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FOREWORD

The following final report summarizes the technical effort conducted under “ontract
NAS3-21021 by the General Dyvnamics Convair Division from September 2, 1977 to
May 4, 1978. The contract was idministered by the National Aeronautics and Space
Administration, Lewis Research Center, Cleveland, Ohio.
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All data are presented with the International System of Units as the primarv svstem

and Engitsh Units as the secondary system. The English system was used for the
basic caleulations.
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SUMMARY

The study was concerned with three main areas: 1) analyzing the process of filling a
fluid management system under orbital conditions, 2) determining what portion of the
filling process requires experimentation, and is subject to modelling, 3) developing
an experimental program plan for evaluating management system concept hardware
and operational procedures. The fluid management system g roundruled for this study,
and identified in Reference 1-1, is a pressure vessel, 1.06m (41.7 inches)in diameter

with a screen channel device for providing 100 percent liquid flow. Analyses were con-

ducted ‘or a cryogenic and earth storable management system, where liquid hydrogen
and NoO4 were celected as representative propellants.

A propellant fill procedure was designed to meet two objectives. First, system
pressures must be maintained within acceptable limits without expelling liquid
propellants, and second, the effective operation of the screen channel device must
not be impaired by vapor trapped within it during the fill process.

The case of filling with a cryogenic propellant presents the greatest difficulty in
controlling tonk pressure without venting liquid. An empty storage tank will reside
at a substantially higher initial temperature than the cryogen prior to the initial fill,
and the transfer of energy from the tank to the propellant during the fill process will
result in venting to avoid exceeding the system structural limits. Because the liquid-
vapor distribution is not well defined in a low-g condition, venting to relieve over-
pressure may result in the expulsion of liquid.

Vapor will be trapped in the screen channel device in two ways. First, vapor will
enter the device during the fill process. Second, if helium pressurant is present in
in the tank, it must be expelled prior to refill, and screen dry out with subsequent
vapor penetration will occur during the helium vent.

The filling analysis showed that these problems can be circumvented by introducing
the processes of tank prechill, fill and tank pressurization to collapse trapped vapor.

The prechill process is required to reduce tank temperature to an acceptably low level
prior to initiating the tank fill process. Prechill will consist of a series of charge and
vent cvcles, where either liquid or vapor is introduced during the charge cyele. Vapor

only will be expelled during the vent cycle because the elevated tank temperature will
preclude the possibility that liquid will be present at vent initiation. A model, based
on forced convection heat transfer, was developed to determine the number of charge
and vent cycles required to achieve prechill,
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At the completion of prechill, the tank is locked up and liquid introduced through one

or more spray nozzles to accomplish tank fill. A fill condition of 90 percent or

greater will be achieved without the need for venting if near-thermal equilibrium
conditions are present. It was determined that sufficient bulk fluid agitation will be
created by the entering liquid to provide near-thermal equilibrium during fill. Together,
tank prechill and bulk fluid agitation guarantee a no-vent fill.

Liouid hydrogen system refill is similar to initial fill, once pr:-conditioning is com-
plete. For a system with helium pressurization, pre-conditioning requires that much
of the helium be expelled before refill can be initiated. The selected procedure
requires that all usable liquid be transferred to the propellant supply tank, prior to
initiating vent id purge cycles designed to dilute tank helium mass to an acce  bly
low level.

Refill will be greatly simplified if helium pressurization is replaced with autogenous
pressurization. Pre-conditioning is not required in this case. It is necessary only to
introauce liquid at a sufficiently high flow rate and velocity t» maintain thermal equili-
brium during refill.

At the completion of initial fill or subsequent refills, the tank will be pressurized in
order to condense the hvdrogen vapor trapped within the screen channel device. It is
estimated that all the trepped vapor will be condensed within approximately five
minutes, assuring effective operation of the device.

Fill and refill procedures for an earth storable fluid management syvstem will be less
conmplicated than for a liquid hvdrogen svstem. A prechill process wi'l not be required
because syvstem and propellant temperatures will be approxmately the same. Tank
pressures during fill will remain well below the syvstem vent pressure level, There
will be no need to employ a purge procedure prior to initiating refill because No0Oy will
remain within the screen device during the helium expulsion process. Finally, con-
densation of Na04 vapor trapped within the screen channel device will take an order of
magnitude less time to accomplish than the condensation of hvdrogen vapor.

The processes selected for furiher evaluation and, therefore, modelling were prechill,
fill, and vapor condensation, All other aspects of low-g fluid management svstem fill
and refill were judged to be sufficiently well defined. 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 environ-
ment, Consequently, a modelling analvsis was performed to identitv methods of
verifiing, or mocdifving, the empirical forced convection equations, This analvsis
showed that forced convection dominance would be maintained during a one-g prechill
test and that the results would be directly applicable to a low-g environoment. A
determination was adso made that rigorous modelling techniques cannot be employved to
establish cquivalence between normal gravity and lew-g till. It was shown, however,
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INTRODUCTION

The cbjectives of this study were; to analyze the process of filling a fluld management
system under orbital conditions; to determine v hat portion of the filling process
requires experimentation, and is subject tc modelling; and to develop an experimental
program plan for evaluating management svstem concept hardware and operational
procedures.

1.1 FLUID MANAGEMENT SYSTEM CONFIGURATION

Basic to this study is the fluid management system identified in Reference 1-1. This
system is a liquid hydrogen pressure vessel, 1.06 m (41.7 in) in diameter with a
screen channel device (Figure 1-1) and helium pressurization system for fluid transfer.
It contains a high performance thermal control system comprised of a vapor cooled
shield thermodynamic vent system, multilayer insulation, and vacuum jacket.

