgraded GPC's with larger memories beconie
available and adequate programming/memory space can be allocated to this
system.

Two power and control assemblies will provide the control, logic, switch-
ing and driver circuits for the valves, instrumentation, and LH2 mixer
motors. 4ll instrumentation signal conditioners for pressure transducers,
temperature transducers, liquid level detectors, and flowmeters will be housed
in a one-fourth size Shuttle signal conditioner enclosure. 4 flexible MDM
will be used if payload MDM channels are not available for the data and com-
mands issued to the scavenging system. Microprocessors and associated logic
will be housed in separate housings. Plug-in read only memories (ROM's) will
contain firmware programs for the microprocessors.

Electrical power for the scavenging system is supplied by the orbiter
power distribution system. Two independent 28-Vde and two independent 115-
Vac, 3-phase, 400-Hz fused power sources are utilized. Dec power will tie into
orbiter power accommodations provided for the Centaur vehicle, mid body, or
payloads. AC power will be provided from payload accommodations for 4C 2 and
3 power sources.

A desecription of the instrumentation and control system hardware follows:

1. Flexible MDM, the flexibie MDM will be utilized if payload MDM's are
not available. The flexible MDM allows the selection of cards and
channels tailored to the requirements of' the scavenging system. Use
of the flexible MDM's avoids the necessity of utilizing the payload
MDM channels,

P/N: TBD
Supplier: Sperry Flight Systems
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Remote power controllers (RPC's) and load drivers. Exiscing Shuttle
RPC and load drivers would be utilized as required.

Dedicated signal conditioner. The existing one-quarter size unit
will be utilized,

Chassis: P/N MCU76-0147-3004

Printed circuit boards: P/N TBD

Supplier: ELDEC

Temperature sensors. The temperature measuring sensors to be used to
monitor tank structure and fluids will utilize proven Shnuttle plati-
num sensing elements with TBD ice point. A standard three-wire
design is provided.

P/N: ME44N-0010 series

Supplier: RDF

Pressure transducers. Three GO, and three (H, pressure-sensing
transducers will be used to monitor the 0, and H, tank ullage pres-
sure. The requirement to control the pressure in the 20- to 23-psia
band with % 0.3-psi monitoring accuracy during propellant transfer
operations ‘reates the need for a high-acecuracy unit. A4 desired
range of 0 Lo 30 psia will satisfy all of the cther requirements. To
achieve this accuracy a small development program will be required to
test various existing and qualified designs that incorporate improved
quality and designs. The selected transducer would then be subjected
to delta qualification test programs.

The use of three parallel pressure-sensing systems in each tank will
provide the reguired redundancy to meet the fail-operational, fail-
safe requirement. In addition, the use of three units provides the
capability to RSS the readings from all three units to improve system
aceuracy.

P/N: TBD

Supplier: TBD

Two pressure transducers will be provided to monitor the He tank and
pressure regulator. Standard Shuttle strain gage transducers will be
used.,

P/N: ME4U9-01TT series

Supplier: Gould, Inc.

Liquid level gaging system. A full-length continuous capacitive
gaging system will be provided for ground L02 and LH, propellant
lpading. The probe will be between 6 and 10 feet long, depending on
the final tank design. It will be located along the X axis of the
Shuttle. Concentric lightweight aluminum tubes with small tubular
capacitive point sensors at the lower end and other TBD locabtions
will be used. The lower point sensor will also serve as a density
compensator and provide automatic probe calibration. The resultant
RCS accuracy will be = 0.41 percent (LO,)} and x 0.59 percent (LH,) of
full scale. For a 6-foot tank this will be equivalent to =+ 0.2
inch, which will meet the scavenging system requirements for propel-
lant loading.
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The capacitance probe and point sensors will be excited by a 6-kHz
sine wave whose amplitude is proportional to the dielectric constant
of the fluid being sensed. The high Z signals from the probes and
point sensors will be routed through a preamplifier, a rectifier, and
an active filter, which will produce an analog 0- fo 5-Vde signal.
The point sensor signals subsequently will be routed through level
comparators to produce discrete ON-OFF signals. Quadrature rejection
will be used to eliminate noise and cross talk on the probhe sig-
nals. Redundant cabling and signal conditioners will be utilized
through a switching system to meet the reliability requirements.

Capacitance probes have been used extensively on spacearaft,
boosters, and aircraft with excellent results. The design to be used
here was proven on the Saturn boosters, Apollo, the Shuttie main
propulsion test article (MPTA}, and various other programs.

P/N: TBD

Supplier: Simmonds Preecision

The requirement to gage propellant quantity during flight propellant
seavenging operations may not be achievable with the present capaci-
tance probes due to a wetting/meniscus effect from low-g loading
(0.0015 g). Therefore, a development program will be performed to
determine if the capacitance probes can be optimized £o work under
low-g conditions. Figures 74 and 75 show a representative capaci-
tance probe and a diagram of the required electronices signal
conditioning.

Zero-g gaging concepts have been investigated periodically during the
past 15 years; however, none was ever developed sufficiently and
qualified for flight use. If the capacitance probes are not usable
under low-g conditions, other systems will be utilized. However, a
larger development program will be required.

Puring low-g operations additional liquid level point sensors wili be
utilized to detect when the tanks are fully loaded. These units will
be provided as a backup to the capacitance probes since it is doubt-
ful they can be successfully used under low-g conditions. The sen-

sors will use a heat transfer monitoring principle. Relatively large

-quantities of heat can be transferred in contact with a liquid com-

pared to gas. As a result the sensor electrical characteristics will
vary between gas and liquid. The transducer will have a thin resis-
tive film plated on the tip of an open small prism mounted off the
capacitance probe, This concept has been effectively utilized in
many gases and liquids and has proven to ke very reliable. A small
development and qualification program will be required.

P/N: TBD

Supplier: TBD
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T. Flowmeters. A4 propellant mass sensing {flowmeter will be provided in
the LH, and LO, transfer lines. Due to the very flow fluid velocity
in the 2-inch line, very few meters cah be utilized or are flight
worthy. A combination density and velocity meter using a turbine
technique will be utilized. The flowmeter i3 based on a proven
design that has been utilized on many flights and in ground pro-
grams. It utilizes a coaxial twin turbine in which the flow sensing
turbine rides freely on a shaft that is driven by a slave turbine.
Both turbines rotate at nearly the same speed. The downstream tur-
bine serves to match flow impedance (rate of pressure change over
that of flow) of the upstream turbine. This provides a means of
stabilizing pressure and density gradients that would amplify flow
perturbations. Combined with this unit is a density-measwring
capacitance meter. Redundant signal conditioners and cabling will be
utilized to provide a usable propellant mass signal of 0.3 percent
{full scale) accuracy. A& development and qualification program will
be required for the final flight configuration.

P/N: TBD
Supplier: Quantum-Dynamics

8. Bubble detectors. A bubble detector will be provided in the transfer
lines next to the tank to determine when liquid flow has ceased
during filling and transfer operations. An ultrasonic type of detec-
for will be utilized. A small development and qualification program
will be required,

P/N: TBD
Supplier: TBD

The required line diameters identified in the study (2 and 3.5 inches)
are identical to, or derivatives of, the state-of-art sizes of the Shuttle LHo
recirgulation system lines (MC271-0075) and Centaur servicing lines
(MC271-0101). All of these line assemblies are certified or are in the
process of being certified for their respective mission life (100 or 40
missions).

New technology or extensives development effort will not be required to
design and manufacture any scavenging line shown in the layouts. Utilizing
Rockwell's suppliers who design and build this size of ducting (such as
fmetek/Straza, which builds the MC271-0075 and MC271-0101 lines), the routing,
proven construction techniques, existing designs where possible will provide
minimal cost, lead time, and risk to provide the prototype, demonstration, or
production hardware for the scavenging system.

Rockwell's familiarity with the orbiter aft fuselage and payload bay
anvironment asaures a smooth transition to procure these components since all
materials, processes, and requirements are defined in the MC271-0075 LH,
reclroulation system lines and MC271-010% Centaur servicing lines and are
directly transferable to the scavenging system.

While heat transfer prior to launch or orbit is not a conecern with the
scavenging system, the use of insulated lines and insulated flex-joints will
138
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LINE FLANGE (TYP)

FOAM INSULATION
(WITH FLAME RETARDANT
COATING)

PRESSURE CARRIER

BETA CLOTH FLEX JOINT COVER
(PAYLOAD BAY LINES ONLY)

Figure 76. Typical Foam-Insulated LH, Line Assembly

be needed to assure proper maintenance of the cryogens during orbital tanking

and transfer functions. All lines will have a precast foam/Kevlar-resin

insulation system covered with a flame-retardant coating (see Figures 76 and -
77). _The foam insulation will be flame-retardant polyurethane type (2.1 !
lb/ft3, MB0130-133) covered by a flame-retardant sealant (MB0120-065 Type II)

FOAM INSULATION
(WITH FLAME RETARDANT COATING)

THERMAL BARRIER
FLEX BOOT
(TYP 3 PLACES)

Figure 77. Typical Foam-Insulated LO, Line Assembly
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to assure no bare metal surfaces are exposed to direct sunlight on orbit
(900°F potential temperatures). Beta-cloth boots will be installed over the
flex-~joints on the LH, lines. This is identical to the Centaur servicing line
configuration in the payload bay.

Line construction methodology will be that of the existing lines noted
previously. The tee junction where the 1.5-inch LO, vent line interfaces with
the 3.5-inch LO2 dump line is similar to the qualified MPS line junction of
the LH2 topping line and LH2 fill and drain line on the orbiter. No design or
test concern exists since the method of forming smaller line penetration is a
proven technique. Additionally, the transition from 3.5-incn to 5.5-inch
diameter at the dump tube junction also is proven. The LH, and LO2 dump exit
tubes will be the same 5.5-inch assembly used in the Centaur servicing system
(Rockwell P/N's V413-411301 and V413-411401) (see Figure TU4).

All LH2 line flexible elements will be the gas-filled joint (GFJ) type
that are used on the Centaur LH, servicing lines and the Shuttle SSME cryo-
genic lines (see Figure 78). These elements are sealed subassemblies that
contain a gimbal joint with a lined pressure carrier bellows. An external
bellows and two standoff adapters forms an annulus that is back filled with
argon gas and sealed off by a pinch tube. During lire assembly manufacture,
these acceptance-tested CGFJ's are welded to the pressure carrier tube sec-
tions. In operation, the cryogen fluid cryo-pumps the argon gas volume from
nominal atmospheric pressure to less than 1 micron of mercury. These GFJ's
have been proven toc be totally functional and reliable in the Centaur servic-
ing line certification tests and in the operation of the SSME cryogenic lines
in the Shuttle orbiter.

EXTERNAL BELLOWS
PINCH TUBE, ARGON BACKFILL,
AND SEAL-OFF

f'] o ] PRESSURE CARRIER
I ’//
(=] zemry
- o =
_ o L
FOAM SUPPORT RING /& ™~ JACKET STANDOFF/CLOSEOUT

™

GIMBAL JOINT

Figure 78. Typical Cas-Filled Flex Joint
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It is expected that the thermal barrier flexible bocts will be used over
the gimbal joints on the LO, line assemblies in the manner as on the Centaur
LO, servicing lines (see Figure 77). these are two-ply silicone-coated (room-
temperature vulcanized) fiberglass corrugated boots that are vacuum-baked to
preclude outgassing during orbital operations.

The flexible joints needed to accommodate scavenging line installation
tolerances, dynamic motions, and thermal effects will be the lined gimbal type
currently used on the 1.5~inch and 2-inch MPS lines and Centaur servicing
lines (see Figure 79). The scavenging system motion requirements will be less
than those imparted by the Centaur payload because the scavenging tank module
interface will be closer to the X, 1307 bulkhead and will have a closer
coupled structural attachment in the aft portion of the paylecad bay than the
Centaur/Centaur integrated support structure payload., Consequently, the
existing 1.5- and 2~inch gimbals (+ 15-degree and # 13-degree angulation
capability, respectively) can be satisfactorily placed in the line routing
without any change in the qualified gimbal design. All orbiter gimbal bellows
and lines have been assessed and certified to JSC 08123 for flow-induced
vibration. The scavenging system bellows will be certified similarly.

A new 3.5-inch gimbal will be required but will not be a design con-
straint. There are qualified 4- and 5.5~inch gimbals in the orbiter lines
that have the same design concept as the aforementioned 1.5-inch and 2-inch
units. Consequently, upscaling/downscaling to the 3.5-inch size will not be a
problem. Nc develcpment will be needed.

