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SUMMARY

This study was concerned with three main areas: 1) identification of representative
receiver-fluid combinations for propulsion vehicle tankage, 2) on-orbit refill
analysis of each of three candidate receivers selected for further evaluation. and

3) modelling analysis to determine experimental conditions necessary for verifying
the filling characteristics of each receiver vehicle configuration.

Initially, an evaluation was made of candidate propulsionr vehicle system tankage

for on-orbit resupply. Various NASA,Convair, and industry studies were vreviewed
to identify alternative concepts for orbital transfer vehicles (OTV), space platforms/
space stations, and spacecrafts. STAR and International Aerospace Abstracts were
consulted to insure adequate coverage of representative concepts. All document
sources consulted in this review are referenced in Appendix A. After reviewing
applicable documentation, vehicles were listed and categorized (Appendix A).

Following the literature review and vehicle documentation process, one vehicle was
selected, in accordance with the statement of work, from each of the following
categories: an earth-storable vehicle with partial screen acquisition device, a
cryogenic vehicle with partial screen-acquisition device, and a cryogenic vehicle
without a screen device. The selected vehicle configurations, given in Figure 2-1,
were:

e Earth Storable Vehicle - A low thrust (LTL) concept that employs MMH and
NoO4 propellants. This vehicle is representative of a configuration that
can be constructed from cxisting hardware.

e Cryogenic Vehicle Without Acquisition Device - The Personnel Orbital
Transfer Vehicle (POTV) consists of two cryogenic stage for delivering
payloads (20,000 kg) to geostationary orbit (GEO) and back to low-earth-orbit
(LEQ). This vehicle uses LHg and LO, propellants and will be available
in the near term (1980's).

® Cryogenic Vehicle With Partial Acquisition Device - The Cargo Orbital
Transfer Vehicle (COTV) is capable of delivering 250,000 kg to GEO and
and returning to LEO, This vehicle is contemplated for the 1990's and
beyond in the era of space-basing. Again, main tank propellants are
LHg and LO, .
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3. Liquid hydrogen consumed for the tank prechill process will have an
insignificant influence upon overall cfficicncy and cost of transporting
propellants into space for POTV refueling. As a result, propellant
transfer efficiency should not be an important consideration in the
prechill process selection.

It is concluded that the prechill process described and analyzed in Section 3.3.2.5
will satisfy the requirements of simplicity, reliability and safety.

At the completion of prechill, the tank is locked up and liquid introduced through one
or more spray nozzles to accomplish tank {ill. A fill condition of 90 percent or
greater will be achieved without the need for ventir: if near-thermal equilibrium
conditions are present. It was determined that sufficient bulk fluid agitation will be
created by the entering liquid to provide ncar-thermal equilibrium during fill.
‘Together, tank prechill and bulk fluid agitation should provide a no-vent {ill or
refill.

Propellant transfer timelines were developed for a POTV refueled by an
orbiter-tanker. Tables 3-13 and 3-15 show that this transfer operation can be
performcd in three hours by over-lapping LH2 and LO2 transfer,

The primary requirements for LT L refueling operations are:

1. Minimize propellant tank venting in the vicinity of the orbiter because
NoO4 and MMH are corrosive. liquid venting must be avoided.

2. Prevent helium entry to the screen galleries because vapor-free liquid
flow from each propellant tank must be assured.

Refueling will include the initial vent and tank fill processes, but not prechill,
because tank and propellant temperatures will be approximately the same.
Propellant tank fill pressures will remain below the vent pressure levels if the
initial vent (or blowdown) process reduces tank pressure to approximatdy one to
two atmospheres.

A procedure was identified that would satisfy the above requirements during initial
vent. Basically the approach is to rely upon procedures and added propellant
plumbing to transfer propellant between tanks. In this way a tank may be drained
of excess propellant prior to the initial vent process that expels helium.

The single potential concern of the selected refueling procedure is that propellant
contained within the screen devices might boil during tank vent. Boiling
will be avoided if sufficient liquid residual is maintained in contact with the screen
to replenish liquid lost through evaporation, Orbnal experiments were not recommended
because such tests would be configuration sensitive and have limited applicability.

xxdii
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An important result of this study is that ze ro-g mass gauging devices will be
required for on-orbit refueling operations of carth storable and cryogenically
fucled vehicles. A survey was conducted of existing radiation and kF type devices
to identify the state of the art,

An analysis was also conducted which indicates that propellant mass gauging is
feasible through thermodynamic means of measuring tank pressure increases
resulting from a fixed helium mass addition,

The processes selected for further evaluation (i.e. modeling) were prechill

and fill. The initial tank vent process was judged to be sufficiently well defined

to preclude experimentation. Prechill and fill are similar in one important aspect;
it is intended that heat and mass transfer be dominated by forced convection in
order that these processes remain independent of acceleration environment,
Consequently, a modelling analysis was performed to identify conditions under
which these processes can be simulated with a 45,7 cem (18 inch) diameter test
tank (the largest size that can be contained within a spacelab doublerack), Per
NASA/LeRC directive, the Spacelab was groundruled as the orbital experimental
test facility.

It was coneluded trom computer simulations that results could not be directly
extrapolated to a full scale OTV, cven for tests conducted in a ze ro-g environment
with LHo. This discrepancy between model and prototype behavior is influenced
by the substantial difference between prototype and model tank volume-to-mass
ratio, which is an important test parameter. It is expected, however, that the
heat transfer phenomena involved in the prechill and fil) processes can be
evaluated. Empirical coefficients obtained from such tests could be applied to an
analytical model such as HYPRES, which would then be employed for full scale
vehicle predictions.

Assessments were also made of the influence of a fluid substitute (LNy) and a

one-g test environment on test results. It was concluded that one-g test results
would not be applicable to prototype vehicle predictions but that tests with LN,
would provide useful data, B

Finally, discussions with NASA/MSFC safety personnel yielded the following
comments regarding the proposed receiver tank experiments to be conducted in

the §pacelab environment;

1. A waiver would be required by the experiment integration safety review
board tv allow the anticipated .LN2 quantities for refueling tests.

2, Liruyd hydrogen is unacceptable under any condition,

Xxiv
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INTRODUCTION

The United States is on the threshold of a space industrialized era. Some of the am-
bitious space programs conceived by the NASA and industry include the construction of
large antenna structures, solar powered satellites, and propellant depots. A common
element of thesc programs is the requirement of cffectively transferring propellants
in space.

This area of orbital propellant transfer, or propellant management, has long been
identified as a technology area by the NASA-LeRC and Convair. A previous study,
"Orbital Refill of Fluid Management Systems", Reference 1-1, dealt with the
problems of refilling small cryogenic and carth-storable systems. Convair has
performed independent studies in the area for several years, Reference 1-2 and 1-3.
Experience gained in the previous studies has served as a starting point for this
study on orbital refuelling of vehicle tankage.

The objectives of this study were to 1) develop techniques for such necessary orbital
propellant transfer and, 2) to identify experimental programs to verify these techniques.

1.1 SCOPE

A number of futurc missions have been defined which require orbital propellant transfer
capability. In near-term, space programs such as the manned-geosynchronous-sortie,
and very high encrgy probes to other planets will require the transfer of propellant
quantities in the order of 30 to 300 metric tons per year. Earlier studies have shown
that performance and lifc,of operational spacecraft can be increased by resupplying
attitude control propellants, fuel cell reactants, sensor coolants, or chemical laser
fluids. Beyond the year 2000, large space industrialization programs may require
propellant quantities that are several orders of magnitude greater than for the near-
term. The most ambitious pProgram now being considered is the Solar Power Satellite
Program requiring Heavy Lift Launch Vehicle (HLLV), space construction bascs, and
both electric and chemical Orbital Transfer Vehicle (OTV),

Although there are many potential orbital refuelling applications, the scope of this

study was limited to analysis of and experimental modeling techniques for propellant
transfer between supply tanks and receiver OTVs,  The three OTV configurations selcet-
ed for orbital refill analysis were identified using the selection procedure described

in Section 2.

T N
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1.2 GROUNDRULES

Guidelines were established for seleeting three vehicle configurations representative
of those contemplated for various types of future

Space programs. It was required
that one vehiele would be selected from cach of the following categories: an carth

storable vehicle with partial-sereen acquisition deviee; a eryogenie vehiele with a partial-
screen acquisition deviees and a cryogenic vehicle without a screen~device, Repre-
sentative vehicle seleetions were to be made following a literature review of previously
conducted NASA and industry studies, as well as current Convair studies on future space
programs.

1.2.1 EARTH STORABLE VEHICLE. An additional requirement was imposed upon this
selection process; that of identifying hardware cither from existing programs, or

from previous study cfforts. Because the data base for carth storable vehicles and
missions was considerably smaller than for cryogenic OTVs
to optimize the vehiele configuration. Rather, the intent w

which would be representative of its vehiele class,

» No attempt was made
as to seleet a configuration

1.2.2 CRYOGENIC VEHICLE. Of the two cryogenic vehiele classes seleeted, one was
assumed to be available in the near-term (1980's) and the othe
cation in the late 1990's and beyond,  The vehiele for ne
ed to have subsystems consistent with its ¢
vehicle will not have

rwas seleeted for appli-
ar-term application was assum-
arly development period, Consequently, this
asereen acquisition deviee nor any subsystem requiring con-
siderable technology. The more advanced OTV will be comprise

d of more sophisticated
subsystems,

such as a partial sereen acquisition and an advanced engine system requir-

ing no pre-pressurization,

Different methods of propellant supply will also be available to cach OTV, Space pro-
grams for the 1980's will rely upon propellant resupply from an orbiter tanker, Pro-
grams contemplated for the 1990's and beyond were assumed to have orbital propellant
depots available for OTV resupply,

1. 2.3 EXPERIMENT MODELING. Experimental modeling techniques of receiver-tank-
resupply were developed during the study. These techniques were employed to determine
the usefulness of simulant fluids and scile model testing, Both ground based facilities,
including drop towers, and the Spacelab on-board the shuttle were
able for condueting the experiments, Scale model size was limited to the Largest
experiment test packuge that could be installed within a Spacelab double rack enclosure,
This restriction confined analysis tothat of a relatively small secale test
mately one~tenth scale or less),

assumed to be avail-

tank (approxi-
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IDENTIFICATION OF CANDIDATE RECEIVERS

The purpose of task I was to seleet three potential vehicle
orbital-refucling analysis. These concepts were to be re
expected to be designed for the 1980's and 1990's
equivalent subsystems, orbital staytimes

concepts for subsequent
presentative of those vehieles
i that is, representative in terms of

, thermal requirements, legistics and refur-
bishment requirements,

Following the literature review, one vehicle was selected, in accordance with the
statement of work, from cach of the following categories:

L. An carth-storable vehicle with partial acquisition device

2. A cryogenic vehicle with partial acquisition device
3. A cryogenic vehicle without an acquisition device.

The three vehicle concepts selected are shown in Figure 2-1.

Convair's approuch for reviewing these conceptual designs and for determining
representative configurations to be further analyzed in Task 11, is shown in Figure

2-2. First, a literature review was accomplished. In order for ii to be conmplete,
all potential propulsive vehicle receiver tanks were included to show the wide variety
of uses for propellant transfer technology. The types of receiver tanks identified l
include the following:

Orbital Transfer Vehicles
. %
I\hm-m:meuvonng (e.g., teleoperator)

High and low thrust chemical A‘
| Nuclear and solar electric (OMS, RCS)

oy

Orbital Maintenance and RCS Tankage

Space station

Propellant depots

Large space structures

Automuted satellites (include cooling propellant)

After reviewing applicable documentation, there vehicles wer

¢ listed and categorized
according to fluids used, flow rates

» tunk geometry and pressure, acceleration-

2-1
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PROPELLANT CAPACITY, KGM (L.LBM)

LO, = 44,407 (97,900) EA.
LHy = 8,256 (18,200) EA.

COTV
| ‘T/ - 'er’r .7!/»3 T 'z’“r‘i;'.:i_
_ S S A W S S A Rt
Y RS R e e
I A S W - x_t_':—_--._L:::»// - '__lf i
J H -

LOo = 108,817 (438,038) EA.
LHy = 37,055 (81,692) EA.

LTL

N2Oy4 = 3,524 (7, 768)
MMH = 2, 129 (4, 693)

rigure 2-1. Three Vehicie Configurations Were Selected With Concurrence
From NASA/LeRC

environment, and total quantities of fluids consumed as directed by the statement of
work, Baseline vehicle characteristics were derived and candidates which had
appropriate requirements for orbital resupply were selected.

2.1 UTERATURE REVIEW

Various NASA, Convair, Aerospace Corp. and industry studies have been reviewed to
identify alternative concepts for orbital transfer vehicles (OTV), space platforms/
space stations, and automated and manned spacecraft. The Convuir space dats banks

2-2
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nnel wer ie t i ilabl ’
REVIEW ADPPLICABLE ?nd pers? e e e a.lﬁo rfev wed to obf;a1f1 available s
DOCUMENTATION FOR PROP, information for identification and description of 3
STAGES FROGRAMS/CONCEPTS orbital transfer, space platforms and spacecraft
REQUIRING FLUID TRANSFER expected to have tanks refilled in space. STAR and
* International Aerospace Abstracts were consulted to
insure adequate coverage of representative concepts.
IDENTIFY FLUIDS USED, FLUID T a8 P . . . P
PARAMETERS, AND TANK All document sources consulted in this review are
GEOMETRIES referenced in Appendix A.

Y

All available tanks that could conceivably be involved
CATEGORIZE BASELINE VEHICLE‘]

CHARACTERISTI0S in fluid transfer were also considered. This included
, the STS Reaction Control System (RCS), the Orbital

Y Maneuvering System (OMS) propellant tanks, and the
SELECT BASELINE CANDIDATE f Shuttle External Tanks (ET) as depot or OTV
mgggs IN THREE f;ENERAL ’ configuration. As information was extracted for
: each item, the source document identify number and
& pertinent page numbers were referenced.
RECOMMEND VEHICLES FOR
ANALYSIS Seventy-nine candidates were identified as a result

of this literature review, and are tabulated in Tables
Figure 2-2, A Straightforward A-1 through A-4, Appendix A,
Review of all Upper Stage Con-
cepts was Employed to Yield

Representative Study-Candidates

The first 19 items (Table A-1) include the STS orbiter,
space tugs, and orbital-transfer type vehicles and
stages derived from previous upper-stage programs
such asreusable Agena, Centaur, and the transtage. Early lerge-scale orbital-transfer
vehicles based on the Saturn V S-]I stage tanks and engines are also described. The

first nineteen items also include early space stations, LEO observatories, and a

space taxi. Items 20 through 39 (Table A-2) include the various OTYV concepts identi-

fied to support and move large space structures as solar power satellites, large

radar platforms, propellant depots, space stations, and manufacturing facilities. Some
duplication may exist due to inclusion of competitive concepts and designs, Items

40 through 69 (Table A-3) include concepts for propellant depots, the various develop-
ment phase versions of solar power satellites, the supporting space stations, staging 4
depots, construction space bases, radar platforms, earth observation platforms, f
antenna farms (for communication and power relay), and logistics tanks. The em- )
phasis was on showing space station/platform concepts likely to use refillable tanks.

[tems 70 through 79 (Table A-4) include automated spacecraft likely to include refill-
able tanks; items 80-82 (Table A-4) include manned-spacecraft concepts.

2.2 IDENTIFICATION OF FLUID PARAMETERS AND TANK GEOMETRY

Vehicle programs and concepts identified from the literature search were further ~efined
according to propellant fluid, tank geometry, operational and venting pressure : . :alera-
tion environment, fluid temperature and propellant expulsion rate, as required by the

2-3
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Statement of Work., Data not currently existing was derived from conceptual design
data. For instance, tank geometry was assumed to be constrained by STS Orbiter
cargo-bay dimensions, where STS was the designated delivery vehicle. Similarly,
acceleration forces were matched to the mission. For example, delivery of large
space structures from LEO to GEC requires low-thrust acceleration less than 1G;
consequently, propulsion tanks of associated vehicles were assumed to operate in a
less-than 1G acceleration environment.

2.3 CATEGORIZATION

A generalized classification of space vehicle tanks into fluid/acquisition classes was
accomplished using the following groupings as stipulated by the proposal.

Class A Storable with Acquisition Device
Class B Cryogenic with Acquisition Device
Class C  Cryogenic without Acquisition Device

Additional categorization was accomplished in terms of tank size, tank geometry,
operating pressure, vent pressure, temperature and flow rates as defined by limits
given in Table 2-1, These categories, together with background in mission analysis,
enabled the selection of representatives for each tank size.

Table 2-1. Categorization Limits

’—;lZEz WEIGHT:
Larvge > 45400 kg (100, 000 [ hy)
: Medlum 45400k (100, 000 Lha) - 4530 kg (10, 000 Lhw), (45000 ky - 2, 000 ky for 111,
Small 4640 kg (10,000 Lhs) - 464 kg (1000 Lhs)

SHAPE (Goometry); OPERATING PRESSURE, kN/m2(psin):
Sphorotdal fow <200 (29)
Cyltadrieal Modium  200-2000 (29 - 290)
Elipsoidal High > 2000 (290)

' Toroidal
VENT PRESSURE, kN/mZ(psin):
'QUISITION BYSTE STHOD;

ACQUISITE . YSTEM/METHOL low <200 (29)
Accelsration Modium  200-2000 (29 - 290)
Capillary igh > 2000 (290)

Bladder .
ther FLOW RATE, kg/m%/soc
Prossure
Pump Low <10 (2)
Medium 10 - 100 (2 - 20)
ACCELERATION LEVEL: <or> g High > 100 (20)
TEMPERATURE;
Cryogonte <200K (Bolls OFff)
Avg 200 - 320K (Storable)
High ' J20 - 400K (Cools OF)
ot > 400K @apid Cooling)




2.8 BASELINE CANDIDATE VEHICLISS

Bascline candidate vehicles were selected from the total listing in Tables A (Appendix
A). This list of candidate vehieles is comprised of representative and realistic designs
that are most likely to vequire propellant transfer in the next two decades.

Initially, likely candidates wore screened based on those thought to be applicable for
missions projected in this time peried.  On-orbit propellant transter will operate in
two general mission arcnas. One is the transportation of payloads from LEO to a
high encrgy orbit, c.g., LEO to GEO, and LEO to lunar orbit. The second is moving
svstems within an orbit.  The former requires high impulse eryogenie propellants
lifting heavy payloads. The latter operates near a base location for servicing and
maneuvering payloads.  These vehicles may require long orbit stay times between
refill and are better suited tor earth storable propellants.  Generally these vehicles
operate within a few hundred miles and in a range of orbit inclinations from the
propellant base,

™ this timeframe propeliant transfer technology will first be used for topping off
cryogenic vehicles which cannot be earvried tull to orbit due to STS payload limitations.
Toward the latter part of the 1990s both cryogenic and earth storable vehicles are
expected to be space based,

In the process of vehiele selection, those stages based on existing expendable vehicles
were eliminated quickly. These vehieles if used in the Shuttle/Orvbiter will be ilown
in one flight; therefore, not requirving propellant transter.  Also climinated were

receivers for RCS propellant. These generally requive small amounts of propellant;
a better solution might be total receiver tank changeout versus propellant transfor.

In the past two years, much effort has been concentirated defining the Solar Power
Satellite (SPS) and its transportation system. Vehicles have been defined in those
I studies which depend on propellant transfer cither at LEO or GO, The SPS vehicles
appear representative of those required for future space needs, From these-defined
vehicles, Table 2-2 details the vehicle selected based on propellant type and acquisition
device, and tank shape and size.

To enable a more thorough screening, cach of the three major categories were broken
down into three sub-categories (lavge, medium, and small tank), An attempt was made
to obtain a vrepresentative candidate for each major category and sub-category as shown
in Table 2-3. This comparative matrix was used to determine the final three vehicles
selected.

2.0 VEHICLE RECOMMENDED FOR ANALYSIS

The determination of which three vehicles should be seleeted from Table 2-3 was
primarily based on usage and configurations most likely to be produced in the 1980s
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Table 2-2. Initial Selection of Representative Vehicles

Culegory Representative Vehicle Justification

Propellunt Type /Acquisition Device

Storable with partial acquisition Low thrust liquid orbital vehicloe Maximum number of refills expected
device, {ltem 37, 39) (Two options shown)

Cryogenic with/without partial Common stage OTV (117K/117K), Required for SPS program, or most
acquisition device (Item 22) (With acq. device) manned GEO operations

POTV, (tem 34) (Same without
acq. devico

Pilot plant SPS (Itewm 44) Liquid— Requires least propellant delivery
gascous argon for orbit mafire to LEQ during aszembly

tenance + RCS (Periadically re-
filled) during assembly at LEO

Category Representative Vehicle
Tank Shape
o Cylindrical with curved or ellip- LH, tank for common stage OTV (Item 22)
soldal ends <
e Ellipsoidal LO, tank for common stage OTV (tom 22)
e Spheroidal 1/2 stage oxidizer & fuel tanks for OTV-475 ST (tem 36) or satellito control
section (Item 8)

e Toroidal On orbit assembly OTV LG tank (Item 29)
Tank Size -
e Large OTV - 4757 (520K /620K) Item 26) LH_ Cylindrical

LO_ Ellipsotdal
o Medium Common stage OTV (117K/117K) Item 22~ LH,_ Cylindrical

LO | Ellipsoidal

e Small 1/2 stage oxidizer (LO ) & fuel (LH,) tanks for OV 4767 (Item 26) or

Teleoperator votrieval system hydriizine tanks (N ,,H4 cylindrical)

and 1990s. With NASA/LeRC concurrence, threc vehicles shown in Figure 2-1 were
selected. Table 2-4 contains a summary tabulation of the vehicle characteristics.

2.5.1 CLASS A - EARTH STORABLE VEHICLE WITH PARTIAL ACQUISITION
DEVICE. A low thrust liquid (ITL) concept was seleeted as representative of this
class. The usage of this vehicle would primarily occur near one altitude location,
e.g., LEO, GEO, lunar orbit. However, during carly years operation it could be
considered for moving large space demonstration structures between LEO and GEO.
Its primary function would be to service, inspect, and retricve objeccts near its
operating altitude base. At LEO its prime function would be to enhance the Shuttle
capability by placing the Shuttle payload at altitudes and inclinations beyond the STS
capability. At other altitudes payload propellant servicing or module replacement
are uses which may enhance cost effectiveness. Orbital debris removal is another
application for the LTI, vehicle.

2.5.2 CLASS B - CRYOGENIC VEHICLE WITH PARTIAL ACQUISITION DEVICE. The
Personnel Grbital Transfer Vehicle (POTV) consists of two cryogenic 117,000 pound
propellant stages capable of delivering three or four men to geostationary orbit and

back to LEO without GEO refueling. The vehicle with GEO refueling is capable of
delivering a 75 man passive module plus two-man crew module plus 20,000 Kg (44,000 1b)

2-6
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of payload to GEO and returning both manned modules. This is 48,500 Kg (107,000 1b)

to GEO and returning 28,500 Kg (63,000 1b).

This vehicle is a very cffective system for the SPS era when large manned requirements
are required at GEO for repair and construction of these satellites. Further, this
vehicle is not limited to the era of heavy lift launch vehicles (HLLVs), the vehicles can
be carried in separate Shuttle flights and topped with propellants by an Orbiter/Tanker
or by a propellant depot. Early uses of the POTV would be required for GEO payload
servicing and repair. The function of man in space is to augment unmanned servicing
tasks, Man would be used to diagnose and repair space structures; do the out-of-the-

ordinary space functions.

2.5.3 CLASS C - CRYOGENIC VEHICLE WITHOUT ACQUISITION DEVICE. The Cargo
Orbital Transfer Vehicle (COTV) is capable of delivering 250, 000 Kg (550,000 1b) to
GEO and returning to LEO. This vehicle would operate in an cra of space basing.
Present concepts consider use of an electric OTV. However, these vehicles require
nearly a year to transfer payloads from LEO to GEO. Should mission duration require-
ments of electric OTV technology prove infeasible the COTV would be developed and

represent the largest vehicle category.

o s dhem Ko

T T PPN

I S ST 3

i w ke ap e T sl i it e Al . st i A R s e e

T S



POTV ORBITAL RESUPPLY

In this section a mission scenario will be developed for the POTV concept selected

in Section 2. A realistic mission will be defined which encompasses the key issues

of orbital-refueling operations. These operations will include all major activities

from post-mission ''storage' in the LEO parking orbit through resupply. Vehicle and
orbiter-tanker subsystem requirements needed for orbital refueling will be

identified. Operational procedures and techniques for orbital propellant transfer

will then be developed.

3.1 MISSION SCENARIO

In the early 1990's, with propellant depots not yet available, OTV orbital resupply
could be provided by dedicated Orbiter tankers. Figure 3-1 illustrates an orbital
refueling operation in which propellants are transferred from a tanker kit to an OTV
which is docked to the Orbiter. The tanker kit, (consisting of an LH, and an LO,
tank, transfer system, and pressurization system), is contained within the Orbiter
payload bay.

TECHNICAL CONSIDERATIONS

) HELIUM
e PROPELLANT TRANSFER EFFICIENCY 1— - MODULES TRANSFER
2D - LINE
s SUPPLY TANK WEIGHTS ovv—-y 7
4 SUPPLY TANK RESIDUALS |
a4 OTV FILL LOSSES
] -
a ORBITSTAY-TIME LOSSES N J - \ LHy/L0; 17T.>
s oewan S/
REW I ’% /
e OPERATIONS L p

& INSULATION

OTV CREW .
s PROPELLANT TRANSFER  PROVISiONS \«‘D
s PROPELLANT ACQUISITION e
N
oacKing DOCKING CAEWM
MoDULE ADAPTER Rer, oL

Figure 3-1. Orbiter tanker configuration
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3.1.1 SELECTED POTV MISSION. Our current study of orbital propellant
handling and storage systems (Contract NAS9-15640, Reference 3-1) has detined the
mission operations sequence for a manned five day sortie mission to GEO employing
a space-based, two-stage OTV. Figure 3-2 illustrates the major orbital operations
required, including rendezvous and docking, propellant transfer, niating of OTV
stages and crew module, orbit transfer to GEO, staging, operation at GEO, orbit
transfer to LEO, and crew-module retrieval. This mission has been selected as a
representative scenario for POTV refueling operations.

3.1.i.1 Timelines. Timelines were developed to determine the impact of various
operations. The timeline for the total five-day manned GEO sortie mission is
presented in Figure 3-3. This timeline is based on one Orbiter vehicle, two shifts
(no weekends) for Orbiter processing, and three shifts for launch processing at the
pad. The Orbiter will be committed for 47 days of which the major contributor

(73 percent) is ground turnaround time.

The operations timeline for Orbiter flights 1 and 2 is presented in Figure 3-4.
The total flight operations time is seen to take less than three days. The first
working day of operations is the launch, rendezvous, docking, and IVA inspection and

checkout of the POTV, (This also allows time for the crew to adjust to zero-g conditions
before EVA is attempted.) The second day is dedicated to performing POTV inspection

and maintenance tasks. A space-based POTV would be designed for conditioned
monitored maintenance whereby any subsystem degradation or failure would be
recognized beforehand and the appropriate module would be aboard the Orbiter for
replacement by EVA or RMS. A nominal allowance of 6 hours EVA activity plus 41/2
hours pre- and post-EVA operations is considered appropriate for nominal inspection
and maintenance tasks.

LEO 1
STAGE] @ —mm -m mmem e = R S R -
STAGE2 = ----mommmo o mpen—eay , -
. H | Gtk Stk <o - -J - - e .-
N N SN . i S 8 i
N 1 L]
H I !
o \-\\ . cd
. : \ [ \ /\/ H
' 1 /
. ﬂ V) ]. <
o . el L= - ——— - D,
AUSSION
CONTROL/MONITOR
——ng N v v J \ v ). v -
GROUND TANKER TANKER TANKER DELIVERS SORTIE ORBITER
OPERATIONS FiLLS FILLS TOPS OFF AND CREW RETRIEVES
STAGE 2 STAGE1 STAGE1&2 MODULE CREW

MODULE

Figure 3-2. Operations for 5-day manned GEO sortie mission.
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EVENT/DAYS

WEEKS

GROUND TURNARGUND - 136 HR
PREPARE FOR LAUNCH - 24 HR
MAINTENANCE, PROP. TRANSFER, STG 2
GROUND TURNAROUND — 136 HR %
PREPARE FOR LAUNCH — 24 HRK®
MAINTENANCE, PROP. TRANSFER, STG 1
GROUND TURNAROUND - 138 HR™¢
PREPARE FOR LAUNCH - 24 HR

5-DAY SORTIE
RETURN CREW & CREW MODULE

TOPOFF STG 1& STG 2, MATE CREW MODULE

*2 SKIFTS; NO WEEKEND OPERATION

*33 SHIFTS FOR PAD PROCESSING

Figure 3-3. Timeline for 5-day manned GEO sortie mission (one orbiter

tanker)

}e——— ORBITER COMMITTED FOR 47 DAYS — =]

ELAPSED CUMULATIVE
TIME TIME DAYS
EVENT (HR) (HR) 0 1

ORBITER LAUNCH 1 1 L
RENDEZVOUS PHASING * 0-24 1

RENDEZVOUS 5 8

CLOSING AND DOCKING 2 8

POTV CHECKOUT/INSPECTION -IVA 2 (EST) 10

CREW SUSTAINING ACTIVITY 14 24

POTV MAINTENANCE - EVA#X 10 (EST) 34

CREW SUSTAINING ACTIVITY 14 48

PROPELLANT TRANSFER . ° 3T K%

SEPARATION ' T 51

THERMAL CONDITIONING + <12-15 63

ENTRY PHASING
REENTRY 0.5 84

*ASSUMED ORBIT PHASED WITH LAUNCH SITE (31°*
ALTITUDE), OTHERWISE FENDEZVOUS PHASING

*¥NOMINAL ALLOWANCE FOR ROUTINE INSPECTION OF OTV WITH MMU AND
REPLACEMENT OF MODULES REQUIRING MAINTENANCE (CONDITION

MONITORED MAINTENANCE).

Figure 3-4. Tanker flight 1 and 2 operations timeline

3-3
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It was estimated in Reference 3-1 that only three hours will be required for propellant
transfer operations. Although this duration may not be correct, it is significant that
propcllant transfer may represent only 5 percent of the total flight operations
timeline. It appears from Figure 3-4 that doubling this time will have virtually no
impact upon the total flight operations. Thus, the capability for rapid propellant
transfer became a minor element in this study.

3.1.2 ORBITER TANKER CONFIGURATION. The orbiter tanker selected for this
scenario is the configuration defined in Reference 3-1.

The selected dewar pictured in Figure 3-5 features two separate propellant tanks
equipped with hemispherical bulkheads. The IO, tank has a reversed bulkhead, so that
the two tanks can be nested to reduce the overall length. The LH, tank is located
forward and the LO2 tank is positioned aft in the Orbiter payload bay. A single
vacuum shell equipped with three girth rings and five intermediate stiffener rings
encases the two tanks. The forward and aft girth rings serve as structural ties to the
Shuttle, and all three girth rings provide support for the tanks. The primary structure
for the vacuum shell will be aluminum alloy isogrid, semimonocoque, or a combination
of both. Both tanks are suspended from the vacuum-shell girth rings, using low-
conductive struts arranged in 'V patterns and oriented such that the load paths are
directed tangentially into the aft bulkheads. For the LH2 tank, these support struts
are augmented with low conductive drag links located at the forward bulkhead.
Multilayer insulation (MLI) blankets are applied over all surfaces of cach tank.

FEATURES:
e C'ATH RINGS SERVE AS STRUCTURAL e ACQUISITION SYSTEM DAY QUT PRE-
TIE BETWEEN TANK AND SHUTTLE, VENTED DUE TO LOW HEAT LEAK.
o VACUUM JACKETED. ® LENGTH = 10.4 m (410 INCHES)
® LOWCONDUCTIVE TANK SUPPORT e DEVELOPMENT COST ESTIMATE = $73M

STRUTS PROVIDE THERMAL ISOLATION
& PERMIT DIMENSIONAL CHANGES

e 10-PLY MLI -1.8 kg/HR (3 LB/HR) BOILOFF

® UNIT COST ESTIMATE = $14M

OV INTERFACE DISCONNECT

TRANSFER AND GROUND F. D. & DUMP DUCT ;mauo
VENT DUCT, GIRTH RING (3 PLACES) SWIVELS
......... : i FIK "SR\ GROUND VENT

SERVICE LINES
INTERFACES

STRUCTURAL SUPPOR1
INTERFACE TRUNNION

ANK
INSULATION

ACQUISITION SYSTEM TANK SUPPORY STRUTS

Figure 3-5. Features of an Orbiter tanker kit
3-4
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3.1.3 poTV CONFIGURATION . The basic POTV confj
five day sortie-mjggi is gi

- A list of subsysten: g
Pressurization System,
vent system, Subsy stem g

ation system and vent

qQuirements will include insul

CREW MOoUL £
4 MEN, 7 pays

VEHICLE CHARACTERISTICS
f PARAMETER ] STAGE 1 ! STAGE 2
| PHYSICAL ’

-
‘ |
Length m (g, 16.0 (52, 5) | 163 (53.5)
4.5 (14.6) } 4.5 (14. )
3,992 (13, 210)(dry,

6,999 (15,210 (gpy,
39,662 (131, 530) (wet) 63,227 (139, 29

I Diameter m (ft)
/' Weight kg (Ib)

!

0 {wet)
MAIN pPROP ULSION

|
l
|
|

Thrust kN (Ib) 356 (80,000) 178 (40, 000)

No, & Type Engines (4) RL~10 CATIV R (2) RL~-10 CATIVE
f ISp (sec) 160 460

Mass Flow-LH2 kg/sec (Ib/sec) 11.2 (24,7 5.6 (12, 35)

Mass Flow-wz kg/sec (1b~sec) 67.6 (149.0) 33.8 (74.5)

Total Impulse kg-gec (Ib-sec) 24x10% (53x1 06

24x106 (53x106)
TANKAGE

' L, Capactty kg (Ib)
;‘ I.O2 Capacity kg (Ib)
|

7,484 (16, 500)

© 7484 (16,500
44,906 (99, 000) 44,906 (99, 000,
Material 2219 A} 2219 A)
%I‘L‘u“‘&_‘__--.
Figure 3-¢
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3.1.3.1 Subsystems Influenced by Mission Requirements.

Pressurization System - The selected pressurization system will require helium for
propellant tank pre-~pressurizalion for cach main engine start. ressurization
requirements during main engine firing will be autogenous for the liquid hydrogen tank

and helium for the liquid oxygen tank, Main engine-start helium usages will not be
excessive because engine-start NPSP requirement will be approximately 3.45 kN/m

(0.5 psid) (LH, tank) and 6.9 kN/m? (1.0 psid) (LOg tank). Total mission helium

usages will be relatxvely small for the LOgy tank because helium will be bubbled through
the liquid bulk. The tank pressure increase will be primarily due to propellant evaporation
into the helium bubbles. Autogeneous pressurizzation was selected for the hydrogen tank
because a) it is a simple und proven approach, and b) the alternative helium pressurization
approach will be considerably heavier. This type of pressurization system was analyzed
in contract NAS3-20092, Reference 3-2.

Helium within a propellant tank can complicate an orbital tanking procedure because of
the need to expel most of the inert gas before propellant transfer can be initiated.
Unfortunately, in the ncar-term, there is no viable alternative to helium pressurization
for main engine start since main engine NPSP requirements must be satisfied. An
advanced engine with ""boot-strap' capability, i.c., with no NSPS requirements, may be
developed in the future. A major benefit from this development will be a simplified
refueling procedure. Until then, refueling operations must be capable of dealing with
helium inside the propellant tanks.

Propellant Acquisition System - Analyses were performed in Contract NAS3-20092

to assess the benefits of a partial propellant acquisition system for OTV. The
acquisition system combined with a thermal subcooler was analyzed to determine if
these subsystems could replace helium pressurization and RCS subsystems. Although

a final assessment has not been reported, it is likely that an acquisition system is not
performance cffective for a number of OTV missions. At this time, it is judged that a
partial screen acquisition device will not be included as part of an OTV configuration.
However, an exception to subsystem selection is made in this case and with the
pressurizatior ystem, as explained below.

To provide a more thorough discussion amd analysis of POTV orbital refucling operations,
it was decided to include the helium pressurization and screen acquisition (start basket)
subsystems. In this way the influence of cach upon refueling techniques or procedures
could be assessed.

Insulation System - A multilayer insulation (MLI) system was sclected as being
representative of thermal protection systems which may be employed for OTV. A single
blanket consisting of twenty MLI layers was selected on the basis of a previous analysis
conducted for Contract NAS3-20092, Radiative properties of the organically-coated
aluminized Kapton Superfloc MLI will result in a maximum cquilibrium temperature

of 289K (~520R) (Figure 3-7) for the estimated o/¢ of 0.3. This maxdmum temperature
is based upon the worst case assumption of a tank surface continuously exposed to the

3-6
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sun. The lower temperature curve is for the assumed condition of a vehicle rotating
at a rate sufficient to maintain uniform skin temperatures throughout.

The time required for the propellant tanks to attain equilibrium temperatures will be
dependent upon the propellant mass remaining at POTV final MECO. These

residuals must first boiloff and be vented overboard before the propellant tank
temperatures can increase. Figure 3-8 gives the time required for residual liquids
te boiloff as a function of initial liquid residual. Studies have not yet been conducted
from which an acceptable liquid residual range can be determined. On the basis of
Centaur vehicle flight experience, however, a residual of about 200 kg (441 lb) per
tank appears reasonable. These quantitics will boiloff in about 6 to 8 days. Beyond
this time, the propcllant tanks and remaining vapor will begin to increase in
temperature as shown in Figures 3-9 and 3-10. The rate of temperaturc increase will
depend upon the external shicld temperature, which can be as high as 289K (520R), as
indicated by Figure 3-7. Propellant tank transient time to steady state is given for
three external tempcratures to show how this transient will be iufluenced by vehicle
roll-rate and o/ ¢. It is scen that liquid-oxygen tank equilibrium can be attained in a
minimum of 8 to 12 days, and hydrogen tank equilibrium can occur in a minimum

of 16 to 22 days.