1.1.1 SYSTEM THERMAL MASS. The total management system mass of 64,4 kg
(142.0 lbm) is summarized in Table 1-1. However, an effective thermal mass of

13.6 kg (30 lby) is achieved with the support method of Figure 1-2 which isolates the
pressure vessel, screen device, and internal hardware from the remainder of the

TANK WALL ~—

CHANNEL (FOUR PLACES) 3
\—-‘
! i

Wy / RESIDUAL LH,
/ PLEATED scnsen/

Figure 1-1. Screen Channel Configuration
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GIRTH KELVAR-49 ,

TANK
SUPPORT
COLLAR

K—L PRESSURE VESSEL

| GIRTH WELD JOINT ‘\é

Figure 1-2. Pressure Vessel Girth Joint and Support Method

liquid temperatures during the propellant fill process. For this study, the effective
mass was assumed to be 13. 6 kg (30 lby). '

Table 1~1. System Weight Summary

1.2 DESIGN REQUIREMENTS FOR

CRYOGENIC SYSTEM kg b,
The fluid management system is designed Pressure Vessel 8.6 19.0%* '
for long duration storage of cryogens (7 to Vapor-Cooled Shield 4.4 9.6
30 days), during which time fluid is supplied Multilayer Insulation 4.9 10.9
to other systems. Depending upon the Screen Device 2.5 5.5%
application, flow uemand can be variable, Collar Supports 1.0 2.3
as with flow to reaction control system Internal Hardware/ 2.5 3.5%
thrusters, or well-defined, as might occur Plumbing
for continuous flow to a fuel cell. Either Vacuum Shell 19.8 43.6
liquid hydrogen or liquid oxygen will be Girth Ring 20,7 43.6 !
stored in the management system. Totals 64.4 142.0
Per agreement with the NASA/LeRC, liquid * Mass affected during tank prechill or
hydrogen was selected as the propellant for chill.
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analysis of the cryogenic management system. This selection was made because a : Bt

preliminary evaluation showed that the problems associated with management system i g

filling are more severe for liquid hydrogen. Furthermore, the Reference 1-1 design R

;! was based upon liquid hydrogen as the stored fluid. A system designed for liquid hydrogen ’ _J : 1
-4 will also be applicable to other fluids. 4 : &‘
o S R ¢
. 1.2.1 LIQUID SUPPLY REQUIREMENTS. Pure liquid must be available at the i
.'anagement system outlet at all times. This requirement is translated to mean that }
; the screen channel device must be free of vapor once the system is filled and available '; ‘
for use. The system configuration riven in Reference 1-1 was designed without (- -1
[ consideration bc'~g given to orbital propellant fill capability. Consequently, the first A
- task undertaken in this study was a selection process to identity those modifications
b needed to fill the channel device with liquid in orbit. } 1
L3

3

1.2.2 FLUID STORAGE CONDITIONS. Operating conditions require that liquid
hydrogen be stored at a vapor pressure of 344.5 kN/m2 (50 psia) and that it be
subcooled by 68.9 kN/m2 (10 psia) with helium partial pressure. There are applica-
tions when liquid subcooling is not required. For these cases autogeneous pressurant
; will replace helium. Liquid storage conditions will remain unchanged. i
¥ ;
1.2.3 MAXIMUM PRESSURE ALLOWABLES. Pressure transient will be experienced
by the pressure vessel propellant tank during the till procedure. Per agreement with
the NASA/LeRC, maximum allowable pressures cannot exceed 689 kN/m?2 (100 psia)
at any time during propellant tank fill.
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1.3 DESIGN REQUIREMENTS FOR EARTH STORABLE SYSTEM oo

The fluid management system for earth storables will contain either nitrogen tetroxide !
(N 004)01' monomethyl-hydrazine (MMH). This system will differ from that for
cryogens in three major aspects; temperature environment, pressurant condition. and

material compatibility. System temperatures will not vary substantially from propellant
N temperatures at any time prior to or during a fill operation. This {s in contrast to the
large temperature excursion experienced during crvogen system chilldown,

P T S T TP S YV WA T SRR IR L R A PP I

System pressures are typically maintained above 300 psia with helium pressurant, which
{ will maintain propellants in a subcooled state prior to and following tark fill. There
are design problems peculiar to the storage of NoOy which faver titanium rather than
aluminum as a tank material. But these problems, in general, are related to material
compatibility and, therefore, are bevond the scope of this contract. Fortunately. the
thermal mass of the cryogenic system aluminum tank is similar to that of a titanium

{ ! tank that would be designed for earth storables. Because the rmal mass {s an im-
portant parameter associated with management system fiil, any analysis conducted on
h the aluminum tank will also be applicable to a titanium tunk. Consequently, this

study employed the cryogenic fluid management system for the earth storable fill
analyses.

1-3
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All analyses are conducted for nitrogen tetroxide (N9O4) because its higher vapor
pressure will make propellant fill more difficult than if monomethylhydrazine (MMH) is

employed
1.3.1 LIQUID SUPPLY REQUIREMENTS. Pure liquid must be available at the
management outlet at all times. As with the cryogenic system, this means that the
a;‘ screen channel device must be free of vapor upon completion of a propellant fill
1 process.
a : 1.3.2 FLUID STORAGE CONDITIONS. The following fluid operating conditions were
selected for this study phase:

,‘ N2O4 vapor pressure = 130.9 kN,/m?2 (19 psia)
1 Helium partial pressure = 1936 kN.'m2 (281 psia)
I | Total tank pressure = 2067 kN/m2 (300 psia)

{

1.3.3 MAXIMUM PRESSURE ALLOWABLES. The maximum allowable tank pressure
"l for this study was selected to be 2412 kN ‘m= (350 psia), which is representative of
i earth storable systems.

1.4 ANALYSIS APPROACH

The direction of this study was influenced by attitudes held on manned activity
in an orbital environment relative to a vehicle system or space station re-supply.
These attitudes were translated into guidelines to perform filling operations in a
timely manner and to establish a fill procedure that is relatively independent of

{ acceleration environment.