FORK (WELDS TO LINE ASSEMBLY GIMBAL RING AND PIVOT PINS
PRESSURE CARRIER -
TYP BOTH ENDS)

BELLOWS

BELLOWS FLOW LINER = |

- : LINE ¢

Figure 79. Typical Flexible Line Gimbal
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Line assembly flanges will be the same low-profile Inccnel 718 bolted
design used on all Shuttle MPS ¢ryogenie lines. Since the lines are, for the
mosi part, the same size as existing orbiter and Centaur servicing lines,
these same flanges can be used on the scavenging lines with minimum engineer-—
ing effort. A new 3.5—-ineh flange will be required for interfaces with the
modified relief and dump valvea, which are discussed in the appendix.

The low profile flange design is integral with the ME2T1-0048 eryogenic
static—face seal design used throughout the MPS and Centaur servicing line
system. The ME261-0045 Type I seal (Figurs 80) is a proven cryogenic design
with the significant feature of being fully refurbishable, should it be
damaged, at less than half the cost of procuring new seals. New seal designs
will not be required for the scavenging system. Seals with 1.5-, 2-, 2.5-,
3.5-, and 5.5~inch inside diameters have been certified for 100 missions and
can be used without change if required.

4. 4.2.2 Storable Propellant Hardware Description.

h,4.2,2.1 Detailed Schematic. The ground rules incorporated into the
propellant scavenging schematic assume that venting into the payload bay is
limited by three inhibits for any overboard propellant line and two inhibits
for any overboard pressurant line. Ball valves, solenoid valves, QD's, burst
disks, and relief valves are all considered inhibits. In addition, flow
control valves are required so a single—point component failure does not
terminate the resupply operation. The failure protection and redundancy
rationale are defined below (see Figurse 4).

For the propellant tanks of the PBTS, the tank isalation valves and
feedline isolation valves are required to protect against a valve "failed-
cpen" condition when OMS propellant scavenging is desired. PBTS propellant
izolation valves are also required during propellant loading prior to launch.

The propellant pump isolation valves are used to isolate one pump from
the other since only one of the two redundant pumps will be used during pro-
pellant transfer. The valves are also required Lo isolate a pump if propel-
lant leaks because of a pump seal failure.

The propellant isolation valves near the QD's are requirad to reduce the
propellant line volume if a QD seal fails. The ullage return lines alsc have
three inhibits: the QD, QD isolation valves, and OMS pod scar plumbing isola-
tion valves.

The propellant QD purge system also requires three inhibits. The series
parallel redundant valves from the helium lines account for two inhibits, and
the third is the QD. The PBTS propellant tanks also require overpressuriza-
tion protection and have three inhibits to the nonpropulsive vents. The three
inhibits are made up of dual burst disks and a relief valve.

The pressurant isoclation valves near the helium bottles are required to
isolate the PBTS helium from the OMS helium. The pressurant valves upstream

of the regulators are required to isolate each leg of the propellant tank
pressurization system with an additional vapor isclation valve set between the
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quad check valve and tie regulabtors on the oxidizer pressurant leg. Isolation
valves are required for gas compressor operation or isolation in the event of
a seal Pdilure in the gas, compressor. The isolation valves also provide the
required two inhibits to the overboard pressurant line.

The orbiter and OMS pod secar plumbing schematic is presented in
Figure 3. This scar plumbing brings the OMS propellant, propellant ullage
return, and pressurant lines up to the 1307 bulkhead f{langes. The diameter of
the existing propellanlt lines from the OMS crossfeed lines would be increased
from 1/4 inch to 1/2 inch. The propellant ullage return (1/2 inch diameter)
and pressurant (1/2 inch diameter) lines to the 1307 bulkhead would be new.

Bipropellant scavenging may be accomplished by other combinations of
components, The schemabics associated with these other systems are included
in the appendix. TFigure A~28 in the appendix presents the basic schematic for
OMS propellant and pressurant scavenging without the PBTS. The OMS propellant
transfer is assisted by bipropellant pumps mounted on the 1307 bulkhead, and
the OMS pressurant transfer operates in a blowdown mode.

Figure A-29 shows the addition of gas compressors to assist in pressurant
transfer from the OMS helium bottles and the addition of a QD purge network.
The helium bottle in the payload bay will be used as the purge gas source with
the QD purge residuals dumped through nonpropulsive vents. Figure A-30 shows
waste disposal tanks included for the QD purge residuals.

4.4.2,2.2 Layout Drawing. The PBTS structural layout options for the
propellant and pressurant tanks are presented in Figures 81 and 82, Both
figures show the six 50~inch~diameter propellant tanks symetrically positioned
in the structure., These tanks wculd have a total capacity of approximately
15,000 pounds of propellant. Both also have twelve 18-inch~-diameter pres-
surant tanks positioned symetrically just outside the radially centered pro-
pellant tanks. Figure 81 shows two #0-inch-diameter pressurant tanks in the
center of the structure, whereas Figure 82 has fourteen 18-inch-diameter
pressurant tanks in the center of the structure. The configuration in
Figure 81 requires more length to accommodate the ftwo larger tanks and would,
therefore, require more space in the payload bay. The structure in Figure 82
is the recommended layout for the PBTS. The structure would be wounted in the
payload bay by four sill trunnions (two on each side) and one keel trunnion,

A system hardware weight tabulation is presented in Table 28. This table
indicates the secar weight (470 pounds) required to perform OMS tankage scav-
enging; the airborne support equipment (ASE) weight, which is the plumbing,
pumps, valves, ete., on the 1307 bulkheads; and the deployable doeking voom.
The payload hay tankage weight accounts for the propellant tanks, plumbing,
helium tanks, and pallet structure that together form the entire tankage.
Table 29 presents a weight breakdowr of the OMS pod and aft fuselage scar
plumbing and electrical equipment.

4.4,2,2,3 System Characteristices. Bipropellant scavenging will be
accomplished by the transfer of exeess propellants from the OMS tanks and from
the PBTS. Propellant resupply may be accomplished through an umbilical ring
mounted on the PBTS or through an umbilical boom mounted on the payload bay
8ill.
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Table 28. Storable Propellant Hardware System Weights
Payload OMS Pod and Paylecad Bay
Bay Propelliant Aft Fuselage Tankage Total
Length Capacity Scar Weight ASE Weight Weight Weight
(in.) (1b) (In) (1b) (1) (1b)
37 871 475 930 2,497 3,897
53 8,935 870 930 3,147 4,547
68 15,156 B70 930 B.168 5,568
92 27,656 470 930 4 s 5,815
113 37.141 470 930 6,209 7,609
Table 29. OMS Scar Weight Breakdown
Components Weight (lb)
OMS pod additions (per pod)
e Line from helium bottle to high-pressure quad 0.61
valve panel
e Line from monomethylhydrazine (MMH) propellant 1.39
tank helium inlet line to MMH ullage quad valve panel
s Line from nitrogen tetroxide (NTQO) propellant tanl 3.53
helium inlet line to NTO ullage quad valve panel
@ Three valve panels made up of four high-pressure 66.0
helium solenoid valves
# Line to pod/vehicle interface {lange from helium panel 0.61
¢ Line to pod/vehicle interface flange from MMH ullage 0.46
panel
¢ Line to pod/vehicle interface flange Ffrom NTO ullage 0.48
panel
@ Three interface flanges, one high-pressure helium and 0.60
two Low-pressure (MMH uliage and NTO ullage)
& Line structural supports 3.1
e Valve panel({s) structure (3) 24.0
ROM/ pod 100.78
With 102 margin 110.86
Subtotal--ROM/2 pods 221,72
APt fuselage, payload bay, and T~k umbilical additions
e Six interface flanges, two high-pressure helium and 1.2
four low-pressure (MMH ullage and NTO ullage)
e B5ix flex lines for pod installation alignment, two 7.50
high-pressure helium and Y4 low-pressure (MMH ullage
and NTO ullage}
e High-pressure line Ffrom left to right helium 3.2
flex lines
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Table 29. OMS Scar Weight Breakdown (Cont)

omponents

Weight (1b)

©

High-pressure tee and line from high-pressure
crossover line to payload bay interface flange
High-pressure interface flange for helium in
payload bay

High-pressure ground servieing 1ine to T-4

umbilical panel

High-pressure ground servicing QD

Low-pressure lines from left to right MMH and NTO
ullage flex lines

Low-pressure tees and lines from low-pressure c¢ross-
over lines to payload bay interface [langes
Low-pressure interface flanges for MMH and NTO
ullages in payload bay

Low-preasure ground servieing lines to T-4 umbiliecal
panel

Low-pressure ground servicing QD's
Change crossfeed high-point bleed lines to larger
diameters
Crossfeed high-point bleed line interface flanges
for MMH and NTO in payload bay
Reroute ground servicing lines to T-4 right-hand
umbiliecal panel
Line structural supports
1307 bulkhead penetration structural beefup supports
QD (T-B) panel structural supports

Aft fuselage ROM

With 10% margin

glectrical wiring, MDM's, control panels, heaters, and
thermostats for aft pods, aft fuselage, and payload bay

With 10% margin

Plumbing weight impact (2 OMS pods + arft fuselage +
payload bay)

Electrical weight impact (2 OMS pods + aft fuselage +
payload bay)

Total weight impact

2.2

0.20

9.
i.
3.
2
7

O30 MO

42,76
h7.04
183.91
202.30

268,76
202.30

471.06

connected by bolted flanges.

the secavenging systen.
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The storable bipropellant scavenging system is made up of several units

A mission's particular resupply requirements
will dictate whether some or all of these units will be connected to make up
These units include the PBTS, bipropellant pump net-
work, QD purge system, waste disposal tanks, nonpropulsive vents, and a helium
gas compressor network.

STS 84-0570-1



Space Transportation ‘ RGCRW@J |
Systams Division International

The PBTS consists of six 50-inch-diameter spherical propellant tanks
{three fuel and three oxidizer) and twenty-six 18-inch-diameter spherical
helium bottles. The nominal operating pressure of the propellant tank is
approximately 250 psia, and the maximum nominal operating pressure of the
helium bottles is 3,600 psia. Propellant transfer flow rates range from 0 to
15 gpm. Presgurant transfer could be accomplished by lLank pressure equaliza-
tion or with the assistance of the gas colipressors,

4y,4.2,2.4 Component Definition. A component legend for the PBTS sche-
matic is presented in Figure 4. Table 30 lists the components of the PBTS.
The tahle briefly describes each component and its purpose, gives its nominal
operating pressure and temperature, and lists a vendor that could supply the
component. The quantity of each type of component required in the table is
for the complete PBTS shown in Figure 4. Because the pump is a new component
that will require development, bipropellant pump operating characteristics are
listed as follows:

@ Fluids: NTOQ, MMH

¢ Flow rate: 0-15 gpm

¢ Head: 480 feet NTO, 800 feet MMH (A P = 300 psid)

¢ Electrical input: 115 V 3-phase 400 Hz or 28 Vde

@ Inlet pressure: 265 + 40 psia

® Inlet temperature: +U40 to +100°F

@ Life: 1,000 hours over 10-year period (20 missions per year, 5 hours
per mission For 10 years)

@ Ambient pressure: 10719 torr to 15.23 psia

® Ambient temperature: +U0 to +100°F operating
+20 to +150°F nonoperating

¢ Flow control: variable flow rate
§,4,3 Test Plans

The maln objective of the test program is to verify the operation and
performance of the selected scavenging concepts at both the system and com~

ponent levels to permit detailed design of the operational system with assur-
ance that it will meet performance requirements.
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Table 30.

Primary Component List for

Storable Scavenging System

Approximate Operating

Range
Pressure Temperature Vendor and No.
Component /Purpose (psi) (°F) MC No. Required
Lift-off ball fiow controi valve (ac motor
aperated)
Isolates and controls propellant flow to and 350 max. 30 to 150 Parker-Hannifin 26
from the tanks through the resupply loading/ MC284-0430
transf'er system
Solenoid valve 200 to 4,000 | 20 to 150 Consolidated 14
e Isclates high-pressure gaseous helium or Controls Corp.
nitrogen from the propellant and MC284-0419
pressurant resupply systems
@ Isolates and controls propellant ullage 350 max. 30 to 150 Consolidated 32
vapors and purge gases (low preasure) Controls Corp.
MC284-0420
Pregssurant tanks 500 to 4,000} 20 to 150 Brunswick 26
e Store and provide pressuran® via regula- MC282-0082
tors to the propellant tanks
¢ Storage and transfer high-preéessure gaseous
helium for on-orbit resupply
Propellant tanks 350 max. EQ to 150 6
Store and transfer bubble-free propellant
for on-orbit resupply
Fluid transfer disconnects (new componant) 700 max. N/A |
Provide spacecraft-to-spacecrafi interface {propellant)
for the transfer of propellant, pressurant, 5,000 max. N/A 1
and resupply~generated waste products {pressurant)
N/A (waste) | N/A E
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Table 30.