Vent 3ystem - A thermodynamic vent-system will be required to provide vent
capability for the proposed OTV mission profiles. This type of vent system can
maintain vehicle tank pressure control in a zero-g environment regardless of fluid

| quality at the heat exchanger inlet. Vent system sizing will be keyed to the MLI

' thermal protection capability. Additional vent capability may be required to satisfy
i refueling procedures. Further discussion will be postponed until after space-basing
requirements have been evaluated.

3.1.3.2 Subsystems Influenced by Space-Basing Requirements - Space-basing
conditions are defined as those conditions affccting the OTV from pest-mission

) storage of cach stage until after resupply. The period where OTV and orbiter are
ducked is exempted, since it is part of the tanking duration. Any subsystem capability
needed to maintain the OTV in a ngafed" condition for subsequent refueling operations
is considered to be a space-basing vehicle requirement. The insulation and vent
systems selection will be influenced by space-basing considerations.

Insulation System -In addition to the mission requirements previously identified, the
jnsulation system must provide thermal protection for propellants where multiple
orbiter flights are needed to support a single OTV mission. For this scenario, it is
likely that the OTV stages will reside in orbit for several weeks before tanking is
complete. Too little insulation will result in excessive propeliant boiloff prior to a
mission. Ideally, a trade analysis should be ¢anducted to balance mission versus
space-based requirements. This study assumed twenty Mla layers was acceptable
for both requirements.

3-7
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NOTES:
1. o/€ = shield absorbitivity to emissivity ratio
= 0.3 (expected value)
2. Curve 1 assumes vehicle roll rate that maintains uniform shield te

mpe rature )
3. Curve 2 assumes that shield is continuously exposed to solar radiation
(600) e R :
3 300+
" |
% (500) i
j
E 250 4 é
1
,5. (400) :
[
§ 200
o
= ) ' ' . } ' :
(300) .1 .2 .3 N

External Shield o/ ¢

Figure 2-7. Influence of MLI external shield radiative properties and
orientation upon propellant tank equilibrium temperature

NOTES:

1. Liquid and vapor initially saturated @ 103 kN/m2 (15 psia)

2. 20 layers M LI

3. Propellant tank heating rates are: LHy tank 0.18 kW (607 Btu/hr)
LOg2 tank 0.07 kW (232 Btu/hr)

4. Time includes =~ 0.4 days for tank pressure to increase to 138 kN/m2 (20)
vent pressure
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200 100
(500) (Loeub)
LIQUID RESIDUALL, kg (Ib)

Figure 3-8. Tine for 1’'OTV 14qgid Residuals to Boiloff in LEO
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NOTES:

1. 20 layer M1I

2, Propellant tank initially filled with vapor at: P =
T

it

3. Constant tank pressure maintained in crbit
4. Tank skin and ullage reside at same temperature
9. Expected external shield temperature = 278K (520R)

AR S A A A L A
e T el LA LA SR
S R RN AR e TR A e e ey - Al el

2
138 kN/m"~ (20 psia)
111K (200 R)

TIME, DAYS

equilibrium in LEO

Figure 3-9. Transient time for POTV LO2 tank to attain temperature
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NOTE®:

1. 20 layers M LI

, 2
2. Propellant tank initially filled with vapor at: P = 138 KN/m" (20 psia)
T = 26.7K (48 R)

3. Constant tank pressure maintained
4. Tank skin and ullage veside at same temperature

5. Expected external shield temperature = 289K (520R)

EXTERNAL SHIELD

TEMP, K (°R)
300 7 ‘ oy e
‘ vt et 289 (520)
(500) . , . e e I
236 (460)
. , e .
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TIME, DAYS

Figure 3-10. 'Transient time for POTV LH, tank to attain temperature
) cquilibrium in LEO -




be an advantage in performing propellant tank blowdown

initiating orbital refill. This operation could be performed
with the thermodynamic vent system except that its limited

in an extremely long blowdown mode.

period is likely to be at least an order . than the masg vented during
the mission, Furthermore, the

several days, It appears,
capable of vent rates at le
dynamic vent system. A n
configuration jf required,

3.2 ORBITAL PROPELLANT RESUPPLY TECHNIQUES

Refueling operations of space~
depot, will Present obstacleg
obstacles are:

based OTVs, whether from an Orbiter tanker or space

experienced by operational vehicles. The

will be sufficiently high ( >400%/kg) that two-
combination of zero-g and vacuum environme
during operations, In addition, the variations
lovr earth orbit will further complicate refue

space for refueling
phase venting is undesirable, The

nts will greatly limit freedo
of heating and 1j
ling operations,

m of movement
ghting environments in

2 the most severe
constraint because the i : i ailable for space-based
performed by the flight

plus the space environment lead to the

minimum get of on~-orhit refueling criterig given in Table 3-1.

3.2.1 ON-ORBIT RESUPP
easily accomplished because vapor is readily ¢
cooling a vehicle on the ground prior to cryoge:
low-g propellant fill cannot be satisf
techniques. Thig is because lquid-
the filling operation, Consequently,
become a process requiring consider

LY CONCEPTS, Filling a vehicle on the ground can be

xpelled as liquid is introduced. Even

e fill is a routine operation, However,
actorily accomplished with standard one-g

vapor distribution will not be well defined during

a routinre ground operation such ag venting can
able care in orbit,
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Table 3-1. A minimum set of on-orbit refucling criteria is
required for acceptable operation

Flexibility - This is an important ingredient required of refueling procedures
because initial conditions may vary from one refueling operation
to another. For example, the initial OTV temperature will be a
function of time in orbit between refueling operations and liquid
residuals at the end of the previous mission. It is conceivable
that propellants inay reside within the tanks as one extreme
condition; the other extreme wauld be that of vapor-only inside
warm propellant tanks. Tank temperature could have a profound
influence on the transfer process.

Simplicity - Limited resources demanc that a simple and straightforward
procedure be devised. Tue few personnel available must be capable
of connecting and disconnecting transfer lines and monitoring
systems to avoid supply tank propellant deplction, receiver tank
overfill, or overpressure. We must be able to rely on a limited
number of measurements to describe propellant transfer conditions
adequately.

Safety - Operations must be selected to eliminate any concern for tank
over-oressure, and mixing of hydrogen and oxygen in a confined
arca must be avoided.

Precision - Some degree of precision will be required in this operation to
support vehicle missions. Propellant tank pressure, temperatures
and tank masscs must be known with reasonable accuracy.
However, propellant temperatures and pressurcs can be heavily
influenced by the initial OTV thermal condition.

Efficlency - An cfficient propellant-management sy stem is necessary because
of the high transporation costs of propellant delivery to orbit.
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Propellant fill is further complicated by one of two conditions that may exist: (1) in empty
storage tank residing at a substantially higher initial temperature than the cryogen

prior to initial fill or (2) a partially full tank requiring thci helium pressurant

be vented before refill can be initiated. Two questions arise. First, how do we fill

the storage tank without expending excessive propellants in the process and without
exceeding structural allowable storage tank pressure ? Second, how can we vent helium
without losing liquid overboard in the process? A resupply concept must satisfactorily
handle these conditions in addition to satisfying the requirements and constraints
previously identified.

A comprehensive screening of potential resupply concepts was conducted on a previous
study, Filling of Orbital Fluid Management Systems, NASA CR159404, Reference 3-3,
to identify methods of refilling small-scale propellant-management systems in space.

Systems considered include those using pressurant to condense vapor, valving
arrangements, pumping, capillary pumping, use of thermodynamic venting, vacuum
refilling, inflow baffling, high pressure manifolding, shaping of channels, and
propellant depot refilling stations. These concepts were developed into the most
reasonable, or most likely, candidates for orbital refilling. The descriptions and
comparisons made in that study are applicable to a wide range of receiver applications,
including OTVs. Table 3-2 is an example of the data developed showing candidates,
their operation, advantages and disadvantages, and other comments.

Table 3-2, Typical example of a resupply concept screening procedure

CANDIDATE CONCEPTS ] METIOD OF OPCRATHN ADVANTAGES DISADVANTAGLES
1. Standard ane-g filling Filt using normal ground Milltng No adit'tional hurdware. Liquid vapor intetface unknown
inlet. during Blling  Vupur tinpped tn

PRCMARLT AT

oA TEn device
N
i {\ )
v \\ L /»}f

L v onim o o

2 Hellum pressurant/tigutd spray

h B

tulvs. - et

- , 1 _ e
Yy T L ey
. \\ e
f CEYL ameneiy
h, oy
W N
\ A S
\\\\\\ . o liai,}
T T e
Itellum pressurant Tow

pressure rise inlat.

W Ph¢ ULRAn T
L ®rraea
S

e
el
Y
‘\,,;\ e

iy wmrweo
Lt

FIIt tank with liguid using spray
notale W achlevo thearmodynamio
mpitithinim daring ehitldown umd
Ul Uso hetium to comiense any
vapor trappuid (e the coplitary
device during Nlliag,  Heltum
couhl be added fust before
transfer tu avold any pas<ibiiity
o forming vapue in tha capli-
Yary Shvier aller preartynitoa.

Foltank with diffuser 10 avitsve iow
pr ssure rise during chilidown,
Uae hellum 1o conduenan any vapu=
trapped In the scteen evice,

Fatrly simple hardware. Does aot
dopand upom positton of the low-g
interface and tharsioce can be tested
10 rorrmal Kruvity with assutance
that 1t will cperate (0 low gravity,
Therinal equiltbiclum vesulis In low
pressuro rise during fill. No
capillery duvice hacdware modifleas
ton reaquired,  Coutd be v tyolitted
axleiing sysioms.

Fuirly wimplo haniwere. | ow
premsure tisa andthosfore bost
chanc e stuot senting Sartag ¢ M liown
Nos cuplllary dedico hnatwarw mode
required,  Could ba "relisfistal” o
existing wyatome,

High prassure rise wil! occur during
chilldown which may requirs veniing
to occur. Use of hollum maken
fNling & parttaily full tank more
complicated bucause the hetlam

will probubly hase (o bo vented wil
1o keop final presvured within imite
Muwdown und purge required to
replace Gite with Gl oo DL of
& Gk contilntng soly vapot,

Noneuilihrium comtilons dhn ing
LI, iharotore Mgh piesasoe vise,
Poxr Uebity of vaper feomation atter
Ao lum sddition t0 wiining and
thercfoty prossure ducay ocecurs,
Same disndvantages we Concegd 2
with avspect to GHe semoval

BT I NP T oy N PE o T T



T T AR P S S SR

Each of the candidate concepts from the study was compared on the basis of the ten
criteria shown in the comparison chart (Table 3-3). The evaluation was performed
using hydrogen as the baseline fluid; however, the results are generally applicable
to other cryogenic fluids with both condensible and noncondensible pressurant. A
more detailed discussion of the concept evaluation can be found in Reference 3-3.

The selected concept (#2) for refilling small scale systems includes filling the tank
through a spray nozzle to maintain pressure control, and employing helium pressurant
to re-condense vapor trapped within a screen acquisition device. This was one of two
concepts evaluated for POTV. The second concept assumed that propellant was
introduced through a large diffuser in an effort to achieve extremely low entering
velocities. An assessment of the first concept is given in Section 3.3.2. The second
concept, which was "ound to be inadequate, is discussed in Section 3.4.

Table 3-3. Propellant tank refill with liquid spray was previously identified

32
Kay: oy 2
hitgh 10 3 5 z ' §, ‘: r
itighest - c = ™ Q ‘ : -
= ] £ -, - 2 - -]
Lowest- 9 =| g 2 (=4 g Lal 05 122 S z " 3
gl 3 3 |53 = 23 i s 2 € - 4 n 3
S| = 2 23 3 » G 2 la = S g 28 %0 =
B8 3 s Ll < 5 A = a 3 g » q 8 3
x| = o : 2 = 2 g a 8= a = 2> = A
= a 223 3 s Q < 3y Y a . = 3
5 v z = 35 df 2 q R 2 a ] fae 2
= S g Je| S8 §. 108 T - ] =
P-1 Kl Q3 e 8. o '.. n - " 3 . <] 2
E'S 1 jes3 231320 % '52% & 3 |28 9 i3
2! g a3z 2%l 22 23, C [E3§ 35| 8 (3R] 0§ |¢
2 g gEgF*‘_ 2o ."i"é = e= 3 38 - =] :3!
3 abl gL 8T 2a 2 |58 & Al w S ] 33
23 |caje3E 8§51 el 3 537 =% 2':2 s | &
2123 xd 52385123 F 1538 g3 5 83| % |4z
§1 T L{oRi3=% 35351 &7 2 232 8§ & 13 g _5]
| g A RASOS G N> [ F Q- &3 = - ] e >
x Criterla 91 2 3 4 9 6 8 | 7 12 | 10 1 1 5 !
i
Tecknical Probability
of Successful
Opecration 1¢ 10 10 7 K 10 7 8 7 7 1] 0
Adaptability to
Existing Configura- |
' tions 10 10 10 10 2 10 ? 4 4 2
Operaticaal
Stmplictty 8 8 [ ] 10 1 8 8 9 8
Versatility 10 10 10 10 10 10 1 7 L} 4
Gravity [nsensitivity 9 7 7 [} 10 7 3 ] 4 1
Ground Tes’ability 10 7 7T 8 10 7 3 [ 4 1
State of Davelopment 9 8 17 5 8 3 H (] 5 6
Cost Effectiveneca/
Recurring 10 9 9 ] s 9 [] s 1 8
W eight/Hardware 9 8 ki 9 2 1 7 4 H ) i
Weight/Vented Fluid 10 9 10 19 4 10 7 3 3 4
Relfability/Safety 10 10 9 9 10 7 ] s 10 10 i
]
Total 108 96 92 86 76 78 71 84 83 $2 N/A N/A

3-14




(it it sl s
AR L T T TR R e T A ;
ol S A PR N
AR W ¢ : \

oI AT
s e
S L o

3.3 SELECTED ORBITAL RESUPPLY METHOD

insulation (ML) radiation properties (Figure 3-7). Vehicle equilibrium, conditions
are also expected to occur during the approximate six- to eight-week period between
the end of one mission and the beginning of refueling Operations for anoth

Pressure, and 2) how to assure that the start basket (if one is bresent) will be free
of vapor at eng of propellant tank refill, The approach selected for the POTYV appears
to resolve these issues. The following steps serve ag the primary elements of an

acceptable propellant transfer Procedure: initia] vent, prechill, fjl], Each element
will be analyzed in detail,

A recommended refueling Procedure will be developed for 5 POTV having each of the
following pPressurization System-start basket combinationg:

2, no helium Pressurization - no start bagket
b)  no helium Pressurization - start basket
¢) helium Pressurization -~ po start basket

d) helium Pressurization - start basket

3.3.1 INITIAL VENT, Propellant tank venting jgs required whenever jt will simplify
the prechill and tank-fil] operations. There are two occasions when venting is either

desirable or mandatory; when helium is to pe expelled prior to the refueling Operation,
and to reduce peak pressures that oceur during prechill,

3.3.1.1 Propellant Tank Helium Dilution, Refueling of the empty or near-empty
vehicle propellant tanks will be performed prior to a scheduled mj ssion, It ig expected
that the propellant tanks wil] be refueled to the 95-97 percent level, Because helium
is hon-condensible, that Quantity in the tank at the start of fij] will also bhe Present

at the end of tanking, Consequently, the large ullage volume reduction experienced
during refill can substantially Increase heljum partial pressyre.

This fact ig illustrated by Figure 3-11 which shows that as little as 0.5 kg (é. 1 1b) helium
in the LOy tank can pProvide a helium partial pressure in excess of 69 kN/m (10 psia).

A partial Pressure of thig magnitude ig considered to be unacceptably high, It s

estimated that » helium Pressure no greater than 20,7 kN/m2 (3 psia) would be acceptable,
This assessment is based upon the need to know liquid-vapor-pressure conditions at the
end of propellant tanking, Since only tank pressure can be measured, a» uncertainty

in the residual helium Quantity dircctly affects our knowledge of propellant vapor
Pressure.
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Figure 3-11. Liquid oxygen tank helium partial pressure following
refueling operation.

Another important reason for expelling helium from the propellant tanks is the need to
maintain relatively low tank pressures during the refueling operation., As a guide,
propellant vapor pressures could be maintained between 103 KN/m? ( 15 psia) and

138 kN/m2 (20 psia), with a maximum allowable tank pressure of about 172 kN/m?2
(25 psia). Should pressure variations of about 13.8 kN/m2 (2 psi) be selected as a
contingency during fill, then helium partial pressure should not exceed 20.7 kN/m2

(3 psia). This partial pressure will convert to 2 m aximum allowable helium mass of
0.13 kg (0.28 1b) at initiation of oxygen tank fill (Figure 3-11). Considerably more
helium will be acceptable in the liquid hydrogen tank; in excess of 1. 36 kg (3 1b)
according to Figure 3-12.

Helium residuals at MECO were estimated from work performed on Contract NAS3-20092,
which are given in Table 3-4. It is clear that the hydrogen tank does not have to be
vented to satisfy the previously expressed propellant tank pressure criteria, whereas
considerable oxygen tank venting is required. Two tank blowdowns are needed (Figure
3-13) to reduce the residual helium quantity to an acceptable level. Several hours may

be required between vent periods to allow an oxygen tank pressure increase to the level
indicated in Figure 3-13.
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Figure 3-12, Liquid hydrogen tank heljum partial pressure
following refueling operation

Table 3-4, Helium expended for pressurization of dual stage

POTV
Total Helium To Total Helium To
L02 Tank, kg (Ib) LH2 Tank, kg (lb)
1st Stage .75 (3.86) 0.89  (1.97)

2nd Stage 1.66 (3.65) 1.44 (3.18)
|

Note: Helium quantitics extracted from Tables 5 and 6,
Reference 5.

3.3.1.2 Peak Pressure Reduction. Receiver tank prechill which follows the initiaj
vent period must be conducted with care in order to avoid an exeessive tank pressure
buildup. Tank pressure during prechill will be influenced by several factors, including
initial pressure at prechill initiation. Thus peak pressurcs can be controlled, in part,
by first venting the tank before initiating prechill. The advantages of this vent process
will be quantified in the next scection.

3.3.2 RECEIVER TANK PRECHILL. Prechill is required whenever “idtial tank
temperature is such that the stored energy will result in excessive pressure during

the tank fill mode. Prechill is accomplished by introducing liquid into the propellant
tank at a velocity that provides good heat exchange between the high temperature wallg
and the cooling fluid. Thig procedure has the advantage of requiring little mass to effect
tank cooling. 3-17




NOTES:

1.

3.

2
PRESSURE, kN/m” (PSIA)

Initial Blowdown Conditions

P = 103 kN/m2 (15 psia)

T = 111K (200 R)

Helium Mass = 2.75 kg (3. 86 1b)
Vent Area = 12.9 em2 (2 in2)

Helium Mass, kg (lb):

at end 1st blowdown = ,244 (. 56)
at end 2nd blowdown . 089 (. 204)

It was assumed that ullage temperature increased to 222
between blowdowns.

exchange betweer .k wall and ullage.

K (400R)

This could require several hours of heat
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Figure 3-13. Oxygen tank blowdown for helium expulsion
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The primary requirement for system prechill is to reduce tank temperatures
sufficiently that the fill process will be accomplished with a locked up tank. Venting
is unacceptable during the fill mode because oi the possiblity that an unknown quantity
of liquid will be lost overboard, since propellant control cannot be maintained during
this process. Venting is acceptable during prechill, however, because the elevated
tank temperatures will quickly evaporate all liquid propellant during this phase.

The key factor in determining prechill requirements is the theoretical maximum
pressure that can occur during tank fill as a function of initial tank temperature.
Maximum tank pressure, for a given mass addition, occurs when the tank vapor and
tank wall reside at the same temperature. The analytical development for theoretical
maximum pressure is given below.

The First Law expression for introducing liquid into a container is

B, + E = h dm (3-1)

d€E = (um -(um = change in ullage ener
g = (m), - @m ), g age energy

If one assumes that the tank is initially evacuated

m =0anddE =u m (3-2)
g1 g g2 B2
} Also tor an initially evacuated container, mg = dmL (3-3)
2
dEw = (uwmw)2 - (uwmw)l = change in tank wall energy
Since tank mass is constant, dE =@ -u_ )m (3-4)
w Wy W] W
) Combining Equations 3-1 through 3-4
u m +( u m =h m 3-5
8282(“’2 WI)W L g2 (3-9)
u -h)m =@u -u m 3-6
(gz L) g2(Wl w2)w (3-6)
Finally
m = -u )m /(u -h 3-7)
go ( wy “’2) W ( g2 L) (



where

u and u are evaluated at T2

Wz g2
dEg = change in tank wall internal energy
h = enthalpy of liquid entering tank

dm_ = differential liquid mass addition to tank

ug = internal energy of vapor in tank
mg = mass of vapor in tank

uw = internal energy of tank wall

m = tank wall mass

T = temperature

subscript

1 = conditions at beginning of interval

Do
Il

conditions at end of interval

From the equation of state, gas pressure is

where

p . [Mm ZRT
8o Vt g
Z = compressibility factor
R = gas constant
Vt = tank volume
P = gas pressure

SR e SR o B2 i A wmm
'

(3-8)
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The theoretical maximum tank pressures during prechill, as described by equations
3~7 and 3-8 are plotted in Figure 3-14 as a function of initial tank temperature for the
POTV. Of particular significance is the conclusion that LO, tank overpressure will not
occur at any time during tank chill. LOs MLI radiative properties should maintain

tank equilibrium temperaturcs below 289 K (520°R). This condition will result in a
maximum tank pressure of 138 kN/m* (20 psia) which is well below the maximum
allowable of about 345 kN/m?2 (%, - nsia). For the hydrogen tank, however, the maximum
allowable pressure of about 193 kN/m? {28 psia) dictates that the propellant tank be
prechilled to a temperature less than 236 K (425°R). It is believed that a maximum
pressure less than 138 kN/m?2 (20 psia) is acceptable for this phase of the operation.
Therefore, the LHy tank will be prechilled to a temperature of about 200 K (360°R),

The following charge and vent procedure was selected for LH,, tank prechill:

a. Meter LH2 into the tank at a high velocity to provide good heat cxchange
with the walls,

2
b. Allow time for a tank pressure increase to 69 kN/m" (10 psia) (vapor
temperature cquals tank temperature at this time)

c. Vent the tank to ncar zero pressure and repeat steps a and b as required
to reduce tank temperature below 200K {360 °R)

There are several questions that can be asked about the selected prechill procedure.
These are:

1. How can we be certain that tank over-pressure will not occur during prechill?
2. How can we analytically model a complicated process that includes liquid
boiling at hot tank walls as a result of jet or spray impingement?

3. How can we be certain that liquid will not be present when tank venting is
initiated?

4. How will we know when the propellant tank has been prechilled below
200K (360R)

Acceptable procedures or processes are deseribed in the following discussion which
satisfactorily answers these questions.

3.3.2.1 Tank Over-Pressure, First, tank over-pressure will be prevented by
controlling propellant flow into the tank. .Accu racy does not appear to be a eritical
item as Figure 3-15indicates. For example, the initial LHo charge will require

abou. 9.1 kg (20 lbm); this will create a peak pressure of about 69 kN/m2 (10 psia),

If 18.2 kg (40 1bm) of LH, is inadvertently introduced, peak tank pressure will be aubout

124 kN/m?2 (18 psia), which is well below the tank allowable of about 172 kN/m” (25 psia).

The data of Figurc 3-15 was obtained by solving cquations 3-7 and 3-5.

3-21
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300 NOTES
1. Initial pressure = 0 kN/m?2
(40) 12, Aluminum tanks:
LHjp tank mass = 447 kg (986 lb)
LOg tank mass = 260 kg (573 1b);
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Figure 3-14, POTV LH, tank pressures could exceed tank allowables during
prechill
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Figure 3-15, Precision metering of LHq is not needed to avoid
over-pressure duriag prechill
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3.3.2.2 Modelling. An important consideration in selecting a refueling technique is
whether it can be subjected to model-scaling. A concern is the early prechill period
that will be characterized by a complex thermodynamic and fluid mechanic process

due to liguid impingement on the hot tank walls. The resulting forced-convection-
nucleate and film-boiling-phenomena are extremely difficult to analytically model or
scale. Fortunately, the complicated wall~boiiing process can be resolved by sidestepping
the issue. The wall-hoiling-phenomenon need not be a critical part of prechill because
peak pressures will not occur during this period. This is illustrated by Figure 3-16,
which indicates that peak pressures should occur long after the LH2 has evaporated

and the vapor temperature increased to wall temperature. Peak pressures will occur
cnly at maximum gas temperatures. This knowledge, plus the fact that tank temperature
will be at about 200K (360 R) at prechill temperature, should greatly diminish the
possibility that liquid will be present al vent initiation. Another factor to consider is
that the heat exchange process during the limited boiling period represents only about
ten percent of the total energy removed during prechill. This is additional support for
the belief that the initial transient boiling period is not as important to the understanding
of prechill as are the latter stages of this process.

3.3.2.3 Liquid Venting, Liquid veating will not occur during prechill-vent period
because only vapor will be in the tank at vent initiation. This point is illustrated with
a review of the selected prechill procedure (and referring to Figure 3-16):

1. About 9.1 kg (20 1b) ILHy will be metered into the tank at a high velocity.

2. The peak pressure resulting from this mass addition will be about
69 kN/m?2 (10 psia).

WAIT PERIOD FOR TANK
WALL ULLAGE AEAT EXCHANGE ' VENT

LIQUID

INFF W

PEAK PRESSURE

TANK PRESSURE

BOILING

PRECHILL TIME ———b

Figure 3-16. A prechill procedure can be identified to eliminate excessive
tank pressures due to wall hoiling
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3. Venting wili be initiated as tank pressure peaks out (i.e., pressure rise-
rate approaches zero). 'This should coincide with ullage and tank wall
temperatures approaching the same value,

4. I liquid had been present in the tank prior to vent initiation, it is likely
that
a. beiling would then ocecur due to the average wall temperature
being greater than 200 K (360 R), and

b. tank pressure would not be leveling off due to boiloff.

5. It is highly unlikely that liquid hydrogen can reside in the tank for more
than a short time interval, if the average tank temperature is 178K (320 R)
greater than liquid temperature.

3.3.2.4 Terminating Prechill. One solutio to the problem of determining propellant
tank temperature at Prechill termination is to monitor a large number of temperatures
during this process, Many measurements will be needed because the tanks will not be
Prechilled at a uniform rate. It is likely that the various measurements could be
integrated, with the aid of a computer, to arrive al an average propellant tank tempera-
ture. This approach may be unacceptable if telemetry requirements become excessive,
or if the transient conditions vield an inaccurate average vehicle temperature.

A potentially useful method is to use the accumulated tank pressure increase during
the charge and vent process for determining how much energy has been removed from
the propellant tani,

The tank wall energy transferred to the propellant during prechill is approximately
proportional to the tank pressure increase, Rearranging equation 3-7 provides the
following relationship:

(uwl - uwz) mw = mg_z (ug‘2 - hL) (3-9)
and
= p. -10
ey = Py, Vo (3-10)
pg = propellant tank vapor density
2

NOTE: This derivation assumes that the tank ig initially evacuated.
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Equation (3-9) shows that tank-wall energy-removal is a function of final vapor mass

and vapor internal cnergy. However, both mass and internal energy are a function of
final temperature and pressurce. Conscquently, tank energy removal can be related to
these variables. This relationship is shown by Figure 3-17. There are two significant
points to be made trom this figure. Iirst, cnergy removal is approximately independent
of vapor temperaturce. Sceond, the energy removal is direetly proportional to final tank
pressure. It is concluded that the energy extracted during prechill can be approximated
from the tank pressure inerease expe rienced during the process, cven if gas tomperature
is not known. The gas temperature uncertainty will result in an wneertainty in propellant

vapor generated during prechill.

More propellant will be evaporated than the theoretical minimum required for tank
prechill.  This is true because gas temperature will be less than tank temperature

when venting occurs. Fortunately, the additional vapor that may be vented does nol appear
to be excessive, as indicated by Figure 3-18. This {igure indicates that even it the
tank-to-gas temperature difference is as great as 50 K (90°Ry, hydrogen losses will be
increased by only 5.1 kg {12 1b) per POTV stage, a small quantity compared to other
losses that will be expe rienced during refucling operations.

Propellant transporation inefficiencies to be experienced during POTV orbital
refucling operation were determined during the Reference 1-1 study, and are given in
Table 3-5. These inefficiencies were caleulated for the orbiter-tanker configuration
(Figure 3-1) in support ol the five-day mission sortic. The listed prechili losses are
two times greawr than the theoretical minimum values. Even so, these quantitics
are insignificant and, as result, it is concluded that a prechill procedure should not
be selected on the basts of minimum fluid losses.

3.3.2.5 Prechill Analysis. A prechill subroutine, developed with IRAD funds,
was employed to evaluate the details of a POTV prechill process. This subroutine

which details are documented in Reterence e, was used to analyze tluid
management sy stem prechill for that study. The computer progrant is capable of
evaluating prechill for the condition of vapor entry to the propellant tank, but not
liquid entry. This limitation does not represent a handicap because, as explained

in Section 3.3.2.2, liquid entry will have only a minimal influence upon the process.

The key to this analysis is in identifying the appropriate heat transfer coefficient -
between incoming vapor and the tank walls, Conventional foreed conveetion expressions
for flow over a flat plate or for jet impingement upon a surface, represent configurations
that arce too dissimilar to be applicable. Instead, a correlation developed for industrial 1
mixing processes wirs seleeted as being vepre sentative of the heat exchange mechanism

that will occur when vapor is continuously introduced into the propellant

tank. The heat transfer correlation and required modifications are given as

. 2/3 (l’i/V) B\ 1/4 i
ocn (NI’R) - 0,13 (T) (Reference 3-3) (3-11) ]
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Figure 3.-17. Tank Pressure Increases Will Yield Total Energy Removal
During Prechill

OO

1. Vent mass is based upon POTV tank prechill
to 200 K (360°R).

2., T = tank wall temperature at vent initiation.
w

3. T =ullage temperature at vent initiation.
u
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Figure 3-18. Hydrogen Tank Prechill Vent Mass Is Not Excessive Even at Large
Tank Wall to Ullage Temperature Differences
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Table 3-5. Propellant transportation cfficieney for on-orbit resupply
of dual stage POTV.

Inefficiency*, percent
per Shuttle payload

Tarker Kit

Orbiter support 4

sSupply tanks 6
Pressurization and transfer 2.63
Liquid residuals 1.90 ~Shuttle P“L capability =
Vapor residuals 0. 50 15, 454 kg

Subtotal 15.68

**Dual stage POTV total
Transfer line chill 0.10 boilotf losses are
amortized over three

POTV tanks prechill (tanks initially warm 0.23
’ ! H ° vy ) Shuttle flizhts.
POTV boiloff** assume 29 days wait 0.74
TOTAL 16. 80
Overall efficiency 837
where
h = heat transfer cocfficient
P = fluid density
cp = constant pressure heat capacity
— R RN
Npn Prandtl number
P, = mixer input power
1
\Y = tank volume
v = [fluid viscosity

Equation 3-11 was developed for liquids contained in eylinders. These liquids were
continuously agitated with a mixing unit. Mixer input power was responsible for fluid
agitation and is one of the variabl s of Equation 3-11. 1t is believed that fluid agitation
during prechill will be the same (tor equivalent power conditions) whether a mixer or
fluid inflow is responsible. Since nower output rather than power input will influence
fluid agitation, equivalence will be between fluid power input and mixer power output.
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This results in

2

P(EFF)=P =mv"~ (3-12)
1 QO
where
1% = mixer power output
O

EFF = mixer efficiency (conservatively assumed as 40 percent for this study) i
y m = entering mass flow rate 1

v = entering fluid velocity

. 2

mv = fluid power input

Substituting Equation 3-12 into 3-11 results in

1/4
2/3 (m vng) M .
(N, )" =0,163 (3-13) ]
¢ PR 2 ;
p p !
3
Equation 3-13 indicates that heat transfer to the tank walls can be controlled by vary- ‘
ing entering flowrate and veloeity. ]
The following charge and vent procedure was sclected for this POTV prechill analysis: v
;
1. Charge the tank at a known vapor flowrate until the difference between wall
and gas temperature has reached a specified value; 10 K (18°F) was the ‘
sclected A'T. 3
2. Vent the tank to a pre-determined low pressure. A reasonable level was
selected as 6, 89 kN/m?2 (1. 0 psia).
3. Charge and vent the tank as required to reduce tank temperature to the pre-
determined level. |
Figures 3-19 and 3-20 give tank ullage pressurc and wall temperature historics during 4

the prechill period. These curves are based upon adding 9. 08 kg (20 1b) hydrogen at
0.91 kg/sce (2.0 b/see) during the charge period. Note that the prechill, which in-
cludes two charge periods and one vent period, will be about 206 seconds in duration, i
Peak pressure for this procedure will not exceed 78. 6 kN/m2 (11. 4 psia).

The influence of key prechill variables was assessed to determine if precisely known 3
flow conditions would be required during this process, Figure 3-21 shows that velocity i
and flowrate variations of about 1007 will alter prechill durations by about five to j

E
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Tank prechill conditions are giver in Table 3-6
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Figure 3-19. POTYV Liquid Hydrogen Tank Pressure History During Prechill ‘
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Tank prechill conditions are given inf""‘T“‘ 7
Table 3-6 except for the indicated |
variations ' ‘ S
280+ st
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2 |
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Figure 3-21. Mass flow rate and velocity influence upon liquid hydrogen
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Figure 3-22, Influence of tank wall-to-vapor temperature

difference upon prechill duration

3-30

T N




R e A bR e S S

DA ACENA M e Gt e R Ak b st 2 A 2

AT T

fifteen percent. Figure 3-22 indicates that large differences in tank wall-to-gas
temperatures will have a minimal influence upon prechill duration. Finally Figure
3-23 shows that if the hydrogen charge mass were to be inadvertently increased from
9.1kg (20 1b) to 27. 3 kg (60 1b), peak pressures will still remain below the maximum
allowable of about 172 kN/m? (25 psia).

3.2.3.6 Summary. Analysis of the propellant tank prechil? process, in this and
related studies, has led to several surprises, which are listed below:

1. Liquid oxygen tank prechill is not required because under no circumstance
will excessive tank pressures occur during refueling operations. Thus
emphasis was directed at the liquid hydrogen tank.

2. Rapid prechili of the hydrogen tank does not appear to be an important con-
sideration. TFigure 3-4 indicates that up to 64 hours of activity is required
to support a single orbiter/POTV rendezvous and transfer operation, five
percent of which may be required for propellant transfer. It seems cevident
that propellant transfer operations could be inereased to 10 percent of the
total timeline without significant impact. This is nearly two orders of magni-
tude more time than the appreximate 200 second prechill time indicated by
Figure 3-20,

3. Licuid hydrogen consumed for the tank prechill process will have an insigni-
ficant influence upon overall efficiency and cost of transporting propellants
into space for POTV refuclling,  As a result, propeliant transfer cfficiency
should not be an important consideration in the prechill process selection.

It is concluded that the prechill process described and analyzed in Section 3.3.2.5
will satisfy the requirements of simplicity, reliability and safety,

3.3.3 RECEIVER TANK FILL,. Tank fill will be initiated after the prechill require-
ments have been satisfied. The single requirement for tank fill is to maintain acceptably
low pressure during the process. Tuank pressures will be at a minimum if thermal
equilibrium conditions arc maintained during fill. Thermal equilibrium will be approached
s heat and mass exchange between the phases is ine reased, which can be achieved by
creating a highly agitated fluid condition. Given the assumption of a thermal cquilibrium
tank fill a simple relationship can be obtained between initial tank temperature at the

start of no-vent chill and fill, incoming liquid vapor pressure, and final liquid vapor
presaure. This relationship is derived below from the First Law of Thermodynamics

for liquid flow into a closed contiainer,

d +dE. +dE =h d 3-
Eg dbL Pw L mL (3-14)

dEg=@um ) - (um) = change in ullage ener ry (3-15)
& (g g2 g gl &
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Flowrate Velocity Mass Addition
ke/sec (Ib/sec) m/sec (Ib/sec) kg (b)
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Tank prechill con(litioné are given‘ in Table 3-~6,
except for the indicated variations.
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Figure 3-23. Charge Mass Influence Upon Liquid Hydrogen Tank Peak Pressures




Table 3-6. Baseline conditions selected for liquid hydrogen
tank prechill procedure.
1. Initial Propellant Tank Teraperature = 289 K (520R)
f)
2. Initial Pressure = 6.9 kN/m"~ (1.0 psia)

2
3.  Hydrogen vapor saturated at 103.4 kN/m"~ (15 psia) enters
propellant tank

4. Entering flowrate = .91 kg/sec (2 Ib/secc)
5. Entering velocity = 6,7 m/sec (22 ft/sec)
6. Hydrogen charge terminated after 9.1 kg (20 1b) enters tank

7. Tank vent initiated when tank-to~ullage temperature difference becom es
5.6 K (10R)

8. Propellant tank vented to 6.9 kN/m2 (1. 0 psia)

D)

<

2
9. Ventarea =37.2 cm (5.76 in. )
i
k 10. Tank mass = 447, 2 kg (986 1b)

3 3
11. Tank volume =116 m (4100 ft ")
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dEL = (uLmL)2 ~ (uLmL)1 = change in liquid energy

(3-16)

= -n =e
hLdmL hL(m ]Ll) €

L nthajpy change dye to entering liquid (3-17)
2

_u)

d = - = -
Ew (uwmw)2 (Uum) mw (u2 1y (3-18)

v w1

For the assumption of g 1nitially €Vacuated tank i
m = m_ =9 |
81 Ly j
and i
1
dE = u m (3-19) :
g go g2
|
dt = u 3-
L2 mL2 (3-20)
= 3-21
hL dmL hL mL2 ( )
Combim’ng Equations 3-14 through 3~21 we have
m u *m Ay = h 3-22
ugg g2 ' L, ng voowoT mL,, (6-22)
Solving €quation 3-22 f,, hL, results in
h SU,omo/mo sy Au m /m (3~23)
L & 8™, P2 Ty

At therma] equilibriuym hL' UL2 and Ug, can be relateq to liquid vapor preg.
sure and temperaty pe, Consoquently, ‘TLo and up are known once final vapop Pressure jy
Specitied and Auy, is known since injtig] dnd finy] emperatures are given, Finally,

hL (which js g function of ente n‘ng—liquid—vapor—pressure) can be dete 'mined for 4
desired liquid f£i]) condition,

Equation 3-23 is Summarijzed iy Figures 3-24 and 3- 25 which give entering liquid

Vapor pressyre as a functjon of initia] tank temperatyre and fing) tanked liquid vapor
Pressure for 4 95 percent liquid fi)) conditjon, Note that fina) Vapor pressure will be
greater thay, entering liquid vapor pressure, Thjg difference is due to the Combinatjon of
initial tank wall energy and the heat of compression, which are released to the tank

fluid dun‘ng chill and fill, Figure 3- 25 shows that fina) LOjs vapor Pressure wij) be

about 6.9 kN/y, 2 (1.0 psia) Ereater thap entering vapor Pressure, Thig small dif-

ference iy due to the high Propellant therma] mass. Fina) LH2 vapor pressyre will be
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about 20. 7 kN/m?= (3.0 psia) greater thany entering vapor pressure, as indicated by
Figure 3-24, All of the above is based upon the assumption that near-the, mal cq -
brium conditions will exist during tank fill, as will be discussed below.