Regarding the first guideline, that of expediting operations, it is reasonable to assume
that a fill proceduie should be completed within minutes rather than hours because
{ system fill is one of many operations to be conducted. However, a reduction in time

i is generally gained at the expense of increased fluid losses, which is undesirable
? due to the high cost of transporting propellants into orbit. Since there was no direct
E method of determining the tradeoff between time and fluid expended, individual
operations were restricted to approximately 10 minutes, unless the mass expended
was considered to be excessive.

Regarding the second guideline, a {ill procedure will become more and more independent
of acceleration {f sufficient fluid agitation is provided internal to the tank. That is, the

_ heat and mass transfer process to occur during propellant fill will be dominated by forced
‘1‘ convection processes, rather thun acceleration,once tfluid agitation has increased to the

\ level of an inertin-dominated environment. The advantages of an inertia dominated
environment are clear. First, propellant tank fill will be accomplished {n a short time
period. Second, heat and mass transfer {s better defined under ovbital conditions if
internal tank thermodynamics is dominated by the forced convection process.

Finally, a forced convection environment increases the likelihood that normal gravity
tests can be scaled to low gravity,
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FLUID MANAGEMENT SYSTEM CONCEPT SELECTION

A comprehensive Screening of orbital fluid management system concepts was conducted.
The basic application used was the system described in Reference 2-1, employing
helium pressurization and screened channels. Systems considered included the yse of
pressurant to condense vapor, valving arrangements, pumping, capillary pumping,
using thermodynamic venting, vacuum refilling, inflow baffling, high pressure
manifolding, shaping of channels and propellant depot refilling statipns. These
concepts were developed into the most reasonable, or most likely candidates for
orbital refilling. Table 2-1 describes these candidates, their operation, advantages
and disadvantages, and other comments. The descriptions and the comparisons made
in the following paragraphs are applicable to a wide range of receiver applications
ranging from small Spacelab spherical tanks to large vehicle tankage.

2.1 SELECTION CRITERIA

Each of the concepts shown in Table 2-1 was compared on the basis of the eleven
criteria shown in Table 2-2. The comparisons are tabulated in Table 2-3. The
evaluation wzs performed using hydrogen as the baseline fluid, however the results
are generally applicable to other cryogenic fluids with both condensible and non-
condensible pressurant. Results are also applicable to storable propellants with the
exception of the concept using thermodynamic vent fluid or vapor cooled shield fluid
(Concept 7) to remove vapor from the capillary device,

2.2 CONCEPT RANKINGS

Concepts were scored from 0 to 10 on each criterion, with 10 being the highest and 0
the lowest. A zero score denotes an unacceptable performance measure for that
criterion. A score of ten on a criterion indicates that the concept will be totally

& gross ranking of the systems considered. The following paragraphs refer to the
rationale behind the rankings in Table 2-3. The concepts are discussed in the order
they are ranked for that particular criteria.

2.2.1 FEASIBILITY. The Systems (Concepts 2, 3, 4 and 8) using helium to condense
any trapped vapor are technically feasible as evidenced by Reference 2-2 IRAD testing
where a LNy start basket was filled using helium pressurant to condense LN3 vapor,
Using throttled fluid (Concept 12) is also a low risk approach since it too has been

2-1
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Table 2-2. Definition of Comparison Criteria

Adaptability to
Existing
Configurations

Opérational
Simplicity

Versatility

Gravity Sensitivity
Ground Testability

". State of Develop-
ment/Development
| Cost
g " Cost Effectiveness/
; ‘| Recurring

i Weight/Hardware

Weight/Fluid

Criteria Definition
Technical How likely is the concept to accomplish the desired filling of
Probability of capillary devices under all applicable conditions?
Successful
Operation

How much modification is requiréd to incorporate the concept
in apr existing capillary device design or configuration?

How much actuation of valving, motors, pumps, etc. is
required? (How much different would the filling process be,
operationally, than normal gravity filling of an empty tank).

How applicable is the concept to the full range of possible
capillary device configurations, including channels, liners,
start baskets and combinations of these devices?

How sensitive is the process to low gravity?

1f the concept is gravity sensitive, can modelling techniques

be used to successfully design and run ground tests to verify
low gravity performance?

How much technology work 1s required to prove the operation
of the concept? Will major advances be required? What is
the cost of this development work?

What is the cost of building additional units, beyond the

{nitial unit?

what is the total weight of all components and device
modifications required to implement the system?

what is the weight penalty due to fluid vented or residual tluid
that can be attributed to the concept?
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Table 2-3. Ranking of Candidate Concepts

2
Keyt > 4
Highest = 10 3 5 z .8.,‘: b
ghest - 3 3 law | 8 3 s s .
Lowest - 0 (3 § J ;‘ % 8 ‘; - s 133 3 E " g
- K] = ] ] a - Y
813 |3 |33 |3 |23! 21s¢) &1 5|22 » |}
E12 |3 |35 15 |12 B g2 | ¥ | 5 |43 2|2
13 |2 (8833|350 5 3E ) b s |vE| BT
313 |§ [323 kg|cd 25 Dl 5 |S5| o |3
~ | § [Es &R ss 33 S8 3 125 213
Z1Eq 85(i5H 33 $30 03 122§ s3 & |33 ¢ S
g & R R § ¢l 52 S |§a & §. H 9 2 K| 4
HEERE 5 P& = e I w 8 =32
p-] caia3 s 2l ¥ § 83 ¢ § 3 g=! 3 g &
-4 ! 21323 28| 28 63 5l §°% 8 23 é"
e §-3.:a 33! &a 2 ‘88¢% S - | 89 a v 8
g Q& & O 0| &> = Eow &3 & | @ S @ >
Criteria ! 2 3 4 9 [} 8 T 12 10 11 1 L) }
Technical l’l‘obabllltyi
of Successful
Operation 10 10 10 7 7 10 7 8 7 7 0 0
Adaptability to
Existing Configura-
tions 10 10 10 10 2 10 7 4 4 2
Operational
Stmplicity 8 8 [ [} 10 1 8 [} 9 8
Varsatility 10 10 10 10 10 10 1 7 $ 4
Oravity Insensitivity 9 1 1 8 10 ? 3 [} 4 1
Ground Testability 10 7 7 [ ] 10 K 3 [} 4 1
State of Development 9 L} 1 8 8 3 S 8 S [
Cost Effectivenc:s/
Recurring 10 9 9 8 ) 9 8 [} 7 [}
% otght/Hardware 9 L] 7 9 2 1 7 4 H 5
Waight, Vested Fluid 10 9 10 16 4 10 1 3 3 4
Reliability/Safety 10 10 9 9 10 7 9 8 10 10
Total 105 | 96 ’2 | 8 76 |18 71 | 64 | 83 s2 | N/A | N/A