Primary Component List for

Storable Scavenging System (Cont)

Approximate Operating

Range
Pressure Temperature Vendor and No.
Component/Purpose (psi) (°F) MC No. Required

Dual pressure regulator 4,000 to 500 | -65 to 125 { Fairchild- 2

Provide regulated source of pressurant {inlet) Stratos

to the propellant transfer system and the MC284-0418

waste disposal syatem
Quad check valve 370 max. ~-65 to 125 | Rocketdyne 2

Precludes upstream back-flow of presaurant Bivision

and propellant vapors or liquid MC284~0481
Relief valve 315 ~-65 tn 125 y

Prevents overpressurization of any portion {cracking}

off the system
Dual burst disks 330 ~65 to 125 y

Minimize loss of pressurant during normal (rupture)

system operation
Filters

& Pressurant 1,000 to 20 to 150

4,000
(inlek)

e Propellant 350 max. 150 max.
Flowmeter {(propellant} 350 max. 150 max. y
Nonpropulsive vent N/A N/A 4
Vapor bubble datector 350 max. 4o to 150 2
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Table 30.

Primary Component List for

Storable Scavenging System (Cont)

Approximate Operating

Range
Pressure Temperature Vendor and No.
Component /Purpose {psi) {°F) MC No. Required
Bipropellant pump {new component) 265 + U0 -850 to 150 2
Permits on-orbit transfer of space- (inlet)
storable propellants
Gas compressor (new component) 500 to 4,000 20 to 150 2

Permits on-orbit tranafer of high-
pressure helium

(inlet)
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4.5,3,1 Cryogenic Scavenging Tests.

h,4.3.1.1 Demonstration Requirements. The major test/demonstration
items needed to verify satisfactory scavenging system operation and perfor-
mance are listed below:

e Verify receiver tank ground loading performance and procedures.
e Varify launch safety provisions.
¢ Verify fluid acquisition from ET and MPS during post-MECO spin.

¢ Verify post-MECO fluid transfer and fill of receiver tank (in payload
bay), preferably without venting.

a Verify zero-g fluid acquisition and transfer from the receiver tank in
the payload bay to a receiver tank in the OMV or at the Space Station.

4,4,3.1.2 Test/Demonstration Plan, To meet the predesign confidence
levels desired for the scavenging system, it is considered necessary to test
at least a subscale prototype of the system in orbit using actual LH, and Lpg
propellants, This is needed to verify the acquisition and transfer of cryo
fluids in zero g, something which has never before been accomplished. An end-
to—-end test of the entire scavenging/delivery sequence from ground perchill
through post-MECO scavenging and off-loading under zero-g would be included,

Prior to this overall test, post-MECO acquisition of cryogenic propel-
lants from the ET and MPS under a 2-deg/sec¢ pitch rate can readily be demon-
strated by tapping flow from a selected drain point in the MPS plumbing and
dumping it overboard.

Before the orbital tests, many basic component and system-level tests can
be performed on the ground at g levels varying between +1 and -1, depending on
hardware orientation. These can help to verify both filling and draining
operations, especially the effect of heat leakage and any bubble formation on
screen channel performance.

This general approach is considered to be the most cost-effective strat-
egy for developing and testing the cryogenic propellant scavenging system.
Another option considered was that of using a small plexiglass subscale system
model on the orbiter aft flight deck, using water as a safe best fluid.
Cryogenic¢ boiling conditions could be simulated by operating at a low pressure
(f 0.5 psia) and using electric heaters as a heat source. The marked differ-
ence. however, between the properties of water and LH, and L02 such as surface
tension, vapor density, wicking, and wetting performance, would cast consider-
able doubt on the validity of test resulis, both good or bad., Second, the
cost of modeling, scaling, designing, and qualifying such a portable system
fest package is not small, +third, a somewhat similar water transfer experi-
ment was already scheduled for an STS flight in late 1984 and will provide
some of the data obtainable by this method.
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A major question in designing the scavenging/delivery system is whether
the capillary acquisition screen channels can function satisfactorily under
conditions of heat input, external boiling, :rd possible internal vapor gener-
ation. Figure 83 shows a proposed setup foi ‘esting a representative section
of screen gallery in a transparent (glass) LH, Dewar to verify acquisition
under conditions of high heat leakage through the tank wall, As shown, the
channel is used to drain the Dewar against a negative g head until the point
of bubble breakthrough is reached (at the top of the wetted screen channel).
The effects of helium versus hydrogen gas ullage on self-wicking and dryout of
the screen and the effects of depressurization and repressurization on bubble
behavior also can be evaluated. It is believed that any vapor bubbles left in
the screen channel after filling can be condensed and collapsed by moderate
pressurization. The above tests will be repeated with L02 (or LN2 as a sub-
stigute fluid if safety is a problem).

The data obtained from this t{ype of basic component ground testing is
expected to be valuable and cost-effective for later design of the prototype
scavenging tanks and associated systems. Bubble detectors and mass flowmeters
are long~-lead items that can be included in ground component testing.

It is assumed that automated cryogenic disconnects for the final transfer
of cryogenic propellants from the payload bay to the user vehicle will be
developed under the OTV program before they are needed for handling scavenged
propellants. Therefore, such disconnects are not expected to be demonstrated
until final full-scale end-to~end scavenging operations are performed.

Ground testing of subscale tankage and associated plumbing can simulate
much of the launch pad and flight operations and provide valuable data for use

FLOW METER
BUBBLE ——sHy DRAIN
DETECTOR—____
|__{ e=——=—=— PRESS/VENT (GH;, GHe)
NYLON | [fe—=t-—LHy F ILL

SPACER (TYP) _C= —

w T
GLASS DEWAR

1
//)¢$(/L“ """ (GLASS VACUUM
JACKET NOT SHOWN)
HEAT LEAK
SCREEN : -
cHANNEL”,,r"”
SECTION '

o
ELECTRIC
HEATER —

NOTE:

WORST CASE (UPR|GHT ) POSITION
SHOWN (DEWAR CAN BE TIiLTED
TO LESSEN NEGATIVE G EFFECT)

Figure 83. Screen Channel Component Test
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in the full-scale system design. Figure 84 shows a schematic of the recommen-
ded test setup using a subscale toroidal LH, tank, with associated plumbing
and an internal mixer pump TVS installed. %he central LO, tank system is not
shown for reasons of clarity but should be tested simultaneously with the LH
tank to simulate thermal conditions. LN2 may be substituted for L02 if die-
tated by safety considerations.

The scope of ground system testing will include:

e Chilldown, ground fill, and replenish control, as performed on the
launch pad

® Fluid acquisition and draining of LH and LO, against negative gravity
to the limit of screen gallery bubble breakt%rough. This will be
tested under various conditions of ullage pressure, ullage gas com-
position (helium and hydrogen), ambient heat leakage, liquid drain
rate, and operation of the mixer pump TVS unit. Bubble-free draining
at the tank sump against a foot or more of negative g liquid head
would be a strong predictive indicator of successful draining in zero
g to the desired expulsion efficiency.

e Simulation of emergency dumping from STS

o Effectiveness of the mixer pump TVs i~ controlling tank temperature
and pressure and reducing boiling inside the tank. This type of
device has been developed by General Dynamics under the Centaur pro-
gram, and no need for separate component testing prior to installation
into the system test setup is anticipated.

SUBSCALE TOROIDAL LHy TANK BUBBLE DETECTOR

( INVERTED FOR WORST- FLOW METER '
CASE TESTING) LHp VENT/FILL

FOAM PRESSURE/VENT
INSULATION r///,/SCREEN CHANNEL
(TYPICAL)
POINT LEVEL : S
SENSOR (TYP) o } A NYLON SPACER (TYP)
TEMPERATURE SENSOR
CAPAC | TANCE I ! =" (Typ)
ROBE . ' i
g LHy \ 4 | ""‘,/ZERO-G TANK
INTERNAL TVS—_ | =72, ! : ) ?ggg;lTv GAGE
OVERBOARD VENT w ol |
£ pune | | I | HEAT LEAK
YN Yo ) (TYPICAL)
CONTROL o ':*F —— :
REGULATOR -cc——-—‘échunFERENTIAL D1SCHARGE
UT OF TRUE VIEW
EXPANS | ON VALVE””/" (90 DEG 0 )

NOTE: WORST-CASE POSITION SHOWN (TANKCAN BE TILTED TO LESSEN NEGATIVE G EFFECT)

Figure 84, Subscale LH, Receiver Tank Ground Test
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e Propellant gaging. It is doubtful that the capacitance probe shown in
Figure 84 will perform satisfactorily in the low—-g environment of
post-MECO pitch rotation and later zero-g conditions, if accurate
monitoring of the receiver tank quantity during orbital fluid transfer
operations is desired, it will be necessary to provide a true zero-g
gaging system (e.g., radiocactive or infrasonies), To gain operating
experience with such a gaging system, it would be useful to install it
in the ground system and check it against the output of the point
sensors and capacitance probe. Final verification would be accom-
plished during flight testing.

An alternative to the use of a zero—-g gaging system would be to closely
monitor receiver tank pressure during unvented zero-g fill operations. If a
reasonable mixing flow is maintained in the tank, a sharp increase in tank
pressure will occur as a full condition is approached (say 97 percent}, at
which time transfer can be slowed and terminated. A coarse indication of tank
guantity at lower levels could be obtained from flowmeter data. A choice
between this method and a true zero-g gaging system should be made during
follow-on design studies of the scavenging system.

It is recommended that the ET and MPS fluid acquisition method be tested
early in the demonstration program to obtain long lead time on any unforeseen
problems that might appear. This can be accomplished by simply pitching the
orbiter and attached ET (after MECO) at the nlanned rate of f 2 deg/sec and
venting fluid overboard from the MPS fill .ud drzin valve through the existing
relief port. Bypass plumbing around the MPS relief valves would be required
(Figure 85},

RELIEF BYPASS

S/0 VALVE BUBBLE DETECTOR
ADD I TIOKAL HARDWARE FLOW METER

FOR FLUID ACQUISITION TEST

-

o wn e s w—— e ] o —— — ‘“1ﬂ

¥ OVERBOARD
VENT

EXISTING ORBITER HARDWARE

ORBITER/ET 17"
DISCONNECT

Figure 85. ET/Orbiter Spinup and Fluid Acquisition Test--LO0, and
LH2 Systems

RELIEF VALVE
RSV
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Flow rates would be measured and integrated to obtzin the total quantity
of preopellants acquired and dumped. Quality meters or bubble detectors should
be provided in the relief line to determine the time of vapor ingestion and
the time at which the transfer process should be terminated.

4 flight test will be conducted to demonstrate end-to—end scavenging
operation of the selected system from partial filling of the receiver tanks at
the launch pad %o transfer, filling, and draining of the user tank on the OMV,
OTV or Space Station., Two identical subscale cryogenic receiver tanks could
be installed side by 'side in the payload bay, with plumbing systems equivalent
to those shown in the detailed schematics (Figures 1 and 2.) Testing pro~
cedures would include:

1. Fill the No. 1 receiver tank on the launch pad and draining to 25
percent prior to lift-off.

2. Spinup the mated ET/orbiter to 2 deg/sec pitch rate after MECOD.

3. Scavenge LH2 and L02 from the ET and MPS to fill the No. 1 receiver
tank (without venting receiver if possible).

4, Despin orbiter to zero-g condition.

5. Chilldown and fill No. 2 receiver (from No. 1) at zero g to simulate
transfer to OMV or Space Station.

6. Drain No. 2 tank and vent fluids overboard through flowmeters to
determine filling efficiency and expulsion efficiency with quiek
zero—g chilldown.