3.3.8.1 Tank refill (autogenous).  Refill of @ propellant tank containing liquid and its
own vapor as a pressurant is a straightforward operation. Liquid must be introduced
at the correet vapor pressure, and fluid inflow conditions must be sufficiently high to
assure near-thermodynamic equilibrium cornditions during fill. An evaluation will be

made of the reiationship between initial and final tank fluid conditions, and catering |
liquid vapor pressure for a thermal equilibrium process. The inlet vapor pressure is :
determined on the basis of the following First Law analysis

dE. +dE = hdm 3-24)
L g ( i
dEI = (u m ) -~ (v L ) = change in liquid energy (3-25)
di = (um ) - (um) =change in vapor ener 3-26)
g £ 82 g gl & (
hdm = h (mT’»‘ - m’I‘l) = total encrgy of entering liquid (3-27)
m,I = m_ + mg

The following equalities result from the assumptions of phase oqui‘ibrium and initial
liquid temperature equals final liquid temperature: u dn( U.,=u "
= ul_’ Combining these conditions with Equations .3—‘)1"{}11 ougfl'l 3-"7 tosulf5 in

u (mLQ— le) + ug (mg2 - mgl) =h (m'I‘?, - mTl"" (3-28)

Now, total mass within the tank can be expressed as ]

m_=V -(a-1 3-929
TV Py (e-hmy (3-29)
and
M -n = - - g
o T My S(@- 1) (mg_l mgc) (3- 30) |
where :
m, = m_ +m = total mass of fluid in tank
1 L g
P = liquid density
pg = vapor density
= p_/
a 29 Pg
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Combining Equations 3-28 through 3-30 we find that

( - - =h (-1 - 3-31

up, My, T My T, - my, ) =h(@- 1) @, - m) (3-31)

Also, by adding and subtracting ung1 and uy mg2 to the left side of Equation 3-31
- + r - = h O - - —

uL (mT2 mTl) uev (mgz mgl) ( 1) (mgl mgz) (3-32)
where

uev = (ug - uL) = internal energy of evaporation
Combining Equations 3-30 and 3-32

o-1; - + - =h(%-1)(m -m 3-33 |

upe- B -mo)ru m, - m )=k (0 1) o, - m ) (3-33)
Solving for the entering liquid enthalpy, A

h = u - uev/(0- 1) (3-34)

Results are plotted in Figure 3-26 showing liquid hydrogen tank final vapor pressure as
a function of incoming liquid vapor pressure. It is interesting to note that this vapor
pressure relationship is independent of initial propellant load at the start of refill,
Furthermore, although Equation 3-34 was developed for an initial thermal equilibrium
condition, resvits are also applicable to an initially superheated ullage.

The above results in.icate that refill can be simplified because the same entering
liquid vapor pressure will be required regardless of initial fill condition and ullage
temperaturs. Figure 3-26 indicates that final tank pressure will be approximately
27.6 kN/m2 (4 psia) higher than entering liquid vapor pressure.

The thermal equilibrium processes described above have demonstrated that tank fill
(and refill) can be performed without having to vent, This is an important conclusion
because selective vapor venting will not be possible once tank fill is initiated. Liquid
venting must be avcided because the propellant loss and resulting disturbing torques
couic be unacceptably high. Consequently, it is mandatory that the refueling

process be performea with a closed tank. The next step is to analytically describe the
tank fill process in order to assess the influence of such key variables as entering
flowrate and velocity upon thermal equilibrium. If thermal equilibrium conditions

can be readily achieved ior a reasonable range propellant flowrates and velocities,
thes. orbital refueling, without veuting, will be possible.

3.3.3.2 Tank fill analysig. The intent of the tank fill process will be to create
turbulent conditions within the tank, These conditions will be achieved by introducing
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Figure 3-26.  Entering Liquid Hydrogen Vapor Pressure Required to
Maintain a Constant Vapor Pressure in Tank During il

liquid into the tank at high veloeities (and perhaps through a spray nozzle) to provide
the high heat-transter rvates needed to attain near-thc rmal equilibrium.  As tank-fill
continues, the internal tank fluid environment changes from liquid droplets in the
ullage volume to vapor bubbles entrained within a liquid bulk. 1t is expected that the
transition from heat transfer dominated by liquid droplets to heat transfer dominated
by vapor bubbles will occur in the range of 409 to 609 liquid fill. The mechanism of
liquid spray in a vapor environment will change to that of vapor bubble entrainment
and dispersal, within the liquid volume.  This mechanism will be the dominant mode
of heat and mass exchange throughout much of the tank fill process, and is the only
mcechanism that will influence tank pressures toward the completion of tank-fill.

The basis for any fill process is that sufficient fluid motion created within a propellant
tank will maintain near thermal equilibrium,  As cquilibrium is approached, the pres-
sure difference (AP) between tank pressure and liquid vapor pressure will approack
zoro, and absolute tank pressures during fill will approach a minimum, To aid in
deseribing the phenomena that are expected to oceur, tank fill experiment results are
hypothesized and given in Figure 3-27. The figure illustrates two important points:
First, tank AP becomes smaller as flowrate for a given tank confipuration is increas-
ed. This is expected, because heat coansfer coeffic.onts will inerease as flowrate
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PLACENT TANN HiLL — o Xill Model for Liquid Spray Dominance.,
Figure 2-27. Flowrate influcences tank During the oa rly phases of tank fill, near-
pressure during fill, thermal equilibrium conditions will be

achieved by introducing liquid inte the
propeflant tanks through spray nozzles. The resulting spray will create Large liquid-
vipor surface.  The combination of Lirge surface area and high droplet veloeity will

provide the high heat transfor rates needed to attain nhear-cquilibrium conditions.

General Dynimices developed a computer program (HYPRES) on IRAD fund

s that des-
cribes the the rmodynamic and fluid mechanic phenomena oce

urring during the early
phase of a receiver tank (I process, This tank il program was used to brediet {luid
management system fill pressures during a previous study, Filling of Orbital 1'uid

Management Systems, Reference 3-3. Subroutine DROD,

of program HYPRES, which
desceribes the ullage-spray droplet inter:

whion is given in Appendix C of Chat Referenee,
The cquations contained in this subroutine indicate that droplet diameter

» spray veloeity
and mass flow rate may have a major influence upon prope

ant tank pressures during
the early stages of the retuelling operation, Consequently, a series

of computer runs
were made with HYPRES (o evialuate (these

variables and to assess whether aceeptably
low liquid hvdrogen tank pressures woutd be maintained.

These results are summarized
In Figure 3-28 and 3-29.

Figure 3-28 shows the influence of droplet diamoeter up

o tank pressure during the liquid
spray dominance period,

The range of droplet sizes considered include sizes that
should be present during an actual refuclling operation, However, the figure indicates
that droplet diameier will not have a major influence on tank pressure,  Thus, it
dppears that droplet diameters autside the indieated range will have

aminimal impact
upon refuelling operations,

Figure 3-24 gives the influence of liquid Spray volume upon hydrogen tank {ill pros-
sures. Aninput to HYPRES ineludes avariable (ealled PACK) which identifics the
volume of liquid in droplet form that will exchange energy with the ullage, Specifically,
PACK is the volume ratio of liquid to ulinge, and this term is multiplied by ulage
volume to obtained total liquid droplet Spray volume.  Figure 3-29 indicates that thix
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spray volume will have a greater influence upon pressures than droplet diameter. This
influence, however, does not appear to be significant. Note that the two curves cross-
over at about 4000 seconds (36% fill level. Beyond this time the case for PACK=0. 29

predicts a lower pressure than the case for PACK=0,05%. This cross-over is probably
due to the greater liquid-ullage heat exchange (for PACK=0. 29) which tends to maintain
near-thermal equilibrium conditions,

Figure 3-30 shows the influence of propellant flowrate upon tank pressure. For this
case pressures are plotted against propellant fill levels in order to normalize the
influence of different tanking flowrates. 1t is scen that higher flowrates will result

in slightly lower tank pressures during the early stages of fill, followed by slightly
higher tank pressures later in the f{ill process. The lewer initial pressures during the
carly part of tanking are caused by the quenching influence of the higher mass flow
condition. The higher pressure rise rates that occur later in the tanking opeiation are

due to an inability to transfer the higher heat of compression rates from ullage to propellant.

Table 3-3 and Figure 3-31 serve to illustrate this point. The energy exchange required
to achieve thermal equilibrium between ullage and propellant bulk is summarized in
Table 3-8. This quantity for the POTV hydrogen tank is approximately 13,48 kW-hr
(16010 Btn), and remains independent of refueiing duration, The rate of heat exchange,

(20) + PROPELLANT FLOWRATE “i i S
kg/see (Ib/sec) a ‘ : i

10,68 (1.5) = e
2.72 (6.0)/~\/—\:,/.,..< == : |
Lo . o e B

(15) T
100 A
2 TANK FI1.1. CONDITIONS ARE GIVEN IN
& TABLE 3-7, EXCEPT FOR THE INDICATED
g VARIATIONS
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A | ' 2
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=
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Figure 3-30. Mass Flow Rate Influence Upon Liquid Hydrogen Tank Pressure
During Fill
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Table 3-7. Baseline conditions selected for liquid hydrogen
propellant tank fill analysis.
Initial tank temperature = 200 K (360 R)
. Tank mass = 447. 2 kg (986 1b)
9
Tank volume =116 m"~ (4100 ft3)

SR

2
Initial tank pressure = 0 KN/m~ (0 psia)

2
Liquid hydrogen, saturated at 103.4 kN/m™ (15 psia) enters propellant
tank

93]
.

Entering liquid flowrate = 0. 68 kg/sec (1.5 Ib/sec)
. Entering liquid velocity = 3. 05 m/sec (10 ft/sec)
Spray droplet diameter = 2540 p (0.1 inch)

=] a0 -3 [=2)
N . .

(Liquid spray volume in ullage/ullage volume) = . 002

however, will be inversely proportional to tank fill duration, as illustrated by Figure
3-31. This figure indicates that the average heat exchange rate will be 13. 48 kW

(12.78 Btu/sec) «und 6. 74 kW (6. 39 Btu/sec) respectively, for one hour and two hour tank
fill durations.

Computer runs werce also conducted to determine the influence of inlet velocity upon
fill pressures. No plots are given because it was found that tank pressure variations
will be insignificant over a velocity range of 3.05 m/sec (10 ft/sec) to 15. 25 m/sec
(50 ft/scc).

Table 3-8. Ullage cooling required to attain thermal equilibrium during POTV LH»

tank fill.
Tnergy
KW-hr(Btu) Comments
Initial Ullage Energy 10.4 Based upon tank wall temperature of
{35500) 194.4 K (350R) at end of prechill
Heat of compression 3.33 Compression heating due to fill
(11380) process
Final ullage energy 0.25 Assumes 5% ullage volume at saturated
(840) conditions
Ullage energy removal 13.48 This energy must be transferred to liquid
requirements (46010) in order to attain thermal equilibrium by
the end of tank fill.
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Figure 3-31. Required Average Ullage-to-Liquid Heat Transfer Rate
for Liquid Hydrogen Tank Refuelling Operation
Fill Model for Vapor Bubble Dominance. When the propellant tanks are approximately

50% full, the dominant heat exchange mode will be that of conveetion and condensation
between the liquid bulk and entrained vapor bubbles.

Ina previous study (Reference 3-3) equations were obtained which predict this heat
exchange during tank fiil. These cquations (given below) include the influence of inlet
fluid conditions, fluid properties and tank geometry.

9
N 2/3 (Mv"/V o) By 1 1/4
(F—-[—)—) (Np ) = ,163 |[——;~ (3-35)
1 2
P I
where:
h = heat transfer coefficient
Cp = constant pressure heat capacity
P = liquid density
L
NI‘ i = DPrandtl number
m = entering mass flow rate
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v = entering liquid velocity
VL = liquid volume in tank
H = liquid viscosity
1.13400.6 €0.5
d= > > 0.4 +.09 (3-36)
YT (mv /VL)
where:
d = bubble diameter, cm
o = surface tension, dyne/cm
€ = entrainred vapor volume to total vapor plus liquid volume
Y = liquid specific gravity
Note: These equaticns are from Reference 3-3 equations 3-53 and 3-33, respectively.

Equations 3-35 and 3-36 are modifications of empirically derived expressions from
industrial applications for which vapor dispersal in liquid is essential to achieving a
high rate of heat and mass transfer. This subject has been extensively studied and
much of the work has been collected and summarized in Reference 3-4. The empirical-
ly derived expressions were applied to the refueling process by replacing the
mechanical mixer power term, employed for industrial applications, with an equivalent
fluid power expression, mv2. This conversion was accomplished with the following
relationships:

Fluid Power Mixer Power Output

Mixer Power Output Efficiency X Mixer Power Input

. . 2
.o mv

40 Percent X Mixer Power Input
where 40 percent efficiency represents a conservative value,

The heat transfer rate between an individual bubble and the liquid bulk can be express-
ed as

- 9
°B _ hAgTg = Ty) __md -7
Vg Vi (rma® B L

6h (T - T, )
ye —o—5- (3-37)
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where
QB = heat transfer rate from each bubble
VB = bubble volume
TB = bubble vapor temperature
TL = liquid bulk temperature

Total heat transfer rate from the total dispersed vapor volume can be determined from
Equation 3-37 by introducing the total number of vapor bubbles, n,

Qr nQy _ Q 6h (T - T )

— —-—

v nV v, d (3-38)
g

B B
where h and d are determined from Equations 3-35 and 3-36. respectively, and

total heat transfer rate from the entrained vapor

Qp

\Y%
g

Equations 3-35, 3-36 and 3-38 were added to the HYPRES program to provide cap-
ability for evaluating tank fill conditions during the vapor-bubble dominance mode. A
series of computer runs were conducted to evaluate this mechanism. Results are
given in Figures 3-32 through 3-34 which are, respectively, a continuation of Figures
3-28 through 3-30. A transition from liquid spray heat exchange to vapor-bubble heat
exchange was imposed at the 70 percent propellant fill level. A sudden pressure drop
occurred ccincident with this heat exchange transition, This pressure drop was
obviously due to the increased heat transfer rate that created ncar-therma! equilibrium
conditions.

total vapor volume entrained in liquid

The curves of Figures 3-32 through 3-34 require clarification, especially following the
transition to vapor-bubble heat exchange mechanism. First, there is no indicated tank
pressure change due to variations in spray droplet diameter or PACK factor. This
occurs because heat exchange will be influenced only by entering flowrate, velocity,
and entrained vapor volume, E, and these quantities are identical for each case
plotted in Figures 3-32 and 3-33.

Figure 3-34 also shows a negligible difference in pressures, due to flowrate variations,
following the transition in heat exchange mechanism. For these conditions, howevor,
compensating factors may influencza tank pressures: a) the high flowrate condition
requires a high liquid-ullage heat exchange rate in order to maintain low pressures,
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and b) the high flowrate condition creates a high heat transfer cocfficient, which
serves to maintain low pressures.  The negligible difference in tanking pr isure
indicates that the above factors were, in fact, compensating, or that the heat exchange
mechanism is sufficient to assure near-the rmal equilibrium conditions. The latter
condition is a more likely possibility,

Results of this analysis supports the asse rtion, stated earlier, that heat and mass
exchange duc to vapor bubble entvainment and dispersal within the liquid volume will
dominate. More importait is the likelihood that this is the only mechanism that

will influence tank pressure towards the completion of tank fill. Furthermore, it
appears that heat and mass exchange rates will be of such a high magnitude that near-
thermal equilibrium conditions will be maintained over a broad range of entering
liquid flowrates and velocities.  This is a significant conclusion because the thermal
equilibrium parametric data of Figures 3-24 through 3-26 can be employed to predict
tank pressure conditions at fill (or refill) completion,

3.3.3.3 Supply tank influence. All analyses to date have been based on the
assumption that propellant enters the receiver tank at a constant temperature.  This
temperature corresponds to a vapor pressure of 103, 4 kN/m? (15 psia). In faet,
entering liquid vapor pressure {and tempe cature) will vary throughout the refueling
process because of the supply tank pressurization method,  Helium pressurization of the
supply tank during propellant transfer was selected because it appears to have fewer
complications than other approaches.
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Helium will be bubbled into the propellant to effect boiloff, which aids in pressurization,
This boiloff cools the liquid and reduced its vapor pressure during propellant transfer.
Figures 3-35 and 3-36 show the resulting supply tank propellant temperatures and vapor
pressure histories during outflow.

Figure 3-37 compares receiver tank pressure histories for the constant temperature
and varying temperature conditions. Note that for the variable supply tank conditions
the tank pressure rise-rates are not as great as for the constant temperature case.
Furthermore tank pressure begins to decay after the receiver tank is 40 percent

filled, whereas pressure continues rising for the other case. This behavior can be
cxplained by referring to Figure 3-24, which shows that final vapor pressure is a
function of entering liquid vapor pressure. Since the average entering vapor pressure
will be lower for the variable supply tank conditions, final vapor pressure must also be
lower.

There are two factors that control the increasing and decreasing pressures indicated |
by Figure 3-37; the heat of compression caused by propellant fill, and the steadily de- ;
creasing enthalpy of entering propeilant. The heat of compression causes tank pressure |
to rise continuously, as indicated by the constant incoming temperature case. The

second factor is responsible for pressure decay,as the lower temperature incoming

liquid mixes with the propellant bulk. Evidently, the heat of compression is the

greater influence during the early stages of fill, and the lower temperature liquid is

dominant beynnd the 40 percent fill condition,

It should also be emphasized that a single orbiter-tanker mission will not refuel the
POTV propellant tanks. The Reference 3-1 study was based upon an orbiter payload
capability of 45,360 kg (100, 000 lb), which translates to a liquid hydrogen supply tank
volume of 77 m‘,3 (2720 f‘ag). This system is capable of refueling the POTYV fuel tank
to the 66. 4 percent level, as indicated by Table 3-9, he liquid oxygen tank would
also be filled to the same level. As Figure 3-2 indicated, a second tanker flight
would refuel the second POTV stage, followed by a third flight which would top off
both stages and deliver the crew module.

3.3.3.4 Alternative refill concept. An alternative concept of on-orbit refuelling was
cvaluated during the study, This concept,which requires introducing propellants
through a diffuser to achieve extremely low entering velocities, is a major departure
from the selected technique of a high velocity liquid spray. This alternative was

based upon the premise that large quantities of liquid would enter the propellant tank
before striking the opposite tank wall, The resulting boiluff would not create a high
tank pressure because the propellant bulk would mix with vapor and maintain a Yow
pressure. In assessiﬁg the spray nozzle versus inlet diffuser configurations the follow-
ing minimum set of requirements were considered:

1. Avoid excessive tank pressures throughout the prechill and fill processes
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Table 3~9. Supply tank conditions during LH2 tank POTYV refill.

Initial liquid vapor pressure = 103.4 kN/m* (15 psia)

Initial liquid temperature = 20.3 K (36.6°R)
Supply tark volume = 77 m3 (2720 t‘t3)
Initial ullage volume = 3.f percent
Unusabie liquid residual = 2 percent

Usable liquid residual*

72.7 m3 (2570 t3)

* This is 66.4% of POTV LHo tank volume.
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2. Minimize vent mass requirements

3. If venting is necessary, avoid two-phase venting

With regard to the LOy tank, any tank _nlet configuration will be satisfactory. Venting
will not be required during prechill: therefore, two phase venting is not a pos-
sibility. The only question that may wrise is that of excessive tank pressure during
the fill ..ocess. It is obvious from [gure 3-25 that moderately low pressure will
exist fcr near-thermal equilibrium conditions. But these conditions will occur only

if sufficient fluid turbulence is present to enhance heat and mass exchange between

the phases. Fluid turbulence is more likely to oceur with a spray nozzle than with an
inlet diffuser, whose primary function is to introduce liquid into the tank at extremely
low velocities. Taus, a spray noz:le inlet configuration would appear to best satisty
the LO» tank fill requirements.

A spray nozzle inlet configuration for the LHg tank will result in venting during the pre-
chill process, as indicated by Figure 3-19, This is so because the spray velocity
conditions will create a high heat and mass exchange environment between hydrogen
vapor or liquid and the tank walls. However, two-phase venting will be avoided because
liquid will not be present in the tank when venting is initiated nce tank fill is initiated,
the spray nozzles will create the turbulent fluid conditions that are beneficial to main-
taining low pres.ures during fill.

The aifect of an inlet diffuser upon hydrogen tank pressurc during prechill is not quite

so clear. Ideally, a lcw velocity diffuser will allow large quantities of propellant to be
introduced into the tank befere the leading cage .~ 4 lar, e-diameter jet impinges at the
opposite end of tie tank. It has been hypothesized that a large propellant mass will

serve to quench the pressure-rire that oceurs due te liquid impingement upon the hot
walls. However, the propellant mass can only be effeetive if sufficient heat exchange
aceurs with the vapor. Such conditions raay not exist because of the deliberately low velo-
city of entcring liquid. Thus, it is poss.hle that an inlet diffuser configuration

may not be able to satisfy the conflicting requirements of both : low velocity, (to assure a
large propellant mass in the tank), and a high velccity (to provide ctfective quenching

by that liquid mass). Should verting be required because of insufficient heat exchange
between liquid and vapor, liquid may be lost overboard in the process.

Once tank iill is initiated, the spray nozzle will be preferable to an inlet diffuser be
cause of the iarbulent conditions that will serve to maintain low pressure

The choice is betweer a spray nozzle, which will result in venting during prechill, or
an inlet diffuser,which may not reqgiire venting, but should it oceur, could result in
liquid lost overboard. The spray nozzle configuration was sclected because prechill
losses with *his concept will be insignificant compared to other losses (Table 3-5).
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3.3.5 MECHANICATL MIXERS TO ASSIST PROPELLANT REFILL., The tank fill
anilysis ot Section 3, 3. 3. 2 described how the key to a successful refill operation
would be the turbulent environment created by the entering fluid.

Work done on the ullage mass during propellant transfer will be convected to tbe

liquid via the heat exchange mechanism set up by fluid turbulence. If, however, the
turbulent heat transfer rates should be inadequate, propellant transfer would have to be
interrupted, in order to prevent the continuation of a high pressure rise rate. It is
possibie that a long time duration would then be required to effect a pressure reduction
and to approch near-equilibrium conditions. This delay would occur because flow
termination would also reduce the ullage-to-liquid heat transfer process. The con-
sequence cof an inadequate fluid turbulent environment could be an undesirably long
wank fill process,caused by numerous flow inter ruptions,

Analyses to date indicate that near-tiiarmal equilibrium conditions can be achieved for
a wide range of tanking flowrates. Nevertheless, a backup position should be available
in the event that of an excessive tank pressure increase. The solution would be to use
a mechanical mixer to provide the additional fluid turbulence needed to achieve near-
cquilibrium conditions, Mixers will already exist since they are an integral part of
the zero-g vent system required for each propellant ank,

3.3.5.1 Mixer power relationship to liquid-ullage heat exchange. The heat exchange
mechanism that will exist during periods of mixer operation is that of vapor-bubble
dominance deseribed in Scetion 3. 3.3.2. Equations 3-35 and 3-36 apply, except

that the orviginal expressions from Reference 3-6 were employed. That is, the equations
included an input power term rather ihe fluid power term.,

Figures 3-38 and 3-39 give ullage-to-liyuid heating rates for hydrogen ¢ nd oxygen as

a function of mixer power, percent liquid fill, and vapor hold-up (i.c., the percent
vapor entrained in liquid). Referring to Figure 3-31, it is seen that the required heating
rate can be achieved for a power input of less than 4 watts, Note that input power
requirements to achieve a given heating rate are a strong function of vapor hold-up

and a very weak function of the percent liquid fill condition., According to Figures

3-40 and 3-41, vapor bubbles generated within the OTV propellant tanks by a mixer

(or its equivalent in fluid power) are a function of fluid power for power levels less

than about 12 watts,

The mixer power requirements identified by Figures 3-38 and 3-39 are within t»
range currently being considered for zero-g vent system mixers, Conscqrendy  this
propellant transfer assist will be available without expending additional resources.

3.3.5.2 Miaer power/fluid power equivalence. Analyses to date ir.c.ude an implied
assumiption that tank fill durations will be selected on the basis of heat and mass
transfer considerations. Tuat is, spray nozzle, flowrate, and velocity solutions

will be made to assure thermal equilibrium throughout tank fill, Tt is possible,
however, that flowrate constraints may be imposed by other factors, For example, fluid
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loads acting on the transfer lines and/or propellant tanks may preclude tank fill

durations of less than five or six hours., It might not be possible to maintain low tanking
pressures at these lower flowrate without contixn. us mixer power assist, For this circum-
stance the required fluid turbulence would be provided with a combination of fluid

power and mixer power. This combination could be selected from curves similar to

those given in Figures 3-42 and 3-43. An example of how these figures can be applied

is given below:

1. Assumptions
e The fluid power equivalence of 15 watts mixer power is required during
tanking to maintain near-equilibrium conditions.
Other considerations require that tank fill be performed in six hours
using a 6.35 cm (2.5 inch) diameter equivalent nozzle inlet.

2. LHg Tank Solution
o Fluid power = 2. 75 watts
e Mixer Power = 15,60 - 2,75 = 12, 25 watts required

3. LOg Tank Solution
¢ Fluid power =1, 75 watts
e Mixer power = 15. 00~ 1,75 = 13. 25 watts required.

3.3.6 START BASKET REFILL. If propellant screen acquisition devices (start baskets)
are included as POTYV subsystems, an additional complication must be addressed in
selecting an on-orbit refill concept, that of completely refilling the start baskets with-
out trapping vapor., Vapor entrapment is unacceptable because pure liquid flow from

the start basket is normally required, and cannot be guaranteed unless the screen

device is free of vapor. Vapor will be present at some time within the start basket
regardless of the method of propellant fill. Any trapped vapor bubbles must subsequent-
ly be condensed by using pressurant. The type of pressurant can either be helium
(nor-condensible) or vaporized propellant (condensible). The question of trapped

helium bubbles will be discussed in Section 3, 3.6. 3.

Two methods of vapor bubble collapse were evaluated; passive and active. In each case
the propellant tank will be pressurized to stub-cool the liquid surrounding the entrapped
vapor, so that vapor condensaiion will occur. The passive method assumcs that con-
duction heat transfer is the only mechanism that exists to cool and subsequently condense
the vapor. The active method relies upon forced convection heat transfer to condense
the entrapped vapor. An evaluation of each method follows.,

3.3.6.,1 Passive method of bubble collapse. Start basket designs, generated for
POTV during the Reference 3-2 study, were analyzed to determine if vapor-free refill
would be possible. A sketch and start-basket-dimensions are given in Figure 3-44 and
Table 3-10. A very conservative assumption was made for this analysis.

The start basket would be filled with a singie large bubble at the end of the on-orbit
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.
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1.38 ELLIPTICAL MAIN SCREEN
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TYPICAL SCREEN CHANNEL —

4 REQD
ALL CHANNELS END AT PLANE SEE TABLE 3-10 FOR SPECIFIT
OF ELLIPTICAL SECTION VEHICLE TANX DIMENSIONS,
Figure 3-44. Start basket schematic.
Table 3-10. POTV start basket characteristics.
LH2 Tank LO2 Tank

A. Radius, cm (in) 142, 2(56.0) 85.3(33. 5)

B. Standpipe height, ¢m (in.) 11.9 4.7) 4,6 (1.8)

C. Cone height, cm (in.) 16.5 (6. 5) 9.9 (3.9)

D. Ellipsoidal height, em (in.) 42, 2 (16.6) 17.5 (6.9)

E. Basket volume, m® (ft2) 1.92 (67. 8) 0.34 (11.9)

5
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refill operction. The largest spherical bubble that can be trapped within each screen
device was computed to be about 0.61m (2 ft) and 0.3 m (1 ft). An analysis was
conducted to determine the time for cach bubble te collapse.

Bubble condensation times were determined using bubble collapse equations described
in Reference 3-3. Computer output results are given in Figure 5-45 and 3-46 for
hydrogen :and oxygen, respectively. The oxygen bubble will collapse in about 5 minutes
if it is subcooled by about 20.7 kN/m2 (3 psid), which is an acceptable maximum
helium partial pressure during refill. The hydrogen bubble will require about three to
four hours to collapse at the same degree of subconling, which may be an unacceptably
long duration. These calculated collapse times should be greater than actual collapse
times because of the conservatively large bubble sizes selected. It should also be
mentioned that the bubble collapse predictions are subject to added uncertainty because
the analyticzl model was developed for small diameter bubbles.

3.3.6.2 Active method of bubble collapse. If vapor-bubble collapse times which use
the passive method are excessive, an alternative is to use an active method to greatly
decrease bubble collapse times. This method requires that propellant be sprayed

into the start basket during tank fill. The fluid agitation induced by entering propella:t
will create a high heat exchange mechanism equivalent to that cccurring outside the
start basket during propellant fill. Furthermore, this turbulent fluid condition will
serve to create small vapor bubbles which will greatly enhance the condensation
process.

A model has been developed to determine the conditions under which the condensation
of all propellant vapor within a start basket will occur. The model is based upon the
following assumptiouns:

1. Liquid inflow velocity and flowrate arc known.

2. Only liquid will exit the start basket; vapor is removed only by
condensation,

3. Liquid enters the basket at a constant temperature.

4. Vapor trapped within .he basket is in spherical bubble form (Figure 3-47).
Thus, this model is valid only for vapor volume conditions of about 40
percent or less by basket volume.

5. Bubble diameter is obtained from equation 3-36,

1.134 00’6 60'5

d +.09

0. 0.4
y z(mvz/VI )
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where
d = bubble diameter, cm
o = surface tension, dyne/cm
€ = entrained vapor volume to baskei volume ratio
Y = liquid specific gravity
VL = (1-¢) VT = liqu‘d volume within basket
VT = buket volume
Substituting (1 - € ) VT for VL gives,
.6 .4 .5

1. -

g=ld¥e _(d-¢) € o (3-39)

v 2 (rhvz/VT) .4

, Figures 3-48 and 3-49 give plots of hydrogen and oxygen bubble diameter as

as a function of ﬁwz/VT and €,

T 6. Bubble condensation rates are extremely high for the small bubble diameters
anticivated (see Figures 3-50 and 3-51). Consequently, it is expected that
liquid within the basket will rapidly saturate at tank pressure due to absorbing
the heat of condensation,

7. All liquid leaving the basket will exit saturated at tank pressure.

8. Vapor bubble pressure = tank pressure throughout tank fill,

An analytical model that includes the above list of assumpticns is given below:

3-60




Bubble Diameter, cm (inches)

Figvre 3-48.

(. 75)1. 8EF

Bubl le Diameter, cm (inches)

Figure 3~49.

(. 75)1,

(.50)L 2+

(.50)1.2:1f3

(2500, 6 NS e

e

10) (20 (30
mv2/Vy, ke sec3-m (lbm)sec3-ft)

Hydrogen Vapor Bubble Diameter During Start Basket Refill,

X
'
\ 2
.
- : i ¢ ¢
1 \ = : ! : :
RABROEE BN S IR :’_ :
X I 1 )
I YOS B + ' i N i !
M . N . i . .
| ! | ‘ I .
.- 1 : S 59 !
: i i I 1
. ] +
i I N

AT
10

S SO N S
W05 :

jPpnpe . i
¢ ! :
2 |

(10) (20) (30)
mvZ/VT, kg/sec3-m (b, /sec3-ft)
Oxygen Vajpor Subble Diameter During Start Basket Retfill,

3-61

mea il



o T T TR A ER TR N

r
RSNG00 SSNS SN

R SR SUREE AR T : f ?:;:‘Zflf'..‘.i’,,‘i w
5.7m3 @00 fdy -l e Ll

ORIt P
ST sl trre sl !

Oz

TEIon 4_,...»""” T HEE Tt R SRR
‘T AP = tank pressure - entering liq
—TTTTTTTvapor pressure)
: Vapor to liquid heat transfer rate is 3 kw (3Btu,/sec),
which is three times that required to condense all
vapor duriug a one hour fill,
- B 7.5 10
(1.0) (7.5
AP, kN/m2 /psid)
Figure 3-50. Maximum Allowable Bubble Diameter for Condensing Hydrogen Vapor in

Start Basket During POTV Prupellant Tank Fill
5) 12

(2.5) 6

uid

-t

BUBBLE DIAMETER, cm fin)

e
e

!

———— e mn
N i
R
PR

.2’02:
1

+
!

N
w10
T
!
+

2.5) 6

! . : ooy
+ . 1 : " I
- entering llqluxrd" = 2

[}

! ¢
R U S

U SR S

: bt R P

. AP = gank pressure

;DT vapor pressure) P
1ol b <

.......

.....

-

BUBBLE DIAMETER, cm (in)
(2%

__ Note: Vapor liquid heat transfer rate is ,3 kw (,
: which {s three times that required (o con

3Btu/sec), _

dense all

vapor during a one hour fill,

2.5 5
(. 9)

7.5
1.0)

10
(1.5)

AP, kN/m? (psid)
Figure 3-51. Maximum Allowable Bubble Diameter for Condensing Oxygen Vapor in
Start Basket During POTV Propellant Tank Fill
] 3~-62




First Law

mu + (mu - (muj__ - (mu =h.Am -h Am - :
(zu),, + (mu), = (muj o - ( )y Shpam - h Am (3-40)
;
where :;
m = mass
u = internal energy *
h, = enthalpy of entering liquid mass increment %
i 1
3
h = enthalpy of cxiting liquid mass increment !
(]
Ami = liquid mass increment entering tank in time,
Amo = liquid mass increment leaving tank in time, ]
subscript
2 = conditions at end of interval
1 = conditions at start of interval (
1
L = liquid
v = vapor
|
Now, u =u__ =u (vapor is saturated at tank pressure, assumption 8 |
' oy v v (vap P ¢ P ) ‘
Also, Upy =u . =u (@ssumption 6) 3
Therefore, J
|
-m u +(m _-m) u =h Am. -h Am 3-41 3’
My =myp vy My = my), vy =h am - b am (3-41)
From continuity, mlL + mlv + Ami = m2L + m2v + Amo (3-12)
:
r -m_, = Am =Ami - Am 3-43
Oy Mop = Myp BASKET 2 Am, (3-43) |
where m =m_ +m, 3-44)
T L v ( ,
i
A = propellant mass increment aiceumulated in start basket '
MpaskeT - P |
Add nd subtractingm_u_ and m_ u to equation 3-41 results in,
Adding a btracting " Wi, toed on 3-41 results
m__-m_ Ju +(m_ -m Ju =h Am,-D.Am 3-45
(2T IT)L(ZV lv)ev‘ I 0% ( )
where




- B T e TR R T SRR T

uev B (ug B uL)
But,
m . -m _)
2T 17
m -m = -— (3-46)
2v 1v (p L/p g) -1
Therefore, equation (3~45) becomes
u
M, -m. )@ b Amy - b Am (3-47)
- = - B | 1 = lg o -
2T 1T "L (p; /p REE
Substituting equation (3-43) into (3-47) gives,
ucv
(Ami - Amo) (uL - m )=hjam; - hy Amg (3-48)
L' g
Rearranging terms and solving, for Am 0/ Amj we have,
Amg uev Y \'
= [hi‘ Ut ] [h T+ - *'—] (3-49)
. Y =1 0 - i
amj L e, /e " L v /p g) 1
However, frcm eq. dion (3-43" we can show that
AMBASKET A Mo
—  =1- == or,
Amj A m;
SMp ASKET Yev ' ev
'T‘“—=1- hi-u1+ o /p )1 [ho-uI + = /~“')—1](3-50)
mi 4 pL p g 4 (p y O g

Equation (3-50) g: ves the maximum fraction of entering propellant that will accumulate
within the start baske! as a result of vapor condersation,  This fraction is shown in
Figure 3-52 for hydrogen and oxygen as a function of the differential pressure term,
AP (tank.pressure minus entering liquid vapor pressure).  These curves indicate that
ar increasing fraction of entering liquid remuins in the baske  as AP tnereases,  An
increase in AP is equivalen: to liquid entering the basket at cooler temperatures, which
increases its heat absurbing capability.  This in turn will increase the rate of vapor
condensation, and subsequent liquid accumulation within the basket.