demonstrated on the ground. The additional uncertainty with using open loop refrigera-
tion centers on the need to maintain the liquid in a subcooled condition. Forcing liquid
into the capillary device through porous tubing (Concept 6) would be straight forward,
however the difficulties of fabricating u tube of variable porosity caused this concept
to be downgraded. For the thermodynamic vent,/vapor cooled shield (Concept 7) the
main difficulty would appear to be the possibility of trapping vapor in the channels
where drag forces would not be able to extract the vapor. The uncertainty with the
autogenous pressurization concept (Concept 9) would be in controlling mixing,
pressure reduction and resultant boiling in the capillary device. Use of internal vanes
to control flow (Concept 10) has not been demonstrated and would require flow analysis
to determine what types and geometries of barrier would provide uniform flow and
delay premature wetting. Residuals could also be substantially increased with this
concept. The use of shaped channels (Concept 11) to eject vapor would impact the
overall geometry and volumetric efficiency and would, additionally, be sensitive to
the gravitational acceleration and disturbing accelerations that could adversely
reposition liquid. Two of the concepts described in Table 2-1 were disqualified
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1) will not be acceptable because it would only work under chance circumstances. The

eliminated. -

2.2.2 ADAPTABILITY OF EXISTING CONFIGﬁRATIONS. The devices using pressurant
to collapse vapor (Concepts 2, 3, 4, 8 and 9) would require, at the most, miniraum
modifications to existing configurations since only spray nozzles and/or diffusers are
added to the existing pressurization and fluid acquisition systems. (Only screen liner
type configurations would require any modificatior at all, because access through them
would have to be provided). Adding a thermodynamic vent inlet (Concept 7) is a minor

liner in probably requiring the addition of internal vanes to direct liquid flow in order to
entrain trapped vapor, Piping inside the channels (Concept 6) and shaped channels
(Concept 11) are major reworks. Internal vanes to direct the flow (Concept 10) and open

loop refrigeration (Concept 12) would require extensive design modifications to existing
configurations.

2.2.3 OPERATIONAL SIMPLICITY. Operational simplicity of the piping device (Concept
6) is the highest since a direct flow path can be used with no flow modulation. Internal
vanes (Concept 10) may also fall into this range, however it is possible that the flow

will have to be reduced to achieve the desired filling pattern. The spray nozzle (Concept
2) and the diffusers (Concept 3) were downgraded because they require pressurization
(With the associated plumbing). The thermodynamic vent (Concept 7) vapor cooled shield
inlet will require operation of additional valving compared to Concept 6. The configuration
with a diffuser and Spray nozzle (Concept 4) is complicated by the fact that the inflow must
be switched from the diffuser to the Spray nozzle when the tank is chilled down; in order
to provide a minimum tank pressure profile. The autogenous pressurization scheme
(Concept 9) is complicated by potential operational requirements for controlled tank
mixing after pressurization, Shaping the channels (Concept 11) will probably require
control of the disturbances or attitude control accelerations between main outflow periods
in order to prevent adverse liquid/vapor position prior to transfer. The open loop
refrigeration system (Concept 12) is complicated by the use of valving that must be
sequenced and the need for controlling tank pressure when substantial quantities of

cooling fluid must be used. The propellant depot approach (Concept 8) uses significantly
more equipment than the other concepts.

2.2.4 VERSATILITY. The versatility of the concepts using pressurization to condense
vapor (Concepts 2, 3, 4, 8 and 9) are highest (for systems normally using pressurization)
since they can be applied to any type of svstem including start basket systems.

Similarly it appears that foreing liquid into the capillary device using piping inside the
device (Concept 6) will be applicable to all conceivable configurations. Thermodvnamic
vent systen. flow (Concept 7) may not be useful in filling compact configurations such as
start baskets. Open loop refrigeration svstems (Concept 12) will not work for liner
devices without systematically reducing tank pressure. nternal vane and shaped channel

o
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concepts (Concepts 10 and 11) have simificant influence on the external and internal
envelope of the capillary device and therefore may not be directly applicable to some
liner or start basket configurationas.

2.2.5 GRAVITY INSENSTTIVITYL :I‘he inflow with spray noz:zles (Concepts 2, 4, § and
9\ or porous tubing (Concept 61 is {nsensitive to.gravity since flow will be inertia
dominated. The heat transter between liquid, vapor and tank wall during sprayving and
the condensation of vapor by pressurization will be slightly gravity dependent.  lThe
flow pattern from a diffuser Concepts d. 4 and 9 will also change as a tunction of
gravity. Autogenous pressurization (LConcept 9 may be additienally sensitive because
of the tmportance of the mixing process.  Low gravity heat transfer and tank thermo-
dynamics are simmificant factors in the functioning of the cpen loop refrigeration system
(Concept 1. The flow patterns in the internal vane svstem (Concept 1M used to direct
flow will be strongly gravity Jdependent. Flow patterns, in the concept (Coneept 7Y using
venting to "Jdrag” any vapor out of the device will depend upon the balanve between drag,
gravitv and surface forces, The shaped channels (Concept 11V depend divectly on low
gravity to operate and will be extremely sensitive to changes in graviiy.