An option that should be evaluated is the use of two full-scale receiver
tanks (of different operational sizes) instead of two subscale tanks, This
would demonstrate full-scale scavenging, provide tanks for later operational
use, and save the cost of subscale tanks. One-g system ground testing might
alse be convenient with the smaller of the two sizes.

If satisfactory zero-g cryogenic propellant transfer data should become
available from another test program, it may be possible to eliminate the No, 2
receiver tank and vent directly overboard from Tank 1. In any case, it is
still recommended that the flight test of Tank 1 be retained due to the
special conditions of low transfer pressure, STS pitch rate, ET/orbiter heat-
ing, and the possibility of two-phase transfer flow, which are all unique to
the scavenging process.

4.4.3.1.3 Resource Requirements for Cryogenic Scavenging Test/
Demonstration, Based on the planned scope of testing, the following resource
requirements have been identified:

e Facilities

- Cryogenie fluids lab with test cell
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Machine shop
Prototype shop
Engineering office space

Modifiecation and checkout areas at the Kennedy Space Center (KSC)

Man-hours
- Cryofluids analysis/design engineering 3,000
- Cryofluids test engineer 3,000
- Cryofluids test technician 3,000
- 87TS project engineer 3,000
- 8TS safety engineer i,000
-~ 8T3 fluid system technicians 3,000
- 8T8 fluid systems engineer 2,000
- Machinist 500
- 8T8 software programmer 1,000
- B8TS payload technician 250
- Flight mission specialist 500
- Ground mission support 200
- S8ST5 payload designer 1,000
- 8TS console design engineer 1,000
Total 22,450
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¢ Material

- Raw stoek (tubing, sheet, wire) $10,000
- Valves and misezllaneous plumbing components $200,000
~ Miscellaneous instrumentation and controls $200,000
- Mixer pump TVS $200,000
- Zero—g tank gaging system (based on $500,000
nueleonic type)

Total $1,110,000

@ Auto Comp
Total 5 hours

4.4,3,1.4 Cryo Test Schedule. The preliminary schedule shown in
Figure 86 is considered to have the minimum time span consistent with ecost-—
effectiveness (assuming a go—ahead at the start of FY 1986). A reasonable
allowance is included for unforeseen technical problems. The schedule can be
acecelerated, if desired, but at a corresponding increase in total cost.

The test sequence is based on starting system ground test design shortly
after cpitical component verification (i.e., screen channel pci-formance under
boiling conditions}. STS spinup and vent testing is scheduled for completion
prior to the start of final flight system test design,

4.4.3.2 Hypergolic Propellant Scavenging Tests. Three major components
of this system can be identified as requiring special developmental testing to
prove concept feasibility. These are the propellant pump, the helium com-
pressor, and fluid disconnect. Since the development approach essentially is
the same for all three components, they are all covered in this section. The
resource requirements and test schedules, however, <re identified for each
ccmponent.

4.4,3.2.17 Demonstration Requirements. The major test/demonstration
items required to verify satisfactory component coperation and performance are
listed helgw:

® Evéluate component design concept feasibility with a workhorse-type
Gest unit.

¢ Verify oreration and performance of a flight-weight prototype test
unit to flight application requirements.
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Preliminary Cryo Test Schedule

The scope of the test program will encompass the

Breadbcard-type tests using referee fluids and a development (work-

norse) component test unit will provide the basic data base for com-
ponent functional design evaluation.

Development tests using referee fluids, propellants, and prototype

flight-weight test components will provide the basis for verification

of the component desigr. concept feasibility.

These tests will assess

operation and performance capabilities when subjected to flight
environments, ground servicing, and fluid transfer usage.
tion, component life will also be demonstrated.

I 8.3.2:3

Resource Requirements for Scavenging Tests.

Based

In addi-

on the

planned test program, the resource requirements in Table 31 have been

identified.

4,4.3.2.4 Hypergolic Test Schedule.

The preliminary schedule for the

propellant scavenging system tests is presented in Figure 87 (assuming go-

ahead at the start of FY 1986).
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Table 31. Scavenging Test Resource Requirements
Resource Compressor | Disconnect Pump
Facilities
e Hypergolic 1ab and test cell X X
e Machine shop X X X
¢ Referee fluids lab X X
& High-pressure gas test area X
¢ Vacuum test cell X X
e Engineering office space X X X
Man-hours
® Analysis engineer 2,000 500 1,000
@ Support engineering 1,000 1,000 1,000
e Test engineer 2,000 1,000 1,000
® Technician 1,000 1,000 1,000
o Machinist 200 200 200
e# Data engineer 1,000 200 1,000
® Test cell crew 1,000 1,000 1,000
e Computer support 200
® Design engineering 5,000 3,000 3,000
13,400 7,900 9,200
Material (Dollars)
% Raw stock (tubing, sheet, wire) 2,000 4,000 2,00
¢ Valves and miscellaneous 20,000 30,000 20,000
plumbing components
¢ Miscellaneous instrumentation 30,000 10,000 20,000
and controls
e Tankage for f{ransfer tests 20,000 2,200 10,000
@ Component test units* 160,000 160,000 160,000
(two for breadboard tests, two
for development tests)
Auto comp (hr) 3 1 i
*To be provided by outside component supplier.

4.5 DEL VERABLE PROPELLANT

The system weights presented in Section 4.%.1.2 for both eryogenic and
storable propellant systems were used to update the propellant availability
analysis performed in the initial part of the study.

presented in Seection 4.1.3.

These results were

The amount of propellant that can actually be

delivered to the user starts with the propellant availability values which
must be adjusted to account for the propellant losses associated with trapped
propellant and heat loads.
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[Fy 1986 [ v 1987 [ FY 1988[ FY 1989 |

LEGEND:
SPEC/REQUIREMENTS  I— D - DESIGN
F - FABRICAT!ON
DESIGN PHASE  — T TEST
TESTING PHASE C==!1BREADBOARD LOW-LEVEL
BREADBOARD TEST SUPPORT
1. COMPRESSOR afoo ABEAT
DF T
2. DISCONNECT mm— i
DF T

3. PUMP | e . b

DEVELGPMENT/VERIFICATION

1. COMPRESSOR a—

D F T
2. DISCONNECT —
D F T
3. PuMp A
D F T

Figure 87. Preliminary Hypergolic Propellant Scavenging Test Schedule

4.5.1 Deliverable Cryogenic Propellant

Propellant is trapped in the MPS and payload bay tankage. There are
7,340 pounds of reserve propellant above the orbiter/SSME interface at MECO.
Of this, 2,525 pounds of LO, and 158 pounds of LH2 are trapped below the
orbiter prevalves. Additionally, 350 pounds of LH, is isolated in the MPS
when ullage gas pullthrough into the feed line siphon has occurred and the gas
is transported to the MPS transfer port, thus preventing bubble-free
propellant from being supplied to the payload bay tankage. The propellant
trapped in the payload bay tankage when vapor pullthrough occurs in the CAS
has been identified by analysis as 1 percent for L.O2 and 3 percent for LH2.

The heat loads described in Section 4.2.5 must also be evaluated. Thne
TVS and compact heat exchanger concept selection evaluated in Section 4.2.6
requires 36.6 lbm/hr of vent flow rate. For the two mission altitudes and
scavenging portion of the mission completion times, this yields 565 pounds of
vent LH, for the 160-nautical mile mission and 296 pounds for the 250-nautical
mile mission. The 160 nautical mile mission value includes losses while the
OMV transports the propellant to the Space Station at 250 nautical miles.

The resulting deliverable quantities when all losses are included are
presented in Table 32 for various numbers of tank size options.

4.5.2 Deliverable Storable Propellant

The trapped propellant quantities for the payload bay tankage have been
defined from previous experience as 5 percent. The data presented in Table 32
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Table 32, Scavenged Propellant Quantities

Number of Deliverable
Number of Scavenging Propellant
System Tank Sizes Flights {klb)

Cryogenic 1 69 926
propellant 2 89 1,042

3 a9 1,182

Y 89 1,220

5 89 1,247

15 {max.) 93 1,321
Storable 1 165 1,403
propellant 2 165 1,491

include the adjustments required to the propellant availability quantities to
account for the trapped propellants. The data also indicates the effects of
having more than one tank size available when mission performance and payload
bay space are available. '
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A.t FLIGHT MANIFEST

Flight manifests for 1991-2000 are presented in this section. The fol-
lowing notes are used in the comments column of the tables:

1. May add anecillary payloads and/or STS operator-chargeable weight.
2. Upper stages may be deployed in the 160- 250-nautical mile range.

3. Mission not dependent on altitude (MPS).

PRECEDING PAGE BLANK NOL FITH “WMPD

- D oA enmotaLly BLANK
T DA srson

STS 8U-0570~1



e el

=y

FLIGHT MANIFEST

1991
REY. 2
WEIGHT
FLIGHT LENGTH ALTITUDE COMMENTS
! PAYLOADS
KO, up DOWN (NMI)
' (FT) (LB) {LB)
91-1 6005 Large Obs NASA 60 41000 6500 270 (1) DI to 270, Retrieve
- 1506 S/L ESA/MPS {(30) 0 5000 160 ESA/MPS @ 160 before
' 41000 71500 return
91-2 6006 Large Obs NASA 60 54100 0 378 (1) DI to alt
© 91-3 7018 Planetary NASA 60 65000 8690 160 (2) DI to alt
'f 91-4 3004 GEQ Plat MNASA 60 60000 8690 160 (1) (2) D1 to alt
91-5 4019 LEQ Stat NASA 26 28000 13940 250 (1) BI to alt
2029 LEQ Plat NASA 15 10000 10000
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
595 TR600 32540
91-6 4019 LEO Stat NASA 26 28000 13940 250 (1) DI to alt
2029 LEO Plat NASA 15 10000 1C000
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
: 9.5 46600 32540
91-7 4019 LEQ Stat NASA 26 28000 13940 250 DI to alt
2708 LED Plat Com'1/MPS 15 10000 10000
Docking Mod 7 5000 5000
STS Op. Wt 0 3600 3600
Dyn Env 1.5 .0 0
9.5 76600 39540
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FLIGHT MANIFEST

1991
REY. 2
WEIGHT -
FLIGHT LENGTH ALTITUDE COMMENTS
PAYLOADS
HO. P DOWN {(NMI}
(FT) (LB) (L8) ’
91-8 4019 LEO Stat NASA 26 28000 13940 250 01 to alt
2708 LEO Plat Com'1/MPS 15 10000 10000
Docking Mod 7 5000 5000
STS Op Wt 0 3600 3600
Dyn Env 1.5 0 0
49.5 46600 32540
91-9 4010 LEO Stat NASA 26 40000 4] 250 (2) DI to alt
9006 DoD PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
STS Op Wt 0 3600 3600
Dyn Eny 1.5 0 0
46 64470 12200
91-10 4008 LEO Stat NASA 49 40000 0 250 {1) 01 to 250
STS Op Wt 0 3600 3600 .
Docking Mod 7 5000 5000
Byn Env 1 0 0
57 48600 8600
91-11 2021 LEO Splat NASA 30 20000 20000 250 (1) {(2)DI to 250
9006 Dod PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
" Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
50 44470 32200
g31-12 2507 LEO Splat Foreign 30 20000 20000 250 (1) (2)DI to 250
9006 DoD PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt~ 0 3600 3600
50 44470 32200




FLIGHT MANIFEST

1991
REV. 2
WEIGHT
FLIGHT LENGTH ALTITUDE COMMENTS
PAYLOADS
NG. up DOYN (NMI)
(FT) (LB) (L8)
91-13 8725 Intelsat Comm 26.6 30000 2790 160 (2)
9006 Dod PAM-D 11.5 16870 3600
8703 SBS Comm 8 10100 2510
STS Op Wt (4+1.5) 0 3600 3600
Dyn Env 5.5 0 0
51.6 59570 12500
91-14 8725 1Intelsat Comm 26.6 30000 2790 160 (2}
8523 Columbia Comm 8 10100 2510
8529 Foreign Comm 8 10100 2510
1005 S/L NASA MPS 0 5000 5000
STS Op Wt 0 3600 3600
Dyn Env (4+2) 6 0 0
48.6 58800 16410
97-15 8725 Intelsat Comm 26.6 30000 2790 160 (2)
8523 Coiumbia Comm 8 10100 2510
8702 RCA Comm 8 10100 2510
STS Op Wt 0 3600 3600
.Dyn Env (4+1.5) 5.5 0 0
48,1 53800 11410
91-16 8528 China Comm 30 17250 4590 160 (2)
8500 Canada Comm 8 13750 2510
1504 S/L TSS Italy 10 7640 7640
STS Op. Ut 0 3600 3600
Dyn Env {4+1.5) 5.5 .0 0
53.5 42240 18340
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FLIGHT MANIFEST