According tc Figure 3-52, 1009 of L()2 entering the basket will remain within the basket,
if the entering liquid is subcooled by about 6, 8 kN/m2 (1.0 psid), o- groater, For this
condition one could select 4 flowrate (m,,) that wenld just fill the baske: at tank fill
completion (Figure 3 23). A conservative, and preferred, approach would be to provide
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m = my/(Ampg/Amj)
me = mnaximum basket liquid mass
tank fill duration
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—
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~—

AP, kN/m2  (psid)
Figure 3-52. Influence of liquid subcooling upon start basket refill flow parameters.

a greater basket flowrate (mm ) to assure basket refill even at AP's less than 6.9 kN/m2
(1.0 psid). As a first approximation it is suggested that m =3 m . 1t is scen from
the curve that *he basket will completcly refill for this flow condition at AP's greater
than 1.7 kN/m? (0. 25 psid).

Hydrogen properties are such thu & considerably greater AP is required to accumulatce
the same fraction of LHg entering a basket than if LOy was entering a basket. This is
illustrated by the hydrogen curve of Figure 3~52 which shows that about 10 kN/m2

(5. 7 psid) is needed for all entering liquid to remain within the basket. If, as above,
we select th = 3 1'110, then basket refill will occur for a AP greater than 10 kN/m?2
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(1.4 psid). This condition should be satisfied sinee Figure 3-24 shows that final

LI, equilibrium tank pressure for POTV will be about 21 kN/m2 (3 psid) greater than
entering LHy, for initial tank wall temperatures less than 200K (360°R). The degree of
liquid subcooling will be even greater if non-thermal equilibrium conditions occur
during tank fill.

The above analysis has indicated that liquid inflow to a start basket is a feasible means
of providing basket refill during the propellant tank fill process. A conservative
thermodynamic mechanism has been analyzed which indicates that a reasonable range
of propellant inflow rates will provide basket vefill for POTY, Infact, a flowrate of
m=3 I'no should result in a completely filled start basket at the end of propellant tank
fill.

3.3.6.3 Summary. The liquid-oxygen tank su}’rt basket will be vapor free within one-
half hour after being pressurized by 20.7 kN/m= (3 psid). This same passive approach
may require a considerably longer time for the liquid hydrogen tank. An alternative
active-method was considered for the hydrogen tank in order to reduce the time required
to condense all vapor. This condition will be satisfied at the end of propellant tank fill
if hydrogen flows into the start basket at three times the rate indicated by Figure 3-53.
This method requires the additional complication of a small diameter line plumbed
between the main fill duct and the start basket. A preliminary design sketch of this
set-up is given in Section 3. 1.

i (0. 3) - Vi Yoy, i
........ Cod 3
!’ VB basket volume (from Table 3-10) :
L
1.0 \ i 3 : liquid density
' (0.2 : “ tank fill duration
_ AN OIS RS et
3 e
~ Rt N
a ol RN ERREORA B S
=) 1o Liquid Oxygen L
3 9.5 Sy D REHRE EPIDE AN NS
{')) (0. 1) ;’:";’:" "."\“\‘{ EER T ":":'.’:3’1,.:
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Figure 3«53, Propellant Flowrate Required to Fill Start Basket During
Tank K1 Operations
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3.4 ORBITAL PROPELLANT TANKING OPERATIONS

The impact of the on-orbit refill upon vehiele design is described in this section, Con- |
ceptual design modilications are presented which depict propellant tank, (ranster line

and helium system modifications, A detailed discussion of an on-orbit refill procedures ‘
is given, including how the procedures are influenced by the presence of helium and or ;
start baskets.

e

:
3
. . - v v :
S. 4, 1T CONCEPTUNL DFSIGN MODIFICATIONS FOR ON=ORBIT REVFILI., The :
analyses of Seetion 3.3 have established requirements for achieving POTV on-orbit refill i
from an orbiter-tanker, Requirements which affect the vehicle design include:
a4, A luid spray cireuit through which propellants are introduced into the pro-
pellant tanks,
k.
b. A bleed line to route LH_ to the start basket during vefill. 4
- :
¢. A non-propulsive vent system through which propellant vapor is vented during
tank bBlowdown.

These and other plumbing modifications are depicted in Seetion 3.4.1, 1L Seetion
3.4. 1.2 and 3.1, 1, 3 includes sketehes of recommended transfer line designs and a )
maodulavized helivm pressuvization systen,

3.-L 1.1 Propetlant tank modifications. Figures 3-54 and 3-55 show some tankace |
system arvangements for g two stage POTYV, Propellant refill is accomplished from %
the shuttle, thevetore, the reaching capability of the transter lines is limited (o the

length of the Remote Manipulating System (RMS).  We have the choice of 1) foading cach
stage separately, {ollowed by inte rstage attachment maneuvers, 2) having the stages
initially interconnected and equipped with external plumbing kits or 3) adding a motor
driven hinge system i the POTV separation plane so that the vehicle can be Vjack

knifed" to within reach of the RMS, 1t is assumed that each stage will be tanked sepavcately,
thus avoiding the crossing of the separation plane with propellant ducts,  The systems
shown ave common to each stage and inelude propellant fill circuits  vent systems and
acquisition devices for both the fuel and oxidizer tanks. ’

The fuel tank il civeuit starts at the skin line of the POTV body structure with dis-
conneet assembly containing an internal poppet closure, a static scal intertace, and a
cone section which =erves as wn alignment tool and a structural attachment with the
mating half. A {Texible duet seetion is routed from the disconneet to a fuel tank inloet
fitting. The duet material is Cres and incorporates three axially restrained flex :
Joints which permits length and angular changes between the duct ends.

The tank inlet fitting is cquipped with a flange (inside the tank) for receiving a distri-

bution duct, and a boss for attaching a 3/+inch bleed line,  The distribution duct runs :

along the eylindrvical section of tank and is cquipped with two outlets containing, spray
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nozzles. Two nozzles are shown in Figure 3-54. Although it is not possible to analytically
determine how many nozzles will be required to assure adecuate fluid mixing, it is believed
that two or three nozzles will be satisfactory.

The 3/4-inch bleed line will direct LH2 into the start basket to assure that all
initially trapped vapor will be condensed by the completion of propellant fill,

The fill system for the oxidizer tank is basically the same as that for the fuel tank except
the internal distribution duct has been replaced with a short tapered duct section equip-
ped with a spray nozzle at the end. A bleed line to the acquisition device is not shown
because calculations indicate that all vapor initially trapped within the basket will be
condensed without resorting to liquid spray inflow.

Vent systems for both the fuel and oxidizer tanks consist of one vent valve located
outside the tank wall, a non-propulsive vent duct, a thermodynamic vent system mounted
off the forward bulkhead inside the tank, and a small vent tube for the thermodynamic
vent system. The non-propulsive vent duct is routed from the vent valve to two points
at the skin line and spaced 180° apart. The thermodynamic vent tube is supported from
the vent duct and terminates near the duct ends.

3.4.1.2 Transfer line design. The transfer system is basically two separate circuits
(one for LOg and one for LH5) running from the POTV loading point back through to the
orbiter supply tanks. Each circuit has a movable transfer line section connected to a
fixed tank outlet line. The basic plumbing material is 304L cres,

Each movable transfer line consists of two sections interconnected with a tangential
rotary joint. The forward section is equipped with a disconnect system for connecting
to the POTV. The lines are deployed by the Shuttle RMS which engages with the dis-
connect vaive, The transfer lines are supported at the base through tangential rotary
joints attached to a support bridge forward of the fuel tank. In the stowed position

the lines have additional support from the tank girth rings. Each line is also equipped
with pneumatic tubes and electrical cables for actuating and monitoring the disconnect
valve,

A disconnect arrangement for the POTV side only is included in Figure 3-56. The
disconnect is designed so that the task of the RMS is to position the mating half
approximately within the alignment cone. This mating half (attached to the RMS) has
latch systems for gross capture followed by ""draw down'' and final alignment, The
RMS, therefore, does not react disconnect loads. The arrangement shown is passive
and consists of a cone and a disconnect assembly equipped with an internal spring loaded
poppet and a flat external land for sealing with the mating half. The disconnect is
attached to the cone using a ball-socket type fitting which permits angular misalignments.
The mating disconnect assembly has an electromechanical drive which positions a
Pressure sensitive static seal against the flat land. The seal arrangement is shown in
detail ""C" of the figure. The electromechanically driven assembly is basically a short
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Figure 3-56. Typical vehicle propellant disconnect arrangement,

telescopic tube sealed externally with a bellows and actuated externally by three screw
jack actuators or by a single threaded collar with a worm drive. GD/C has designed
a liquid flourine tandem butterfly valve for zervo spillage at separation using such
techniques. For this application, the telescopic section would have an internal poppet
closure similar to that shown in Figure 3-56,

In summary, a typical connection starts with the RM3 positioning the transfer line dis-
connect inside the cone.  Angular, axial and lateral misalignments are permitted at
this time. The sccond step is to actuate the locking pawls on the transferline diseonneet
to an inboard position which captures the flange on the cone. This is a 1oose engagement
only between cones. On the third sten the pawls are actuated parallel to the disconnect
center line which pulls the two cones together thus completing the structural connection,
Fourth, the motorized disconneet carrying the external seal is actuated pressing the
seal against the flat land. Upon further actuation, the poppet on the transfer line
disconnect forces the poppet shown in the layout to an open position. Fluid transfer is
now permitted. For disengagement, the above steps are reversed.  After fluid transfer
both poppets are closed before the external seal is disengaged from the flat land.  Also
the poppet interfaces are designed for near zero spillage.

A detailed discussion of the design and operation of a transfer line disconnect valve is
given in Section 5, 4.1,

3.4.1.3 Helium system design.  Space-based vehicles will require gascous helium
resupply during refucling operations,  One method of resupply is by flowing helium
from a storage tank (located in the Shuttle payload bay) to the vehicle through a long
transfer line. However, analyses indicate that helium bottle charge operations would




be lengthy if excessively high bottle temperatures are to be avoided.

The transfer line will have an electrical power cable attached to the line and per-
manently connected to the disconnect system located at the end of the line. The
transfer line must have mobility which in turn requires flex joints either in the form
of braided hoses, swivel type joints with dynamic seals, or loop bends in the tubing,
Conventional bellows joints would not be applicable due to high pressure requirements.
The use of hoses, swivel joints and loop bends presents packaging and weight penalties.
Also, the safety of this transfer operation is of concern because an approximate 20 m
(60 ft) line, pressurized to 34500 kN/m2 (5000 psi), will be essentially unsupported

except at the orbiter and at the vehicle. Consequently, an alternative method of
resupply was selected.

An alternative would be to employ separate pre-loaded modular helium bottles that
would be externally attached to the vehicle. A disconnect system capable of mating a
structural attachment and a fluid connection with the vehicle is required with either
approach. Several disconnects are required of the modular bottles, however, as
compared to only one for a transfer line,

The orbiter remote manipulating system (RMS) will be employed to connect transfer
line or modular bottles to the vehicle, The RMS will place the disconnects reasonably

close to the mating target. Pressure-area loads will be reacted only by the disconnect
structure, and not by the RMS.

The helium bottle modules shown in Figure 3-57 are intended for use on POTV's,
COTV's and LTL's serviced from the shuttle. Only the module station locations would
be changed. Basically, the pre-loaded helium modules are picked up with an RMS

and plugged into external O TV interfaces which in turn have interconnecting plumbing
to the OTV systems.

Detail "B" of Figure 3-57 shows a typical helium module which is a high pressure bottle
equipped with a tangential support skirt, a docking cone, a latching system, a shutoff
valve and a motor driven disconnect, The tangential skiyt section has a fitting which
Interfaces with the RMS., The only requirement in the case of a Shuttle RMS would be

the addition of an end fitting, This fitting would include a power cable from the Shuttle
for actuating the latch and disconnect systems.

A typical transfer sequence consists of connecting an RMS to the helium module; placing
the module loosely (wide tolerances) into a mating cone on the OTV; actuating the latches
to an inboard position to insure a gross capture and finally moving the latches in an

axial direction which completes the structural connection. With the structural con-
nection completed, the disconnect system is energized making a seal between module and
vehdcle. The socket portion of the disconnnect contains the seals and the probe section
on the OTV is float mounted to compensate for misalignments. Since temperatures are
basically ambient, the seal system consists of "O" rings equipped with backup rings

to prevent "blow out, ' The seal design includes provisions for each replacement.
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3.4.2 ORBITAL PROPELLANT TANKING OPERATIONS. On-orbit refueling of a
dual stage POTV will require three shuttle flights, cach having a payload capability

of 45, 360 kg(100, 000 1b).  The first Shuttle tlight will transfer propellant te the second
POTV stage. The secord Shuttle flight will trausier propeliant to the second stage,
The third flight will carry the POTV payload and sufficient propellants for topping the
two stages prior to mating ana launch.

Refill operations will be influenced by type of POTV subsystems and by whether it is
the first or subsequent shutt]e flight for the mission, These influences will first be
evaluated before a detailed refueling procedure is presented,

3.4.2.1 Subsystem influence upon refill proceacures, Two subsystems that will have
a direct effect upon refill operations are the bressurization and propellant acquisition
(start basket) systems. If helium is required for vehicle tanks pressurization, the
refill process will become complicated because of the need to first expel the pressur-
ant. The presence of propellant tank start baskets require procedural changes to ac-
commodate the requirement that the screened volumes be vapor-free at the end of
tanking, Table 3-11 indicates what elements of an orbital refill process will be
affected by these variables, It is evident from this table that a vehicle having no
helium pressurant and no start basket will be the simplest to refuel in space. The
most difficult combination would be the inclusion of the two subsystems, This latter
combination presents a botentially serious concern that is addressed below,

Start basket/helium combination, Thig subsystems combination c¢an result in helium
entrapment within the start basket at refill completion, Helium entrapment is a
serious concern because 1) the start basket must be vapor-free in order functjon
properly during the OTYV mission and, 2) the entrapped helium, unlike propellant
vapor, cannot be removed by condensation, The best solution is to perform a series
of propellant tank blowdown modes, similar that desceribed by Figure 3-13, untij a
negligible helium quantity remains. This would be a time-consuming process and

is best performed prior to orbiter-rendezvous.,

3.4.2.2 Shuttle flight influence upon refill procedure. Three shuttle flights will be

b used to refill the two POTV stages. Refill procedures for the iirst two shuttle flights

| will be identical because each stage will be empty. Thus the decision on how to handle
liquid residuals, tank vent, and tank prechill wil] be the same. The third shuttle flight
will provide the remaining propellants to complete tank fill, Obviously, the above tasks
will not be performed. It will only be necessary to chill the transfer line prior to
resuming the tank fil] process. Transfer line chilldown may be performed differently
for the third shuttle flight than for the first two tlights, With the first two shutt]e flights
it is likely that vapor generated during chilldown will flow into the empty propellant tanks.
Vapor generated during transfer line chilldown of the third shuttle flight will likely be
vented overboard rather than into the propellant tanks,
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Table 3~11. Subsystem Influence Upon Refill Procedures

No start Basket Start Basket |
Item o _. INo Helium | Hehwm_| No Heium | Helium ]
Liquid Residual
e Dump liguid prior to rendezvous |No Yes No Yos*
Tank Vent
e Tank Temperature > 200K (360R) | Yes Yes Yes Yes-e
o Tank Temperature < 200K (360R) tNu Yes No Yes®
Tank Prechill
e Tank Temperature > 200K (360R) {Yes Yes Yes Yos
e Tank Temperature < 200K (360R) |No No No No
Tank Fill
e Provide start basket bleed line [N.A. N. A, Yes Yes
¢ Pressurize tanks for start N. A NoA Yes Yes
basket vapor collapse [

*A potential concern is that helium may be trapped within start basket.  Solution s
discussed in Section 3.4.2.1.

3.4.2.3 Tank fill procedures. On-orbit tank fill/refill procedures will be influenced
by many variables including subsystem selection (sce Table 3-11) and propellant (the
axygen tank requires no refill). It is not practical to prepare a table itemizing

the individual procedural steps for each type of operations. Rather, a fill procedure
has been developed for the most complicated case, which includes:

a) Propellant tanks, helium pressurization
b) Start baskets

c) Initial tank temperatures at 289 K (520R).

A total propellant transfer operation of three hours was selected.  Table 3-12 shows
that this transfer duration can be accomplished by over-lapping LHo and LOs transfer
operations.

Table 3-12. Propellani Transfer Can be Accomplished Within Three Hours

SVENT TIME — HRS
0 1 2 3

LH2 TRANSFER
VENT TANK -
TANK CHILLDOWN .
VENT TANK -
TANK CHILLDOWN .
VENT TANK -

LH2 TR2NSFER

STORAGE OPERATIONS -
LO2 TRANSFER

VENT TANK -

LO2 TRANSFER
STORAGE OPERATIONS | -

L
]
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POTV propellant transfer timelines for orbiter fiights 1 and 2 are given in Table 3-13.
In addition to the prechill and tank fill events, these timelines include the transfer

line operations of attaching, venting, purging, disconnecting and reiu rning to orbiter.
LOy transfer operations are initiated 49 minutes into the LHg transfer operations. This
overlapping is required because a single RMS is employed for both propellant tanks,
LHjy transfer timelines are determined for the tank fill conditions of Table 3-14, using
the analysis of section 3.3. LO. transfer timelines are estimates extrapolated from the
LH, analysis. A total of 176 minutes is required to complete propellant transfer.

POTV propellant transfer timelines for orbiter flight 3 are given in Table 3-15. The
primary difference between this flight and the carlier flights is that 1) the propellant
tanks are about 7, percent fuli, and 2) each propellant tank of each stage will be filled,
which rcquires increased RMS activity, A total of 122 minutes is required to complete
transfer operations,

The procedures Jisted in Tables 3~13 and 3-15 do not include all fluid transfer operations
required of on-orbit refill, It is likely that helium and earth storable propellants 1
also be transferred. Transfer operations for these fluids were identified during the
"Orbital Propellant Handling and Storage Systems Definition Study", Reference 3-1.

An evaluation of these ~oerations indicated that transfer times of 162 minutes and 222
minutes respectively, will be required for the modular helium bottles and N, H,

storage system refill. Additional details and assumptions related to the transfer

of helium and NoH, are given in Reference 3-1.

3.4.3 ZERO-G MASS GAUGING. One of the more serinus problems with any propellant
transfer process is to determine when to terminate tank fill, For the geosynchronous
mission, each receiver tank must be filled to about the 977 level. Tank overtill must be
avoided because of the petential for tank overpressure, but tank underfill could jeopardize
mission success. Estimating provellant mass loaded with flow-meter measurements will
not be sufficiently accurate. It is expected that a zero-g mass gauging device will be
required. Liguid-level sensors will be useless in a low-g environment, beczuse liquid and
vapor will be distributed throughout the tank. Yet some technique for accurately neasur-
ing propellant mass quantities in this environment is essential to on-orbit propellant
transfer,

3.4.3.1 Current Mass Gauging Devices. Technology studies and development
engineering has previously been performed on the following mass gauging devices:

1. The TRW developed system based on absorption of gamma radiation,

2. The General Nucleonics radiation absorption system using Krypton 80
as the source.

3. The Bendix system, which uses a radio frequency (RF) technique.
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Table 3-13. Propellant transfer timeline (Flights 1 & 2),

Elapsed Time Cumulative Time
Event (min) (min)
TRANSFER LH?(I) 0
Vent OTV LHo tank 15 15
Attach LHg transfer line 8 23
Vent LHy transfer line 1 24
Close LH, transfer line - 24
Close LH9 tank — 24
LHg transfer and 5(2) 29
thermal hold
Vent LH, tank 52 34
Close tank i 34
LHy transfer and 5(2) 39
thermal hold

Vent LH, tank 44
Close vent - 44
Transfer LH, 90 134
Switch to topping rate 10 144
Sense vapor flow in Supply tank - 144
Close valves - 144
Vent LHs transfer line 2 147
Purge LHg transfer line with He 5 159

Close LHj transfer line vent - 152

Disconnect LH, transfer line 1 153
Purge LH, transfer line with He 2 155
Return LHj transfer line to Orbiter 8 163
TRANSFER LO, 2) - 19
Attach LO, transfer line 7 =6
Vent LOg transfer line 1 57
Close LO; transfer line vent - 57
Hold 2 59
Vent OTV LOg tank 20 79
Clo.e LOy tank - 79
Transfer LO, 60 139
Swit:h to topping rate 10 149
Sense vapor flow in supply tank - 149
Close valves - 149
Hold 8 157
Vent LOg transfer line 3 160
Purge LO, transfer line with He 5 165
Close LU, transfer line vent - 165
Disconnert LOg transfer line 1 166
Purge LO, transfer line with He 2 165
Return Lc')'ltransfer line to Orbiter 8 176

(1) Timelines are based upon flow conditions Biven in Table 3-14.

(2) Timelines are estimates,
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Table 3-14. LH, Propellant Transfcr Flow Coditions Selected for POTV Refill

Operations
Prechill(l)
LH, flowrate = .45kg/sec (1.0 1b/sec)

LHj velocity

3. 05 m/sec (10 ft/sec)

Tank Fill(z)

LH2 flowrate = .91kg/sec (2.0 lb/sec)

LH, velocity = 6.10 m/sec (20 ft/sec)
T‘oggigg(:”

LHy flowrate = .45kg/sec (1.0 Ib/sec)

LHy velocity

3. 05 m/sec (10 ft/sec)

(1) Prechill durations of Tables 3-13 and 3-14 are acceptable per Figure 3-21,
(2) Tank fill durations of Tables 3-13 and 3-14 are acceptable per Figures 3-30 and
3-34,

(3) Topping durations of Tables 3-13 and 3-14 are acceptable per Figures 3-30 and
3-34.

The RF type, whose development was also undertaken by the National Bureau of Standards,

has an accuracy of about +3 percent but tends to be geometry and configuration sensitive.
The nucleonics type, developed by TRW and General Nucleonics, uses a radiation/
detector device and has an accuracy of about +2%. Resistance to the operational

use of this system has been reported because of the potential radiation hazard. If the
radiation were not a problem the system could be a very viable approach,

Although much progress has been made with these devices, system verification remains

to be demonstrated on large scale systems in a zero-gravity environment, Until such time
that one of the above devices has been proven for orbital propellant transfer, a search for
alternative methods should continue,
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Table 3-15. Propellant transfer timeline (Flight 3).

Elapsed Time Cumulative Time 1
Event (minp) {min) 3
;’
TRANSFER L, 0
Attach LH» transfer line to 2nd stage 8 8 ‘
Vent transfer line 1 9
Close transfer line vent - 9
Slow flow into transfer line 1 10 |
Transfer LH» 25 35 |
Sense tank LHy mass — 35 {
Switch to topping rate 10 45
Sense tank LHo mass - 45 :
Close LHy valves - 45 )
Attach LH, transfer line to 1st stage 8 53 J
Transfer LHo 25 s j’
Serse tank LHy mass - 78 i
Switch to topping rate 10 88 .
Sense tank LHy mass - 38 ;
Close LH, valves - 88 s
Vent LHs transter line 3 91
Purge LHy transfer line with He 5 96
Close LH, transfer line vent - 96
Disconnect LH, transfer line 1 97
Purge LHs transfer line with He 2 99
Return LH» transfer line to Orbiter 3 107
TRANSFER LC,(%) i
' 2 - 10 1
Attach LO, transfer line to 2nd stage 7 17 !
Vent transfer line 1 18 f
Close transfer line vent - 18 |
Slow flow into transfer line 1 19 ,
Transter LOo 15 34 %
Sense tank LO, mass ~ 34 ‘,
Switch to topping rate 10 44
Sense tank LOs mass - 44
Close LOg valves - 44 |
Hold 1l 55
Attach LOa transfer line to 1st stage 8 63 ;
Transfer LO9y 15 78 ;
Sense tank LO, mass - 78 3
Switch to topping rate 10 88 *
Sense tank LO» mass - 88 |
Close LO» valves - 88 ‘
Hold 13 101 x
Vent LOa transfer line 3 104
Purge LOg transfer line with He 5 109
Closce LOg transfer line vent - 109 |
Disconneet LO, transfer line 3 112 '}
Purge LOg transfer line 2 114 |
Rcturn LOy transfer line to Orbiter 8 122

(1) Timelines are based upon flow conditions of Table 3-14,
(2) Timelines are estimates. 3-79




3.4.3.1  Thermodynumic Mass Gauging. Thermodynamic mass gauging is an

alternative approach that may be usetul for orbital retuelling operations. This
approach relies upon measuving the tank pressure increase resulting from a known
helinm mass introduced into a nearly full propellant tank. Ullage volume can be
determined from these measurements in combination with a knowledge of propeltlant
temperature. The tanked propellant mass can then be determined from the product
of calculated liquid volume and liquid density . The tollowing procedure, and its
attendant assumptions, is considered reasonable for zero-g mass gauging operations
(lig, 1id hydrogen tanking is assumed, but the approach is alse applicable to liguid
oxygen):

L.  Conduct tank prechill and till as deseribed in secetion 3.2 and 3.3,

e Rely upon a flowmeter (assume 8% accuracy) to provide gross indications
of propellant loading,

e Terminate propellant transter at an S8% fill indication, The actual tanked
quantity will veside between 800 and 9640, This will prevent the possibility
of tank overtill.

2. Turn on thermodynamic vent system (FVS) mixer to achieve and maintain
thermodynamic equilibrium,

e. At cquilibrium, vapor and liquid reside at the same temperatare. Temperature
can be accurately determined from tank pressure.
B ]
e Assuming a 2.1 kN, nv (0.3 psi) ecrror on absolute pressure queasurement),
the temperature errvor will be about 0,06 K (0.1 R), which is equivalent
to n 0.3% ervor for tank conditions of 138 KN/m= (20 psin).

3. Initiate helium pressurvization after tank pressure has stabilized (i.e. pressure

rise rate ¥ 0). Figure 3-58 depicts the anticipated propellant tank pressure

and volume excursions during this period,

o Measure l‘“ alter tank pressare has stabilived
¢,

-

D

4. Ullage volume determined trom Equation of State caleulations

o V. T {AMNRNT /P (3-51)

u He |
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where:
Vul = ullage volume
Am = helium mass addition
R = helium gas constant
’l‘L = liquid temperature

e The inaccuracy of the ullage volume calculation can be determined with the
fellowing ervor analysis on (3-51):

0V R &
T E
B! §Am 8 L H 2
V = + ’1‘ + }) (3—52)
u am L HE,

By taking a root-sum-square (RSS) of the above variables (which is the accepied
approach), we have

p 2
8Vy 2 8T \2 8 HE,
1 L 2 .
- ( Am ) ' ( T ) *( P ) (3-53)
Vyy L HE.,
where:

Amn

6Am = 7% (assumed helium mass flow accuracy)
8T,

. £0.3% (from item 2 above)

L

6P .= 0.1 psia (estimate based upon Centanr ex erience with
HL,) .
< high accuracy transducers)

Calculate the required liquid volume to achiceve a final fill of 95

e
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® AVL = (Vul “Vuf)

where:

Vuf

AV,

1]

ullage volume at 95% liquid fill

]

LH2 volume addition to achieve tank fill

® The inaccuracy in providing AVL is,

6Av

AVL

= 18% (flowmeter accuracy)

6. Re-initiate tank fill and introduce AV, propellants to achieve a final
propellant load.

e Propellant loading error can be defined as

bm ey vy .
my, PLYL Vi
where:
8V (2 .
Ve i( B! ) +( 6AVL> (3-55)
———— IS Sk PR}
vy vy v,

Propellant Loading Error. Equations 3-51, 3-53 and 3-55 were solved for liquid
fill conditions of 80% and 889 at the start of mass gauging operations, Additionally,
a PHe2 range of 3.4 kN/m2 (0.5 psi) to 7.6 kN/m2 (L. 1 psi) was assumed during,
mass gauging. Results are summarized in Figure 3-59. Note that tanking cvror
can vary between 1.5% and 4. 4% with this mass gauging method.

It is evident from Figure 3-59 that tanking error can be reduced by increasing, l’”tm.

The only limit to this increase is that the resulting PHc-; at tank fill completion
cannot be excessive.Figures3-60 and 3-61 display Phe ; as a function of final

propellant fill and pHe ,+ It is seen that Pﬂe.; can become as great as 62 kN m= O psi).
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/| Liquid Fill at Start ! A more acceptable pressure level
i Helium Pressure | would appear to be about 28 to 34

S AR IR H R T kN/m? (4 to 5 psi). If a propellant
fill goal of 95% to 97% is considered
acceptable, the Figure 3-60 indicates
that the maximum acceptable P He
is about 5.2 kN/m?2 (0.75 psi). 3
According to Figure 3-59, this will
result in a minimum tanking error
of 1.9% to 3.29%.

N

[ V]

Tanking Error, Percent

o

Mass Gauging Concerns. The success
of the thermodynamic mass gauge
(-4) (-6) (-8 (1.0) rests upon two key factors; confidence
Initial Helium Pressure (Py, o) in the liquid mass flowmeter, and the
kN/m? (psi) ability to maintain thermodynamic
cquilibrium with the TVS mixer
Figure 3-59. Thermodynamic Mass Gauging during the mass gauging operations.
Tanking Error

This technique depends upon a mass flowmeter to provide a gross indication of tank
fill. Thus, there must be sufficient confidence in this instrument that propellant
transfer will not be terminated until a high fill condition is indicated. If such
confidence does not exist, the alternative would be to terminate propellant transfer
at the 70% or 60% fill indication, An early flow termination could increase tanking
error to the point of rendering this technique uscless.

The second important factor is that of maintaining near-thermodynamic equilibrium
conditions. Without this guarantee, ullage temperature uncertainty would increase
the uncertainty in 6Vu1 . Such as increase would result in a corresponding propellant
loading uncertainty. It appears, however, from the analysis of section 3.3 that near-
thermal equilibrium conditions will not be difficult to maintain.

In spite of the above concerns, it appears that thermodynamic mass gauging is a viable
technique that warrants further consideration.
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COTV ORBITAL RESUPPLY

In this section a mission scenario will be developed for the Cargo Orbital Transfer
Venicle (COTV) concept selected in Section 2. A mission will be defined as an aid in
identifying the key issues of orbital refill operations. Thesc operations will include all
major activities from post-mission return to LEO through resupply. Vehicle and depot
subsystem orbital refill requirements will also be identified. Operational procedures
and techniques for propellant transfer will then b ‘eveloped. Attention will focus only
on COTV differences with POTV refill operations, because many aspects of orbital
propellant transfer operations will be similar or identical,

4.1 MISSION SCENARIO

Large space industrialization programs have been conceived for the 1990's and bevond.
One of the most ambitious is the Solar Powered Satellite (SPS) program that will re-
quire propellant quantities several orders of magnitude greater than those identified
for the near term. In this SPS project Heavy Lift Launch Vehicles (HLLV) will be
developed to transport personnel, material and propellants into low earth orbit (LEO),
Liquid hydrogen and liquid oxygen will be transported in large supply tanks containing
approximately 436 metric tons (960,000 1b) at a 6 to 1 ratio. These supply tanks will
be transferred directly to depots in LEO, and cmpty tanks will be returned to earth for
refuelling. Depot ancillary equipment will include reliquefiers for reclaiming stored
propellant boiloff, and large solar arrays for converting solar power to the electrical
energy needed to operate the orbital facility.

Personnel and material will be transported from depots to higher orbital altitudes to
support industrialization programs. Personnel will be transported in POTVé; material
(or cargo) will be dispatched to work sites (perhaps GEO) in a common stage COTV.,
Conceptual studies have been performed to identify COTV configurations, some of which
were discussed in Section 2.

g 4.1.1 SELECTED COTV MISSIONS. A two stage COTV will fly a round trip mission
to dispatch its payload to GEO. Total mission duration will be approximately five days;
the first stage will return to LEO a short time after the vehicle is launched. The
second stage will return to LEO following the five day round trip mission to GLO.

Upon return, each vehicle stage will enter a phasing orbit preparatory to depot rendez-
vous. Several revolutions of this orbit (~ 3.1 hours per revolution) may be required
before rendezvous is attempted. Rendezvous and docking maneuvers will consume
approximately two hours,
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Post~docking operations will include cost effective procedures to reclaim all pro-
pellant liquid and vapor practicable. This is the primary area where substantial dif-
ferences between POTV and COTV operations will occur because the depot ancillary
equipment can be employed to minimize propellant loss. The impetus for such pro-
cedures is derived from the relatively high cost of transporting propellants into space.
4.1.1.1 Timelines. Timelines have not yet been developed for COTV operations.
However, a previous study ''Orbital Propellant Handling and Storage Systems for

Large Space Programs,' Reference 4-1, indicated that a launch schedule of ten or more
flights per year is conceivable. Thercfore, a rapid turnaround time between missions
is expected. Subsystems will be inspected and tested to verity flight worthiness once
post-mission operations are complete. A safed condition will exist once liquid pro-
pellants have been transferred and tank pressures stabilized., Pressure
will be relatively easy to manage once liquids have been transfe rred.

stabilization

4.1.2 ORBITAL DEPOT CONFIGURATION. Orbital depot conceptual designs were
developed under Contract NAS9-15640 (Reference 4-2) for Johnson Space Center (JSC).
That study concluded that large scale space activitics would benefit from orbital pro-
pellant depots such as shown in Figure 4-1, which illustrates a five-storage-module
depot, with optional crew quarters and maintenance hangars, refueling a manned OTV.,
Basic features include capillary propellant acquisition systems so that no rotation or
thrusting is necessary to position propellants.  Reliquefaction systems climinate long
term boiloff losses.

Benefits of such a depot are:

a. Reliquefaction eliminates boiloff losses.
b. Operations are more flexible, accommodating launch delays and OTV waiting,

c. Operating costs are reduced for probable 1990's OTV missions.

Investment considerations are:

a. Reliquefaction with power and radiators is a major item,

b. Station keeping uses significant amounts of propellants. ‘*

c. Propellant delivery tanks may also be used for storage,

d. Docking provisions, solar power array, and radiators are common to any

space base,

4.1.2.1 Ancillary cquipment. Reliquefiers will be permanently plumbed to the supply
tank farm for continuous reliquation of propellant boiloff.  Studies condueted in
Reference 4-2 indicate that reliquefiers will be cost-effective in contrast to the alter-
native of transporting additional propellants trom carth.  Since they require electrical
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Figure 4-1. Orbital Propellant Depot
power for operation and radiators for heat rejection, eleetrical power will be provided
using solar arrays that will directly convert solar energy.  Figure 4-2 provides size
and cost data on reliquefiers, solar arrays and radiators obtained from the previously
mentioned study. It is apparent that the depot physical configuration will be dominated
by the solar array and radiators. These data are for reliquefaction rates of 3.5 kg/hr
(7.7 Ib/hr) LHo and 7 kg/hr (15.6 1b/hr) LOs.
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Figure 4-2. Schematic: ET Propellant Depot
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Two phase pumps. The ability to readily transfer pPropellants from supply to receiver
tank is a necessary requirement for orbital depot operations, It hag Benerally been
assumed that pressure-fed systems will be employed to effect on-orbit transfer of
Propellants, There are instances, howeve) » when thiy approach appears impractical,
An excellent example of thig occurs when transferring residual propellants from CcoTy
to the depot supply tanks, The mass required to Pressurize the vehjcle tanks will be of
the same magnitude as the residual liquid to be transferred, A Preferred, and cost
effective approach will be to uge pumps for transferring residual propellants, rather

The absence of buoyancy during on-orbit bropeliant transfer may allow conside rable
vapor flow, and pumps will have to be desigued for this flow condition,

4.1.3 cotv CONFIGURATION, The basic COTV tank parameters are given in Figure
4-3. In this basic structure are included those subsystems needed to achijeve coTv

Stage 1
! Lo A y P Sy TR 'i
: ' | LH tank ! )/ po:
; aity . a1
! Payload ,.\ ‘ LH2 Tank , '\‘ ' 2 [ }\4\ .E‘anﬁ' /’. ];
N N Lo .
| | t { [N o - R BNl Y
&
Parameter Fach Stage
Physical
' Length, m (ft) 48 (157. 5)
Diameter, m (ft) 8.4 ( 27.6)
Weight, kg (Ib) 251,750 (555, 000) wet
15, 880 ( 35,000)
Tankage
LH2 Capacity, kg (ib) 37, 050 ( 81,690)
LO,, Capacity, kg (Ib) 198, 820 (438, 300)
Material 2219 - T87 Al
Insulation MLI

Figure 4-3. coTv Characteristics
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management (start basket ), an advanced atti tude

control system (AACS), and an
advanced main engine system,

Only the advanced attitude control and main engine
Rystems will be substantially different from the POTV systems described in Section 3.
Neither system will have a major influence upon orbital refil] opurations,

4.1.3.1 Advanced attitude control system, The
liquid hydrogen and liquid oxygen propellants trom the main tanks, This system will
be employed for all precision mancuvers required during the COTV mission and the

post-mission docking operations. However, the £ ACS will not be a factor once dock-
ing is complete.