2.0 4 GROUND TESTARILITY. Ground testability will generally be a divect funciion
of gravity sensitivity, Exceptions oceur when a process will operate better in low

gravity than in normal gravity but can still be demonstrated to operate in normal gravity,

The concept (Concept ) using spray nozslex {8 anticipated to be i this category.

00T STATE OF DEVELOPMENT DEVELOPMENT CORTS. The concept using spray
possles (Concept 3 will vequire a minimum amoeunt of analvsis and testing,  Uiffusers
and pressurization (Concepts I, 3, 4, 2 and M add analvsis requirements because of
the wravity sensitivity of the diffuser flow and the nonequilibrium pressure vise
aaloulations required.  Hardware destan and tabrication requitements will be minimal
for the concepts using helfum pressurisatfon (Concepts 208, band 1, For the other
concents, hardware development requirements are mote substantial,  Development of
the porous tube concept (Concept 6 will be a Jifficult fabrication tash.,  No work has
been done on this concept. Similarly incorporating shaped chamnels into a viable destan
(LConeept 11) that gives low residuals will be a dttficult desiam and fabricating task.
Little work bevand 2 conceptual nature has been done on this type of destgn for other
than spacecraft applications.  For the open loop refrigeration svstem (Woneept LD
development requirements will include evaluation of heat transfer between the cooling
futd, contained Hyuid and the tank contents and the resulting temperature and pressure
history,  Uhe fabrication requirenients of connecting the co. g abes to the capillary
deviee would necessitate a development effort to determine satisfactory attachment
mothads,  The autogencus pressurization development requirements \Concept M arve
groater than that for helfum pressurization beeause of the need for consideration of
wixing and mixers,  Thermadmamic vent system and vapor cooled shield development
Woneept T wonld reguive extensive testing to assure that vaper = ot teapped. No
testing of this concept has been done. ternal vanes (Coneept 10 would have te be
developed without substantially increasing vestduals,  Shaped channels (Covcept 11 ot
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light enough weight tc be competitive would be a serious development difficulty to
Developing this concept for typical orbital mission adverse acceleration

nts would be a substantial effort. The extensive hardware requirements for
e lowest ranking concept

overcome.
requireme
the propellant depot (Concept 8) approach would make this th

for this criteria.

2.9.8 RECURRING COSTS. The recurring costs increase with the amount of hardware
added to the tank and the complexity of that hardware. The spray nozzle approach
(Concept 2 and 9) is simplest. The propellant depot approach (Concept 8) is complicated
by the fittings required to attach the receiver to the depot. Using an inlet diffuser
(Concepts 3 and ) is slightly more complicated. Attaching a vent (thermodynamic

vent to remove fluid, Concept 7) requires additional fittings and vilving. Autogenous
pressurization (Concept 9) may cequire hardware to control tank mixing after
pressurization. The hardware requirements are greater for (Concept 10y the internal
vanes inside the channels. Shaped taper~d channels (Concept 11) and channels with

(Concept 12) will be more difficult to fabricate. The system with the

tubing attached
The cost

highest recurring cost will be the system using porous tubing {Concept 6).
will inerease due to the tubing and the increased structural requirements of beeling
up the channels to handle the higher pressure and the impingement forces during filling.

2.2.9 HARDWARE WEIGHT. The spray nozzle corcept (Concepts 2 and 9) will have
the lowest weight, followed by the screened diffuser (Concept 3). The diffuser. nozzle
combination (Concept 4) will be slightly greater in weight. The weight of adding a

vent to channels to remove fluid (Concept 7) is next in ranking. Internal vanes (Concept
10) and shaped tapered channels (Concept 11) will have increased weight because of

the added marerial required to make the vanes and the tapered channel. Tubing weigh:
(Concept 12) is the main penalty for the open loop refrigeration system. The weight
penalty for the porous tubing (Concept $) and channel structural supports penalize the
system that forces liquid into the channels with variable perosity tubing. Concept 3,

the propellant depot approach, has significantly more

2.9.10 FLUID WEIGHT PENALTY. In general, minimum fluid weight penalty will be
due to the systems using screened diffusers for chilldown and spray nozzles for filling
(Concept 3) if venting is not required during chilldown. If venting will be required
during chilldown, the spray nozzle case (Concept 2) gives the lowest vented fluid weight
Residuals will not be affected for anv of the concepts using pressurization
3, 4, $and 9). For the propellant depot approsch (Concept 8) vented

d fluid will be reliquified. The system
annels of vapor will likely

penaltv,
(Concepts 2
fluid losses will be a minimum since all vente
using thermodvnamic vent flow (Concept 7) to "purge' the ch
to vent fluid in addition to the normal requirement {n order to remove all the
Residuals will now be affected. Using cooling tubes Concept
channels will require substantially more ventad fluid

12) to condense the vapor in the
than the normal boiloff would require. Residuals will not be affected. Residuals will
= (Coneept

be ir.oreazed for the concepts using porous tubing (Concept 6) shaped channels
11) and internal vanes (Concept 10).

have
vapor from the channels.
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2.2.11 RELIABILITY. Reliability is a direct function of the number of moving parts.
The systems (Concepts 2, 3, 6, 10 and 11) rated with a score of 10 will have no more
moving parts than a fluid management system that is not refilled in orbit. They have

a fill line, pressurization line, outflow line and corresponding valving. The autogenous
pressur’zation system (Concept 9) may require systems to control mixing. The concept
using diffusers and spray nozzles (Concept 4) will have an additional valve (or a three
way valve) and some controls. The thermodynamic vent system (Concept 7) may have
an additional valve and controls for operating continuously until filling of the capillary
device occurs. Open loop refrigeration (Concept 12) will require an additional valve
and pressure regulator to cool the channels. The orbital propellant depot (Concept 8)
has considerably more equipment than the other concepts but it is likely to be highly
reliable and redundant.