1991/1992
REV. 2
WEIGHT )
FLIGHT LENGTH ALTITUDE COMMENTS
PAYLDADS
NO. up DOWM {(MMI)
(FT) (LBR) (LB)
91-17 8528 China Comm 30 17250 4590 16Q (2)
8502 Indonesia Comm 8 10100 2510
1016 S/L NASA MPS 10 9000 9000 {3)
STS Op Wt 0 3600 3600
Dyn Env (4+1.5) 5.5 0 0
53.5 9950 19700
82-1 1033 S/L NASA MPS 56 27500 27500 160 {3) DI to alt
STS Op Wt 0 3600 3600
56 31100 31100
92-2 4021 LEOQ Stat NASA/E.Obs 60 40000 32000 250 {1) DI to alt
02-3 6001 Large Obs NASA 60 58040 17100 320 (1) BI to alt
92-4 7012 Planetary NASA 60 65000 8690 160 (2) DI to alt
92-5 7027 Planetary NASA 60 65000 8690 160 (2) DI to alt
92-6 4019 LEO Stat NASA 26 28000 13940 250 (1) DI to alt
2029 LEO Plat NASA 15 10000 10000
Docking Mod 7 5000 5000
Dyn Erv 1.5 0
STS Op Wt 0 3600 3600
49,5 46600 32540
92-7 4019 LEO Stat NASA 26 28000 13940 250 DI to alt
2027 LEQ Plat NASA/PLA 15 10000 10000
Docking Mod 7 5000 5000
STS Op Wt 0 3600 3600
Dyn Eny 1.5 .9 0
49,5 46600 32540




FLIGHT MANIFEST

1%

E . i

1992
REV. 2
WEIGHT
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
NG. up DOWN (NMI)
(FT) (LB) (LB)
92-8 4019 LEO Stat NASA 26 28000 13940 250 DI to alt
202% LED Plat NASA 15 10000 10000
Docking Mod 7 5000 5000
STS Op Wt 0 3600 3600
bDyn Env 1.5 0 0
49.5 46600 32540
92-9 40719 LEQ Stat NASA 26 28000 13940 250 DI to alt
2708 LEO Plat Com'1/MPS 15 10000 10000
Docking Mod 7 5000 5000
STS Op Wt 0 3600 3600
Dyn Env 1.5 0 0
49,5 46600 32540
g2-10 4023 LEQ Stat NASA/L.Sci 30 20000 20000 250 f (1) DI to 250
2708 LEO Plat Com'l 15 10000 10000 ¥
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
53.5 38600 38600
92-11 4022 LEO Stat NASA/P&A 30 20000 20000 250 (1) DI to 250
2025 LEO Plat NASA/E.Obs 15 10000 10000
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
3.5 38600 38600
92-12 8019 F-F NASA/PRA 30 19000 D 160 {1) DI to alt
8511 W. Germany/Other 15 15000 0
Dyn Eny (4+1) 5 0 0
STS Op Ht 0 3600 3600
50 37600 3600




FLIGHT MANIFEST

1992
REV.
WEIGHT
FLIGHT LENGTH ALTITUDE COMMENTS
PAYLOADS
NO. up DOWN (NMI)
(FT) (LB) (LB)
92-13 8035 F-F NASA Comm 30 17250 4590 160 (1) (2) DI to alt
5006 DoD PAM-D 11.5 15870 3600
8503 Arab Comm 8 10100 2510
Dyn Env (4+1.5) 5.5 0 0
STS Op Wt 0 3600 3600
55 46820 14300
92-14 8008 F-F NASA P&A 20 17250 4590 160 (1) {2) (3) DI to ait
9006 DoD PAM-D 11.5 15870 3600
8702 RCA Comm . 8 10100 2510
8300 F-F GEO Civil E.Obs 8 10100 2510
1006 S/L NASA MPS 5 6000 6000
Dyn Env (4+2.5) 6.5 0 0
STS Op Wt 0 3600 3600
59 62920 22810
g2-15 9006 Dob PAM-D 11.5 15870 3600 160 (1) (2)DI to alt
8729 US Com'l Comm 8 13750 2510
8529 Foreign Comm B 10100 2510
8702 RCA Comm .8 10100 2510
Dyn Env (4+2) 6 0 0
STS Op Wt 0 3600 3600
4T.5 53420 14730
g92-16 0005 DoD PAM-D 11.5 15870 3600 160 (1) (2)DI to alt
8729 US Com'l Comm 8 13750 2510
8727 Hughes Comm 8 10100 2510
8537 ESA/MPS F-F 10 6900 3600
Dyn Env (4+2) 6 0 0
STS Op Wt 0 3600 3600
43.5 50220 15820
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FLIGHT MANIFEST
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1992
REV.
WEIGHT r
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
NO up DOWN
. (NMI)
(FT) (LB) (LB)
92-17 8528 China Comm 30 17250 4590 160 (1) {2) (3) DI to alt
8729 US Com'Tl Comm 8 13750 2510
1016 S/L NASA MPS 10 9000 | 9000
Dyn Env (4+1.5) 5.5 0 0
STS Op Wt 0 3600 3600
53.5 43600 18700
92-18 2021 LEO Plat NASA 30 20000 20000 250 DI to 250
8008 F-F NASA/P&A 20 17250 4590
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
58.5 45850 33190
92-19 1022 TSS/NASA 10 7640 7640 160 (1) (2)DI to alt
8525 F-F Mexico Comm 8 10100 2510
8731 US Com't Comm 8 107100 2510
8502 Indonesia Comm 8 10100 2510
Dyn Env (4+2) 6 0 0
STS Op Wt 0 3600 3600
a0 1540 18770
92-20 1504 S/t Italy TSS 10 7640 .7640 160 (1) {2)DI to alt
8732 US Com'1 Comm 8 10100 2510
8300 GEO Civil E.Obs 8 10100 2510
8727 Hughes Comm 8 10100 2510
8639 F-F Foreign Comm 8 10100 2510
Dyn Env (442.5) 6.5 0 0
STS Op Mt 0 3600 3600
48,5 51640 21280




FLIGHT MANIFEST
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1993
REV.
WEIGHT
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
NO. up (NMI)
(FT) (LB)
93-1 2023 LEO Plat NASA/LSS 60 40000 250 {1) DI to 250
93-2 2707 LED PYat Com'1 MPS 60 40000 250 (1) DI to 250
93-3 6002 Large Obs NASA 60 57320 320 {1} DI to alt
934 7033 Planetary NASA 60 65000 250 (Z) Assume DI to 250,
1506 S/L ESA/MPS (§Q) 0 then retrieve ESA/
60 65000 MPS at 160
93-5 4011 LED Stat NASA Other é4 40000 250 (1) (3)}DI to 250
1005 S/L NASA MPS 5 6000
Docking Mod 7 5000
STS Op Wt 0 3600
Byn Env 1.5 0
57.5 54600
93-6 4011 LEO Stat NASA Other 44 40000 250 (1) DI to 250
Dockinn Mod 7 5000
STS Op wt 0 3600
Dyn Env 1 0
h2 48600
93-7 2706 LEO Plat Com®1 Other 40 25000 250 (1) (2)DI to 250
o0C6 DoD PAM-D 11.5 15870
Docking Mod 7 5000
STS Op.Wt 0 3600
Dyn Env 1.5 0
60 3470
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FLIGHT MANTFEST

1993
REV.
WEIGHT
FLIGHT OAYLOADS LENGTH ALTITUDE COMMENTS
NO. up DOWN
(NMI)
(FT) (LB} (LB)
93-8 4020 LEO Stat MNASA Other 26 40000 13940 250 (1) DI to 250
2030 LEO Plat WASA Tech 15 10000 10000
Bocking Mod 7 5000 5000
S7S Op Wt 0 3600 3600
Dyn Env 1.5 0 3
49.5 58600 32540
93.9 4020 LEO Stat NASA Other 26 40000 13940 250 (1) DI to 270
8533 F-F Japan P&A 15 10000 0
Docking Mod 7 5000 5000
STS Op.ut 0 3600 3600
Dyn Env 1.5 0 0
47,5 58600 22540
93-10 4020 LEO Stat NASA Other 26 40000 13940 250 (1) 0I to 250
2708 LEO Plat Com'1l 15 10000 10000
Docking Mod 7 5000 5000
STS Op Wt 0 3600 3600
Dyn Env 1.5 0 0
49:5 58600 32540
93-11 2021 LEO Piat NASA 30 20000 20000 250 (1) DI to 250
2708 LEQ Plat Com'l 15 10000 10000
Docking Mod 7 5000 5000
STS Op Wt 0 3600 3600
Dyn Env 1.5 0 0
3.5 38600 38600




FLIGHT MANIFEST
1993

REV.
WEIGHT
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
NO. upP DOWN
(NMT)
(FT) (LB) (LB)
03-12 4012 LEO Stat NASA Other 15 40000 0 250 (1) (2)DI to 250
8528 China Comm 30 17250 4590
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
3.5 62250 9590
93-13 8710 F-F Comsat Camsat 8 13750 3600 160 (1) (2)(3) DI to alt
8729 US Com'1 Comm 8 13750 3600
8702 RCA Comm 8 10100 3600
8706 F-F AT&T Comm 8 10700 3600
1016 S/L NASA MPS 10 9000 9000
5TS Op Wt 0 3600 3600
= Dyn Env (4+2.5) 6.5 0 0
o 78.5 50300 27000
93-14 9006 ODoD PAM-D 11.5 15870 3600 160 (1) (2)DI to alt
8020 F-F NASA P&A 30 19000 G
8729 US Comm 8 13750 3600
STS Op Wt 0 3600 3600
Dyn Env (4+1.5) 5.5 0 0
55 52220 10800
893-156 9006 DoD PAM-D 11.5 15870 3600 160 (1Y (2)DI to alt
1504 S/L Italy TSS 10 7640 - 7640 124
8539 F-F Foreign Comm 8 10100 3600
8710 F-F Comsat Comsat 8 13750 3600
8525 F-F Mexico Comsat 8 10100 3600
Dyn Env (4+2.5) 6.5 0 0
STS Op Wt 0 3600 3600
52 61060 25640
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FLIGHT MANIFEST

1993/1994
REV. 2
WETGHT
FLIGHT LENGTH ALTITUDE COMMENTS
PAYLOADS
NO. up DOWN (NMI)
(FT) (LB) {LB) '
93-16 9006 DoD PAM-D 11.5 15870 3600 160 (1) (2)DI to alt
1504 S/L Italy TSS 10 7640 7640
5729 US Com'l Comm 8 13750 3600
8713 F-F W.Union Comm 8 10100 3600
8727 Hughes Comm 8 10100 3600
Dyn Env (4+2.5) 6.5 0 0
STS Op Wt 0 3600 3600
52 61060 25640
93-17 8538 F-F Foreign E.Obs 8 10100 3600 160 (1) (2) DT to alt
8526 F-~F Canada Comm 20 23000 3600
8702 RCA Comm 8 10100 3600
8713 F-F W.Union Comm 8 10100 3600
Dyn Env (4+2) 6 0 0
STS Op Wt 0 3600 3600
50 56900 18000
94-1 2022 LEQO Plat NASA/MPS 60 40000 32000 250 (1) D1 to alt
94.2 2707 LEO Plat Com'1/MPS 60 40000 32000 250 (1) DI to alt
94-3 2707 LEO Plat Com'1/MPS 60 40000 32000 250 ° (1) DI to alt
94-4 4021 LEO Stat NASA/E.Obs 60 40000 32000 250 (1) DI to alt
94-5 6002 Large Cbs NASA 60 57320 32000 320 (1) DI to alt
94-5 6002 Large Obs NASA 60 57320 32000 320 (1) DI to alt
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FLIGHT MANIFEST