AACS will be designed to extract

4.1.3.2 Advanced main engine. The advanced main engine system will be able to

operate at zero net positive suction pressure (NPSP) and have "boot-strap" capability,
That is, the vehicle will be able to achieve main engine start without benefit of pre-
pressurization or propellant settling, When the engine valves are opened, propellants
will flow from the acquisition devices to their respective main engine inlets and
generate a low thrust, This low thrust will result in a higher flow rat» demand, which
in turn will generate a higher thrust level until the engine has "boot-s. rapped' to
steady state operating levels,

Because this advanced engine will preclude
(MES), helium will not be present in eithe
tank, This condition can greatly simplify
However, in order to provide a more
operations, a helium pressuriz
following variations to the

pre-pressurization for main cngine start

r liquid hydrogen or liquid oxygen propellant
refill operations, as was discussed for POTYV,
thorough discussion of orbital depot refill

ation system will alsc be assumed for COTV. The

basic vehicle configuration will be analyzed in this seetion,

1. No helium pressurization and no start b

asket,
2. No helium préssurization with start baskot,
3. Helium pressurization and no start basket.
4

- Helium pressurization with start basket,

+.1.3.3 COTV/POTV procedural differences. Re
figurations will be identical to their respeciive
Section 3, No further analysis is required for COTV, although curves will be
depicting the influence of prechill and tank fill flow parameters upon ¢
Only the post-mission operations will differ

Section 3. These operations will focus upon 1
liquid using the depot ancillary equipment;
propellant vesiduals on POTV missions,

fill operations for all four con-
POTV corf igurations analyzed in
provided
ach process.
from those breviously discussed in
eelaiming residual propellant vapor and
there will be no provisions for reclaiming

i
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4.2 POST MISSION DE- TANKING OPERATIONS

If a helium pressurizatijon System is uged (i.e., helium ig in propellant tanks) —

®  Helium mugt be expelled before refi]] can be initiateq, This requires that tank
Propellants be expelled,

If an autogenous Pressurization system is used (i.e., no helium) —

®  Propellants will be expelled if vehicle component replacement requires that
propellant tanks be “opened—up". As an example, vent valve replacement can be
performed conveniently only if tank Pressure resides at Or near zero,

the COTV shortly after docking, An €xception to thig would be if a) the re was no

advantage to reclaiming residual Propellants, b) the vehicle stage had autogenous preg-

’ Surization, and ¢) componeny replacement would not he performed between vehicle
missions, Under these conditions, Propellants would remain aboard, gradually evapo~-

' rate and be vented, There would be no compelling reason for transferring liquid propellart

, because 3]} mainenance, except for major component replacement,could be performad
P with liquid on~board,

The feémaining discussjop and analysis wij] deal wiih the question of when it jg cost
effective to reclaim residya] Propellants, ang when these Propellants shoylqd be dumped

. overboard, Because helium can complicate Procedures, operations for an auto-
genous pressurization system wil! be evaluated stparately from heljum System
operations,

4.2.1 OPERATIONS FOR AUTOGENOUS PRESSURANT. A totally autogenous pres-
Surization sysiem for coTV will only be realized for an advanced engine system with
zero NPSp capability, Propellant vapor wil] be tapped off from the engine system for
tank Pressurization during "transient' ang Steady state operation, Consequently, only
liquid and jts vapor will reside within the Propellant tanks following a mission. Thiy
condition redyces the complexity of propellant transfer operations,
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4.2.1.1 The cost of propellant dumping - The cost of dumping residual propellants
overboard rather than reclaiming them is determined by the cost of transporting the
equivalent propellant mass from earth. Residual propellant quantities for each COTV
stage are itemized in Table 4-1, which totals for two stages are 5, 896 kg (13, 000 1b).
Propellant transportation costs during the 1990's are expected to be in the range of
228/kg (10$/1b) to 44$kg (20$/1b). The total estimated costs of dumping propellant is
given in Figure 4~4, and can be as great as 30 million dollars for a ten year period.
The cost of producing propellants was not included because these costs will represent
less than one percent of prepellant transportation costs.

Table 4-1. COTV propellant tanks final MECO residuals.

Tank |Final MECO Vapor(l) Vapor Liquid(Z) Total
Volume | Pressure, Density [ Residual | Residual, | Residual
m3(6tS | kN/m2(sia) kg/m3(b/ft3)| kgb) | ke(lb) kg(tb)
H_ Tank 548 103.4 6.62 747 195 942
2 (19360)|  (15) (. 085) (1648) @30) | (2078)
LO_Ta 183 103.4 22.18 835 1171 2006
2 (646C)  (15) (. 285) (1840) @2581) | (a421)

1)

saturated vapor
(2)

assumes 0.5% of total propellant load.

R RRE EEETEEL Y FO TPy PRURY IS RY FRTRY RPN S N T EN I I FR T IR TR ERT AT
30 PROPELLANT 7™~ T =4+ 1
S cosTs, $/kg . /L

-7 Costs Based Upon Table 1

/"1 4-1 Propellant Residuals
L4750 and 12 COTV Commen
‘ ;:_.3““}“"‘ Stage Flight Per Year

; SN sofeee i....A R PR TR I S,

......

15

TIME, years

Figure 4-4. Cost of Replacing Dumped COTV Residuals
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4.2, 1.2 Propellant veelamation — Ideally, it will be desivable to fivst transtor all
liquid from COTV, and then deal with the question of reliquefving the propellant vapor,
However, pure liquid iransfer from COTY o the depot supply tanks will be extremely
ditficult to achieve because liquid-vapor distribution, created by the near zervo-g
cnvironment, may be unknown.  Conscequently, it is necessary to consider two=phase
fluid transfer rather than the separaic operations of liquid phiase transfer followed by
s phase transfer, There arve three alternatives available for transferring residual
propellants to depot supply tanks,  These are

Case 1~ transfer a two phase fluid diveetly to the supply tank,

Case 2 - transfer the fluid to a reliqueficr; the resultant pure liquid can then be
transterved to a supply tank,

Case 3 - Connecet propellant tanks vent plumbing to the supply tank and ve-
liquety boiloff on @ continuous basis.

A schematic of each alternative, with a brief discussion of advaiitages and dis-
advantages, is given in Figure =5, Che most costly approach will be Case 2 beeause
substantially lavger veliqueticrs are required if the residusl viaporc is o be recondensed
during the transfer process.  This higher tlow rate requirement translates into Lirger
religuefiers, radiators and solar arvay.  Case 3 is unaceeptable beeause propellant
tank pressures will remain high for the entite peviod between Launches, the reby violat-
ing the groundrule to reduce tank pressures to a low level in a timely manner,  Case 1
will have the shortest duration for propellant transtor since the only limitation on
transfer flow rate is pump size.  This case will be analyzed in greater detail,

Case 1 Evaluation. A compressor will be requived for propellant transter to the supply

tank because receiver tank pressure will deeay toa fow level during this process,
Since compressors may not operate satistactorily under mixed phase conditions:, a
vent tube will be neaded to probe the ullage such that a high pereentage of vapor by
volume is expelled at all times,  Onee fluid transtor is complete, the vapor is proces-
sed through the supply tank reliqueticrs over a long time period, The time required
to complete reliquetaction will depend upon fluid residual mass and reliquefaction
rapacity.

It must be recognized that veliquefaction is not cost - free. The supply tank reliquetaction
systems will be sized to handle a design boiloff rate. Reliquetactor of propellant
residuals represents a load over and above the design conditions, Conzequently,
separiate units or added capability for existing units is requived.  In cither case, the
additional cost must be borne as the cost to recliim residual propellants,  These costs
are explored in the following paragraphs,

Reclamation Costs,  The vate at which propellant quantities ave reliquefied will depend,
in part, upon the available residual mass and the time available for reliquetaction,
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mission operations,
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® pump/compressor

- Reliqueficrs

Advantages
1. Vapor can be condensed by supply tank

reliquefiers over long time period.
2. Fluid transfer occurs in timely manner.

Disadvantage = pumps/compressors required
for two-phase fluid transfer

@ pump/compressor

A

Reliqueficer

® liquid-vapor separator
Advantage - pure liquid returned to supply tanks.,

Disadvantages

1. Large reliquefiers required to condense
vapor during short transfer period.

2. Liquid-vapor separator ard pumps
required for two-phase fluid transfer.

Advantage - No new ecquipment required - Vapor
fiows divectly to supply tanks
reliqueficrs as receiver tanks

ATy R TRAERE TR AR T

pressures fnerease above vent levels.,

Disadvantage - Long time required for boiloff
of receiver tank propellants,

Figure 4-5. Alternative me thods of reclaiming COTV residual propellants during vehicle post
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Estimated residual propellant quantities have been given in Table 4-1. These pro-
pellants should probably be reliquefied in a time comparable to the interval between
CGTV launches; which is about 30-36 days for the seleeted scenario of 10-12 launches
per year. Figure 4-6 gives reliquefaction rates as a function of time for the COTV
hydrogen residuals, (Note: This discussion will focus on hydrogen beeause its re-
liquefaction costs are considerably greater than for oxygen. )

...............

o 154
AN s NOTES ;5;
g 60 1. HYDROGEN RESIDUALS = 1884 kg i
E B (41156 1.B)
E i 2. RELIQUEFIER OPERATES |

. e APPROX. 60 PERCENT OF -
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p (20) L IN EARTH SHADOW)
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[
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-
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0
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Figure 4-6. Reliquefier Capacity—-Time Requi rements for Reliquefying
COTV Hydrogon Rosiduals

The cost of hydrogen reliquefaction units and their associated capacities are given in
Table 4-2 for two unit sizes. These costs wore determined from Reference 4~1 and
do not include development costs; only the cost of an additional unit is assessed, The
smallest unit has a hydrogen reliquefaction capacity of 9.5 kg/hr (21 Ib/hr) which is
capable of reliquefying COTV hydrogen residuals in about 14 days. This unit i an
adequate sigze for propellant reclamation, and its 16. 6 M#$ cost represents the cost of
reclaiming propellants. Figure 4-7 indicates that about five to ten years of operation
may be required to recover reliquefier costs,

4.2.1.3 Residuals for RCS propellants — The orbital depot will consume substantial
quantities of hydrogea and axygen for drag makeup and attitude control requirements,
Tho annual usage rates were estimated in Reference 4-1 at 22608 kg (49,872 1b)
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Figure 4-7. Cost of dumping COTV hydrogen residuals compared to cost of
reclaiming vapor residual.,

hydrogen and 48144 kg (106,104 1b) oxygen. Propellant residuals (from 12 COTV
launches/year) could provide up to 40 percent of the annual RCS propellant needs if
the residuals can be transferred to suitable storage tanks. That is, the fluids must be
transferred and stored in vapor form in order to avoid the high cost of reliquefaction.
Performance of an oxygen/hydrogen vapor feed system, is shown in Figure 4-8, A
vapor feed system appears to be feasible because performance degradation is some-
what insensitive to chamber pressure (which reflects storage pressure conditions).

It tdalso estimated that storage temperature variations will have minimal effect on

RCS engine performance,
. VAPOR FEED PERFORMANCE
‘ (ESTIMATE)

/‘_—_TJ.' . O/H = Oxygen/ Hydrogen
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Figure 4-8. Estimated vapor feed performance for
Oxygen/Hydrogen RCS engines,
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Table 4-2, Propellant Depot Facility Cost Estimate
(Table 9-2, Refcrence 4- 7 (Millions of 19798)

I System Dedicated |
to Reliquefaction
of COTV Propel-

5 M 1b Capacity lant Residuals
SMIb | 10M Ib
Cost Element Size Dev. Proe. Capacity Capacity
T
Structure 15K 1b ” 13.23 0.06 - -
Avionics/Software 500 1b 24.4s8 2,61 - -
Solar Array 33.3 m2 - 0.01 0.01 0.02
Electrical Power System 1300 1b 6. 26 0.95 0.95 1.90
Fluid System/ Plumbing 1500 1b 5. 923 3.30 3. 30 6. 60
Reliquifiers* 200 | 16,35 | 680 | 660 13.38
Radiators 300 1b 0. 54 0. 20 0. 20 0. 40
RCS System 400 1b _6.56 | 2.62 _— -
Subtotal 72,71 16,44 11.15 22.30
Floating Items 27. 64 5.59 3.79 7.58
Initial Spares 2.47 1.67 3. 34
Initial Transportation 0.21 = —
100.35 | 24.71 16.61 33. 22
L | |

*  9.5kg/hr (21 1b/hr) GHO reliquefaction and 29, 5 kg/he (65 Ib/hr) GO, reliquefaction,
(1) Hydrogen reliquefaction requirements represent major portion of costs,

(2) No development costs for solar array. It is assumed that development costs
have been borne by the Solar Powered Satellite (SPS).
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Two disadvantages have been identified for an oxygen/hydrogen vapor feed system,
These are: a) the need for compressors to transfer residual propellants to the RCS

storage tanks, and b) the increased storage tank mass and volume required for vapor
storage over that of liquid storage.

These disadvantages appear to be minimal as explained below:

1. Compressors and/or considerably more complex equipment will be required
for the reliquefier approach.

2. The increased RCS storage tank weight should be small in comparison to the
residual mass reclaimed annually.

4.2.2 OPERATIONS FOR HELIUM PRESSURANT. Reclaiming COTV residual pro-
pellants can be a more complicated process, than described in Section 4. 2.1, if
helium is present in the propellant tanks. The helium will have been introduced during
the vehicle mission to provide NPSP for each main engine start. As discussed in
Section 3, helium must be removed prior to a refill operation because excessive
partial pressure may result for 5 fully loaded tank condition. Steps must also be taken
to prevent helium from entering the start baskets during refill because, once present,
that helium will remain until expelled during a vehicle mission. Pure liquid flow from

the start baskets is a requirement; consequently, helium trapped within a start basket
is unacceptable.

These potential helium problems will be avoided with POTV by expelling virtually

all propellant residuals and helium from the propellant tanks through a blowdown
process. Several blowdown periods are contemplated to provide assurance that helium
is diluted to an acceptably low level. This approach is acceptable for POTV because
equipment and facilities will not be available in the orbiter to reclaim propellant
residuals. But, since it can be assumed that the appropriate facilities and equipment
will be an integral part of the orbital depot, and evaluation is required to determine what
options are available, and which option is acceptable. Table 4-3 identifies the problems
(caused by helium) associated with the COTV post-mission operations; possible solu-
tions are summarized for each problem. The following threce solutions (which are
identical to those of Section 4. 2. 1) will be discussed:

1. Propellant dump to space (with no attempt to reclaim residuals).
2. Reliquefy propellant vapor and return to the depot supply tanks.
3. Transfer residuals to depot RCS propellant tanks for subsequent reuse for

drag makeup and attitude control requirements.

4.2.2.1 The cost of propellant dumping — The cost of dumping propellants from a
COTV will be the same whether the vehicle includes a helium pressurization system
or an autogenous pressurization. This is because propellant tank total residuals will

4-13




*Jujums uod auly)
oy Sew uprap ureqpadord  susap
yuei ws-«loxd o3 woneojtpowt Jofely

*Gurunsuod awr pue xadwos
g Aew suone1ado pue S2InpadoId
spasinbar suejpadoad g0y [RUONIPPY

<syreqiadord
13310 01 JUMITINS ST "TW U 057 7
geap orarmufpo 1r jeyy IM{HuR 813

*aanpanoad
ujeap joueqadoad adwys

sxauuew L3y U}
PAINPUND X UED UfEIP je(adol g

uvopeapow adung

‘yuey jue(iadosd youa
10} IDJA0P [PUULYD UIILDS B uBysa(l

‘gyue)
Jegdoxd woaj pmbjt ureap 0 pue Yued
13a1a0a1 120ddns 01 spow Buiqunyd

‘asuey jue({adead
wol1j pynhi] u®Ip 01 spow 3ujqumid

UOIN oS p FETIEA
AW B L Ul
WaWAImMboy J0j )-1 UoIIN{oS JI §1KIXA Wafad o 1-7 .
spotaad A pApUAXD UT FUIINP
STITM URT Y3 JJ0 S[RNPISAX pinbI] diuragds ned
LYY 901ASp A1R({IdED [IUUBYD UoDIDs B SOLPCLu] D=

SISNIYY SO IIPAN AIYm HuT)
17413021 PMENSUI-[194 *[[BWS B 0} PILIIYSURL) IR
sjue(xdoad Faryas AQIIaym aanpaonad B ysHqesy  €-

™

“pAWTE[IIL &1
pinbif 2{qe[IBAE ([T [HUN SUEY N} waly pinbyf umap
Limnis 1seq 1ms g punode siuppiaiosd 1291100

[It» HEIp dIUrRUAPOITE 1B YONS I[IYAA W JUIMIO ¥ -T

SUONNEOS

i pmEnul

81 3anpadnad alind Jo Funuas € 210}

pa1san2aa g probry ues sojf wmipxdoad

pinby Aqrssod pue sodea jueyiadoad
IPNIOUL T{IM JIQI0N-UO Burnuaa uel A LD g TON wIAGeI]

“dSl

aupdua 3¢, %py epeadap Lewt umi[dH
+9301dwWw0 0 §X0OM SaNB] 569
-204d *paanhal yuawdimba

j0d 2 noeds £psos pue xadwo)

-sgadoxd Juranp wnpIsaa
nepxdord g sngd 200 B w09t pue
ZHO % eseT Apmevuwreoadde asof (ITM

*1500 WnWiUy
*sjuowaanbag gy wdap jo Ko¥
moqe apjaoad [[1m siuc][adold

*1801 7q 114 pinby
10 aodea yueyiadoad oN

~yaseoadde apduiig

suoN

+381nd 91240 pasn(d Joj spow uiqumid

“gaanssdad moy
01 umop uadc 83ATTA JUIA Bulareiurew
Jo f3iqeded aavy I1Snw ng T AUON

*guawaIInbal
[oXju00 apnie pue dnajew Aeap jodap 10} 9s))
~gyuey juetiedoxd gHy jodap 03 53uju0d yuey dund

axnpaooid akand 224>
pasol2 B Futonpoiug £q UOITRIIUADU0D M3y Mnfiq 9-1

‘(11321 Sunentut m Jojad
arnsgaid mop T 01 yuea o) Funuoa &g winigag (dxy  v-1
Suonn{us

-aanssaad [Bj3IRd WAy JAISS VXD UB Uf
WnsSax [itw Funuas oyt padwane ([1J9Y -1 TON ugold

SADV LNV AAVSIA

STOV.INV AUY

SINANTUINOIY IUVMAUVH FTOHITA

-afeq(n o uj weangsaad
wintjay Sururejuod syuei ywejadoxd
Cor1 pue TR 1N} Airenyed TPy

B ST CELES LT

(weysAS uOIRZ1ANSSaId WNIPH) ALOD B Jo Suleryey 11q10-u0 °g-¥ °1qeL

4-14




ST ST STESTTRY T T AR

EEETE AT T

ML bl

R T S Al S

. atbaii i LR A b

‘f8a0o0ad aBind
Bupanp pinbyy avm pagpry urewas wm
1993€q WIES jey; amuerend jouue)

*983201d A1200092 gy 105 aBejueapesp
o *ssanosd dwnp preogaase
M1 19j 1501 Jueriadoxd repueisqng

“siseq
WEEs enauad ou [[m wmnioy
Teyy gamuexend yoenidde oy

B A A datdtenss st coniilindl ol i
IR e - - i

*UOINION PAPUAL WOV ,

‘swreiadoad r1oxseq a3 pue ey adnad
AUTT UMM puTEIUrEW 95 SuUoneIUN WD
88 Juo| Fe £9a501d 331nd apaho paso|s mp
#urinp prnbyg yiim PR UIR WL [l 83 weq Wi -

TUnIIAY ([8 MWUTULS AJD1ay)
PUE UBI 2 7EndRAD A|MBWIn(n o) 3pgissod g [
3t *spinyy But13an0al 16 preoqIaAn piny 3udump )
sasodind 10} umop prmuaa aze e weyadosd wp g v-p

‘Suonni g

LP7u2a3ad 3q
FIMREQ 11218 oy o1 A1jU3 ump oy ued MOH 1 ToN waygodg

‘SymEeq
eIS 1 Ui paddeay uewoa pue
Pea12ud 10U 1M WINY Joy ImMueIenn 7 CoN [CETEST]

*paignbax
uonaejantil-s1 8891 1nq sAoqe ge Humeg

*mardutod 03 e)aom
(e} 89203 "pairnbas Juaudinhs
1l ayeds Lisuo pue xayduioy

“1801 Aq [
pinbyp 10 1odea juejadoad ON

‘1|or
[T prnbyt 1o sodea Jueiixdoad oy

*a3and 3245 uado 103 spow Bulqumig

31245 pasorr 10} spow Juiqumig

‘PRI 8) [ 0N
Jaweanbay 10) -1 uoIN[os J| #6IXa wajqoad oN D€ »

*AR23p anesaud yey aq Muurp
wni] %y pue Jodea Juzjiadoad ‘pinbyy wresas
an3) 4 Aq paquIosap 883s0ad Juaa N4> uado Wy g-¢

"3Ims5a1d yue; jue(iadosd weisuod ¥
Burmurew spiym wni[y pue aodea jue[[aioisd
‘PInbi] wie)23s ['Mm ss3001d 531nd ADA pAmod W] y-¢

suonniak,

SAW INVY AQVSIT

SAW LNV AGY

SININIWNIDIY INVMAUVH T1D0HIHA

.. $83%01d Jusa 10 2fund ¥ Supanp
P343A0231 3q Jodea pue pynbi ved moy ‘€ TON WBpEpddg

N

(*puoD) (weIshg uoneziINSsald wumiPH) ALOD € jo Jurjenjoy NQI0-u0 °g-¥ 9IqeL

4-15




ISR i At A DA
DR i ek s i e s S R

TTUY NIRRT e T P e e T Rm s e

be the same for either vehicle system. Vapor residuals will be about the same
because they are only minimally affected by pressurization system, Liquid residuals
will be the same because they will be controlled by the same type of propellant utili-
zation system. The cost data of Figure 4-4 is applicable.

4.2.2.2 Propellant reclamation — The possibility of excessive propellant losses was
the impetus for considering reliquefiers to reeclaim all residual propellants following
a COTV mission. A schematic of this method is shown in Figure 4-9 for hydrogen;
Procedures and assumptions are given below,

1. A hydrogen-helium vapor mixture will be extracted from the propellant tank.
Little or no liquid is vented because it remains in contact with the tank sur-
faces and start basket.

2. Tank pressure will decay to approximately 6.9 kN/m? (1. 0 psia) during the
vapor expulsion process. Much of the liquid will boil during this period.

3. A compressor in the vent line will increase vapor pressure as it flows to the
reliquefier. This compressor must be capable of increasing pressures to
greater than 103 kN/m (15 psia), the storage «ank pressure,

Note: Compressor costs are not included in this evaluation,

4. The hydrogen-helium mixture enters the reliquefier where propellant vapor is
recondensed. Reliquefier electrical power is provided by an existing solar
array, and heat rejection is provided by space radiators.

Note: Only the cost of additional reliquefiers and radiators will be considered
in this cvaluation. These costs are given in Table 4-9,

5. Liquid hydrogen is separated from helium using a mechanieal separator, with
the helium being returned to its storage tank, and LHs returned to its storage
tank.

The cost of reliquefving residual vapor containing helium will be about the same as
the costs for no helium. Consequently, the same cost curve (Figure 4-7) is appli-
cable. The same conclusion is also drawn, which is, the cost of reliquefaction is
sufficiently high that propellant residual reclamation is not an obvious choice.

4.2. 2.3 Residual for RCS propellants — Employing propellant residuals for RCS
propellants is the same task whether or not helium is involved. The discussion of
Section 4,2.1.3 is, therefore, applicable. The single exception to Section 4. 2.1.3
is that RCS engine performance will be degraded by the presence of the inert gas.
However, degradation will be small because heljium represents a fraction of the total
propellant residuals,
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Figure 4-9. Schematic of a Propellant Residual Reclamation Process

4.3 COTV ON-ORBIT RESUPPLY

The technical obstacles associated with COTV refill operations from an orbital depot
are similar to those identified for POTV refill from an orbiter-tanker., That is, the
hostile space environment (zero-g and vacuum) combined with the limited resources
available for space-based operations will complicate refill operations, A major
difference between refill from an orbital depot or from an orbiter tanker is that
resources available to the former should be substantially greater in terms of person-

nel and facilities. The additional resources should make it easier to perform COTV
refill,

The thermodynamic and fluid mechanic considerations of COTV on-orbit refill are
identical to those for the POTYV. Conseyuently the same elements of an acceptable
propellant transfer procedure apply: initial vent, prechill and fill. The POTV
initial vent is equivalent to the COTV de-tanking operations of Section 4,2 Also,
prechill and tank fill criteria for COTV is identical to that for POTV because the
physical mechanism will be the same, Consequently, this discussion will focus on

the propellant transfer flow conditions required to satisfactorily prechill and fill the
propellant tanks.

4-17
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4.3.1 COTV PRECHILL. The requirement for prechill of the propellant tank is to
reduce tank temperatures sufficiently that the fill process will be accomplished with-
out having to vent. The theoretical maximum tank pressures during prechill, as
described by equations 3-7 and 3-8 are plotted in Figure 4-10 for the COTV and
POTV. Note that peak pressures appear to be virtually independent of tank size.
This is because the volume-to-mass ratios of each vehicle propellant tank is nearly
the same. It will be shown in Section 6, on scaling, that this ratio is an inmiportant
prechill scaling parameter. As was determined in Section 3.3.2, the LH, tank will
be prechilled to a temperature not exceeding 200K (3G0R). This step will guarantee
that the absolute maximum tank pressure will not exceed 138 kN/m*“ (20 psia). The

liquid oxygen tank will not require a prechill process (as was previously determined
for POTV).

4.3.1.1 Prechill procedures — The following charge and vent procedure was select-
ed for LH, tank prechil):

1. Meter LH, into the tank at a high velocity to provide good heat exchange with
the walls.

2. Allow time for tank pressure to peak out at about 69 kN/m? (10 psia). Vapor
temperature equals tank temperature at this time.

3. Vent the tank to near zero pressure and repeat steps 1 and 2 as required to
reduce tank temperature below 200 K (360 R).

300 I
(40)
.51':' 4l 1
T LH, TA
EE 200 L¥if:”'
/5]
a
(4]
g (20)
o 100
[
=)
A
(&
[
o
s b ,l
(0) 0 ==d b ; 2 W ESEISTRUIN bt SO
(300) 200  (400) 250 (500) 300

INITIAL TANK TEMPERATURE, K (R)
Figure 4-10. COTV and POTV Peak Prechill Pressures Will be the Same
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Figures 4-11 and 4-12 give tank ullage pressurc and wall temperature histories dur-
ing this prechill period. These curves are based upon introducing 42. 6 kg (94 1b)
hydrogen at 0.91 kg/sec (2 Ib/sec) during the charge period. Peak pressures for
this procedure will not exceed 79. 3 kN/m?2 (11.5 psia). Flow conditions selected for
this simulation are given in Table 4-4 and appear to be readily attainablc conditions.
It is concluded that LHo tark prechill will be a rather straightforward process, and
of a sufficiently short duration that it can readily be integrated into a vehicle mission
prelaunch sequence.

A comparison of the aforementioned ullage pressure and wall temperature histories
with those for POTV (Figures 3-19 and 3-20) reveals an obvious similarity between
both sets of conditions. The sir.‘larity is even more striking if the data is plotted
with respect to a normalized time (Figure 4-13). Time is normalized by dividing
the actual time by the total time of each charge duration. The excellent data cor-
relation supports the thesis that prechill data on one vehicle configuration and size
can be extrapolated to other sizes. This subject wil) be discussed in Section 6.

IRXEEE EXTRITRES SECRRENTE) ERRRCITELs PRPRFTTUNY bt SRS Ry

%—1 ;’ NOTES ?

1. TANK PRECHILL CONDITIONS
ARE GIVEN IN TABLE 4-4.

2. TWO CHARGE AND VENT
CYCLES NEEDED TO PRECHILL _
TANK TO 200K (360R). ONLY
FIRST CYCLE IS SHOWN,

[ O

-

i

PRESSURE, kN/m2 (psiaj

S ,’; Q» HOI:‘—?- : . | :

(0) 0+—— oy ed S e e e e .- S
0 200 400

TIME, seconds

Figure 4-11. COTV Liquid Hydrogen Tank Pressure History During Prechill
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Table 4-4. Conditions Selected for COTV Liquid Hydrogen Tank
Prechill Procedure

1. Initial propellant tunk temperature = 289°K (520R)
2
2. Initial pressure = 6,9 kN/m (1. 0 psia)
2
Hydrogen vapor saturated at 103.4 kN/m (15 psia) enter

> propellant tank

4. Entering flowrate = . 91 kg/sec (2 Ib/sec)

5. Entering velocity = 6.7 m/sec (22 ft/sec)

6. Hydrogen charge terminated after 42. 6 kg (94 1b) enters tank
7. Tank vent initiated when tank-to ullage temperature difference

becomes 5. 6 K (10R)
8. Propellant tank vented to 6.9 kl\I/m2 (1. 0 psia)
9. Vent area = 148.6 cm2 (23 in. 2)
10. Tank mass = 2228 (4911 1b)
11.  Tank volume = 548 (19363 ft°)

4.3.2 COTV TANK FILL. Tank fill will be initiated after prechill is completed. The
single requirement for tank fill is to maintain acceptably low pressures during the
process. The ideal condition will be to maintain thermal equilibrium during fjj,
which can be approached as heat and mass exchange between the phases is increased,
It was proposed in Section 3. 3. 3 that near-thermal equilibrium conditions can be
attained by introducing propellant to the tanks through spray nozzles, A high energy-
exchange rate will be provided during the early part of the fill process (to about a 40
percent fill level) as a result of liquid spray interaction with the ullage. An even
greater energy exchange rate will occur during the latter stage of tank fill (about 60

percent to 100 percent liquid fill ) due to the interaction of vapor entrained in the
liquid bulk,

Figures 3-24 and 3-25 give the relationship between entering hydrogen and oxygen

liquid vapor pressure and final tank pressure for thermal equilibrium. This data is
applicable both to POTV and COTV propellant tanks. These curves show that tank

fill pressures will be maintained within acceptable levels if near-equilibrium conditions
are achieved. The HYPRES computer program (which was used for POTV analysis) was
employed to dete rmine propellant tank pressure histories for 4 representative COTV

fill condition. Results are plotted in Figure 4-14 for the sct of flow conditions identi-
fied in Table 4-4. The only difference between the two computer runs is in the enter—

ing liquid temperatare. The higher receiver tank pressure history is based upon a

fixed inlet temperature condition (an idealized assumption). The lower tank pressure

4-21
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history reflects the decreasing temper
tank during propellant ¢xpulsion.

Figures 4-15 and 4-1¢ compare i
temperature and pressure hi

stories for the two tank fill conditions,

SUMMARY

Orbital refill operations fo; a COTV will be
procedures will be virtually identical
hydrogen tank below 200K (360R) before tank fill is initiated, The
charge and vent cycles can be
be the same. Tank fill procedures will also be simil
Propellants will be sprayed into the tanks to
needed to approach nearthe rmal equilibrium fjll,
POTV and COTV fill will not be
receivev—t:mk—supply tank volume relations
temperature conditions during fill,
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will also differ (compare Figure 3-37 to 4-14),
sufficient to alter the conclusion that POTV and
considered identical. Any experimental progra
will also be applicuble to the other.

This difference, however, is not
COTYV orbita! refill operations can be
m devised for one vehicle configuration

The only new requirements identified by the COTV analysis dealt with alternatives of
reclaiming, or employing, the vehicle provellant residuals. It was concluded that
reclaiming residuals through a reliquefaction process was marginal at best because
of high reliquefier costs. A suprising result was that dumping propellants over-
board could be preferrable to reliquefaction. The best alternative, however, could

be to use the residuals to supplement the orbital depot RCS system propellant require~
ments,
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LTL ORBITAL RESUPPLY

A mission scenario will be developed in this section for the low thrust liquid (LTL)
earth storable propellant vehicle concept. A mission will be defined which encom-
passes the important issues of orbital- refueling operations using earth storable
propellants, These operations will inciude the major activities from post-mission
storage in the LEQ parking orbit through resupply. Particular cmphasis will be
placed upon vehicle "safing" operations that can be performed prior to orbiter-tanker
rendezvous. Vehicle and orbiter-tanker subsystem requirements needed for orbital
refueling will be identified, Operational procedures and techniques for orbital pro-
pellant transfer will then be developed.

T e e

A groundrule imposed upon this vehicle concept was to utilize hardware from existing/
on-going programs, if possible. Because the data base for earth storable vehicles and
missions was considerably smaller than for cryogenic OTVs, no attempt was made to
optimize the vehicle configuration, Rather, the intent was to seleet a configuration
that would be representative of its vehicle class,

5.1 MISSION SCENARIO

In the 1980's-1990's time frame a requirement may exist for a versatile, low cost
vehicle capable of accomplishing small orbital transfers, service, inspection, and
retrieval tasks, It will require frequent refill from a dedicated orbiter-tanker. The
orbiter-tanker will be equipped to resupply the main propellant tanks and the RCS
supply tanks with NoO4 and MMH, and the bressurization system bottles with helium,

5.1.1 SELECTED LTL MISSION. As previously stated, there is not the data base
available describing potential carth storable vehicle missions that exists for cryo-
genic POTV's, Fortunately, it appeawrs that a wide range of missions could be
selected without impacting orbital refill procedures. For this study, the LTI, primary
‘, task will be to transfer large space structurcs (65317 kg (144, 000 1b) from LEO
(=200 n.mi.) to a slightly higher orbit (=~ 660 n.mi, ) under low accelerations. A
vehicle thrust level of approximately 26.7 kN (6000 Ibs) will be required.

5.1.2 LTL CONFIGURATION. In keeping with the intent of a low cost vehicle design,
the LTL configuration is comprised of existing hardwarc, Figure 5~1 provides a
description of the sclected systems, all of which are currently available,

5.1.2.1 Main propulsion tankage — This propulsion tankage system consists of four
identical propellant ianks, cach containing a sereen acquisition device (four galleries)

5-1



L e

il

I

UONBINSLUOD S[dEA S91qBI0IG avy L

"1-G aand1y

FTOIHIA LOMLLSNOD OL *FT4ISSOd
IUIHM "TIYMAUVH ONLLSIXT AOTIWA ‘3 INUANNOYU D

ADIAIQ
"oV NITUOS ) <774 409
IVILGYd sub1as oy
* 2
(r) 6°9 HANNW e
(61 et Yoin e
(ejsdy} ZB/NA SINVTTId0OUd

‘3HNSSTUd HOdVA

(sq122) N 86 SHOLOW SJY o
SA1LLOG SOU MNOJ @

WALSAS TOULNOD NOLLOVAY
(591 0009) N £°92 WALSAS ANDNT ©
SINVI SWO 3'1LLAHS HNOJ ©

WALSXS NOB11d0oud NIV ©

NOLILVHNDLINOD JNV.L

SNV I SN0 rsLsn1o
YAISNMIL
SO




DL A R Y e D S

Shuttle orbitzl maneuvering system (OMS) and use NoO4 and MMH as propellants.,
The tanks are designed to operate at approximately 1760 kN/m?2 (255 psia), which

is required to satisfy engine inlet conditions. Helium will maintain the operating
tank pressures since propellant vapor pressures are relatively low; ahout
131 kN/m?2 (19 psia) and 6.9 kN/m?2 (1.0 psia) respectively for NoO4 and MMH.

The engine system will have a thrust level of 26.7kN (6000 Ibs), which was selected
for the mission, ;

It was assumed for this study that problems associated with orbital refi]] of the OMS
and RCS propulsion systems would be identical, Analysis effort was concentrated on the
main propulsion system, and the results would also be applicable to the RCS system.

which would most closely satisfy the guidelines established for a low cost vehicle,
Each concept employs existing hardware,

cylindrical 2, 55 m3(90 ft3) propellant tanks for the OMS engines and two spherica]
tanks for the reaction control systems, Figure 5-3 shows a MMH/N204 LTL vehicle
concept which uses these shuttle tanks. A cylindrical body structure (equipped with
a thrust cone), a main engine, four OMS tanks, four RCS tanks, two modular helium
bottles, four RCS clusters, an avionics section, and a docking system are the basic
vehicle components, The OMS and RCS tanks are supported from the body structure
with a system of strutg and yoke fittings,

The body structure is a cylinder equipped with kick rings for reacting the loads from
the main engine, the tanks, and the payload. The structure also includes provisions
at the forward end for mounting astrionics packages., The type of construction is

not indicated; however, several are readily adaptable such as the open truss, com-
posite cylinder, skin stringer frame, semj monocque, and the open or closed isogrid.

The main engine is a 26.7 kN (6000 Ib) thrust unit with an overall length of 196 cm
(77 in. ) coupled with an exit diameter of 117 cm (46 in,). The Isp = 310 sec and the
expansion ratio = 55. The engine is gimbal mounted for a 7° excursion in any
direction using two actuators located 90° apart,

5-3
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Some minor additions to the OMS tanks will be required such as an aft conical skirt
equipped with a disconnect for receiving the helium bottle modules; a forward cylin-
drical skirt for mounting the ACS clusters and several fittings for structural and
plumbing supports. Alterations for plumbing interfaces may also be required to
accommodate the vent and fill circuits. The aft conical skirt section previously
mentioned will be required for two tanks only; one for each helium bottle module
required.

The four RCS tanks are spheres equipped with acquisition devices. Two of the spheres
are located inside the body structure and two are located externally near the main
engine thrust cone. A strut support system is indicated; however, other methods m.y
be used such as girth flanges or skirts.

The helium supply is two 102 cm (49 in. ) spherical modules equipped with a latch
system and a motor driven disconnect, Details of this system will be discussed in
Section 5.4.2. Additional conceptual information is shown in detail "A'" of Figure 5-3.

A typical reaction control system (RCS) cluster consists of four thrusters mounted
inside the OMS tank skirt structure vointing outboard (see layout). Four clusters
are used and are 28 N (22 1b) fo- -«1unit with an Isp = 280 sec and a mixture ratio
of 1.65. The approximate overall length of each thruster is 25.4 em {10 in.) Flange
type mounting is provided.

Theastrionicssection is located at the forward end of the body structure. The four
OMS tanks shadow this section theiyefore heat dissipating systems may be required
such as heat pipes and radiators. Ponssible locations for the radiators would be
between the OMS tanks,

The docking and payload attachment system is located forward of the astrionics and
interfaces with the shuttle or the payload. Features such as gross capture under wide
misalignments, shock ahsorbing, pull down and final alignment, followed by structural
attachment would be included in this system.