2.5 CONCEPT SELECTION

Results of the systems comparison indicate that the concepts using pressurization for
condensing any vapor trapped in the capillary device are the most promising (Concepts
2, 3, 4and9). However, Concept 3will not be given further consideration because

its primery advantage, that of providing low pressure rise during tank chill, will be
minimized or nullified due to the introduction of a prechill phase preceding tank chill
(see Section 3 for further discussion). Concept 4 is also eliminated from further
consideration because it too includes a diffuser to provide low pressure rise during
tank chill. Concept 9, which employs autogenous pressurization, is a preferred
approach because the avoidance of helium can greatly simplify management system
refill. There are a number of applications, however, which require helium pressuri-
zation to maintain a continuous supply of subcooled liquid from the fluid management
system. Consequently, Concept 2 will also be evaluated in greater detail in Section 3.
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FILLING ANALYSIS FOR SELECTED CONCEPT (CRYOGENS)

Analyses were conducted for filling the system described in Figure 1-1 with liquid
hydrogen but modified to allow liquid flow into the tank through one or more spray nozzles,
and to allow venting through a tapered vent tube. A sketch of the modified fluid manage-
ment system is given in Figure 3-1.

The filling of fluid manage-
ment systems in orbit
introduces complexities not
CHANNEL 0.50  experienced during one-g
(FOUR CUTOUT  propellant fill. Filling a
PLACES) storage tank on the ground
}— 0.13 can be easily accomplished
because vapor is readily
expelled as liquid is intro-

| . TANK
. WALL

TAPERED -
VENT X M
TUBE

:‘:‘R(i o RESIDUAL duced. Even cooling a
NOZZLES” ‘\\\ . LHy storage tank prior to cryogenic
:?:ﬁ. LIQUID PLEATED fill presents no problem.

SCREEN

Except in the case of complex,
multiple compartment '
acquisition systems, the
Figure 3-1. Modified Fluid Management System With liquid vapor interface is

Screen Channel Configuration usually well-defined during

normal gravity filling. Vapor

will not be trapped within the screen acquisition device if splashing or wicking do not wet
the screen in advance of the liquid/vapor interface. If vapor is trapped during normal

gravity fill, its location will be known, and if necessary it can be vented using valving
and vent lines.

However, low-g propellant fill cannot be satisfactorily accomplished with standard one-g
techniques. This is due to the fact that the liquid-vapor distribution is not sufficiently
well defined to enable pure vapor venting during the filling operation. The influence of
g-environment upon storage tank fill is illustrated in Figure 3-2. The cost of transporting
propellants into space for in-orbit propellant fill is sufficiently high that two phase venting
is undesirable. Vapor trapped within the screen device is also unacceptable because
pure liquid flow from the fluid management system is required, and cannot be guaranteed
unless the screen device is free of vapor. ORIGINAL PAGE IS

OF POOR QUALITY
Propellant fill is further complicated by two conditions that will exist: an empty storage
tank will reside at a substantially higher initial temperature than the cryogen prior
to initial fill, and a partially full tank requires that a major portion of the helium pres-
surant be vented before refill can be initiated. The question to be resolved for the
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’URE VAPOR TWO PYASE FLUTD
TO VENT TO VE?'T

LIQUID INFLOW LIQUID INFLOW

NO £PLASHING OR WICKING AHEAD LIQUID GEYSER AND WALL FLow

OF THE LIQUID FRONT CAUSES PREMATURE SCREEN WETTING
PURE VAPOR TWO PHASE FLUID
TO VENT TO VENTS .

VAPOD TRAPPED —s

—k
WITHIN SCREEN },f vyl
7

DEVICE O/ gle

10 7 -
Vol
s 3
'V 73
LX_QUID INFLOW LIQUID INFLOW
ONE-G ENVIRO.\'MENT Low.Gg EN\'D‘ON.\[DIT

Figure 3-2, Comparison of One-g and Low-g Storage
Tank Fill Employing One-g Fill Techniques

former condition is how best to fill the storage tenk without expending excessive
propellants in the Process, and without exceeding structural allowable storage tank
pressure. A solution requires that trades be conducted to explore various combinations
of tank prechill, chill, and fill,

possibility of losing liquid overboard, Although this is undesirable, a greater concern
is that screen dry-out will occur due to boiling, increasing the likelithood that helium
will penetrate it,

In an effort to circumvent or minimize the possible adverse effects of the ldentified
problem areas, detailed analyses were conducted, A subsequent procedure to fill the
System under orbita] conditions was devised, with consideration given to the following
variables: liquid inflow rate and velocity, initial storage tank temperature, entering
liquid vapor pressure, and liquid Spray characteristics. Detailed analyses of each
phase of fluid management system fill Procedure are provided in the following sub-
Sections discussions,
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mode. Prechill is accomplished by introducing
tank at velocity that provides good heat exchan
walls and the cooling fluid.
mass to effect tank cooling. Liquid hydrogen will be more readily available
than hydrogen vapor in orbit, and is considered to be the flujd candidate for
effecting prechijil, It is possible, however, that the Vapor normally generated in chilling

o the pressure vesse] can also be employed for prechill. A discussion
is given in this section on prechill with both phases.