1994
REY. 2
WEIGHT
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
NO. ug DOWN (NMI)
(FT) (LB) (LB)
94-7 7028 Planetary NASA 60 65000 5600 160 (2) DI to alt
94-8 7034 Planetary NASA 60 65000 5600 160 (2) DI to alt
94-9 2032 LEO Plat NASA Other 30 20000 20000 250 (1) (2)DI to 250
9006 DoD PAM-D 11.5 15870 3600
85623 Columbia Comm 8 10100 3600
Docking Mod 7 5000 5000
Dyn Env 2 0 0
STS Op Wt 0 3600 3600
58.5 54570 35800
94-10 2507 LEO Plat Foreign 30 20000 20000 250 (1) (2)DI to 250
9006 DoD PAM-D 11.5 15870 3600
8702 RCA Comm 8 10100 3500
Docking Mod 7 5000 5000
Dyn Env 2 0 0
STS Ob We 0 _3600 3600
58.5 54570 35800
84-11 4020 LEO Stat NASA Other 26 40000 13940 250 {(2) (3)DI to 250
8713 F-F W.Union Comm B 10100 3600
1016  S/L NASA MPS 10 9000 9000
Docking Mod 7 5000 5000
Dyn Env 2 0 __0
3 64100 31540
94-12 4020 LEO Stat NASA Other 26 40000 13940 250 (2) {(3)DI to 250
8713 F-F W.Union Comm 8 10100 3600
1029 S/L NASA MPS 15 9750 9750
Docking Mod 7 5000 5000
Dyn Env 2. .0 0
58 64850 32290
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FLIGHT MANIFEST

REY. 2
WEIGHT
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
NO. up DOWN
(NMI)
(FT) (LB) {LB)
94-13 4020 LEO Stat NASA Other 26 40000 13940 250 (1) (2) DI to 250
8710 F-F Comsat Comsat 8 13750 3600
Docking Mod 7 5000 5000
Dyn Env 1.5 ¢ 0
STS Op Wt 8] 3600 3600
42.5 62350 26140
94-14 4020 LEQ Stat NASA Other 26 40000 13940 250 (1) {2)D1 to 250
8710 F-F Comsat Comsat 8 13750 3600
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
42.5 62350 26140
94.15 9006 DoD PAM-D 11.5 15870 3600 250 (1) (2)DI to 250
AQTY 29 11930 6000
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Mt 0 3600 3600
49 36400 18200
84-16 9006 DoD PAM-D 11.5 15870 3600 250 (1) (2) DI to 250
AOTY 29 11930 6000
Docking Mod 7 5000 5000
Dyn Mod 1.5 0 0
STS Op Wt 0 3600 3600
49 36400 18200
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FLIGHT MANIFEST

1994
REV. 2
WEIGHY
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
NO. up DOWN
(NMT}
(FT) (LB) (LB)
94-17 3003 GEO Plat NASA Other 21.4 15400 1400 160 (1) (2)DI to alt
8707 *-F GTE Comm 8 10100 3600
8539 F-F Foreign Comm 8 10100 3600
8706 F-F AT&T Comm 8 10100 3600
Oyn Env 6 0 0
STS Op Wt 0 3600 3600
51.4 49300 15800
94-18 3700 GEQ Plat Com'l Comm 21.4 15400 1400 160 (1) (2) DI to alt
8731 US Com'1 Comm 8 10100 3600
8710 F~F Comsat Comm 8 13750 3600
8707 F-F GTE Comm 8 10100 3600
Dyn Env 6 0 0
STS Op Wt 0 3600 3600
51.4 52950 15800
94-19 8528 China Comm 30 17250 4590 160 (1) (2) b1 to alt
8503 Arab Comm 8 10100 3600
8529 Foreign Comm 8 10100 3600
8702 RCA Comm 8 10100 3600
Dyn Env 6 0 0
STS Op MWt 0 3600 3600
60 51150 18990
94-20 8528 China Comm 30 17250 4590 160 (1) (2)DI to alt
8539 F-F Foreign Comm 8 10100 3600
8702 RCA Comm 8 10100 3600
8703 SBS Comm 8 10100 3600
Dyn Env 6 0 0
STS Op Wt 0 3600 3600
60 51150 1859380




FLIGHT MANIFEST
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1994
REV. 2
WEIGHT -
FLIGHT LENGTH ALTTTUDE COMMENTS
PAYLOADS
NO. up DOWN (NMI)
(FT) {LB) (LB)
94.21 8002 t+-F NASA Other 36.8 46500 7340 160 (1) (2) DI to alt
8511 W.German/Other 15 15000 0
Dyn Env 5 0 0
56.8 61500 7340
94.22 8726 F-F W.Union Comm 36.8 46500 7340 160 (1} (2)DI to alt
8537 ESA/MPS F-F 10 6900 3600
Dyn Env C 0 .0
STS Op Wt 0 3600 3600
51.8 57000 14540
94-23 8726 F-F W.Union Comm 36.8 46500 7340 160 (1) {2) DI to alt
1022 TSS/NASA 10 7640 7640
Dyn Env 5 0 0
STS Op Wt 0 3600 3600
57.8 57740 18580
94.24 8724 F-F Intelsat 31 12100 1100 1560 (1) (2) D1 to alt
8510 F-F China Comm 8 10100 3600
8042 F-F NASA PRA 15 9000 0
Dyn Env 5.5 0 0
Op Wt 0 3600 3600
50.5 34800 8300
94 -25 8724 F-F Intelsat 31 12100 1100 160 (1) (2)DI to alt
8732 US Com'l Comm 8 10100 3600
8728 F-F Hughes Comm 1%.3 17250 1790
Dyn Env 5.5 0 0
STS Op 0 3600 _3600
.8 43050 10090
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FLIGHT MANIFEST

1994 /1995
REV.
WEIGHT
FLIGHT LENGTH ALTITUDE COMMENTS
PAYLDADS
NG. up DOWN (NMI)
(FT) (LB} {LB)
94-26 8724 F-F Intelsat 31 12100 1100 160 {1} (2)DI to alt
8710 F-F Comsat Comsat 8 13750 3600
8728 F-F Hughes 14.3 17250 1790
Dyn Env 5.5 ¥ 0
STS Op Wt 0 _ 3600 3600
58.8 46700 10090
95-1 2022 LEO Plat NASA/MPS 60 40000 32000 250 (1) DI to alt
95-2 2707 LEO Plat Com'1/MPS 60 40000 32000 250 (1) DI to alt
85-3 2707 LEO Plat Com!1/MPS 60 40000 32000 250 (1) DI to alt
95-4 6002 Large Obs NASA 60 57320 32000 320 (1) DI to alt
95-5 7030 Planetary NASA 60 65000 K600 160 (2) DI to alt
95-6 2504 LEO Plat Foreign MPS 30 20000 20000 250 (1) {2)DI to alt
8729 US Com'l Comm 8 13750 3600
8006 DobD PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
Dyn Env 2 0 0
STS Op Wt 0 3600 3600
58.5 58220 35800
95-7 2504 LEO Plat Foreign 30 20000 20000 250 (1) (2)DI to alt
8729 US Com'l Comm 8 13750 3600
9006 DoD PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
Dyn Env 2 0 0
STS Op Wt 0 3600 | 3600
8.5 8220 35800
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FLIGHT MANIFEST

1995
REV.
WEIGHT
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
NO. uP DOWNK
(N1}
(FT) (LB) (LB)
95-8 4022 LEOD Stat NASA P&A 30 20000 20000 250 (1) (2) DI to alt
8729 US Com'l Comm 8 13750 3600
9006 DoD PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
STS Op.Wt 0 3600 2500
Dyn Env 2 0 0
58.5 58220 35800
95-9 4023 LEC Stat NASA/L.Sci 30 20000 20000 250 (1} (2)DI to alt
%006 DoD PAM-D 11.5 15870 3600
8727 Hughes Comm 8 10100 3600
Docking Mod 7 5000 5000
Dyn Env 2 0 0
STS Op Wt 0 3600 3600
58.5 54570 35800
95-10 4020 LEO Stat NASA Other 26 40000 13940 250 (1) DI to 250
3002 GEO Plat NASA Other 21 5500 500
Docking Mod 7 5000 5000
Dyn Epv 1.5 0 0
STS Op Wt 0 3600 3600
55.5 5A100 23040
85-11 4020 LEO Stat NASA Other 26 40000 13940 250 (1) DI to 250
3700 GEO Plat Com'? Comm 21.4 15400 1460
Docking Mod 7 5000 5000
Dyn Env 1.5 .0 0
STS Op Wt 0 3600 3600
55.9 6200 21940




FLIGHT MANIFEST

le-v

1995
REY. 2
WEIGHT
FLIGHT . LENGTH ALTITUDE COMMENTS
PAYLOADS
NO. ip DONN (Nf"ﬂ)
(FT) (LB) (LB)
95-12 4020 LEO Stat NASA Other 26 40000 13940 250 (1) {2)DI to 250
8728 F-F Hughes Comm 14.3 17250 1790
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
48.8 62250 20730
95-13 4020 LEO Stat NASA Other 26 40000 13940 250 (1) (3)DI to 250
1029 S/L NASA MPS 15 9750 9750
Docking Mod 7 5600 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
49,5 58350 32290
95-14 8002 F-F NASA Other 36.8 46500 7340 160 (1) (2}DI to 160, then
8038 F-~ir NASA DA 18 11030 0 retrieve ESA/MPS
1506 S/L Foreign MPS (30) 0 5000
Dyn Env (4+1) 5 0 0
STS Op Wt 0 3600 3600
59.8 61130 15946
95-156 5001 GEQ Stat NASA Other 31 14300 1300 160 {1) (2) (3) DI to alt
8728 F-F Hughes Comm 14.3 17250 1790
1005 S/L NASA MPS 5 6000 6000
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
55 41750 12630
95-16 8724 F-F Intelsat 31 12100 1100 160 (1) (2)DI to alt
8300 F-F GEO Civil E.Obs 8 10100 3600
8538 F-F Foreign E.Obs 8 10100 3600
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
52.5 35900 11900
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FLIGHT MANIFEST

1995 .
REV. 2
WEIGHT
FLIGHT LENGTH ALTITUDE COMMENTS
PAYLOADS
NO. U DOWN (NMI)
{FT) (LB) (LB)
95-17 8724 F-F Intelsat 31 12100 1100 160 (1) (2)DI to alt
8300 F-F GEO Civil E.Obs 8 10700 3600
8510 F-~F China Comm 8 10100 3600
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
52.5 35900 11900
95-18 8730 F-F Com'l Comm 30 17250 4590 160 (1Y (2)DI to alt
8706 F-F AT&T Comm 8 10100 3600
8703 SBS Comm 8 10100 3600
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
5T.5 47050 15390
95-19 8730 F-F Com*1 Comm 30 17250 4590 160 (1) {2)DI to alt
8526 F-F Canada Comm 20 23000 1790
Dyn Env 5 0 0
STS Op Wt 0 3600 3600
55 43850 9980
95-20 8730 F-F Com'1 Comm 30 17250 4590 160 (1) (2)DI to alt
1022 TSS/NASA 10 7640 7640
Dyn Env 5 0 0
STS Op Wt 0 3600 3600
45 28490 15830
95-21 8528 China Comm 30 17250 4590 160 (1) (2)DI to alt
1504 TSS Italy S/L 10 7640 7640
Dyn Env 5 0 g
STS Op Wt 0 3600 _3600
5 28490 15830
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FLIGHT MANIFEST

199571996
REV.
NEIGHT S
FLIGHT SAVLOADS LENGTH LTITUDE COMMENTS
NO. P up DOMN (NM1)
(FT) (LB) {LB)
05-22 | 5002 GED Stat NASA Other 25 52000 16000 160 (1) (3)DI to alt
1016 S/L MASA MPS 10 9000 9000
Dyn Env b 0 0
STS Op Wt 0 3600 3600
T 59600 78600
96-1 2022 LEO Plat NASA/MPS 60 40000 32000 250 (1) DI to alt
96-2 2023 LEO Plat NASA/LSS 60 40000 32000 250 (1) DI to alt
96-3 2707 LEO Plat Com'1/MPS 60 40000 32000 250 (1) DI to alt
96-4 2707 LEQ Plat Com'1/MPS 60 40000 32000 250 (1) DI to alt
96-5 7020 Planetary NASA 60 65000 5600 160 (2) DI to alt
96-6 4020 LEO Stat NASA Other 26 40000 13040 250 (1) (3) DI to 250
1016 S/L NASA MPS 10 9006 9000
Docking Mod 7 5000 5000
Dyn Env 2 0 0
STS Op Wt 0 3600 3600
15 57600 31540
96-7 8036 F-F NASA Comm 31 11000 1000 160 (1) (2) D1 to alt
8042 F-F NASA P&A 15 9000 0
Dyn Env 5 0 0
STS Op Wt 0 3600 3600
51 53600 73600
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FLIGHT MANIFEST