5.1.3.2 Vehicle Concept2 — In Concept 1, two types of propellant storage tanks

are shown. For the main propulsion system, four OMS tanks are used and for the

RCS system, four spherical tanks are used. An alternate approach is shown in Figure
o-4 which uses six OMS tanks. Two of these tanks serve the RCS system and the
remaining four supply the main propulsion. Similar to Concept 1, the tanks are attach-
ed to a cylindrical body structure equipped with a thrust cone. In this case the thrust
cone is reversed to minimize the vehicle length,

Two of the RCS clusters are mounted on the forward ends of two OMS tanks and the
remaining two clusters are supported from an open truss structure located between
the OMS tanks. The purpose for the truss structure is to permit a 90° spacing

between clusters. The ‘russ is shown attached to the main body section, however,
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other methods could be used such as a bridge strucwre between tw

o OMS tanks or a
cantilever support fitting attached to one OMS tank,

e

Similar to Concept 1, modular type helium bottles

are used. For this case, three
bottles are required.

The primary advantage of coneept 2 over concept 1 is that it could be simpler to con-

Struct., There is a single type of propellant storage tank (the OMS tank) rather than
both the OMS tank and RCS tank. Furthermore, structural attachments would be ;
simpler for the six common tanks, It is possible that concept 2 would be less costly |
than concept 1. The primary disadvantage of concept 2 is that it is a heavier vehicle,
The two OMS tanks weigh more than the four RCS spheres th

€y replace. Also, the
increased volume of the OMS tanks will require an additional helium bottle for pres-
surization,

Problems and/or solutions to on-orbit resupply should be similar between concepts
1 and 2. These are refill procedural differences that may favor concept 1, which is
why this conecept was sclected for evaluating orbital refill. These differences will be
discussed in Section 5. 3. 2

1
o e

9.1.3.3 Fluid systems for concept 1 — Figure 5-5 shows the basic plumbing for the
propellant fill, vent and Cross-over circuits. A system schematic is given in 5
Figure 5-6, Plumbing for the main propulsion, RCS, and pneumatic systems are
shown. Referring to the schematic, the overall system for cach propellant consists |
of a fill circuit and a vent circuit, On the fill side, each pair of OMS tanks and also
cach pair of RCS tanks are tied together and fed with a common line which starts at

the d'sconnect. The OMS tanks only are equipped with interna? fill tubes incorporat-

ing spray nozzles. All tanks are equipped with shut-off valves for controlling, filling
and transferring.

For the vent circuits, each pair of tanks are tied together and routed through a non-
propulsive overboard vent, Each tank is equipped with a vent valve,

Tube routings can vary considerably depending upon vehicle configuration, supports,
etc., therefore the purpose of Figure 5-6 is to show only a general approach as to how
| a system may be laid out, Referring to the N_O side, the fill circuit starts at the dis-
connect which is supported from the aft conical skirt on one of the OMS tanks. The

fill line is routed to the nearest OMS tank and across the vehicle to the opposite OMS
tank. The loop shown in the cone line is due to support attachments on the thrust cone
and on the conical skirts. The same arrangement is used for the MM, For the

NoOy4 tanks located inside the body structure, the fill tubes are routed aft to the main

c¢ross over line, For the MMH side, these tubes are routed forward to the Cross-over
line,

P
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A non-propulsive vent system fer each propellant is located at the forward end. The
exits for each of these circuits are positioned outboard to prevent impingement on the
OMS tanks, payload and adjacent structures. Four open truss arms attached to the
body structure provide support for the tubing. Basically the non-propulsive vent is

a loop of tubing with the ends of 180° apart., This arrangement is frequently referred
to as the "'steer horn'. The vent lines from each tank are connected to this loop of
tubing such that there is equal distance from each point of connection to the overboard
ends. A typical tube assembly would feature welded joints and the use of bends instead
of fittings where possible. Large sections would be bench fabricated to ensure maxi-
mm quality control.

The fill and vent circuits were designed for the purpcse of enhancing on-orbit propel-~
lant refill, Refill must be conducted with caution because of the corrosive nature of
the earth storable propellants. Refill can be difficult begause the OMS and RCS pro-
peliant tanks must first be vented from about 1760 kN/m"~ (255 psia) to 207 kN/m2
(30 psia) ir order to expel sufficient helium to enable refill,

5.2 ORBITAL PROPELLANT RESUPPLY TECHNIQUES

The obstacles of on-orbit refill are the same for the LTL vehicle as for a cryogenic
POTV. These obstacles are: 1) the hostile space environment and (2) the limited
resources available for space-based cperations. The primary variable complicating
refill is the zero-g environment.

Propellant tank fill with N20 4 0r MMH in an orbital environment poses fewer problems
than liquid hydrogen because of temperature environment and operating pressure level
differences between a earth storabie and cryogen system. System temperatures

will not varv significantly for these propellants at any time during a fill or refill
operatic-.. Consequently, prechill will not be required to precede tank fill,

Propellant tank operating pressure of 1760 kN/m2 (255 psia) is considerably higher
than for liquid hydrogen. This higher pressure level will simplify tank fill because
fill pressures will be maintained below the normal operating levels without difficulty.

One problem that cryogenics and earth storables have in common is that an undefined
(or poorly defined) liquid-vapor distribution will exist during low-gravity tank fill.
This inability to determine vapor location will make it difficult both to assure that no
liquid is vented during tank fill, and to assure that vapor is not trapped within the
screen channel device,

For the analyses that follow attention will focus upon the problems associated with
NoO4 and with main propellant tank refill, N20 4 is selected because it represents a
more difficult propellant to handle than MMH due to its higher vapor pressure, The
main propellant tanks were used in these analyses. )

5-11
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-2.1 PROPELLANT TANK REFILL R EQUIREMENTS. Several requirements were
identified as being necessary to assure that LTL vehicle refill will be safely and
cffectively performed. These are general requirements that should apply to a variety
of vehicle configurations. There will undoubtedly be configuration-related requirements
for any vehicle. However, such requirements cannot be identified without first h

aving
considerably more vehicle design detail than was available

for this study.

5.2.1.1 Vent propellant tanks prior to orbiter rende
corrosive fluid, in vapor or liquid form. ¥
surfaces could have a long-term adverse affeet upon vehicele components.,  The orbiter
will be spared this potential hazard if LTL vent procedures are performed well in
advance of orbiter rendezvous.

zvous — No(y is a particularly
luid impingement upon the LTLL or orbiter

5.2.1. 2 Minimize liquid vent potential — This rvequirement addr

cerns; propellant corrosiveness and vehicle contr
because it is potentially more damaging than v
cannot be readily confi rmed, i.e., liquid e
all directions.

¢sses two major con-
ol.  Liquid venting must be minimized
apor venting.,  First, a liquid vent plume
Xposed to a vacuum wil! boil and expand in
Also, the impingement mass flux from a liquid vent is likely to be

great-
er than from a vapor vent plume, which increases the

Corrosive potential,

The second aspeet to the potential problems of liquid venting is vehiele control.,

Because procedures will be identified for remote venting of the LTL propellant tanks,

it is mandatory that vehicle control be maintained.  Liquid venting could jeopardize
vehicle control beecause it is unlikely that a net zevo thrust would resuit, even if vent-

ing through a non~propulsive (designed for vapor) vent system,

5.2.1.3 Helium must not cnter sereen galleries — The purpose of the screen acquisition
device in each propellant tank is to provide the capability for pure liquid flow. Any
helium entering a screen deviee will be trapped and remain trapped until removed through
special procedures, or until it flows from the tank to the engine system.  Speeial pro-
cedures for removing trapped helium are undesirable because they are time consuming
and may be complicated.  Helium expulsion with propellant is uniaceeptable beceause it
violates the requirement of 100 pereent liquid availability to the

oengine system,

5.2.2 INITIAL FILL. It is unlikely that the vehicle will undergo an initial propellant
fill in space because of the ease with which it ¢;
There is a possibility, however, that the
at a future time for maintenance,

would be performed on evacuated t

w be filled on the ground prior to flight,
propellant tanks couid be completely evacuated
Following such an occurrence propellant tank fill
anks residing at ambicent temperature,

9.2.2.1 Nown-cquilibrium fill — The high operating pressure levels will simplify OMS
bropellant tank fill because fill pressures will be maintained below the normal ope ruat-
ing levels without difficulty. This is illustrated in Figure 5-7 which shows waxi-

mum tank pressure as a function of pereent liquid fill.

Isentropic compression of the
ullage is assumed, which me:

s that heat exchange with the liquid and tank walls is

e e e e

e

e e e o
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zoro.  Note that 90 percent {ill can be effeeted without exceeding 1378 kKN/m™ (200
psia) pressure,  Unlike eryopenies this extremely conservative approach ean be used

because results arve aceeptably fow,

g 9 9

.
Do in i o

Thermal cquilibrium tank fill — Figure 5-7 provides cevidence that initial tank

fill will be readily achicved. 1t is more reasonable, however, to expect near-thermal

equilibrium conditions to exist during fill. This process is described below.

Thermal equilibrium {ill represents the minimum propellant tank pressure condition
that can exist during fill.  The thermal equilibrium tank fill relationship de rived for

liquid hydrogen (Equation 3-23) applies as well to NoOy. This equation is given below,

TANF, PRESSURE, EN/m? (psia)

h , = ug'l mgg’/mlm + uI‘:Z + Au\\'m“'/mT‘,, (5-1)
(200 = prromp———
{‘_T:'Z
120042
= CONDITIONS
150) Lo TANK VOLUME 2,55 m¥ o %)
INITIAL VAPOR TEMP, AND PRESSURL
S 300K (5 HORY AND 131 AN, M= (10 PRI,
9001 1 AR
NO HELIUM.
THE VAPOR IS COMPRESSED
ISENTROPICALLY DURING FILL.
(100) I T ITlIITTL TITITIICTITITILILD
6004
i
(30) £
30040
For W e L T T
R
.
| .
1.
(N
0 40 30 30 100

PERCENT LIQUID FILL

Figure 5-7. Maximum OMS Propellant Tank Pressurve Ducing Initial Fill
With N2Q 4
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where

hL = enthalpy of entering liquid final vapor
u m = total internal energy

8o B9
m = final liquid mass

Lo
Auwmw = slorage tank wall energy change during fill
uL = final liquia internal energy

2

It is possible to relate hL, uy and ug to liquid vapor pressure and temperature under
thermal equilibrium conditions, Thus uyp, and Ug,, are known once final vapor pressure
is specified. Auy, can also be determinea, wihien initial and final temperatures are
given. Finally, hL (which is a function of entering liquid vapor pressure) can be
detcrmined for a desired liquid fill condition.

Equation 5-1 is summarized for N204 in Figure 5-8 which gives entering liquid vapor
pressure as a function of initial tank temperature and final tanked liquid vapor pressure.
It is interesting to note that the effect of initial wall temperature upon final tank pres-
sure is negligible. This data illustrates that the NoOy4 thermal mass will so dominate
tank fill that the tendeney will be for final tank pressures to approach that of the in-
coming liquid vapor pressure.

The same fill technique, that of liquid spray into the tank, will be employed for NL’O 4
as for liquid hydrogen. This approach will assure that N20dt will be at least as close
to thermal equilibrium as liquid hydrogen, at the same fiuid power inflow conditions.
This assessment is made on the basis that the liquid-to-vapor thermal mass ratio is
six times greater for NoOy than for hydiogen. Thermal equilibrivm is more readily
achieved for fluids having high thermal mass ratios,

5.2.3 ON-ORBIT RETFILL. Most, if not all, problems associated with LTL vehicle
resupply will be associated with the need to vent helium before propellant refill can
be initiated. Helinm venting must be conducted with care under orbital conditions
because liquid may also be vented. In addition, helium may enter the sereen channel
device (or galleries) during this period, unless precautions are taken,

Helium venting is necessary prior to attempting vefill in order to avoid excessively
high tank pressures during the refill process. To illustrate this point, helium partial
pressurc in a NoO4 tank will increase from 1758 kN/m> (255 psia) to 15820 kN/m?
(2295 psia) as the tank is filled from 10 pereent liquid to 90 percent liquid.

The refill process will not represent a concern once sufficient helium has been vented
to avoid high partial pressures at small ullage volume conditions. Thus the key to a

5-14
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CONDITIONS

1. TANK VOLUME = 2,55 m3 (90 ft3)

2, TANK MASS = 253 kg (558 lbyy,), TITANIUM

3. TANK PRESSURE IS 0.0 kN/m2 (0. 0 psia) PRIOR TO FILL
4. NO VENTING DURING FILL

, = NoO4 VAPOR PRESSURY ===
=704 POLLIWING 100 FILL -2

19)

- s R g9 P §
130 £ /» 131"1 N/m 1A) PSIA)

ENTERING NoOy4 LIQUID VAPOR
PRESSURE, kN/m?2 (psia)

INITIAL, TANK 'H MPERATURE, K (R)

Figure 5-8. Final Storage Tank Pressures for NoO.4
The rmodynamic Equilibrium Fill Process

successful refill is helium venting which precedes this process,

5.2.3.1 Thermodynamics of propellant tank vent — Tank venting must guarantee that
the sereened volume will not be contaminated by helium entry,  Helium cannot penetrate
the device while it remains filled with propellant, However, once vapor resides within
the device, helium entry can occur as a result of molecular diffusion or forced con-
veetion flow. Thus a vent procedure must be selected that will maintain the sereen
device filled with liquid.

There are two phenomenon of concern during tank venting: liquid boiling and surface
evaporation. Liquid boiling within the galleries raust be avoided., Surface evaporation
cannot be avoided, but propellant must be available for liquid make-up.  The following
steps describe a vent process selected to satisfy the requirement of keeping the screen
galleries liquid-filled (N 0 pmpmtws are assumed because a procedure acceptable

to NyGy is also d(‘('opt.lblv tn MM H):

1. The partial pressure of helium and N,O vapor will deerease as tank pressure

is deereased, N,,O4 evaporation will begin at the sereen surface once liquid

5-15
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vapor pressure exceeds the partial pressure of the vapor.

2. Liquid will be drawn into the capillary device to replace liquid lost due to
surface evaporation at the screen (Figure 5-9). Thus, sufficient liquid volume
surrounding the galleries, and in communication with the contained liquid, must
be available for liquid replacement. This quantity must be determined.

(25

The liquid bulk cannot boil while pressure exceeds liquid vapor pressurc.
Consequently, tank vent will be terminated at a pressure greater than 131
kN/m2 (19 psia) to assure that the capillary device remains filled.

Note: The only evaporation (or boiling) that can occur is at a liquid-vapor
interface, and only if vapor pressure at the surface exceeds partial pressure
above the surface.

It is estimated that prope.iant tank pressure must be reduced to about 210 kN/m2 (30
psia) prior to starting propellant refill. Approximately 12. 7 kg (28 1b) of NyOy vapor
will be vented in the process. Less than 2kg (4.4 1b) of MMH vapor will be vented.

EVAPORATION WILL OCCUR DURING TANK VENT

h

/
SCREEN DEVICE s
=~ X
TANX SKIN

— VAPOR BUBBLE
Vapor may form within galleries
if propellant is not available for
liquid make-up.

EVAPORATION

LIQUID MAKE-UP \ \ g

Figure 5-9. DPropellant Tank Venting Can Occur Without Losing
Liquid From Screen Galleries
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5.2.3.2 Propellant tank vefill — Propellant tank refill can be performed in a manner
similaxr to that of initial tank fill. As with initial fill, the high operating pressure
levels will tend to simplify tank refill. Unlike the initial fill condition, helium in the
uliage precludes using the most conservative appraach of isentropic compression to
verify that refill can be achieved. There is a less conservative method, however. to
illustrate that tank refill can be readily accomplished. Figure 5-10 indicates that re-
fill to the 87 percent level will be possible even for isentropic compression. The goal,
however, is to achieve a refill of 95 percent, which can readily be attained if near-
thermal equilibrium conditions are maintained duri ing refill.  According to the discussion
of Section 5, 2, 2. 2, the liquid-to-vapor thermal mass of N,O4 and helium is such that
near thermal equilibrium conditions will be maintained. Figure 5-10 indicates that
refill can be achieved even if the ullage is superheated by 55.5 K (100R) above the liquid.
Such a temperature differential cannot possibly be sustained within the OMS tanks as
propellant enters through spray nozzles., The RCS tanks do not include spray nozzles
but, even so, a 55.5°K (100°R) temperature diffcrential will be virtually impossikle

to sustain. It is concluded that refill will be a straightforward operation.

5.3 HELIUM VENTING

There are two categories of potential problems associated with venting the LTL vehicle
OMS tanks; one is liquid venting, and the other is helium entry to the capillary device.

»]'
;,
40001 [
= it f ‘e
-g il I. Initial Temp — 278K (500R)
& j i ® Vapor Pressure < 131 kN, m2 (19 psia)
NE (400)3000 j ' ,Ioumlmtml rill
~ Hi Il o Initial Helium Pressure
Z ! SN l\ll\/m'- g} ptbl.'il? | ‘!

- i FIER T L _]
= 2000111 ? i ,|fr4 !
-t IHER | 1" i SRR [l !
Qq_“) ii!' blopis 'I' 15 IRE} I‘ .

IR R S i
20 o Y ]
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5"“ 100044000 e ] '
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Figure 5-10. OMS Propellant Tank Pressures During Refill
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The loss of liquid overboard during the venting process is not only an inefficient
operation, it also represents a corrosion hazard if N9Oy4 is vented. Because of its
corrosive properties even N9Oy4 vapor venting must be carefully performed to avoid vapor
impingement upon LTL vehicle and orbiter surfaces, Liquid venting will represent a
more serious concern because the vapor cloud formed when liquid is exposed to the
vacuum environment will expand in all directions and be difficult to control.

Regarding the second category of problems, tank venting must guarantee that the
screened volume will not be contaminated by helium entry. Helium cannot penetrate the
device while it remains filled with propellant. However, once vapor resides within the
device, helium entry can occur as a result of molecular diffusion or focused convection
flow. Thus a vent procedure must be selected that will prevent the loss of liquid from
the screen device.

5.3.1 ALTERNATIVE VENT PROCEDURES. Various alternatives were considered
for the tank venting procedure. An overview of each alternative, is presented below,

1. Venting while the propellants are settled by the OMS main engines or the R(CS.
This concept will eliminate the possibility of venting liquid overboard. A
major disadvantage is that the tank cannot be completely vented down. This
is because both the main engires and the RCS require a substantial operating
pressure,

2, Venting while docked to the orbiter with the propellants settled by the orbiter
RCS. This concept also eliminates the possibility of venting liquid overboard.
It will also be possible to completely vent the OMS tank down since the orbiter
RCS is used to settle propellants. A possible disadvantage is that firing of the
orbiter RCS engines after docking has been completed may be an operational
complexity, The major disadvantage is that this approach violates the require-
ment for venting prior to orbiter rendezvous,

()
.

Veating while docked to the orbiter with the propellant settled by atmospheric
drag. This concept eliminates the possibility of venting liquid overboard.
One disadvantage is that an orbital altitude < 130 n.mi. is required for aero-
dyr amic drag to overcome propellant surface tension forces, which is
substantially below the desired altitude of 200-250 n.mi. Another disadvant-
age would be the necessity of attaching a vent duct extension to keep the
corrosive vapor of the earth storables from contacting the vehicle surfacc.
The requirement for a vent duct extension is based on calculations, plotted

in Figure 5-11 of the maximum Prandtl-Meyer expansion angle of an earth
storable-helium mixture. The same major disadvantage exists as for Item
2, above,

4

Venting with the propellant unsettled prior to docking with the orbiter., Tuig
concept~-approach could result in the venting of liquid overboard, which
violates a major requirement. It would also require the use of a v ot tube
to prevent vehicle contact with the vented propellant,
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5. Venting through a helium recovery svstem prior to docking with the orbiter,
The objectives of a helium recovery system arve a) to eliminate the loss of
helium pressurant as a result of venting overboard, and b) to eliminite the
hazards of venting corrosive fluids, The recovery system, illustrated in
Figure 5-12, is a closed system. Referving to Figure 5-11, a description of
the system components is as follows: The molecular sieve is used to absorb
any N,O4 or MMH vapor contained in the vapor muxture.  The multi-stage
compressor pumps helium from the OMS tank pressure up to a storage botile
maximum pressure of 33,100 K I\'/m:2 (4800 psia), However, the helium
must be passed through a radiator between cach of the compressor stages
to reduce vapor temperature to the allowable temperature range of the
helium storage supply tank,
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sigure 5-12, Helium Recovery System

This concept requires that the helium recovery system be contained as a
package within the LTL vehicle.

6. Venting with the helium recovery system following docking with the orbiter.
The helium recovery system used would be identical to that described in
method (5). However, the system now would be a unit contained on the orbiter
as opposed to a unit contained on the LTL vehicle. Consequently, there would
be no need to provide special attention to the attitude control system,

The helium recovery system is a desirable solution to the venting problem since
it provide.. for the continued reuse of the helium pressurant and climinates any vent
hazard, It does represent a major and, perhaps, costly vehicle modification because
of the development effort required to integrate a compressor, space radiators and
molecular sieves. Furthermore this hardware addition represents a reduction in
payload capability and an increased vehicle complexity.
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5.3.2 SELECTED VENT PROCEDURE. The preferred procedure for venting hciium
while minimizing or eliminating the problems of liquid venting is given in Tabie 5-1.
The advantages of this approach are that it is simple and requires no development.
Basically the approach is to utilize the two sets of main propellant tanks and RCS
propellant tanks for transferring propellants from one tank to another.

Table 5-1 describes how any given propellant tank can be drained by transferring
propellant to an adjacent tank., Once drained, the tank can be vented with a minimum
concern for liquid venting, It is visualized that the procedure can be initiated on a
signal from the ground or from the orbiter. Also, portions of the procedure will be
automated so that valves can be commanded open and closed on the basis of continuous
monitoring of propellant tank pressures and propellant mass gaging output signals.
Additional assurance for liquid free venting can be provided, if necessary, by com-
manding the RCS settling thrusters to fire prior to and during all venting operations.

The Table 5-1 procedure is applicable ., N204 and MMH as well as to the main

and RCS propellant tanks. At the completion of this venting operation one set of
propellant tanks will be empty (except for a minimum liquid residual volume) and the
other set of tanks will contain the bulk of propellant residuals. Tank pressures will
be approximately 207 kN/m?2 (30 psia) in all tanks except for a set of RCS propellant
tanks. These tanks cannot be vented until after docking with the orbiter is complete
because LTL attitude control capability must be maintained until that time, and this
capability will be lost once thc RCS tanks have been vented. The two tanks will be
vented in exactly the same manner as described in Table 5-1.

The following LTL vehicle conditions will exist prior to initiating refueling
operations:

1. One each of the OMS and RCS propellant tanks will contain minimum liquid
residuals. The other set of tanks will contain propellants in excess of the
minimum liquid residuals.

2. Propellant lines are primed with liquid.
3. All screen devices are primed with liquid.

4. All tank pressures are about 207 kN/m2 (30 psia).

The vent procedure of Table 5~1 is better suited to vehicle concept 1, which has a
second set of RCS tanks, than vehicle concept 2. This second tank set provides the
capability of first draining propellants from the RCS tanks to be vented while docked to
the orbiter. This step greatly minimizes the possibility of losing liquid overboard
during the RCS tanl: vent process. With concept 2, the RCS (OMS) tanks would be
vented while containing all propellant residual.




Table £-1, LTL vehicle tanks venting procedure prinr to orbiter rendezvous.

10,

11.
12,

Close the shutoff valve between helium supply and OMS MMH tanks., This wil)
enable tank venting without helium resupply through the Pressurization system
pressure,

Monitor the Zero-g mass gauging devices of tanks #1 and #2 (o determine which
contains fewer propellants, Note: The tank with less propellant will be drained
first. (Assume for thig discussion, that tank #2 has less propellant, )

Close valves #3, #4. Valves #7 and #8 are also closed (Refer to Figure 5-6
schematic).

Open valve #11. This enables venting through the non-propulsive vent systegm.
Close valve #11 when pressure in tank #1 decays from the initial 1720 kN/m
(250 psia) to TBD kN/m2, This pressure will automatically be selected by
computer which continually monitors mass gauging device output.

The procedures will not be performed simultaneously for both propellants because of
the desire to avoid simultaneous venting of MMH and N_O vapors,

274

Open valves #3 and #4. The pressure difference will enable propellant transfer
from tank #2 to tank #1.

A signal to close valves #3 and #4 will be sent when the mass gauging device
indicates that minimum liquid residuals remain in tank #2,

Open valve #12 and vent tank #2 from 1220 kN/m?2 (250 psia) to about 207 kN/m?
(30 psia). The possibility of liquid loss during venting has been minimized
because the bulk of propellants was previously transferred to tank #2. Heclium
penetiation of the screen device will not occur during venting because the device
is filled with liquid. Furthermore bulk liquid boiling will not occur until tank
pressure decays to 131 kN/m?2 (19 psia) for NoOy and 6.9 kN/m2 (1 psia) for
MMH. Tank #2 is now ready to be refilled,

Close valve #12 and open valves #3 and #4. The pressure difference will allow
propellant transfer from tank #1 to tank #2.

A signal to close valves #3 and #4 will be sent when the mass gauging device
indicates that minimum liquid residuals remain in Tank #1,

Open valve #11 and vent tank #1,

Close valve #11 when tank pressure has decayed to about 207 kN/m? (30 psia),
Tank #1 is now ready to be refilled,
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5.4 PROPELIANT REFILL PROCEDURE

The procedure of Table 5-2 has been sclected as being applicable to the ‘ransfer of
MMH and NaOy4 into the OMS tanks and RCS tank from the orbiter Suppsy wnks, These
Procedures include the steps needed to assure that propellant will not leak overboard
during refill. Two items require particular attention; leakage through an improperly
sealed disconnect valve, and residun] propellant spilling from the transfer line after
discnguging the transfer line disconnect for return io the orbiter cargo bay,

Any propellant spillage must be avoided, or minimized, because of jtg cor-

rosive nature, TF disconnect valve was of sufficient concern that design require-
ments were established, and a conceptual design was developed, Valve design and
operation are further discussed in Section 5,4, 1, Residual propellant spill can be
readily avoided through a py rge procedure which permits helium entry at the transfer
valve disconnect and flow toward the Supply tank. This Jow flowrate purge will force
the liquid bulk back to the orbiter supply tank.

5.4.1 EARTH STORABLE PROPELLANT DISCONNECT VALVE, A preliminary design
of an carth storable disconnect valve is shown in Figure 5-13, The valve is installed
on the end of the Shuttle transfer line and makes both structe ral and fluid sea] con-
hections with the 1,77, prior to the transfer of propellants from the Orbiter-tankep . The
Shuttle RMS attaches to the valye housing and deploys the valve and transfer line to

the LTL mating interface, The transfer line js ¢quipped with a power cable for
operating and monitoring the valye,

As previously stated, Figure 513 is g proliminary design effort, and prior to

a final selection, it would be required to generate several design options, For
example,; several actuating methods involving preumatics, hydmulics, and electro
mechanical deviees would be included in the tradeofts, Sealing is also a critical item
and will require humerous investigations, The structura) attachment system iy
another area which will raquire tradeoffs.,

It was assumed for this design effort that the valve shall (1) be capable of
attacking to the LTL within the positioning tolerance band »f the Shutt]e RMS, (2)
incorporate final alignment provisions before fluid sealing, (3) feature flat sealing
surfaces (no probes i holes), and (4) have zero spillage when disconnected, The
valve shall also include systems for monitoring the seals before and after transfer,
An clectro-mechaniceal method of actuation wis assumed,

Referring to Figure 5-13, 1,0 main seetions of (he vialve are a flex duct assembly,
two actuators, an outer housing, three latch systems, a mating passive assembly
which is installed on the LTL, and seal Monitoring systems, The overall dimensions
shown are larger than initially expected and can be reduced by additional design
refinements,
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Table 5-2. LTL vehicle propellant tanks relill procedure
(applicable to N204 and MMH).

1. Attach orbiter propellant transfer line to the L'TL vehicle. This process includes
the following steps as a2 minimum:

a. Structurally engage transfer line disconnect to vchicle disconnect.

b. Perform leak test of disconnezt seal cavities to verify that the system is
leak-free. This test is performed with GH,,.

c. Vent GHe overboard. The transfer linc is now engaged and fully evacuated,
but the vehicle disconnect valve is still closed.

2. Pressurize the NoOy4 supply tank to TBD kN/mz.
3. Open valve at supply tank outlet. NoO4 will fill the transfer line.
4. Open vehicle disconnect valve. A fluid path now exists from the supply tank to

the vehicle.

5. Open valves #7 and #8. Propellant transter to Tanks #1 and #2 is in progress.

(Refer to Figure 5-6 schematic, )
6. Close valves #7 and #8 when mas< gauging devices indicate the tanks are full.
Note: The initial tank pressures of 207 kN/m*© (30 psia) will guarantee the tanks
can be filled without exceeding the 1720 kN/m* (250 psia) operating pressures,
Open valves #5 and #6 to commence RCS tanks refueling.
Close valves #5 and #6 when mass gauging devices indicate the tanks are full.
Vent supply tank to reduce pressure to TBD kN/m?.
10. Close vehicle disconnect va've and purge transfer line with GHe employing the
following procedure:

o oo ~3
L] -
to o

a. Close supply tank valve.

b. Open supply tank acquisition device by-pass valve.

c. Initiate low flowrate GH, purge throngh transfer line. GH, enters at transfer
valve disconnect and flows toward supply tank, forcing NoOg into the tank,

11. Disengage transfer line disconnect and return to orbiter cargo bay. The LTL

vehicle N204 refueling operation is now complete,
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The flex duct assembly runs the full length of the valve and consists of two

short tube sections, three bellows, one poppet with an actuating rod assembly, two
guide vane fittings, one mounting flange, one interface fitting with seals, one fitting
for actuating the poppet and one inlet fitting.  Except for the seals and the poppet
assembly, all parts arce 3041 CRES and are welded into one assembly,  The seals
would probably be a rubber type compound molded or bonded into the intevface fitting
and the poppet.  The poppet assembly will probably be 3041 CRES mac

hined parts
assembled with threaded fittings

. The poppet spring material is 178 Inconel,
The flex duet assembly is the heart of the valve system,

Opening or elosing is
accomplished by compressing or ¢

xtending the bellows with actuators lo qated outside
the flow stream. No dynamic seals are required.  The spherical conneetion between
the actuator and the interface fitting plus the ball socket type connection between
boppet and actuating rod permits angular misalignments between sealing su faces.
The actuator system is two harmonic type drives.  Fach drive is integrated with a
hollow shaft, cleetric motor, The drives and motors are configured to allow the flex
duct assembly to pass through at the center line, To permit asscwbly, cach drive has
a split collar for attaching to the flex duct assembly,  This type of actuator system
permits a compact assembly but does require nume rous parts,  The main parts for
each drive are one wave generator, one tlex spline, a cireular spline and a dynamic
spline. Approximately seven bearings will be required (plus retainers),
two for the motor.  Two additional serew jack parts
end of cach drive.

including
are also required on the output

The outer housing consists of a cvlindrieal seeti

oiv which is cquipped with g
conical fitting at cach end.

One conical fitting has two oxternal machined lands plus
a flange for mating with the conical section on the LT, The purpose for the conieal
mating surfaces is to permit loose cagagement even witn large misalignments plus
accurate alignment when the cones are pulled together.

The second conieal fitting has two langes; one tor attaching to the eylindrieal
section and one for the flex duct attachment
interface for connecting the transter duct
flex duct bellows.
ment.

.- This conical fitting provides a rigid
and reacts the pressure area loads from the
To permit assembly, a split collar is used at the flex duct attach-

The outer housing eylindvical seetion has three
the latching systems and an internal spider beam for supporting the actuators,  Fach
end {8 also equipped with a flange for attaching the cones. A fitting for attaching to
the RMS is located between two of the Tongerons,  This fitting s not shown on the
layout,

external longervons for supporting

All outer housing parts are 2219 aluminem alloy, The cones can be cither

single spun formed parts or weldments consisting of rolled cones and machined ring
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flanges. The cylindrical section is a weldment, The latching systems are basically
an over center device powered by an eleetromechanical screw jack actuator. The
locking pawls are capable of rotating outboard combined with axial displacement
away from the housing cone.  The pawls can also rotate inboard followed by an axial
movement toward the housing cone.  This type of kinematies permits gross initial
xapture with the mating cone on the LTL followed by draw down and final alignment.

The passive seetion of the valve which attaches to the LTL is a single piece cone

and valve body equipped with a spring loaded poppet. The valve body features a fiat
faced sealing surface equipped with flow passages for interface purging and seal
monitoring. Fxcept for the poppet spring, the entire assembly is 2219 aluminum alloy.

Flow passages arve provided on both sides of the scaling plane.  These passages
provide 2 means for monitoring leakage and for purging the interface cavity, Small
tubes with flex loops are routed from these passages to soleneid control valves, The
circuits are activaied with GHg. Other additional means for monitoring leaks is the
use of sniffors, GHea supply for the system indicated can be from tubes routed along
the transfer duct or from a small bottle (with controls) attached to the valve housing.
A second small bottle (attached to the valve housing) can also be used to act as a

catch reservoir when purging the interface cavity. The use of bottles attached to the
valve simplifics the transfer line assembly since only one eleetrieal cable is required,

An operation sequence is shown on Figure 5-14, Refe rring to Step 1, the two valve
sections are ina gross capture mode. At this stage the latehes are rotated inboard
which captures the cone flange on the LTL side.

In Step 2 the latches ave actuated parallel to the valve axis pulling the two cones
i together,  The structural conneetion is now completed.

In Step 3 one of the harmonic drives is actuated which engages the primary seals with
the mating flat faco. Stop lands machined on the flange containing the seals controls
the amount of squeeze on the seals. A leak check is performed by pressurizing the

' cavity heitween the two primary seals and monitored for pressure decay.

The second harmonic drive is actuated in Step 4 which opens the valve for transfer,

During transter, the main seal is monitored with a sniffer located in the GH, supply
\

tube,

The valve is closed at the completion of propellant transfer, as indicated in Step 5, and
the small interface cavity purged, The sealing arrangement for this purge circuit is
shown in Detail "A", Before disengaging, the transfer line is purged and the poppet ;
scal on the LTL side is checked for leaks by activating the sniffer cireuit in the tube

leading to the interviace cavity,
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In Step 6, the main seal is disengaged, the latehes opened, and the valve separated by
the RMS.

5.4.2 HELIUM BOTTLE RESUPPLY. Space-based vehicles will require gaseous
helium resupply during refueling operations. One method of resupply is by flowing
helium from a storage tank (located in the Shuttle payload bay) to the vehicle through a
long transfer line. An alternative would be to employ separate pre-loaded modular
helium bottles that would be externally attached to the vehicle. A disconnect system
capable of mating a structural attachment and & fluid connection with the vehicle is
required with either approach. Several disconnects are required of the modular bottles,
however, as compared to only one for a transfer line,

The orbiter remote manipulating system (RMS) will be employed to connect transfer
line or modular bottles to the vehicle. The RMS will place the disconnects reasonably
close to the mating target. Pressure-arca loads will be reacted only by the disconnect

structure, «i.d not by the RMS.

5.4,2.1 Helium transfer from orbiter — The {ransfer line approach will have an
electrical power cable attached to the line and permanently connected to the disconnect
system located at the end of the line. The transfer line must have mobility which in

turn requires flex joints either in the form of braided hoses, swivel type | oints with
dynamic seals, or loop bends in the tubing. Conventional bellows jonts would not be
applicable duc to high pressure requirements. The use of hoses, swivel joints and loop
bends presents packaging and weight penalties. Also, the safety of this transfer
operation is of concern because a 21m (70 ft.) line, pressurized to 34500 kN /’1\12(5000 psi),

will be essentially unsupported except at the orhiter and at the vehicle.

Aside from the question of safety is the problem of excessive helium (emperatures
occurring the bottic charging period. This problem exists because the heat of com-
pression generated duving the charge period cannot be readily dissipated; and may
require the aid of space radiators. Potential solutions arce summarized in Table 53,
only one of which was considered acceptable.

5. 4. 2.2 Helium Modules — The preferved method for LTL vehicle helium resuapply is
to use helium bottle modules.

Basically, the pre-loaded helium modules are picked up with an RM$§ and plugged into
external LTL interfaces which in turn have interconnecting plumbing to the LTL

systems.

Detail "A" of Figure 5-3 shows a typical helium module which is a high pressure
bottle cquipped with & tangential support skirt, a docking cone, A latching system,
shutoff valve and a motor driven disconnect.  The tangential skirt seetion has a fitting
which interfaces with the RMS. The only requirement in {he case of a Shuttle RMS
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would be the additior of an end fitting, This fitting would include a power cable from
the Shuttle for actuating the latch and disconneet systems.

A typical transfer sequence consists of connecting an RMS to the helium module;

placing the module loosely (wide tolerances) into a mating cone on the LTL; actuating |
the latches to an inboard position to insure a gross capture and finally moving the _‘
latches in an axial direction which completes the structural connection. With the struc- |

tural connection completed, the disconnect system is cnergized making a seal between j
module and vehicle. The socket portion of the disconnect contains the seals and the probe
section on the LTL is float mounted to compensate for misalignments, Since tempera-
tures are basically ambient, the seal system consists of "O'" rings equipped with backup
rings to prevent '"blow out'. The seal design includes provisions for easy replacement.

5.4.3 ZERO-G MASS GAUGING. A zero-g mass gauging sysiem will be as important
to refill of earth storable vehicles as to POTV and COTV refill. The measurement of
propellant mass quantities is critical at two intervals during on-orbit refill; when
minimum liquid residuals and when final tanked mass mus t be measured. Total
propellant load must be known to verify that sufficient propellant has been tanked to per-
form a mission. Propellant quantities in excess of requirements could unnecessarily
penalize the vehicle mission. A continuous mass measurement during the latter stages
of tank fill would also prevent the protential of tank over-pressure caused by over-fill.