3.1.1.1 Prechill Requirements,
ments i{s the theoretical maximum

function of inijtia] tank temperature. Maximum tank pressure, for a given massg
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 eéxpression for Introducing liquid into a container is

dEg + dEy = hy dmp

(3-1)
dEg = (ugmg)2 - (“gmg)l = change 18 ullage energy
If one assumes that the tank is initially evacuated
Also for an Initially evacuated container, Mgy = dmy, (3-3)
dEyw = (M) - (Uwmy)y = change in tank wall energy
Since tank mass is corstant, dEy, = (Uyyg = Uy ;) My, (3-4)
Combining Equations 3~1 through 3-4
3.3 ORIGINAL PAGE IS
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"82™gp * (wy - Uy,) my, = hy Ygy
(Ugy = by) mg, = (u,, - Hwg) Iy,
Finally
g2 = (wy = Uwy) mw/(ug, - by)

where

Uy, and Ug, are evaluated at T,

dEg = change in tank wall internal energy

hy, = enthalpy of liquid entering tank

dmL = differential liquid mass addition to tank
Ug = internal energy of vapor in tank

Mg = mass of vapor in tank

Uy = internal energy of tank wall

m,, = tank wall mass

T = temperature
subscript
1 = conditions at beginning of interval

ro
f

= conditions at end of interval

From the equation of State, gas pressure is

m ZR'Ij)
g2

N
i

= compressibility factor

=
]

gas constant

tm- —d -..1 - muw:’: —

ada g R ST o L A T YT S VYT T
W e
R S N v

(2]

(3-8)
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determined as a function of mass addition by a
and 3-8. Results are given in Figure 3-3 for a

e and initial tank temperature conditions. Note
that the peak pressures of this figure
are the theoretical maximums that can

occur for the given initial tank
temperature. A lesser or greater
mass addition will result in a lower
tank pressure than the theoretical
maximum level. Note also that
entering liquid vapor pressure will
have a minor influence upon tank
pressure.

The theoretical maximum pressures
described by Figure 3-3 are plotted

in Figure 3-4 as a function of initial
tank temperature. Initial temperatures
in excess of 194.4K (350R) were not
considered becaure of the requirement

Liquid Vapor Pressure

This advantage must be

turss. Without analysis one can

enthalpy will be correspondingly low.

3.1.1.2 Tank Prechill Model.

3 v = tank volume
3
a sz = gas pressure
3
A Peak pressure during tank chill can be
; simultaneous solution of Equations 3-7
-1" range of incoming liquid vapor pressur
33 (120) ,
300 : C
e INITIAL TANK TEMPERATURE --—— 1
- = 194. 4K (350R)
600 T
_ @0 T
]
5 - ———
~N
i e -
E 400
A YA T
5 -
E (40 -
E £ TERING LIQUID |
200 VAPOR PRESSURE,
R xN/m? (psta) :
: : N ——— 275. 6 (40) ]
T T e 1378 20) |
® 0y — o T 2.0
) 2 “ ®
. TYDROGEN MASS ADDITION, kg {lbm)
G Figure 3-3. Peak Pressure During Manage-

ment System Chilldown Versus
Mass Addition and Entering

There is an obvious advantage to prechilling the

possible because any concern relative to tank ch
weighed against the complication incurred as more hydrogen

vapor and time is required to prechill the sys
extreme condition to consider is the difficulty of prechilling to liquid hydrogen tempera-
conclude that prechill mass

158 hig: at low tank temperatures because vapor vent temperatures

the tank increases as it approaches liquid temperature,
that liquid will be vented overboard during tank blowdown.

A prechill subroutine was introduced into the HYPRES
computer program in order to adequately assess the variable

to maintain system pressure below the
maximum allowable level of 689 kN/m?2

- o

(100 psia). This figure shows that
maximum pressures will be 50 percent i
or less of the maximum allowable for
initial tank temperatures lower than
138. 9K (250R).

pressure vessel to the lowest temperature
i1l over-pressure can be eliminated.

tem to lower and lower temperatures. An
requirements will be quite
and, therefore, vent

the likelihood of liquid residing in
which increases the probability

Furthermore,

s of a prechill procedure.
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\ 3-5 ORIGINAL PAGE I8

OF POOR QUALITY

e v
s ¥ e ¥ e e
s e
s -y

T e L 8 D A S S AU .

m‘—m
ST PP W T DI ST W
i FATRR EL Lo
PP o
o




[ 00 . . T e ekt w120 The subroutine is deseribed
T R ;.__;_ ‘“f AR , In greater detall in Appendix
' RS B s gt S B ‘—-—+ B, whereas the model
R A A e T ""f"'”"f"_"fff_',“_;;j"'ﬂx assumptions, results and
800- - e J‘ conclusions are given in
5 I e =gt ", the following paragraphs.
- j T T
;! 4oo-! ————— _,../,"_”_ e __ The key to this analysis is
y e 4 ENTERING Liquip vapor i In identifying the appropriate
£ - ERESSURE, kN/M° (PSWA) . heat transfer coeffictent
2 a0 276 (40) ~  between incoming vapor
& 200k _ A 138 @01 -~ and the tank walls.
’ : Do - _ _i Conventional forced
I o T b T ! convection expressions
I T T —~ i . | forflow over a flat plate
o 9 v " —— 5 — or for jet impingement
o as0) 300) @soy UPUD 3 surface, represent
INITIAL TANK TEMPERATURE, K (R) configurations that are too
" dissimilar to be applicable.
Figure 3-4. Maximum Pressure During Management Instead. a correlation
System Chilldown Versus Initial Tank Temperature developed for industrial
and Entering Liquid Hydrogen Vapor Pressure mixing processes was

representative of the heat exchange mechanism that will occur w
introduced into the fluid mana

required modifications are given as

selected as being

hen vapor is continuously
ansfer correlation and the

gement system tank. The heat tr

(Pi/\") u\1/4

9
-~

P

2/3
. 0.13

NpRr
P

heat transfer coefficient

fluid density

constant pressure heat capacity

]

Prandt]l number

mixer {nput power

= tank volume

fluid viscosity
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(Reference 3-1)
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Equation 3-9 was developed for liquids contained in cylinders. These liquids were
continuously agitated with a mixing unit. Mixer input power was responsible for fluid

agitation and is one of the variables of Equation 3-9. For the prechi

is believed that fluid agitation will be the same whether a mixer or fluid inflow is
responsible. It is important only to have equivalent power conditions. Power output
rather than power input will influence fluid agitation. Consequently equivalence will
be between fluid power input and mixer power output. This results in

=P =tavl
Py (EFF) = P =mv

where

P, = mixer power output

EFF = mixer efficiency (conservatively assumed as 40 percent for this study)

m = entering mass flow rate
v = entering fluid velocity
mv2 = fluid power input

Substituting Equation 3-10 into 3-9 results in

b 2/3 _ @ v2/V) u 1/
TS (Npg) "~ = 0.163 g

e e

entering flowrate and velocity.