1996
REV. 2
WEIGHT
FLIGHT ‘ LENGTH ALTITUDE COMMENTS
NO PAYLOADS up DO
. ] (NMT)
(FT) (LB) (LB)
96-8 4020 LEO Stat NASA Other 26 40000 13940 250 (1) DI to 250
3700 GEO Plat Com*1 Comm 21.4 15400 1400
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Gp Wt 0 3600 3600
55.9 54000 23940
096-9 4020 LEQ Stat NASA Other 26 40000 13940 250 (1) (2)DI to 250
8043 F-F NASA P&A 15 9000 0
Dacking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
495 57600 22540
g36-10 4020 LEOQ Stat NASA Other 26 40000 13940 250 (1Y (2)DI to 250
9006 DoD PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
4 64470 26140
96-11 4024 LEOQ Stat NASA LSS 30 20000 20000 250 (1) (2)BI to 250
9006 DoD PAM-D 11.5 15870 3600
Dacking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
50 FAET0 32200
96-12 4025 LEOD Stat NASA Tech 30 20000 20000 250 (1) {2) BI to 250
9006 DoD PAM-D 11.5 16870 3600
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 | 3600
50 44470 32200




FLIGHT MANIFEST

1996
REV. 2
WEIGHT
FLIGHT PAVLOADS LENGTH ALTITUDE COMMENTS
ND - up DOWN (NMI )
(FT) {LB) (LB)
M
: 05-13 5001 GEO Stat NASA Other 31 14300 1300 160 (1) {2)DI to alt
{ 8707 F-F GTE Comm 8 10100 3600
8731 US Com’1 Comm 8 10700 3600
Eg& Dyn Env 5.5 a 0
: STS Op Wt 0 3600 3?00
h2.5 3810 0
NV 2 0 12100
96-14 8726 F-F W.Union Comm 36.8 46500 7340 160 (1) (2)DI to alt
8511 MW.German/Other 15 15000 0
Dyn Env 5 0 0
56.8 A1500 7340
B 96-15 8724 F-F Intelsat N 12100 1100 160 (1) (2) DI to alt
N 9006 DoD PAM-D 11.5 15870 3600
8500 Canada Comm B 13750 3600
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
56 45320 TT1900
05-16 8724 F-F Intelsat 3 12100 1100 160 (1) (2)DI to alt
8703 SBS Comm 8 10100 3600
8537 ESA/MPS F-F 10 6900 3600
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
545 32700 11900
96-17 8527 F-F France Comm 31 10450 950 160 (1) (2) (3) DI to alt
1029 S/L NASA MPS 15 9750 9750
8529 Foreign Comm 8 10100 3600
Dyn Env 5.5 0 0
STS Op Mt 0 3600 _3600
565 33900 17900
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FLIGHT MANIFEST

1996
REY. 2
WEIGHT
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
HO . up DUHN (NMI )
(FT) (LB) (LB)
96-18 8528 China Comm 30 17250 4590 160 (1) (2} DI to alt
8303 F-~F Civil/USPS Comm 8 10100 3600
1504 S/L Italy TSS 10 7640 7640
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
53.5 38590 19430
96-19 8730 F-F Com'l Comm 30 17250 4590 160 (1) (2)D1 to alt
8305 F-F Civil/USPS Comm 8 10100 3600
1504 S/L Italy TSS 10 7640 7640
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
53.5 38590 14430
96-20 8730 F-~F Com'l Comm 30 17250 4590 160 (1) (2)DI to alt
3701 GEO Plat Com'? Comm 21 6500 2500
Oyn Env 5 0 0
STS Op Wt 0 3600 3600
56 26350 10690
a6-21. 8730 F-F Com*1 Comm 30 17250 4590 160 (1) (2) DI to alt
3700 GEO Plat Com'T Comm 21.4 165400 1400
Dyn Env 5 0 0
STS Op Wt 0 3600 3600
51.4 36250 a5aQ
86-22 5002 GEQ Stat MASA Other 25 52000 16000 160 (1) {(2)DI to alt
Dyn Env 4.5 0 0
STS Op Wt _Jl__ _ 3600 3600
29, 55600 19600
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FLIGHT MANIFEST

1997
REV. 2
WEIGHT
FLIGHT LENGTH ALTITUDE COMMENTS
PAYLOADS
NO. up DOWN (NMI)
(FT) (LB) {LB)
97-1 2022 LEG Plat NASA/MPS 60 40000 32000 250 (1} DI to ailt
97-2 2707 LED Plat Com'1/MPS 60 40000 32000 250 (1) DI to alt
87-3 2707 LEO Plat Com'1/MPS 60 40000 32060 250 (1) DI to alt
67-4 6002 Large Obs NASA 60 57320 32000 326 BI to ait
97-5 6003 Large Obs NASA 60 28600 45690 320 DI to alt
97-6 7020 Planetary NASA 60 65000 5600 i60 (2) DI to alt
97-7 4020 LED Stat NASA Other 26 40000 13940 250 (1) {(2)DI to ait
9006 DoD PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
46 64470 26140
97-8 4020 LEO Stat NASA Other 26 40000 13940 250 {1) (2)}D] to alt
3003 GEO Piat NASA Other 21.4 15400 1400
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
556.9 64000 23940
97-9 4020 LEG Stat NASA Other 26 40000 13940 250 (1) (2)DI to alt
3701 GEO Ptat Com*i Comm 21 5500 2500
Docking Med 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
5h.5 547100 25040
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S

FLIGHT MANIFEST

1997
REV. 2
WETGHT
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
No. upP DOWN
. (NMI)
{FT) (LBj (LB)
97-10 4020 LEO Stat NASA Other 26 40000 13940 250 (1) (2) DI to ait
3701 GEO Piat Com'l Comm 21 5500 2500
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
5TS Op Wt 0 3600 3600
55.5 54100 25040
97-11 4022 LEO Stat NASA P&A 30 20000 20000 250 {1) DI to alt
2034 LEQ Plat NASA Other 15 10000 10000
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
53.5 38600 38600
97-12 4023 LEO Stat NASA/L.Sci 30 20000 20000 250 (1) DI to alt
2034 LEO Plat NASA/Other 15 10000 10000
Docking Mod 7 5000 5000
Dyn Env 1.5 .0 0
STS Op Wt 0 3600 3600
53.5 38600 38600
97-13 8726 F-F W.,Union Comm 36.8 46500 7340 160 (1) (2}DI to 160, then
8529 Foreign Comm 8 10160 3600 retrieve ESA/MPS
1506 S/L Foreign MPS (30) 0 5000
Dyn Env 5 0 0
STS Op Wt 0 3600 3600
9.8 60200 19540
97-14 8724 F-F Intelsat 31 12100 1100 160 (1) (2)DI to alt
8707 F-F GTE Comm 8 10100 3600
9006 Dod PAM-D 11.5 15870 3600
Dyn Env 5.5 G 0
STS Op Wt o 3600 | 3600
56 41670 11900




FLIGHT MANIFEST

62~y

1997
REV, 2
WEIGHT
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
NO. up DOKN (NMI)
(FT} (LB) (LB)
97-15 8724 F-F Intelsat 31 12100 100 160 (1) {2) DI to alt
8727 Hughes Comm 8 10100 3600
9006 Dod PAM-D 11.5 15870 3607
Dyn Env 5.5 0 £
STS Op Wt 0 3600 3500
56 41670 11900
97-16 8724 F-F Intelsat 31 121G0 1100 160 (1) {2) DI to alt
8305 F-F Civil/USPS Comm . 8 10100 3600
9006 Dod PAM-D 11.5 15870 3600
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
56 471670 11900
97-17 B527 F~F France Comm 31 10450 950 160 (1) (2)DI to alt
8703 SBS Comm 8 10100 3600
8300 GEQ Civil E,Qbs 8 10100 3600
Dyn Env 5.5 0 0
STS Op Wt “Q__ 3600 3600
7.5 34250 11750
97-18 8040 F-F NASA E.Cbs 31 17600 1600 270 {1} (2)DI to alt
8523 Columbia Comm 8 10100 3600
8533 F-F Japan PBA 15 10000 0
Dyn Eny 5.5 0 0
STS Op Wt 0 3600 3600
59.5 41300 8800
97-19 5007 GEO Stat NASA Other 31 14300 1300 160
8538 F-~F Foreign E.Obs 8 10100 3600
8731 US Com'l Comm 8 10100 3600
Dyn Env 5.5 0 -0
STS Op Wt 0 3600 3600
52.5 38100 12100
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FLIGHT MANIFEST

199771998
REV. 2
] WEIGHT
FLIGHT LENGTH ALTITUDE COMMENTS
PAYLOADS :
Na. up DUNN (Nf‘ﬂ )
(FT) (LB) (LB)
97-20 5002 GEOQ S5tat NASA Other 25 52000 16000 160 (1) DI to alt
1022 TSS/NASA 10 7640 7640
Dyn Env 5 0 0
STS Op Wt 0 3600 3600
40 £3240 27240
97-21 8706 fF-F AT&T Comm 8 10100 3660 160 {1) (2) (3) DI to alt
8500 Canada Comm 8 13750 3600
1029 S/t NASA MPS 18 9750 9750
Dyn Env 5.5 0 0
STS Op Wt 0 _3600 3600
36.5 37200 20550
=
§
B Bemm o e e e e e e e et o e s o ot 1 e e 1 e e e
(o]
98-1 2022 LEO Plat NASA/PRA 60 40000 32000 250 (1) DI to alt
q8-2 2707 LEO Plat Com'1/MPS 60 40000 32000 250 (1) DI to alt
98-3 2707 LEO Plat Com'1/MPS 60 40000 32000 250 (1) B1 to alt
98-4 4021 LEO Stat NASA/E.Obs 60 40000 32000 250 (1) DI to ait
98-5 6002 Large Obs NASA 60 57320 32000 320 BI to alt
98-6 7635 Planetary NASA 60 65000 5600 160 12} DI to alt
98-7 2504 LEO Plat Foreign MPS 30 20000 20000 250 (1) (2) DI to alt
3700 GEO Plat Com'l Comm 21.4 154900 1400
Dacking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
59.9 44000 30000




FLIGHT MANIFEST

LE~¥

1998
REY. 2
WEIGHT
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
NO - up DOWN (NMI )
(FT) {L.B) {LB)
98-8 2504 LEO Plat Foreign MPS 30 20000 20000 250 (1) (2)DI to alt
3700 GEO Plat Com'l Comm 21,4 15400 1400
Docking Mod . 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
59.9 44000 30000
93-9 4020 LEO Stat NASA Other 26 40000 13840 250 (1) (2)DI to alt
90056 DoD PAM-D . 11.5 15870 3600
Docking Mod 7 5000 5000
Dyn Env 1.5 0 1]
5TS Op Wt 0 3600 3600
a6 64470 26140
98-10 4020 LEO Stat NASA Other 26 40000 13940 250 (1) {2}D1 to alt
9006 Dod PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 _3:00 3600
a6 54470 26130
9g8-11 4026 LEO Stat NASA Other 26 40000 13940 250 {1} (2)DI to alt
9006 DoD PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
bDyn Env 1.5 0 0
STS Op Wt 0 3600 3600
46 64470 26140
98-12 4020 LEO Stat NASA Other 26 40000 13940 250 {1} (2) (3) DI to alt
8732 US Com'? Comm 8 10100 3500
1016 S/L NASA MPS 10 900 9000
Docking Mod 7 5000 5060
Dyn Env 2 | ___ 0 0
53 64100 37540
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FLIGHT MANIFEST

1998
REV. 2
WETGHT .
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
NO " up DUHN (NMI )
(FT) (LB) (LB)
98-13 8724 F-F Intelsat 31 12100 1100 270 {1} (2) DI to alt
8702 RCA Comm 8 10100 3600
8044 F-F NASA PRA 15 10000 0
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
59.5 35800 8300
98-14 8724 F-F Intelsat 31 12100 1100 160 {1} (2) DI to alt
8500 Canada Comm 8 13780 3600
8511 W.German/Other 15 15000 0
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
59.5 44450 8300
98-15 8724 F-F Intelsat 31 12100 1100 160 (1) {(2) (3) DI to alt
- 8703 SBS Comm 8 10100 3600
1029 S/L NASA MPS 15 8750 9750
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
59,5 35550 180560
98-186 5007 GEO Stat NASA Other 31 14300 1300 160 {1} (2) DI to ait
9006 DoD PAM-D 11.5 16870 3600
1022 TSS/NASA 10 7640 7640
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
58 41410 16140
98-17 8628 China Comm 30 17250 4590 160 (1) (2)DI to alt
8706 F~F AT&T Comm 8 10100 3600
8637 ESA/MPS F-F 10 6900 3600
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
3.5 37850 163490