P P Sy

The second occasion wherc mass measurement will be necessary is during the pro-
pellant tank venting procedure described by Table 5-1. Step 5 of this procedure

states that a signal will be sent to terminate propellant transfer from one tank to
another when the mass gauging device indicates that a minimum liquid residual
remains. Screen galiery liquid replenishment (to make-up for surface evaporation) will
be provided from this residual liquid volume. Less propellant than this minimum

may not be sufficient to maintain communication with the screen device; resulting in
vapor penetration due to the loss of liquid replenishment. Substantially more residual
than the minimum will increase the probability that propellant can be vented overboard.
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EXPERIMENTAT, MODELING

On-orbit fill and refill of a propulsion tankage system is examined in this section to
determine what experimentation is required to demonstrate this capability in a zero
or low g environment. Emphasis is placed on identifying the major scaling para-
meters that must be satisfied in order to model the thermodynamic and fluid mech-
anic conditions of a refill operation. The influence of fluid properties and model
tank scale on the validity of test results was also evaluated. Per the study guide-

lines, the analysis effort was directed at conducting these experiments in low earth
orbit inside the Spacelab.

Modeling or scaling analysis will be used to determine the feasibility, and subse-
quently the conditions and configurations, of the shuttle experiments for providing
data useful in determining proccdures for refueling a space-based vehicle. This
discussion on scaling will focus on our unde rstanding of the fluid phenomena as well
as the complexities involved in experimental modeling.

Based upon the analyses performed in sections 3, 4 and 5, the important areas of
cryogenic and earth storable propellant tank on-orbit refill have been identified.
These arcas, for a cryogenic stage, are tank vent, prechill and fill. The only area
of concern for an earth storable stage is tank vent (experimentation is not recom-
mended, as discussed in section 6.). The influence of such factors as helium present
within the propellant tanks, and partial acquisition devices was also determined,

Not all of the important elements of a refill process rhould be subjected to a rigorous
experimental program, Rather, only those elements that require verification, or
processes which phenomenon is not well understood, should be considered for experi-
mentation. As an cxample, propellant tanks vent will be an important part of

any cryogenic refill operation, There is not a compelling reason, however, for per-
forming such expcriments in space. Means can readily be devised for safely vent-
ing the propellant tanks without just performing orbitnl tests. Those areas requir-
ing experimentation are listed below. Specific outpute are identified that will provide
design criteria and procedures for refueling operations of space-based OTVs:

1. Tank Prechill - Obtain empirical data to establish relationships

for scaling peak tank pressures, prechill times, and vent mass
requirements,
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2.  Tank Fill - Obtain empirical data to establish the influence of
propellant tunk inflow parameters on thermodynamic equilibrium
conditions,

3. Support Experiments Criteria - Identify un empirical relationship
between start basket in-flow parameters and successful refill,

Each phase of the propeliant-transfer process will require a Separate scaling analy-
sis, Three basic scaling methods were considered in this study: (1) dimensional
analysis, (2) order of magnitude analysis on the equations of motion, and (3) ratio
of phenomenological equations,

Dimensional analysis is the clossic method, and it provides a simple and direct
procedure for obtaining all parameters that may affect a process, Since exact
scaling is not usually possible, however, we must determine which parameters are
most important, Dimensional analysis alone does not provide a solution to the prob-
lem, and a significant amount of experimentation is required to determine exact re-
lationships betweer. the resulting dimensionless groups. The complex heat and mass
exchange mechanism associated with orbital refill did not readily lend itself to di-
mensional analysis,

The order-of-magnitude and ratio methods requirc writing the equations that describe
the process. With order-of-magnitude analysis, the boundary value problem that
describes the process is written and transformed into dimensionless variables, The
important variables are determined from an order-df-magnitude analysis and the
lower-order terms are neglected in the scaling process. The ratio method is the
Same approach that is used when an analytical solution is described,

If the differential equation can be solved accurately, the scaling problem is redund-
ant and is replaced by an exact solution, However, it is usually impossible to solve
the differential equation with boundary and initia] conditions without making some
gross simplifying assumptions that may considerably reduce the credibility of the
mathematical model,

Ewmpirical equations are identified in Sections 6-2 and 6-3 which describe the prechill
and tank fill processes of a cryogenic vehicle refueling operation. The key variables
of these processes were readily identified. Model test flow parameters and time
scaling relationships were subsequently identified as a function of tank scale.

6.1 RECEIVER TANK SCALE

Nourmally, when an experimental test program is defined, sealing equations derived
from the modeling analyses will serve o identify the tank seale and fluid selection.
For this study however, a groundrule to perform tests within the Spacelab facility
limited the test tank size to a 1/10th scale maximum. The following relaies the
specifics of tank size, in addition to tank shape.
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6.1.1 RECEIVER TANK SHAPE. The OTV includes liquid hydrogen and liquid oxygen
propellant tanks, both of which will be retilled in space. A single receiver tank will be
selected for conducting orbital refueling experiments, and the question is, which
propellant tank configuration shall be tested ?

It was shown in Section 3.3.2.1 (Figure 3-14) that the liquid oxygen propellant tank can
be refilled more casily than the liquid hydrogen tank becuase it will not experience
excessive pressure during refueling. The cornclusion was made, correctly, that
liquid hydrogen tank refueling should be subjected to experimentation in order to verify
the selected refill technique. However, it will always be more difficult to refill any
tank with liquid hydrogen than with liquid oxygen; fluid property difterences are
responsible for this condition. Consequently, the difficulty in LH9 tank refill is due to
the propellant, nct the tank shape. If liquid hydrogen is eliminated as a test fluid, what
justification exists for using the LHo tank configuration?

It appears that adequate mixing of the liquid and vapor phases will be easier to attain
in the LOg tank than in the LHo tank. This conclusion seems valid if we compare

two tanks (having the same volume), where onc is cylindrical and has a large length-
to-diameter ratio, and the other is a sphere, Intuitively, uniform mixing in a cylinder
should be more difficult to achieve than in a sphere. Selection of the LHp tank con-
figuration will guarantee that the most difficult configuration for orbital refill will be
tested,

6.1.2 TEST SCALE. In general, when an expcriment plan is developed it is neces-
sary to compromise between the desire for a full scale test program and the limita-
tions imposed by resources and facilities. Iarge scale tests arc always desirable
because the uncertainty of extrapolating test data to a prototype condition can be mini-
mized. Thus, for the Spacelab experiment, the desire is to design the largest tank
scale that can be accommodated. In this case, test tank size will be limited to a
package that fits within a doublerack structure, Figure 6-1. Design details are
provided in the following discussion.

6.1.2.1 Preliminary test tank design. In Figure 6-1, an cxperimental apparatus

is shown positioned in a Spacelab doublerack structure, which will demonstrate on-
orbit propellant loading of OTV's, This apparatus consists of a scale model OTV
LHs tank suspended within a vacuum-jacketed shell.  The intent of Figure 6-1 is to
determine a basic tank size for the apparatus within the nominal envelopes described
by the Spacelal payload accommodation handbook, Reference 6-1. DCetails for plumb-
ing, wiring and supports are cmitted, For this case the areas controlling the tank
sisc are Zones '"B" and "C" shown cross hatched on the layout. Zone "B'" is
reserved for payload cabling and Zone "C' is reserved for subsystem access,

The apparatus is positioned near the right wall of the rack (as viewed by the operator)

so that the tank bulkhead ciears the corner of Zone ""C", Tank length is then limited

by Zone "B"., Adjustments between diameter and length were made within these con-

fines Lo arrive at an acceptable L/D ratio., The tank shown has a 457 mm (18 in.)
6-3
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diameter and a 1092 mm (43 in. ) overall length, The tank is equipped with an outer
shell having a 559 mm (22 in. ) diameter and a 1194 mm (47 ir.) overall length. The
selected location offers a volume directly below the tank bottom bulkhead which can
be used for plumbing and wiring protrusions as shown on the layout. Additional ad-
justments in tank diameter and length can be made by minor infringements into
Zones "B" and "C'", For example, it appears that the bottom bulkhead could cut
across the corner of Zone "C'" without seriously compromising accessibility. For
this effort, however, the tank size shown is the maximum within the nominal en-
velopes.

In Figure 6-2, details are shown for the experiment apparatus using the diameters

and lengths established in Figure 6-1, The purpose of Figure 6-2 is to generate a

detailed weight breakdown for the tank portion only of the apparatus so that the main ,
drivers can be identified. This weight breakdown in turn was used to determine any .
revisions to the initial design in an effort to further reduce weight. The outer jacket '
is included to show the general relationship within the tank and the plumbing.

The tank is a 457.2 mm (18 in, ) dia x 762 mm (30 in. ) length cylinder equipped with
ellipsoidal bulkheads (a/b = 1.38) at each ¢nd, The material is 2219-T87 aluminum
alloy and the minimum gage is 0.51 mm (0. 020 in.). The tank is supported from
the outer jacket with three pairs of struts at one end and three drag links at the
opposite end. Three fill manifolds are installed inside the tank. Provisions for
ground fill and drain, vent and electrical, are also included. To permit hardware
changes during ground tests, one 132.4 mm (6,0 in. ) I. D. access opening is pro-
vided at each end. The external surface of the tank is cquipped with strip heaters
and a multilayer insulation (MLI) blanket,

Referring to the figures, the bulkhead labelled No. 1 has two 1, 02 mm (0, 040 in. )
gage weld zones., The first zone is for the access opening ring and the second zone
located at the girth is for the butt weld between the eylinder and bulkhead, This
second zone also contains three tungential fittings for the drag link supports (sce
detail "'G"). The bulkhead labelled No., 2 containg & wide weld zone at the girth which
contains three pairs of tangential support fittings (see Detail "C"), and the tank wall
penetration fittings., 'This zone also provides the gage increasc for the butt weld at
the cylinder. A second weld zone near the top of the bulkhead is for the access open-
ing ring. The cylindrical portion of the tank has one weld zone at each end and one
running longitudinally, Support lugs for the fill manifolds are welded to the inside
surface of one of the end zones,

A typical fill manifold is a length of aluminuin alloy tubing equipped with a tee fitting
at each end. The side branch of each tee fitting is threaded for attaching spray heads.
One of the tes fittings has a protruding rod section (see Detail ''J") which engages
with the support lug att:ched to the tank near Bulkhcad No, 1, This is a sliding sup-
port which provides restraint in any direction normiil to the tube while permitting

68-5
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axial movement, The opposite end of the tube (near bulkhea
o the tank wall penetr

ation fitting as shown in Detail '"B",
to this penetration fitting prior to installation,

d No. 2) is butt welded
The manifold is welded

One internal tube exiending from bulkhead No,
ground venting., Similar to the fill manifolds,
benetration fitting at bulkhead No. 2, The
is supported in a manner similar to that de

2 to bulkhead No, 1 is provided for
this vent tube is welded to a tank wall

oppcesite end of the tube (at bulkhead No, 1)
scribed for the fill manifolds,

Ground fill and drain is

provided by a penetration fitting located at bulkhead No, 2
This is not shown on the

drawing but is similar to that

shown for the fill manifolds.

Interna} instrumentation is routed through a boss (located through bulkhead No. 2)
equipped with a flanged multi-pin connector. A radial seating seal is used for seal-
ing the connector to the boss. An arrangement is shown in detail "B" of Figure 6-3
and an alternate approach is shown in Detai] "L", Al instrumentation wires inside
the tank are buncled into a siagle cable and supported from the vent tube with clips.

The outside tank surface is equipped with heaters,

Several types are available such
as coatings directly deposited on the tank

wall, blanket types which are fitted with a
glove over the fank, and strip or ribbon types which are bonded to the tank wall, Due

to versatility and eimplicity, the strip type was selecind, The heaters are app roxi-
mately 1.5 in. wide and are arranged in a circamfe rentiz] pattern along the length
of the cylir.der. Thais circumferential patten may 2'<0 be :xtended to the bulkheads,
¢r a longitudinaj type pattern can be used similar to gore lines on a bulkhead, All
wiring is supported from the tank wall with tape strips which are lapped over the

wire and bonded to the tank, The wires are bundled into a single cable at the No, 2
bulkhead and routed through the MLI blanket at a single point,

The entire tank s. rface, ineluding strip heaters
1ation (MLI) blanket. The blanket is applied in
two circular ca) sections loeated
attached to the tank wall using
are bonded to the tank wall and
in the blankets nrovida

» i€ covered with a multilayer insy-
gore cections which irt erface with
on the ends of the bulkheads. The sections are
"Veicro'" tape patches. The pile portions of the tapes

the hook portions are bonded to the blankets.

Cutouts
clearances for the plumbing,

wiring and support struts,

gage is sized to 207 kN/m2
ped with two rings (one at each end)
These rings also incorporate f
fittings for attaching to the ra
ds and cylinder use metal "O" rings
All vlumbing and wi.ing circuits penetrate one bhulk-
fittings. The cup fittings are welded to the plumbing and
lkhead. The ends of the cup iittings are sealed to the

(30 psi) externa) oressure,

The cylinder is equin
which a e attached to the ta

nk support struts, anges

ck struc-
ons between bulkhea
or radial seating "Cono' Seals.
head cnly through cup/sleeve

the sleeve ig welded to the by




When removin

g the bulkhead, the
lacing the bquhead, the

CUps are rescajag
witn peanyt welds,

buikhead removables,
between tank and jacket

during ground test and
bulkhead igs equipped wit

n, Therefore, the
h & flanged Penetrati Or attaching a duct,

Referring ‘o the parts ]igt in Fi

sembly is 5, g kg 3.0 Ib). Th
the weld lands,

gure 6-2, the tora

Permit severg] cuts
the procedyre &moy
gage of only 0, 55 m
electrical pPenetratioy, fitting, 0,16 k

using the design showpn in Detail ",
clamping flange,
ceptacle, The g

the conductor ping,
tration fitting, al,9

3 kg (4,24 1b) wei
a total tank weight o

f4 kg (8.84 Ip),

given in Taple 6-1. A

~2. Note that this tank
an be designed into the Sp
is 0,108 of the POTV,

Table 6-1,

Total

Total
Tank Tank Accessories
Weight Ine'| Accessoriag Weight Inc'] b of Totai
Accessories, % of Total Acressorieg, Tank H
kg (ib) Tank Weight kg (b)

Weight, kb b, |

m—.

I n,.m&m’ﬁmA
T ST

B S S P

Y L e

. ) N

it i e



Table 6-2. Model Test Tank Volume-to-Mass Ratio Comparison
With OTV LH» Prototype Tank

Conventional Design Non-conveniional Design
Tank Tank
Scate Diameter VM Vel VoM Ve
L* em (I md kgt by m3 ke t? 1y mY kgt 1
108 45, 7(18) L0278 (L438) . 105 L0410 (L 643) 156
.20 85, H(33. %) L0874 (1,376 331 TS (1L 648) ERRUY
.30 128, 8(50.7) L1168 (1. 83W 442 L1257 (1,950 476

Prototype Tank (PDTV) Measurements

Volume (V) = 16 m? (ive fith
Mass (M) = 447 Ry (956 1y
Diameter = .29 m (169 iny
Cvlinder length = 59,5 m [RRE P

(1 (") refers to ratic of model-to-prototype.  An exact (and ideal) sealing of tank
properties would result in V*M» = 1,

6.1.2.2 Larger test tank designs. The inexact scaling of the one-tenth seiale model

will necessarily create a variance between model and prototvpe test wesults, This
variance is related to the volume-to-mass ratio differences between tank seales,
which is quantitatively evaluated in section 6, 2, There was an interest in de-
termining how the volume-to-mass ratio would vary with tank scale,  Consequently,

a preliminary design was also performed on a two-tenths and o three-tenths seale
tank. The two-tenths scale model is basically the same as that described in Figures
6-1 and 6-2. The only differences ave minor jitems such as weld land areas, plumb-
ing lengths, support fitting sives and quantity of support lugs for the internal plumbing,
No outer jacket is shown since this size tank would be transported outside the Space -
lab.  The tank would probably be suspended from a truss eyvlinder which in turn inter-
faces with the shuttle paviead support journals,

Referring to the parts list in Figure 6-3, the total tank weight is 10,8 kg (23.8 1b)
of which 32 pereent is accessories, If the access openings arve eliminated and the
electrical penet ration fitting simplificd as desceribed in Lavout No, 2, this total tank
weight is reduced to 9.0 kg (19,9 k), ot which 17 pereent is accessories,

Figure 6~-4 is the saume 8s Figure 6-3, except the tank is a three-tenths model,  For
this case, the basic wall gage was increased from 0,51 mm (0, 020 in, ) to 0,635 mm
(0. 025 in, ), Minor iten s such as weld land areas, plumbing lengths, plumbing sizes,
and quantity of support fitvings have been increased.  Results from these two desipns

are summarized in Tables 6-1 and 6-2.

3
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6.2 PRECHILL MODELING

The prechill process that has received much attention during this study is illustrated
by Figure 6-5, The process will be accomplished by 1) metering liquid at a high
velocity into the receiver tank for a fixed du ration, 2) allowing heat exchange between
fluid and tank walls for an unspecified duration until tank pressure has increased to
the vent level, and 3) venting the tanks back down to near zero pressure. The carly
prechill period is characterized by a complex the rmodynamic and fluid mechanic pro-
cess due to liquid impingement on the hot tank walls, The resulting forced convection

nucleate and film boiling phenomena are extremely difficult to analytically model or
scale,

Fortunately, it can be shown that this initial period of tank chill may not be signifi-
cant to the overall process, First, the heat exchange during tie limited boiling period
represents only about ten percent of the total energy removed during prechill,  Second,
we should be more concerned with the tank conditions prior to tank vent rather than
with the initial transient. The initial transient pressures will be well below the near-
steady-state pressures if propellant inflow is adequately cont rolled, Figure 3-15
indicates that precision mete ring of LHs is not nceded to avoid overpressure during
prechill. Thus, effort c-.: be concentrated on scaling steady-state conditions of the
prechill process,

WAIT PCRIOD FOR TANK
WALL ULLAGE HEAT EXCNANGE VENT

ugu'o
INFLOW

PEAK PRESSURE
BGILING

PRECHILL TIME ey

TANK PRESSURE ————»

Figure 6-5. A Prechill Procedure Can be Ideatified to Eliminate
Excessive Tank Pressures Due to Wall Boiling
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6.2.1 SCALING PEAK PRESSURES, This is an important requirement because
excessive pressures must be avoided during POTV on-orbit prechill., Peak pres-
sure will occur as tank and fluid temperatures reach cquilibrium. Tigure 6-6 shows
the theoretical maximum pressure for a POTV liquid hydrogen tank as a function of
tank thermo-physical properties and geometry, This figurc also shows that tank
volume-to-mass ratio (V/M) is an important variable.

] . 2

A{l. Initial Tank Pressure = 0 kN/m
600t2, Entering Liquid Vapor Pressure =

(80) 103 kN, m2 (5 psia), LH,

—— ey

2

PRESSURE,kN/m (psia)

400‘:7;:

m
S

) e 25 ‘ e

,,,,,,,,,,,,,,,,

(300) (400) (500)

INITIAL TANK TEMPERATURE,K (°R)

Figure 6-6. Maximum Pressure During OTV Propellant Tank Prechill

Figure 6-7 suggests that the pressure scaling parameter is PV/M, These curves
have been generated for a V/M range of ,125 m3/kg 2 ftY1b) to . 259 m3/kg (.16 ft3/
1b) (V/M for OTV is ., 459 (4.16)). This figure shows that PV/M is a function of initial
tank temperature, tank material, and propellant. By selecting these variables to be
the same for a model tesu as for the prorotype (full scale) vehicle, the resulting
PV/M will also be the same. Exp ressed mathematically, (PV/M)m — (PV/M)p, or

P*V*/M* = 1 (6-1)

where:

= peak tank pressure during prechill
= tank volume

tank mass

=  model
= prototype

subscript,

vy 2<w
n

I

superscript, (*) the ratio of modcl to prototype.
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When model test variables are selected such that P*Vv*/p* - 1,

then P* = Pp/Pp = 1 (6-2)
Equation 6-2 means that prototype tank peak pressures witl be equal to model test
tank peak pressures. There are other bounda ry wnditions (discussed later) to be
satisfied for the above statement to hold true,

If test constraints are such that V¥/M* # 1, then

P¥ = M*/V*, or Py = Py (V¥/¥) (6-3)

In this instance, Pp is determined by multiplying the observed P by (V*/M*),

1. Aluminum Tank
' 2. Entering LHo & LO2 Vapor
- Pressure= 103 kN/m2(15 psia

e - NN

(140)B0¢

100)
4

04

(60)

oo
e

PV/M, kN-m/kg (psi-ft>/Ib)

(20)

(300)
INITIAL TANK TEMPERATURE X (R)

Figur: 6~7. PV/M is a Parameter for Scaling Peak Pressures During Prechill

6.2.1.1 Model Tank Size Influence. Tesat tank seale will have a major affect upon

the peak pressures experienced during cxperimentation, because of the V*/M* influence.
Figure 6-8 shows the relationship V*/M* and tank scale (L*), where L is a
characteristic tank dimension. Figure 6-9 shows the influence of scale upon nodel tank
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pressures when modeling of POTV peak pressures is attrmpted, Referring to section
3.3.2.5 (Figure 3-19), a POTV pcak pressurc of about 69 kN/m’~ (10 psia) was selected
as being acceptable for a prechill procedure. The .108 scale model (for Spacelab)
would experience a pressure of nearly 690 kN/m?2 (100 psia) under similar conditions.
Thus, it is scen that prechill experiments conducted on Spacelab would produce results
substantially different from what would be predicted for a prototype vehicle.

V*/M*

Tank Scale, L*
Figure 6-8. Test Tank Scale Influence on V+/M*

400"

(25)

fmet 0108,

Prototype Tark Pressure JkN/m2(psia)

h
\
»

600
(59) (100)
Model Tank Pressure, “ie/m2 (psia)

Figure 6-9., DPeak Prechill Pressures May Be Excessive tor Small
Scale Experiments
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6.2.2 TIME SCALING. A second major requirement of the prechill experiment

will be to develop a time scaling parameter applicable to the tank charging process.
This is an important objective because we need io establish propellant iransfer
timelines. A potentially useful parameter may be developed by assuming the receiver-
tank charging process to be equivalent to the transient heat conduction process of a
lumped-mass system. Consider the prechill condition deseribed by Figure 6-10:

1. LH, flow to OTV is initiated at zero time.

2. A convective heat transfer coefficient exists at the end of the flow period
as a result of inflow conditions.

TEMPERATURE

[P -4 - P
- . -t - . - -“'-“-

. HOOSDSE SOE SERE S E B

3L EESNEEE WS RS DR oo

- T T T S

.3t i IR 8 Lo

..... - . V.

i -

; M T

' i N

RINNROSSONE i

TTME———Pp

Figure 6-10. (hA/m Cp)t is Applicable as Time Scale Parameter for
Prechill Process

617
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3. The temperature-time history as indicated by Figure 6-10 can be character-

ized by
TN -(w/mop)r (6-4)
T - T
0o
where
T = Tlid temperature at time, t
TO = Initial fluid temperature
T = Equilibrium temperature of tank and fluid
= Fluid/tank-wall heat transfer coefficient

A = Tank wall surface area
m = Fluid mass
Cp = I'luid heat capacity

T = Time

0 = (h'/mCp) r , dimensionless time

It is obvious from equation 6~4 that the dimensionless temperature parameters will be
identical if 6* = 1. Furtheimore, the actual temperature changes will be identical if
we impose the additional requirement that

me/M* =1 (6-5)
where

m = fluid mass

M = propellant tank mass

This requirc.nent is derived from the expression for tank-vapor cnergy exchange: that
occurs during prechill. The following expression describes energy exchange between
tank and vapor,

mC AT =MC AT (6-6)
v v wow
where
A'I‘v = fluid temperature change
ATW = tank wall temperature change
C = heat capacity

6- 13
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subscript

tank wall

W

\' fiuid vapor

Taking the ratio of model to prototype gives

m* A’l‘v* = M+ ATW* (6-7)

or
m*/M* = AT */ AT *=1 (6-8)
w Vv

By imposing a) the requirement of 6-8 and b) the sume initial tank tenp erature for
model and prototype, we are assured that tank temperature changes will be identical.

All variables of the dimensionless time parameter, with the exception of h and A, can be
described. However, Equation 3-11, shown in Filling of Orbital Fluid Management
Systems, NASA CR-159404, relates h to fluid properiies and tank inflow conditions.

This relationship is given as:

, -2 1/4
h (Npl )~/3 - Cl[(mv A } (6-9)

nC 3 p-
p
where:

n = TFluid density

Cp = Constant-pressure heat capacity
N = Prandil number

PR

m = Entering mass flow rate
v = Fntering fluid velocity
A = Tank volume

H = Fluid viscosity

C1 = Empirical coefficients
. 2

mv .

—,;;"— = Fluid inflow parameter

It will be now possible to identify the relationship required to satisfy 6 * =1, This
development is given below for the case where tank meterial are the sane for both
model and prototype conditions:

it el e L



Normalizing the dimensionless time parameter, we have
§* = h*A*T*/m* (Cp*=1) (6-10)

From (6-9) we have

. 2 1/4 1/2
h* = (m*v* /V¥) / (p*) / (6-11)
m*\/ M#*\ M m*
* = * ¥ o —— — e — Q] N mw—— o -
But p m*/vV (‘M*)( V"‘) v since v 1, from (6-5)
Thus, (6-11) becomes
. 4 1
b = v d vt arevs /2 (6-12)
Combining 6-10 and 6~12 resulis in
or = @t vt ar vt (s re/me (6-13)
m* = m*/ T+ (6~14)
Combining 6-13 and 6-14 gives
. 2 1/4 1 i
6* = (m*v* /V¥) / M*/V*) /2 (A*/m*¥) (6-15)
2 .
now, A* = L* (6-16)

Also the fluid inflow parameter can be modified as follows,

. 2 . .3 2 . 3 7
mMAVH/VE = mt/ (A VA <t/ L (5-17)

where;

A, = nozzle flow area

Combining (6-15), (6-16), and (6-17) gives

71/4

o* = (n‘l'tS/L* ) ('Nl*/vt)l/z 2

(L*"/m*)
L* 1/4
- (7)
Finally, in order to have similarity between model and prototype dimensionless
temperature parameters we require that g* = 1, which will be satisfied if

/
(Mt/vt)l’z (6-18)

weosmet ey o (6-19)




An experiment model test package design will be Leavily influenced by such variables
as tank size, test duration, flowrate and velocity requirements, and the system
pressures needed to provide these flowrates. TFlowrate, m*, can be obtained from

(6-19).

e 1/4 ) .
(211_: \-~/4 - (l\l*/V*)l/? or, m* = L* (1“*/\;*)2 (6—20)

Velocity, v*, cun be determined from (6-20),

m* = P*V*An* = y* An* (e* = 1). Therefore,
L* 2 IM"/V*I2
v = X—*(M*/v*) = 5 (6-21)

n
Time, 1*, is determined by combining (6-14) and (6~20),
«2

m* m* m* V* 1 L
T* = T = *)( * * = * (6-22)
m L (M*/V*)z (M L > M*/V*) M*/V*)

The three flow test variables of equatior.” {6-20) through (6-22) have been determined
for the actual model tank conf._.irztions of Table 6-2,2nd are given in Tabie 6-3.

Note that a considerable variation exists in the flow parameters selected fcr the actual
and "ideal' Spacelab experiment test tank. Unquestionably, the flowrates and velocities
indicated by Table 6-3 cannot be attained for the actual tank model. Consequently
POTYV prechill cannot be exactly simulated with 0. 108 scale model Spacelab tests,

even if liquid hydrogen is used.

Table 6-3. Model tank scale influence upon test varizhles.

M Tank Scale, L*
Model Test 5 odel Tanf Seale &
Variables 0.108 0.2 0.3 0.108
m* 9. 80 1. 825 1. 536 .108
v* 839.8 | 456 17.1 9,26
T* 1.28%x10 | .013 . 040 .0117

(1) Tank model for Spacelab experiment.

(2) Exactly scaled model for Spacelab experiment (V*/M* =1),

|
|
:
3
3
E
:
;
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:
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6.2.3 FLUID SUBSTITUTE. Liquid hydrogen cannot be used within the Spacelab
under any condition. Liquid nitrogen is the only cryogenic alternative that may be
acceptable. The liquid nitrogen quantities allowed within the Spacelab will be
determined by a payload safety review group which convenes to evaluate experiments
planned for the Spacelab. Any experiment which requires large quantities of liquid
nitrogen would be careflly reviewed to assure that inadvertent spillage would not
create a hazardous environment., It was necessary to assume for this study that an
experiment test package could be designed to circumvent potential problems, since
a detailed design effort was beyond the scope of this effort,

Before pursuing the influence of LN9 upon experiment modelling, a point will be made
about why non-cryogens may be unsuiiable for this experiment, It is believed that
tank pressure during much of the fill process will be heavily influenced by heat and
mass exchange between the liquid and entrained vapor. Heat and mass exchange is
directly proportional to liquid-vapor surface area which, in turn, is dependent upon
whether fluid agitation has ecreated individual bubbles or a froth. Now, it has been
observed that a frothy condition can readily be created when a non-cryogen, such as
Frédon, is mixed with a vapor. Conversely, it has aiso been observed that LH2 and
LNy do not create a froth under similar conditions of agitation. This difference in
behavior which may be difficult to quantify, coupled with the complex nature of the
tank fill process has led to the conclusion that LNy is the only viable fluid substitute
for the orbital experiment.

Prechill. The scaling effects of LNy upon the prechill process can be determined by
employing the following relationships

&* = (h*Ax T*)/(m*Cp*) (from Equation 6-10) (6-23)
a* = m *v*2/V*)0' 25 p*o‘ 5 cp* ”*0‘ 25/Pr*2/ 3 (from Equation 6-9) (6~24)
L where
| Cp = fluid heat capacity
p = vapor density
:‘ © = vapor viscosity
g Pr = Prandtl number

superscript, (*) = the ratio of model to prototype.

In this discussion, model refers to tests conducted with LN, and prototype refers to
LH, tests. Also, for convenience, it is assumed that the model and prototype scale
are the same. That is, L* = A* = V* = 1.0 where L = characteristic tank dimension

6-22
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and A = tank surface area.

Now, the following fluid property ratios apply for nitrogen and hydrogen:

ur* = 4.0
C* = ,088
p
Pr+ = 1
Y= 1104
pL

Since we are at liberty to select any value for p*, it was decided to select that value
which results when model test and prototype peak prechill pressures are the same.
This constraint was found to result in p* =6, 2, from computer simulations. This
is also the same value for m* since its relationship to density is

pt = m*/V*=m* (since V¥ =1) (6-25)

By working with Equations (6-23) and (6-24) and applying the hydrogen-nitrogen
property ratios, it now is possible to compute the influence of nitrogen upon the model
test parameters. Tirst, Equation (6-24) combined with Equation (6~25) can be simpli-
fied to the following expression when substitutions are made for p*, Pr*and V¥,

25 0.5

% m+ ¢t (6-26)

Combining Equations (6-23) and (6-26) will result in

. 20,
h* = 1.41 (m *v+")

g% = 1.41 (m * v*z)o' 25 'r*,/m’*o'5 (6~27)
and substituting m* = G, 2 gives
p* = 0.57 (m* v*z)o.zs T* (6-28)
From the continuity equation we have
m* = pL“A*v*= pL*v*=11.4v* (6-29)
or
vy = 0,088 m* (6-30)
Substituting (6-30) into (6~28) gives
p* = 0.17 T m 075 (6-31)
6-23
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Also

Mm* = m¥/ r*=6.2/7 * (6-32)
which when substituted into (6-31) gives

6* = 0,67 p+0 25 (6-33)
Finally, setting g*=1 we have

T* = 4,96 (6-34)

Substituting (6-34) into (6-32), and (6-32) into (6-30) gives

h* = 1,25 (6- 35)

v* 0.11 (6-36)
Equations (6~34), (6-35), and (6-36) give the time, flowrate, and velocity ratios that
must be applied if nitrogen rather than hydrogen is employed as a test fluid for pre-
chill tests. Thesc ratios can be used as multipliers for the respective ratios of
Table 6-3 to obtain the combined influence of fluid and tank scale (for the stated tank
scale assumptions). It is concluded that substituting LN, for LH, should not com-~
promise prechill test results, In fact, there appears to be an advantage in using LN,
because model test velocities will be substantially lower with this fluid, which may B
make it possible to achicve some of the conditions for a small scale test tank,

The primary disadvantage with using LN, as a test fluid is that there are fewer
potential problems with prechilling a propellant tank with LN, than with liquid hydrogen.
LNg's thermo-physical properties are very similar to those of liquid oxygen, which
was rejected as the preferred test fluid. The arguments against LO9 as a test fluid
also apply to LN,.

6.2.4 PREDICTED PRECHILL TEST VARIATIONS FROM THE IDEAL. An exact
prechill simulation cannot be achieved using liquid hydrogen and the 0. 108 scale
model hydrogen tank. It would be useful, howcver, to quantify the deviation from the
ideal model test condition, To this end, the HYPRES computer program was employed
to predict propellant tank temperature and pressure histories for several model test
conditions. Program results are shown in Figures 6-11 and 6-12 for the assumed
flow condition of saturated hydrogen vapor entering the propellant tank.

6.2.4.1 Zero-g test environment limitations. Figure 6-11 gives predicted propellant
tank temperature versus time from prechill initiation for several test tank configurations
and flow conditions. The abscissa represents the product of model test time and the
time ratio obtained from Equation (6-22). Casc 1 data represents an exact simulation

6-~24
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NOTES:

Curves are "HYPRES" computer runs simulating prechill tests conducted
with a 0. 108 scale LH, tank.

2. Prechill tests simulate the full scale conditions given in Table -4,
3. Predicted full scale tank prechill duration is "model test' time divided by
the time scale factor of Table 6-4,
4. Case (1), (2) and (3) conditions are identified in Table 6-4.,
5. Case (1) results exactly simulate the full scale prechill process,
300
TES:
Model Test Tank Configuration
(500) Scale~45.7 em (18 inch)

— A N 2
2 V*/M*~0.108
) Curve 1 is forced convection dominated
g- Curve 2 is free convecetion dominated
& 250 F‘L'x}'\(g .315 for_c "c‘i“g'(_)nycction dominated
» e e L R e
§ I'lowrate
E “urve  G-Level  kp/sec(lb/sec)
= .
=} 0 0045 (.01)
5 (400) 1 L0045 (. 01)
- !
< e 20180 (04)
= i i ‘
E: 200 T CHARGE | CHARGE
& 7 CYCLE * 7l CYCLE 7]

(340) ol e it

100
PRECHILL DURA TION, seconds

Figurc 6-11.  Predicted LHy OTV Tank Temperature Histories

From "HY PRES" Computer Simulation of 0, 108
Scale Model Prechill Tests




where V*/M* = 1, These results are identical to those obta'ned for the full scale
tank conditions of Table 3. Case 2 shows how tank conditions would be altered if
substantially lower model test flowrate and veloeity conditions were imposed.  This
deviation is small compared to deviations which resulls when V¥/M* is not matched
(although velocity and flowrate are matched), Case 3.

Figure ¢--12 gives predieted pressure histories for the same test tank and flow con-
ditions identified in Figure 6-11. Again, only the first charge and vent cycele is shown
for the non-ideal model test case, Also, as before, Case 1 results were identieal to
those of the full scale tank, Similarly, Case 2 and Case 3 results were patterned after
those of Figure 1. That is, an order of magnitude change in incoming flowrate had a
minor influence on results, whereas an order of magnitude change in V/M had a major
influence,

6.2.4,2 One-g test environment limitations. Ground-based tests for determining the
validity of the prechill process will he applicable only if a) the normal gravity free
convection heat transfer process is dominated by the forced convection mechanism
created by the entering bropellant, and b) the fluid flow mechanism is the same for
model tests as for the prototype configuration, To satisfy the former condition we
must verify that the heat transfer coefficient Ziven by equation (6-9) exceeds that free
convection cocfficient created by a normal gravity environment, Fquation (6-9) is
applicable to heat exchange between g bropellant tank surface and its contained vapor,

Prechill Process, The primary conecern with normal gravity prechill tests is that in-
flow conditions required for similarity on the basis of tank scale (Table 6-4) will not

be sufficient to guarantee the dominance of forced convectjon heat transfer. This

point is illustrated by Figure ¢-13 which shows how prechill test tank pressures will

be affeeted a) by the influence of a normal gravity environment, and b) by the inereased
inflow conditions necessary to provide a forced conveetion dominated environment,
Curve 1 is the predicted 45, 7 em (18 inch) diameter test tank pressure at the indicated
flow conditions in d Zero gravity environment, Obviously, the h at exchange mechanism
is foreed convection dominated. Curve 2 shows the predicted tank pressure if the same
test is performed in a normal gravity environment, The tank wall-ullage heat exchange
mechanism is free convection dominated, However, a forced convection dominated
environment is necessary for a valid model test, This will require a factor of four
increase in entering flowrate and veloeity,  The outcome is that g greater difforence
results between the Zero-g and one-g test tank pressure profiles, Curves 3,

It is questionable that results of one-g tests that meet the criterion tor torced con-
vection heat transfer dominance can be employed to seale the zero-g prechill process,

6.2,5 PRECHILL SUMMARY. It js concluded from the computer simulations that the
45.7 cm (18 in. ) diameter test tank camot be employed to obtain results that are
directly extrapolated to a prototype OTV vehicele, This is so cven if tosts are conducted
with LI-12 in a near ZCro=-g environment, Direet extrapolation becomes oven less likely
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NOTES:

1. Curves are "HYPRES'" computer runs simulating prech 1 tests conducted with a
0.108 scale LHo tank.

2. Prechill tests simulated the full scale conditions given in Table 6-4.

3. Predicted full scale tank prechill duration is "model test' time divided by Table 3
time scale factor.

4. Case (1), (2) and (3) conditions are identified in Table 6-4.

5. Case (1) results exactly simulate the full scale prechill proucess.

1. Model Test Tank Configuration
Scale ~45.7 cm (18 inch)

Flowrate
* *~ 0.
V*/M* ~0.108 Curve  G-Level kg/sec (Ib-sec)
2, Curve 1 is forced convection dominated 1 0 .0045 (.01)
Curve 2 is free convection dominated 2 1 .0045 (.01)
Curve 3 is forced convection dominated 3 1 .0180 (.04)
C)
310
&
Z 50
"
g
5 (
g
R
0 100 200
PRECHILL

Figure 6-12. Predicted LHy OTV Tank Pressure Histories from "HYPRES"
Computer Simulation of 0,108 Scale Model Prechill Tests
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Table 6-4. Scale model test variables for simulating OTV
LH2 tank prechill,

Incoming Incoming
Flow Rate, Velocity
kg/sec m/sec Tank Time
(Ib/sec) (ft/sec) Scale V¥/M* Scale
Prototype 0.71 6.7 1.0 1.0 1.0
Condition (1. 56) (22)
Case (1) 0. 045 62.2 0.108 1.0 0.0117
(0. 100) (204)
Case (2) 0. 0045 6.20 0.108 1.0 0. 0021
(0. 0100) (20. 4)
-4
Case (3) 0.045 62,2 0.108 0.105 1.28 x 10
(0. 100) (204)

(15)

1004

Model Test Tank Configuration
Scale~ 45.7 cm (18 inch)
V*/M*~0.108

(10)

ESITEs? BIRNIT SRSy SEst oty ¢ = Curve 1 is forced convection dominated
i > : Curve 2 is free convection dominated

ST S S S P S 5 Curve 3 is forced convection dominated L
ERRNE Amm e S ARSECECS ot S RS S Ry st Sued eI TEE Ry o e

AAAAAAA

o
o

(5)

TANK PRESSURE, kN/mz(psia)

G-Level  kg/sec(lb/sec) **L

: 0 .0045 (.01) i
T2 1 .0045 (.01) s

e [PS340000 SASEESSPS 3 1 - 0180 (042 i
(1} 1200550000 sGady Sobas b ::‘;‘r:::,::::‘::::::r::{fﬁt:t::jtiit#i:tg::':t:r:,::i':':::t:':;i::::::
0 4 6 ‘

TIME,SECONDS

Figure 6-13. A normal gravity environment will influence OTV model
tank prechili test results
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if LN, and/or a one-g environment is imposed as a constraint. It is expected, however,
that the heat transfer phenomenon involved in the prechill process can be evaluated,
Empirical coefficients obtained from such tests can be applied to an analytical model,
such as HYPRES. This model can then serve as a tool for [ull scale vehicle prechill
predictions.