FLIGHT MANIFEST

1998/199¢9
REV. 2
WEIGHT
FLIGHT LENGTA ALTITUDE COMMENTS
PAYLOADS
NG - UP DOHN (NMT )
(FT) (t8) | (8 :
98-18 8528 China Comm 30 17250 4580 160 {1) (2) DI to alt
8529 Foreign Comm 8 10100 3600
1504 TSS Italy S/L 10 7640 7640
Byn Env 5.5 0 0
STS Op Wt 0 3600 3600
53.5 38590 19430
98-19 5002 GED Stat NASA Other 25 52000 16000 160
3701 GEO Piat Com'1 Comm 21 5500 2500
Dyn Env 5 0 0
STS Op Wt ' 3600 3600
51 61100 22100
99.1 2022 LEO Piat NASA/MPS 60 40000 32600 250 (1) DI to ait
992 2023 LED Piat NASA/LSS 60 40060 32000 250 (1) DI to ait
99-3 2707 LEO Plat Com'1/MPS 60 40000 32000 250 (1) DI to alt
98-4 2707 LEO Plat Com'1/MPS 60 40000 32000 250 (1) DI to alt
99-5 6001 Large Obs NASA R 58040 17100 320 Di to alt
99-6 7036 Planstary NASA 60 65000 5600 160 (2) DI to alt
997 4020 LEO Stat NASA Other 26 40000 13940 250 (1) {2)DI to alt
3700 GEO Plat Com*1 Comm 21.4 15400 1400
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
55.9 64000 23840




FLIGHT MANIFEST

iE-¥

1929
REV. 2
WEIGHT
FLIGHT PAYLOADS L ENGTH ALTITUDE COMMENTS
NG. - up DOWN (NMI)
(FT) (LB) {LB)
99-8 4020 LEQ Stat NASA Other 26 40000 13940 250 (1) (2) DI to alt
3701 GEG Piat Com'l Comm 21 5500 2500
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wi 0 3600 3600
56.5 54100 25040
99-9 4020 LEQO Staf NASA Other 26 40000 13940 250 (1) (2)DI to alt
9006 DoD PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
46 64470 26140
99-10 4026 LEQ Stat NASA Other 26 40000 13940 250 (1) (2)DI to alt
9006 DoD PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
46 64470 26140
99-11 4022 LEQ Stat NASA PRA 30 20000 20000 250 {1) (2)DI to alt
8702 RCA Comm 8 10100 3600
9006 Dol PAM-D 11.5 158760 3600
Docking Mod 7 5000 6000
Dyn Env 2 0 0
STS Op Wi 0 3600 3600
8.5 54570 5800




GE~-¥

FLIGHT MANIFEST

1999
REV. 2
WETGHT
FLIGHT LENGTH ALTETUDE COMMENTS
PAYLOADS
NO. up DOWN (NMI)
(FT) (LB) (L8)
89-12 4023 LED Stat NASA/L.Sci 30 20000 20000 250 (1} {2)D1 to alt
8727 Hughes Comm 8 10100 3600
9006 DoD PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
Dyn Env 2 0 0
STS Op Wt 0 3600 3600
58.5 54570 35800
69-13 6001 GEO Stat NASA Other 31 14300 1300 160 {1) (2) {(3) DI to 160, .
8702 RCA Comm 8 10100 3600 then retrieve
- 1029 S/L NASA MPS 15 9750 9750 ESA/MPS
1506 S/L Foreign MPS {30) 0 5000
Oyn Env 5.5 0 0
STS Op MWL 0 3600 3600
59.5 37750 23250
99-14 8528 China Comm 30 17250 4580 160 (1) (2)DI to alt
8538 - F-F Foreign E.Obs 8 10100 3600
1504 S/L Italy TSS 10 7640 7640
« Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
3.5 38590 19430
99-15 5002 GEQO Stat NASA Other 25 52000 16000 160 (1) (2)D7 to alt
8535 F-F Foreign Comm 8 10100 3600
Dyn Env 5 0 0
38 62100 19600
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FLIGHT MANIFES)

1999/2000
REV.
WEIGHT
FLIGHT | LENGTH ALTITUDE EOMMENTS
PAYLOADS
NO. up DOWN (NHI )
{FT} (LB) (LB)
99-16 8703 SBS Comm 8 10100 3600 160 (1) (2)DI to alt
8525 F-F Mexico Comm 8 16100 3600
8528 Foreign Comm 8 10100 3600
8502 Indonesia Comm 8 10100 3600
1504 TSS Italy S/L 10 7640 7640
Dyn Env 6.5 0 1]
STS - 0p WL 0 3600 3600
48,5 51640 25640
00-1 2022 LEDO Plat NASA/MPS 60 40000 32000 250 {1) DI to alt
00-2 2707 LEO Piat Com'1/MPS &0 40000 32600 250 (1) DI to ait
00-3 2707 LEO Plat Com'1/MPS 60 40000 32000 250 (1) DI to alt
00-4 6002 Large Obs NASA 60 57320 32000 320 DI to alt
00-5 6002 Large Obs NASA 60 57320 32000 320 DI to alt
00-6 4020 LEGC Stat WASA Other 26 40000 13940 250 (1) {2)DI to alt
3700 GEO Plat Com'1 Comm 21.4 15400 1400
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
55.9 64000 23940
00-7 4020 LEDQ Stat MNASA Other 26 40000 13840 250 (1) (2)DI to alt
3700 GEC PTat Com'?t Comm 21.4 15400 1400
Pocking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0_ 3600 3600
55.9 64000 23940




FLIGHT MANIFEST

2000
REV. 2
WEIGHT
FLIGHT PAYLOADS LENGTH ALTITUDE COMMENTS
NO. ik o up DOWN (NMI)
(FT) {LB) (LE) . )
00-8 4020 LEOQ Stat NASA Other 26 40000 13940 250 (1) (2)DI to ait
3701 GEO Plat Com'T Comm 21 5500 2500
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Wt 0 3600 3600
55.5 54100 25040
00-9 4020 LEC Stat NASA Other 26 40000 13940 250 (1) (2)DI to alt
3002 GEQ PTat NASA Other 21 5500 500
Docking Mod 7 5000 5000
Dyn Env 1.5 0 0
STS Op Ut 0 3600 3600
b 55.5 54100 25040
)
A 00-10 4024 LEOQ Stat NASA LSS 30 20000 20000 250 (1) {(2)DI to alt
8731 US Com'1 Comm 8 10100 3600
9006 DoD PAM-D 11.5 15870 3600
Decking Mod 7 5000 5000
Dyn Eny 2 0 .0
STS Op Wt 0 3600 3600
58.5 54570 35800
00-11 4025 LEO Stat NASA Tech 30 20000 20000 250 (1) (2)DI to alt
8732 US Com'1 Comm 8 10100 3600
9006 DoD PAM-D 11.5 15870 3600
Docking Mod 7 5000 5000
Dyn Env 2 0 0
STS Op Wt 0 3600 3600
58.5 54570 35800
g
-




ey

FLIGHT MANIFEST

2000
REY. 2
WEIGHT
FLIGHT PAYLOADS LENGTH ALVITUDE COMMENTS
!
NO. up DOWN {NNI)
(FT) (LB) (LB)
00-12 2025 LEO PTat HASA E.Obs 15 10000 10000 250 () (2)D1 to alt
2034 LEO Piat NASA Other 15 10000 10000
8503 Arab Comm 8 10100 3600
8702 RCA Comm 8 10100 3600
Docking Mod 7 5000 5000
Dyn Env 2.5 0 o
STS Op Wt 0 3600 3600
55.5 48800 35800
00-13 2030 LEO Pjat NASA Tech 15 10000 10000 250 (1) (2)DI to alt
2034 LEO Plat NASA Other 15 10000 10000
8525 F-F Mexico Comm 8 10100 3600
8539 F-F Foreign Comm 8 10700 3600
Docking Mod 7 5000 5000
Oyn Env 2.5 0 0
STS Op Ut 0 3600 3600
55.5 48800 35800
00-14 5004 GECQ Stat NASA Other 31 31280 2840 160 {1) (2)DI to alt
%006 DoD PAM-D 11.5 15870 3600
1022 TSS/NASA 10 7640 7640
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
58 58390 17680
- 00-15 5004 GEQ Stat NASA Other 31 31280 2840 160 (1) {2)DI to alt
8703 5BS Comm 8 10100 3600
9006 DoD PAM-D 11.5 15870 3600
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
56 60850 13640
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FLIGHT MANTFEST

2000
REV. 2
WEIGHT
FLIGHT OAYLOADS LENGTH ALTITUDE COMMENTS
NO. tIp DOWN
{KMI)
(FT) (LB) {LB)
00-16 5001 GEO Stat NASA Other 31 14300 1300 160 (1) (2)DI to alt
8710 F-F Comsat Comm 8 13750 3600
8511 W.German/Othar 15 15000 .0
Oyn Env 5.5 0 0
STS Op Wt 0 3600 3600
59.5 46650 8500
00-17 5001 GEDO Stat NASA Cther 31 14300 1300 160 (1) (2) {(3) DI to alt
8710 F-F Comsat Comm 8 13750 3600
1029 S/L NASA MPS 15 9750 9750
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
h9.5 41400 18250
00-18 8036 F-F NASA Comm 31 11000 1000 160 (1) {2)DI to alt
8705 F-F AT&T Comm 8 10100 3600
8300 GEQ Civil £.0bs 8 10100 3600
Dyn Env 5.5 0 0
STS Op Wt 0 3600 3600
52.5 34800 11800
00-19 8528 China Comm. 30 17250 4590 160 (1) (2)DI to alt
8300 F-F GEO Civil E.Obs 8 10160 3600
8502 1Indonesia Comm 8 10100 3600
bDyn Env 5.5 0 0
STS Op Wt 0 3600 3600
51.5 41050 15320
006-20 5002 GEO Stat NASA Other 25 52000 16000 160 (1) (2)D1 to alt
Byn Env 4.5 0 0
STS Op Ut 0 3600 3600
29.5 5600 19600




FLIGHT MANIFEST

Qf-vy

2000
REY. 2
WETGHT
FLIGHT © PAYLOADS LENGTH ALTITUDE COMMENTS
ND. up DOWN
) (NHI)
(FT) (LB) (LB)
00-21 | 5002 GEO Stat NASA Other 25 520600 16000 160 {1) (2) DI to alt
ODyn Env 4.5 0 0
5TS Op Wt 0 3600 3500
7575 55600 T9500
00-22 | 8702 RCA Comm 8 10100 3600 160 (1} (2) {3) DI to alt
8623 Columbia Comm 8 10100 3600
1016 S/L NASA MPS 10 9000 3000
8537 ESA/MPS F-F 10 6900 3600
Dyn Env 6 0 0
STS Op Wt 0 3600 3600
17 35700 53800




Space Transportation ‘ ROCkWB.”
Systems Division International

A.2 PROPELLANT TRANSFER FIGURES

The performance characteristics of the baseline transfer line design (2
inches) for transferring propellant from the ET to orbiter tanks are shown in
Figures A-1 through A~6 for the LO, system and Figures A-7 through A-13 for
the LH2 system. The performance characteristics of the baseline design for
transferring propellant from orbiter tanks to the user are shown in Fig-
ures A-14 through A-20 {LO,) and Figures A-21 through A-27 (LH5) .
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SIMUATION OF PROPELLANT TRANSFER FROM ET Td CRBITER TANK (LG2)

240
240

Vi
¥
200

200

"\.
\
1

180
A
180

160
4
160

‘\

—
140
i)
1Y
Y
140

MS VS TIrE
7.4
120
MOOTL VS TIME

A-43

—
-

Figurs A-2

TIME - SECONDS

\

V.

g8 . 8 § &8 8 &8 § § ® & &« ¥ kR =2 2 = = =,

“q1 595 /q1
13 NI SSYW LNV113d0¥d 1VY YI4SHYYL SSYW LNYT13d0Nd
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