6.3 TANK FILL MODELLING

Tank fill will be initiated after the prechill requirements have been satisfied, The
single requirement for tank fill is to maintain an acceptably low pressure during the
process. Tank pressures will be at a minimum if thermal equilibrium conditions are
maintained during fill,

The intent of the tank fill process will be to create turbulent conditions within the tank,
These conditions will be achieved by introducing liquid into the tank at high velocities
(and pevhaps through a spray nozzle) to provide the high heat-transfer rates needed to
attain near-thermal equilibrium. As tank fill continues, the internal tank fluid environ-
ment changes from liquid droplets in the ullage volume to vapor bubbles entrained
within a liquid bulk. The transition from heat transfer dominated by liquid droplets to
heat transfer dominated by vapor bubbles is expected te oceur at about the 409 to 609
liquid fill. This latter mechanism is the only mechanism: that will influence tank
pressures toward the completion of tank fill.

Tank pressure near the end of fill is more critical than during the carly stage §ince
pressure does not become excessive in the interim), because the end state must reside
within an acceptable the rmodynamic range to satisfy mission and propulsion system
requirements. For this rcason, an evaluation is made only of the bubble dominant tank
fill process.

6.3.1 VAPOR BUBBLE DOMINANT HEAT EXCHANGE PROCESS. Scaling parameters
for this process can be developed by assuming tank fill to be equivalent to the transient
heat conduction process of a lumped-mass system., Consider the heat exchange condition
described by Figure 6-14 at some instant in time during fill,

1. Vapor is dispersed throughout the luquid bulk and resides at u higher
temperature than the surrounding liquid.

2. Vapor dispersal and heat transfer is caused by fluid agitation, created
cither by a mechanical mixer or the entering liquid,

3. The temperature~time history of the liquid, as indicated by Figurc 6-14,
may be characterized by

T- T

~(hA/mC )71
T - Tw =e( / p) (6-37)
0
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Figure 6-14, (hA T/mCp) is ap

where
T = liquid temperature at time, t ‘
TO = initial fluid temperature ‘
T = equilibrium temperature of vapor and liquid j
h bubble—liquid heat transfer coefficient i
A = total surface area of the dispersed vapor phase
m = liquid magg j
Cp = liquid heat caparity ;
T = time
J
| 0

(hA/mcCp) 7 » dimensjonless time
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influenced by fluid temperature during fill, And, if thermal equilibrium conditions
can be attained, tank pressure will be a direct function of liquid temperature, Con-
Sequently, tank pressures observed du ring a model fill experiment ¢an be directly
related to the prototype only if near-thermal cquilibrium conditions exist,

An inspection of 2quation (6-37) indicates that model fluid temperatures will be Similar
to those of the prototype_ if the dimensionless time parameter, 6, is the same for each
condition. That is, if g% = 1.

By taking the ratio of modcl—to—pmtotype for equation (6-37) we have

(T - T, )*/(TO- T, )* = e m /e~ b =c (bn - %) = (0%-D) % (6-38)
For g* =1, equ.tion (6-38) becomes
(T- T )*/(To- Tao =1 (6-39)

Now, if in addition to 6* =1 conditions can be selected such that T *=T_ + = 1, then
T* = 1(from equation 6-39). This means that fluid temperatures wilj be identical for
the model and prototype conditions at the same dimensionless time, 9. The remainder
of this discussion is devoted to identifying model test conditions that will satisfy

To* =T, *=8+%=1, Furthermore, aj] analysis is based upon the following assump-

tions:
1. Model tank geometry is identical to the prototype tank geometry,
2. Aluminum is material for both mode] and prototype,

3. Liquid hydrogen is fluid for both model and prototype,

6.3.1.1 Initial fluid temperature, T,* can be maintained at unity simply by providing
the same propellant supply temperature for model and prototype tank resupply,

6.3.1.2 Equilibrium temperature, The following development wi]] show that equili-
brium temperature at any time during the tank fill process will be 5 function of enter-
ing liquid temperature, injtia] propellant tank stored energy and the percent liquid
fill:

From the First Law

- + + - - = - .
mw (u, ui)w (umeL) (uv“, (mv) (uLmL)i (uvmv)i hL(m mi) (6~-40)
m = mL + mv (at time, T ) (6-41)
™, 5 mp4m) (6-12)
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where
u = internal energy
h = enthalpy
m = mass
subscript,
L = liquid
v = vapor
w = wall
i = conditions at tank fill initiation
w =

= equilibrium property conditions at time 7

The solution to equation (6-40) can be readily obtained by recognizing that my .,

my, and uy, - are either zero or insignificant. Fluid mass at tank fill initiation

wﬂ.{ be essentially zero for filling an evacuated tank and Uy will be near zero
throughout much of the tank fill because tank wall temperatures will be at or very
near liquid temperature. Thus, combining (6-40), (6-41) and (6-42) recsults in

| Uu m_ +u m =h (M +m)+m u 6-4!
' Lo L Ty, My T My v ) wow (6-43)
Since m,, u,. represents the initial tank stored energy, AQj, we can make this sub-
stitution in (6~43)

+ = +m )+A (6-44)
I UL Y, T TRy tm) +AQ
Dividing (6-44) by m, gives
+ / =h + +4A ~45
uLao uv“° (mv‘ mL) L (1 mv/mL) Qi/mL (6-45)

The left hand side of (6-45) is a function only of equilibrium temperature and vapor tc
liquid mass ratio, my/my,. The right hand side of the equation is a function of
entering iluid temperature (hy, = f (Ty) ) AQi/mL. and my/my .

It is concluded from (6-45) that T, =f (To and AQ;/my) for a given mv/mL. There-
fore, Tw * =1 when T,* ﬂAQi/mL)* = (mv/mL)‘ = 1. As stated previously TO"' can
be selected by controlling supply temperature. (AQ;/my)* can be selected by varying
model tank mass and/or initial tank temperature. The variable (my,/my)* imposes

no restraint other than to stipulate the obvious, which is that a comparison of model to
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prototype tank fill behavior is applicable only at the same tank fil] condition, However,
this requirement does provide the following relationship between time and tank scale

3
*=mt =m*r=1= =(PV PV = ¥ = IL* - ;
m‘7 L =m (mm/mp) ( T)m/( T)p VT L (6-46)
where

\"/ = tank volume

T
L = characteristics tank dimension
p

fluid density

P pp (same fluid)

Time can be introduced by recognizing that

m, = mT orT= mL/rh 3=47)
where

m = entering flowrate

T = flow duration

mL = liquid mass in‘roduced to tank during 7

Dividing model variables by prototype variables gives

T - * /[y * T
m /m (6-48%)
Substituting (6-46) into (6-48) results in
3,.
L = L* /m* (6-48a)

6.3.1.3 Dimensionless time parameter. It is now necessary to identify conditions
under which 8 * = 1.

All variables of the dimensionless time parameter (6 ), with the exception of h and A,
can be described. Equation 3-11, Reference 3-3, relates h to fluid properties and tank
inflow conditions. This relationship is given as

- 2 1/4
(mv /VL) #:l (=49}

h 2/3 _
PCp (Npg! -Cl[ 52
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where all variables have been previously identified except:
VL = fluid volume

Normalizing equation 6~49 provides the following ex;ression
. 2 1/4
e = arvdyY (6-50)

The total surface area, A, of the dispersed phase is

A = n Ab (6-51a)

n = V/v (6-52)

A = d3/6 (6-53)

A =ma® (6-54)
Therefore

A = 6V /d (6-51b)
or

A* = Vu*/d* (6-51c)
where

n = total number of bubbles immersed in liquid

= bubble surface area (assumed spherical)
Vv = total vapor volume
! d = bubble diameter

Now, equation 3-36 can be written as
.5.. 2 0.
d = F.¢' (v /V.) tic (6-55)
1 L
where

€ =
Vu/ VT
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6, 0.2

F /y = constant based upon fluid properties

1

il

1.13400'
C = empirical constant = 0, 09

By assuming that C is insignificant,
g _ €*.5/(11.1,W*2/VL*’)0;40 (6-56)

Al o since tank uil condition is the same for model and prototype, VL* = Vv* = VT*
and € *=1, Thus (6~56) becomes
. 2 -0.40
d* = (¥ v* /VL*) (6-57)

This, of course, assumes that the same _roportion of vapor is entrained in liquid for
both the model and prototype.

If one assumes that C is the dominant term in (6-55) the result is
d* =1 (6-58)

Both 6-57 and 6-58 will be considered in evaluating experiment modelling require-
ments,

Normalizing the dimensionless time parameter, we have

0* = h* A* T%/m* (Cp* = 1 for same fluid) (6-59)
Substituting (6-48) into (6-59) gives

9 * = h* A*/m* (6-60)

Consider first the condition where bubble diameter is primarily influenced by
(mvz/VL). Substituting equations 6-50, 6-51 and 6-57 into 6~60 provides

Q¥

@ vpy w28 (V*/10%)/ (in* v*2/vL*>“0' 40 (6-61a)

@ vy 5965 (v 4y (5-61)
Now, from continuity

m = P Anv (6-62)

where An = nozzle inlet diameter,




Normalizing (6-62) results in
m* = A *v* (where P* =1 for same fluid) (6-63)
n

Substituting (6-63) into (6-61) and recognizing that

3 2

v o+ = V. *=L*,and A *=1*,
u 1. n

. gt 2 0. 65 3 .
0+ = (m*}/:\n‘ VI *) " (LY /m*)

.l 0.65 3,. ., 0.95 1.55 o

= @S Wy = e ) (6-64)
By setting 0% =1, (6-64) becomes

me = o 163 (6-65)

Combining 6-63 with 6-65 and solving for v*, we have

1,63 1.63 2 -0.37

vt = L /An* =1t /LY =1, (6-66)

1.37
Also, combining (6-438a) with (6-65) and solving for 7+ = L* 6~67)
{ ) (

Equations 6-65, 6-66 and 6-67 relate the primary test variables of flowrate, velocity
and time to model tank scale {or the condition where bubble diameter, d, is a function
of fluid power input (or mechanical power). These relationships will exist at low power
input lovels.  Results are given in Table 6-5.

v
Consider now the second condition where bubble diameter is independent of ghv™ /V i ).

Substituting equations (6-50), (6-51¢), and (6-58) into (6-60) gives

) . 2 0.25 .
o = (m*vt /\'l *) (\{l‘/m*) (6-68)

Substituting (6-63) into {6-68) and recognizing that

3 RA
A\ V.or=1*r, and A *=1,*
u 1. n

results in

. 3 7.0.25 3 . 1.25,,,0.26

0+ = @ ey = 1 e (6-69)
By sotting 6% =1, (6-69) becomes

. 5

m* = I (6-790)
Combining (6-63) with (6-70) and solving for v* we have

5 2 J
v = LY /Lt =12 (6-71)
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Also, combining (6-49) with (6-70) and solving for *

+ 2
T = 1,
Results of equations (6-70), (6-71), and (6-72

Table 6-5. Model tank seale influence upon fill t
@* =f (m+ v*3/VI *))

2) are given in Table 6-6.

ank variables,

Model Tank Scale, 1+
Model Test Variable 0. l()B(] : 0.2 0.3
m* 0. 0266 0.07 0.14
A 2.278 1.81 1. 56
T 0. 0474 0.11 0.19

{1) Tank model for Spacelab experiment.

Table 6-6. Model tank secale influence upon fill tank variables.

d*=1
Model Tank Scale, 1.+
Model Test Variable 0, 108(]) . 0.2 0.3
m* 1.47 N 1079 0. 0003 0, 002
v 1.26 ~ 107 0. 008 0.027
1 85. 7 25 11.11

(1) Tank model for Spacelab experiment

° Prototype Tank Dimension, ]p = L 29m (169 inches) (diameter)
e ot =1
e Assumed Test Conditions

o Same Propellant (Lu)

o Same Initial Tank Temperature, 200K, B60R)
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achieved for a mixer power input less than 4 watts. Note thati nput power require-
ments to achieve a given heating rate are a strong function of vapor hold-up (percent
vapor entrained in liquid), and a very weak function of the percent liquid fill condition,
According to Figures 6-18 and 6-19, vapor bubbles generated within the OTV pro-
pellant tanks by a mixer (or its equivalent in fluid power) are a function of fluid power
for power levels less than about 12 watts. Thus it appears that the model test para-
meters of Table 6-5 should be employed for tank fill experimentation. It is encourag-
ing to note from Table 6-5 that the required model test flowrate and velocity require-
ment for the Spacelab experiment can be readily achieved.

6.3.1.4 Mixer power/fluid power relationship. Additional information applicable to
orbital refill is presented in Figures 6-20 and 6-21. These curves show the equivalence
between fluid power and mixer power, but using variables of fill duration and transfer
line nozzle inlet diameter to deseribe fluid power entering the propellant tanks during
fill. Equivalence was established in the following manner:

« 2 43 2 2 .3 2 4
Fluid P s = = / A =¢C D 6-
luid Power =m v~ =1n PL N C1 (m /pL . ) (6-72)
where
Dn = nozzle diameter
m = tanking flowrate
' = inlet velocity
pL = propellant density
= mstant
C1 constan
But
L J anm 3
m = mT/r = pL VT/T (6-73)
Therefore
C /D4 V/T)3 (6-74)
= 3=
lpL n ( T

= tanked propellant mass
= propellant tank volume

= tanking duration
6-40
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Finally, we can show that

Fluid Power

Mixer Power Output

1}

Ffficiency X Mixer Power Input

Note that fluid power requirements of greater than 4 watts can be achicved with a
reasonable selection of fill duration and nozzle diameter.

6.3.1.5 Moderl tank V*/M* influence. The inability to exactly scale POTV on the
bases of tank volume and tank mass will have a significant influence on tank fill, as

it will have upon the prechill process. Higher model tank pressures will occur during
the initial fill transient than for the prototype LHs tank, as previously discussed and
indicated by Figure 6-7. This peak pressure cou'! he excessive, especially for the 0.108
scale tank which has V*/M* = 0.105, Equally significant is the fact that equilibrium
pressures at the end of tank {ill can also be heavily influnced by V*/M*. Figure 6-22
gives final tank pressure as a function of entering LH vapor prcssuu, and V¥/M*, 1t
is seen that {inal tank pressure could increase by about 69 ‘\N/m (10 psid) greater

at a V*/M* of 0.108 than for fthe prototype tank. Conversely, if the goal is to achieve
a given final pressure, the model test tank will require an entering LHy vapor pressure
that is about 69 l\N/m (10 psid) lower than for the prototype tank.
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Figure 6-22. V*/M* influence upon POTV LH_ tank pressure
following thermal equilibrium fill process,
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3.3.2 FLUID SUBSTITUTE. A determination was made in Section 6. 3.1 that a pro-
pellant tank fild process can be simulated if the model-to-prototype dimensionless
time parameter, § ¥, can be established as unity for experimentation. Model tcst
parameters of flowrate, veloeity and time scaling are identified in Table 6-5 which
establish §* = 1 for model tests conducted with liquid hydrqgcn. The purpose of this
analysis is to quantify these same test parameters for the case where liquid nitrogen
is substituted for liquid hyvdrogen. The following equations employed in Section 6.3.1
are also applicable to this analysis:

f = (hA/mCp) < 16-10)

h 2/3 (" vy) v
—_ = 2 6-49
Ch (NPR) c1 —r ( )

Normalizing equation (6-10) by taking the ratio of model-to-prototype conditions

results in,

6 * = (h* A*/m* Cp*) * = (h*A*/m*Cp*) (6-73)
where:
m* = m*/1*
and superscript (*) = the ratio of model to prototype (in this case, LN, to LH
conditions for same tank scale) - -
Normalizing equation (6-49) and solving fcr h* gives,
R A . < Scpr/ 07 (6-74)
= (rb“v‘z)' 25 1 2, *'Scp*,/(NpR*)Z/3 (6-75)
where:
VL* = 1 (for same tank scale)
1P Now, combining (6-73) and (6-75) results in
6* ar/mn) gy P P e 5/(an*)z/ 3 (6-76)
= 4,43 (A*/m*) (ﬁ\*v*zf 25 (6-77)




where

.25 25

* (11.85)“z =1.86

p *.5

.5
(11.4y° =3.38

2/3

/3
(N %)

(1.7)2 =1.42

The normalized total surface area, A*, of the dispersed phase is A* = Vu*/d* (6-51c)

Now, the expression for bubble diameter, d, was found to be

.5,. 2 0.4
d = F1€ é(mv /VL) +C (6-55)
where:
= \Y
¢ Vu/ T
F1 = constant based upon fluid properties
V’I‘ = tank volume
C = empirical constant

It was determined in Section 6. 3, 1. 3 that the expression for d can be simplified by
eliminating C. Consequently, we have

5,0 2 0.4
d = Fe V(v /V,) (6-78)

Normalizing equation (6-78) and recognizing that VL* = Vu* = VT*,

‘_'* = 1 and,
. 2.0.4
d* = Fl*/(m*v*z) (6-79)
6 *. 2
NowFl* =.0% /p =1.26
where: 0 = liquid vapor surface tension
.6 .6
and ¢o* = (3.3) =2.05
9
and o w2 (11.4)' " =1.63




Combining equations (6-51c) and (6-79) and recognizing that

1 we have

V o+
u

. 20.4
A+ 1/d* = (m*v*") /1,26 (6-80)

Substituting equation (6-80) into (6-77),
5

f* = 3.52 (rﬁ*‘v*z) -6 /m* (6-81)

Introducing the continuity equation, m = pAv, and normalizing, we have

m* = Pryr A where A* =1.0 (6-82)
nozzle nozzle
Substituting (6-82) into (6-81) and solving for m*,
[
e = . 266p ,1.368 9*1.003=7-420*1'053 (6-83)

Finally, in order to satisfy the requirement for ¢* =1, we find from equation

that
| m* = 7.42 (6-34)
| v* = ,651 (6-85)

te = 1.536 (6~ 86)

Equations (6-84), (6-85), and (6-86) represent the ratio of nitrogen-to-hydrogen test
variables. These factors were applied to the previously determined liquid hydrogen
model test variables (of Table 6~5) to arrive at the data given in Table 6-7. An
ingpection of this data indicates that there appears to be no limitations nor disadvantages

' to conducting model tests with LNo, other than the concern that the fluid properties
difference could result in a non-scaleable heat and mass exchange difference between
the propellants,

6.3.3 ONE-G TEST ENVIRONMENT LIMITATIONS. Ground-based tests for determin-
ing the validity of the tank fill process will be applicable only if a) the normal gravity
free convection heat transfer process is dominated by the forced convection mechianism
created by the entering propellant, and b) the fluid flow mechanism is the same for model
tests as for the prototype configuration. To satisfy the former condition we must verify
that the heat transfer coefficient given by equation (6-9) exceeds that free convection
coefficient created by a normal gravity environment, Equation (6-9) is applicable to heat
exchange between a propellant tank surface and its contained vapor, and to heat

exchange between a liquid and entrained vapor bubbles. The latter condition applies to
the similarity of fluid flow regimes such as laminar or turbulent flow in a fiow inertia

6= 16
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Table 6-7. Model tank scale and fluid substitute influence upon
fill test variables d* = f(r’n*v*z/VL*), for LN

2
Model Tank Scale, I.*
Model Test Variable . 108(1) .2 .3
m* .15 , .52 1.04
v* 1.52 1.18 1.02
T x . 06 .17 .29

(1) Tank model selected for Spacelzb experiment.
) Reference data is from Table 6-5.
) Test fluid is LN2

dominated environment.

It ic expected that propellant tank fill in space wiil cause the propellant and its vapor
to be intimately mixed due to the absence of gravity. Thus the fluid flow mechanism
will be that of an inertia dominated process. Furthermore, this intimate mixture of

liquid and vapor should serve to provide near-thermal equilibrium conditions during
fill.

This same uniform mixing of liquid and vapor will not be possible for tests conducted

in a2 normal gravity environment because gravity will tend to maintain the liquid phase
separated from vapor. Analyses have indicated that incoming liquid velocities, for a
0.108 scale model tank, may have to be increased by a factor of five to ten greater than
scaling would indicate just to provide liquid-vapor mixing. A velocity increase of this
magnitude could invalidate the experiment because of a greatly increased vapor
bubb'e--to-liquid heat exchange. As with the prechill process, it is questionable that
useful data can be obtained for predicting the full-scale process.

6.3.4 START BASKET REFILL TEST CONSIDERATIONS. Refill of the propellant
start baskets is an important requirement during the tank fill process. The start
baskets must be free of vapor prior to first main start so that 100 percent liguid flow
to the OTV main engines can be assured, It was determined inthe analysis of Section
3. 3.6 that an unknown quantity of propellant vapor may reside within these screen
devices at tank fill completion. An extremely conservative assumption was made that
the largest spherical bubble possible would reside within each device. Coilapse times
of about five minutes and four hours were calculated for the oxygen and hydrogen bubbles
respectively. It is obvious from the predicted collapse times that oxygen start basket
refill will be assured. The long time to collapse hydrogen bubbles, however, resulted
in a recommendation to actively assist hydrogen start basket refill. It was proposed

’
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that a small diameter line be routed from the tank fill port to the basket so that liquid
would be sprayed into the volume during the fill process. Ca'rulations, for a conser-
vative fill model, indicated that all entrapped vapor would he condensed before tank
fill completion.

The mechanism for removing vap r from the start basket is identical to that described
for tank fill. That is, the incoming liquid momentum will serve the dual function of
creating small bubbles and a high heat exchange environment between liquid and

vapor, both of which enhance condensation. The strategy to assure start basket

refill will be to create sufficient agitation within the screen volume to assure complete
vapor condensation. It appears that there will be fewer restraints impesed upon start
basket refill than tank refill, consequently, a propeliant flow split can be selected to
assure basket refill before tank fill completion. As an extreme example, tank fill
could be performed by flowing all propellant through the screen device.

Since it appears that basket refill can be assured, and because tank fill experiments
will also be useful in assessing condensation conditions within the start basket, a
detailed test program is not recommended. Ra'her, it may be sufficient to provide a
range of start basket flowrates as part of the tank fill experiment. There would be

an advantage to performing several tank fill expcriments without flowing propellant to
the start basket. These iests would identify if an active means ur start basket refill is
necessary.

6.4 SPACELAB EXPERIMENT INTEGRATION

The Spacelab provides facilities for investigating fluid behavior in a low gravity environ-
ment. The experiment payload accommodated within the pressurized Spacelab, however
must adhere to strict safety regulations regarding the crew, the mission, and the
payloads. Specifically, Reference 6-1 restricts the use of cryogens to the exterior of
the Spacelab.

’

To confirm the Reference 6-1 guidelines, Merle Slayden, a NASA/MSFC Safety
Enginecr was contuc‘ed to discuss current directives regarding the use of eryogens.
The proposed receiver tank experiment, employing a 457 mm (18 inch) diameter

tank mounted withir a double rack, was discussed and he stated such LN2 quantities
would require a waiver for Spacelab. Unfortunately a waiver can only be obtained
during the experiment integration safety review period, which oceurs after payload
design and fabrication. As a guideline, Mr. Slayden offered the information that LNg
quantities of about 3. 6 kg (8 lb) would be accepiable. The proposed test tank would
contain a maximum of 120 kg (264 1b) LN,. Liquid hydrogen is unacceptable under any
condition,

There will be additional restraints imposed upon the receiver tank experiment design
other than the use of LNy, These Spacelab general experiment accommodation factors
are given in Appendix B and have been extracted from the "Life Sciences Guide to
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the Space Shuttie and Spacelab' experimenters handbook, and the Reference 6-1
hanclbook

6.5 MODELLING OF LTL REFUELING OPERATIONS

A mission scenario was selected in Section 5 for the purpose of analyzing orbital re-
fill operations. A low thrust liquid (LTL) vehicle configuration was selected from
existing vehicle hardware; principally, the OMS tanks were selected as the main
propellant tanks, and the shuttle RCS bottles were selected for the same function on
the LTL. N_,O, and MMH were the propellants selected for the main propulsion and

2
RCS systems, ach of the storage tanks and bottles contained a screen acquisition
device.

The analysis of Section 5 identified the refill requirements listed in Table 6-8 | 1t
was determined that all potential problems, such as liquid venting and helium entering
the screen devices, resulted from the need to expel helium from the storage vessels
before initiating refill, Furthermore, it was found that refill could be performed in

a very straightforward manner; venting would not be required, and tank pressures
would not exceed normal operating pressures during refill,

Table 6-8 . LTL vehicle refueling requirements.
e Propellant Tank Vonting Must Not Damage LTL or Orbiier
Liquid Venting Potentially More Damaging Than Vapor Venting

¢ Helium Must Not Enter Partial Screen Device Galleries

e Vehicle Control Must Be Maintained During Refill Operations
Liquid Venting is Undesirable

| ¢ Simplified Operations Are a Necessity

% Must Have Ability to Refill to ~95% Level

It was concluded from the refill analysis that virtually all potential problems would be
eliminated through the use of procedures, if certain vehicle modifications were in-

| corporate 1. These modifications included adding plumbing between storage vessels

| (see Figure 5-5 ) to enable propellant transfer between ¢ommon tanks, With these
changes, procedures were established so that propellants could be transferred from
one tank to another before initiating a tank vent.

The single concern of the selected refueling procedure was that propellant contained
within the screen devices might boil during tank vent to expel helium. The solution
would be to maintain sufficient liquid residual that it would replenish any sereen

device liquid lost by evaporation. This solution will be effective only if cor .unication
is maintained between liquid pool and screen device. Thus, the purposc of 4. orbital
experiment would be to verify that communication is maintained during the tank vent
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APPENDIX A

IDENTIFICATION OF CANDIDATE VEHICLE
RECEIVER TANKS

TABLE A-1. GENERAL SUMMARY (1975-1990)

TABLE A-2, ORBITAL TRANSFER VEHICLE (OTV'S)

TABLE A-3, SPACE PLATFORMS/SPACE STATIONS

TABLE A-4. AUTOMATED AND MANNED SPACECRAFT

TABLE A-5, REFERENCES
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APPENDIX B
SPACECRAFT ACCOMMODATIONS

Equipment Mounting and Software

e The Spacelab double racks (38') can hold up to 580 Kg (1276 lbs) of
equipment with a maximum volume of 1,75 m3 (62 £t*)

e Equipment mounted in racks may be as large as:
- Width (double rack) = 94 cm (36.7 in)
- Height = 149 cm (58.1 in)
-~ Depth = 61 cm (23.8 in)
e Rack accessories include: interfaces with Spacelab data collection/processing/

transmission systems; power outlets; connectors for forced-air cooling of
flight experiment equipment.

e Equipment unsuitable for rack mounting can be mounted directly to the
floor of the Spacelab.

Electric Power

Spacelab electrical power is routed to flight experiments through experiment switching
panels which can be mounted to individual racks, or under the Spacelab floor to
service floor-mounted equipment.

P e Electrical power: 28 v DC; 115/200v AC @'400 Hz/ 3 phase
e Power conditioning equipment

e Power available for payload and mission-dependent equipment in the Module
is payload dependent

Ascent /Descent: 1 kw (continuous)
1.5 kw (peak)

On-orbit (all mudule configurations): 2.6 to 3.5 kw (continuous)
7.2 to 8.1 kw (peak)
160 to 300 kwh of encrgy
available/mission




Thermal Control
~t2mal Control

The Spacelab Thermal Control Subsyst>m (TCS) consists of four thermal control
loops:

® The mdoule cabin ajr loop provides conditioned air, within established
comfort criteria, for *he crew within the module

¢ The module avionics loop provides forced-air cooling for equipment
mounted in racks,

® The freon loop supplies cooling to cold plates mounted on any pallets
that might be carried on the flight z

® The module water loop exchanges heat with the three loops already
discussed and, in turn, transfers Spacelab heat into the Orbiter coolant
loop. The water loop also provides ccld plate cooling for Spacelab
subsystems,and can accommodate an Experiment Heat Exchanger and
one Experiment Cold Plate.

e e

The TCS transfer 8. 5 kw, maximum, continuously to the Orbiter. It can also
accommodate peak heat loads of Up to 12.4 kw for 15 minutes every 3 hours.
However, for Spacelab configurations incorporating a Module, part of the water
loop heat rejection capability is used to cool Module subsystems. The remaining
capability may be used by experiments and other mission dependent equipment.
The water loop heat re¢ lection available to such equipment is 3.7 to 5.2 kw,
continuous; and 7.6 to 9.0 kw peak. This range of values covers all possible
Spacelab Module configurations. Within these limits, the remaining thermal

control loops have their individual capacities to provide experiment cooling.
These are:

¢ Cabin air-loop - 0.4 to 1.6 kw, continuous; 2.4 to 3.6 kw, peak

e Avionics loop - 3,3 kw, continuous; 8,7 kw, peak

¢ Freon loop ~ 8,0 kw, continuous; 11.9 kw, peak (Note: In pallet-
only configurations » the freon loop exchanges hest
directly with the Orbiter loop. In this case the
Spacelab total heat rejection capability is 7.0 kw,
continuous and 10,9 kw, peak).




The Experiment Heat Exchanger can be mounted only in experiment double rack
number 4 in the Spacelab Core segment. Its nominal heat transfer capability

is 4kw, However, its actual performance depends on where it is connected into the
water loop on the other loads along the water loop,

The Experiment Cold Plate must also be mounted in rack 4. When both the

Heat Exchanger and the Cold Plate are flown, they must be connected in series

and must share the same connection into the water loop. The cold plate is

500 mm X 390 mm X 4.4 mm and has a 70 X 70 mm hole pattern. When filler is
used to improve the contact between the experiment and plate, the conductance

will be 0.07 watts per cm?2 per "C. Without filler the conductance is approximately
1.0 watt per °C per bolt area

Digital Data

The Spacelab Modules's data management system enables the collection, processing,
recording, on-board display, and transmission of low-rate digital data (including
digitized analog) received from the flight experiments at 1 Mb/sec or less.
Experiment produced data with rates between 1 Mb/sec and 16 Mb/sec can be

stored and/or transmitted to the ground, but these data cannot be processed or
displayed on-board the spacecraft.

Depending on the needs of the experiment, low-rate digital data can be:

® Processed and analyzed on-board the spacecraft using experiment supplied
software

® Formatted and displayed for review and analysis by the Payload Specialists
on-board the spacecraft.

® Annotated with voice recordings and/or time marks.

® Recorded on data tapes or transmitted to the ground.

High-rate digital data can be recorded on tapes or transmitted to the ground.
Additional i nformation about low-rate data and high-rate data follows:

Low rate (< 1 Mb/scc)

¢ Remote Acquisition Units (RAU's) receive experiment data and deliver
them fo the Spacelab data management system for computer processing
display, storage and/or transmission to the ground. RAU's may be mounted
in equipment racks, under the Spacelab floor, and inside an Airlock,
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e RAU's provide an 8 bit resolution, analog-to-digital conversion
capability, and can accept serial digital data.

e The RAU data acquisition function is under experiment-supplied software
control

e Signal conditioning equipment will be available, as required, to interface
experiment hardware with the RAU

e A data processing computer (Mitra 125 §, 64K core, 16 bitwords,
3.5 x 109 operations/sec) which can analyze experiment data onboard
the spacecraft, format data for on-board display, and format data for
transmission to the ground will be on-board.

e A mass memory unit for storage of software will be on-board

e A data display unit and keyboard which permit on-board review of
experiment data will be available on-board.

e Data may be stored on tape or transmitted to the ground at up to
64 Kb/sec.

High rate (62.5 Kb/sec to 16 Mb/sec)

e On-board data recording and transmission to the ground will be
provided.

e Experiment data can be automatically annotated with time references,
and digitized voice signals via the high data rate system.

Voice Data and Communications

The spacecraft provides voice recording, voice communications betweon the
spacecraft and the ground, and an intercom system within the spacecraft.

Analog Data

Investigations which produce analog data will have two basic options. If feasible
the analog data should be digitized, to take full advantage of the Spacelab Module's
extensive digital data rocording processing, and transmission capabilities.

Analog data, that cannot be digitized, may be recorded on-board and/or
transmitted to the ground. Planned capabilities include:

B-4




® Analog to digital conversion. Data may be stored, transmitted to the

ground, or processed and displayed on-board the spacecraft, Conversion
rates are programmable at 1,10, and 100 samples/secc.

® Analog-down-link transmission for up to 85% of the mission. Data may
be real-time or tape records (3 Hg, to 4.2 Mhy).

Video Data

An Orbiter-to-Spacelab interface has been
monitoring and recording of black-and-white and color video signals. Also, black-
and-white video data could be transmitted to the ground, one channel at a time,

through this interface. Spacelab video capabilitics currently under consideration
include:

provided that would enable the collection

® Black-and-white video cameras
® Black-and-white video monitor
e Black-and-white video tape recorder plus tapes
® Camera Control - Provides automatic and manu

monitor switching
identification,

al camera/recorder/
and tags video records with time and experiment

e Camera Timer - Provides automatic time-controlled activation/
deactivation of cameras and recorders.

® Accessories - Mounting brackets, le

ns assortments, cabling, and
remote controls,

® Color video camera

e Color video montjor

Color video tape recorders plus tapes
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Table B-1 summarizes the Spacelab module environment that the fluid behavior experiment |

designs will consider.

Table B-1 Spacelab Module Interior Environment

Gravity
On-orbit operations: 10:‘9 to 1070 (spacecraft drifting)
10 °g (spacecraft maneuvering)

Other phase.. 3g (maximum, launch); 1.5g {maximum, reentry)
Acoustic

On-orbit cperations: < NC-50 curve; overall noise Tevel < 75 ¢b

Inctdental equipment-produced nofse is dependent on equipment
included in the final payload complement.

Other phases: 137 db maximum - during launch (ref: 20 uN/mz)
Vibration
On-orbit operations: Incidental equipment produces vitraticn 1s dscendent on
equipment included in the final payload complement,
Other phases: Launch and ascent
® Sinusodial + 0.25g (5-35 Hz) - System level
¢ Random - 3.3g RMS {composite) - Equipment racks.<.77g AMS

(composite) - floor mountas . Fora§ :econds after
engine fgnition.

Temperature
On-orbit: (Adjustable) Min = 180 + 1°¢ (s 64.6°F)
Max = 27° + 1°C (~ 80.6°F)
Other phases: Within the on-orbit range.
Humidity
On-orbit: 25% to 70% RH (not adjustadle).
Other phases: Within the on-orbit range.

Atmospheric pressure
On-orbit: Total pressures = 14.7 psia (Olez)
Compasition: 02 = 21%
Nz s 79%
Other phases: Approximately the same as on-orpit
Cleanliness

On-orbit: Maintained by 280 micron filters
Other phases: Most NASA operations - class 100,000
Radiated Emissions
On-orbit: Narrow band - 0.1 ¥/m (peak at 1 to 10 ¥Hz & S-band)

8road Band - 90db uV/m/MHz (peak in 100 MHz range)
This 13 the estimated upper limit,

Other phases: Not presently available.

Magnetic Environment (AC)

On-orbit: 146 db above a pico-tesla at 30 Hz, decreasing linearly to 80 db above
a pico-testa at 50 KHz.

Other phases: Within the.on-ordit range.
Radiation

On-ordit: Exposure to cosmic and trapped radiation, 4nd solar flare particle fiuxes
through a minimum shielding of 0.45 g/em“. Actual skielding depends
on location and configuration of equipment.

Lighting

On-orbit: 200300 1um.ns/m¢terz. but fncreases tc 400-600 luren/meter? at Spacelab
workbenches,

Other phases: Lights will be turned off.

B-6
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