The following charge and vent procedure was selected for fluid management system

prechill

i 1. Charge the tank at a known vapor flowrate until the difference b
temperature has reached a specified value.

as 6.89 kN/m2 (1.0 psia).
level.

mass requirements increase as final tapk temperature decreases.
3-17
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Equation 3-11 indicates that heat transfer to the tank walls can be controlled by varying

| 9. Vent the tank to a pre-determined low pressure. A reasonable level was selected
3, Charge and vent the tank as required to reduce tank temperature to the pre-determined

Figure 3-5 gives prechill mass as a function of final tank temperature. Note that prechill

11 application, it

(3-10)

(3-11)

etween wall and gas

Also, prechill mass

Y
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TANK MASS = 13.6 KG (30 LBy).
ENTERING GHp TEMP. = 33.3K (60R).
O TANK IS VENTED WHEN WALL-TO-GAS
" _ TEMP. DIFFERENCE = 11. 1K (20R).
" 4. TANK IS VENTED DOWN TO 6.9 kN,M2 (1. 0 PSIA)
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Figure 3-5. Hydrogen Vapor Mass Required to Prechill
the Fluid Management System Tank

can be reduced by decreas-
ing charge flow rate or
increasing vapor velocity.
As expected increased
prechill times are required
to provide lower final
t{emperatures, Figure 3-6.
These times can be reduced
by increasing charge flow
rate or by decreasing vapor
velocity. Finally, Figure
3-7 shows that the frequency
of charge and vent cycles
increases as final tank
temperature decreases.
This figure also shows that
fewer cycles are needed
for tank prechill as charge
flow rate is increased.

An evaluation of Figures 3-4 through 3-7 indicates that a final tank temperature of
about 138.9K (250R) represents a reasonable trade between the advantage of low peak

TANK MASS = 13. 6 KG (30 LByy).
ENTERING GH2 TEMP. = 33.3K (80R\.
TANK IS VENTED WHEN WALL-TO-GAS
TEMP. DIFFERENCE = 11. IK (20R).
TANK IS VENTED DOWN TO 6.9 kN/M? (1.0 PSIA).
INITIAL TANK TEMP. = 300K (340R)

450

1

0. 0023 KG/SEC

350 (0.005 LBy/SEC) ™~~~ e

INCOMING VELOCITY
M/SEC (FT.SEC)

4

PRECHILL TIME, SECQNDS

- e e ™ 6.0 200 — - -

250 | i e e bt 308000
—~ 00045 KG/SEC (0.010 LByy SEC) ~
i . - e g .<.L~:._ e
g RONE

- — e i e —— ‘L—-——-I- —t— - -

130
180 178 200
(280) ' (300) {350)

FINAL TANK TEMPERATURE, K (R)

Figure 3-6. Time to Prechill the Fluid Management
System With Hydrogen Vapor

3-8
il T

ek it »

TR T

pressures during tank
chill and the disadvantages
of increased hydrogen
mass, time, and charge
and vent cycles. These
figures also indicate

that (1) the influence of
entering velocity is
minimal, (2) prechill
mass requirements are
directly proportional to
entering flowrate, and (3)
prechill time and charge
and vent cycles are
inversely proportional to
entering flowrate.

3.1.1.3 Summary. The
above parametric data has
resulted in the following
recommendation for system
prechill:
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Figure 3-7. Fluid Management System Tenk Wall Temperature
History During a Gaseous Hydrogen Prechill

prechill flowrate = 0.0045 kg/sec (0.01 1b,,/sec)

incoming velocity = 61 m/sec (200 ft/sec)
‘ The tank will be prechilled to 138. 9K (250R) and 0. 66 kg (1. 45 1by) will be expended.

GHg will be expen-ed during a 295 second period. The higher flowrate was selected
because it will reduce the required number of charge and vent cycles from nine, at.a
flowrate of 0.0023 kg/sec (0. 005 1b,,/sec), to flive. The increased prechill mass resulting

13;'.:5 from the higher flowrate is acceptable, considering that the smaller number of charge
1 and vent cycles will simplify the procedure.
{ 3.1.2 PRECHILL WITH LIQUID HYDROGEN. It isexpected that liquid hydrogen will

be more readily available in orbit than hydrogen vapor. Thus it will be more convenient
to initiate prechill with liquid. Thermodynamically and fluid dynamically there is little
difference between a liquid and vapor prechill. Approximately 15 percent less hydrogen
{s needed for prechill when it enters as a liquid, due to the heat of evaporation which
increases its energy absorbing capability. Heat transter coefficients at a given fluid
power input, will be the same as for gas phase flow, once the liquid is evaporated. The
primary difference between liquid inflow and vapor inflow results from film boiling
which occurs when liquid strikes the hot tank walls. But, since film boiling heat
transfer rates will represent only approximately 15 percent of the fluid energy absorbing
capability, total prechill time and the number of charge and vent cycles will not differ
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significantly between liquid and vapor inflow. It is concluded, therefore, that the
results for prechill with vapor inflow apply equally to a liquid inflow.

3.2 TANK CHILL ANALYSIS

The fluid management system tank temperature will not exceed 138. 9K (250R) at the
start of the chill process. Liquid hydrogen flow to the tank will be initiated once the
System vent valve is closed. Film boiling will occur as liquid strikes the warm tank
walls, and the resulting evaporation will increase absolute maximum pressure to 339
kN/m2 (49.2 psia), as indicated by Figure 3-4. This pressure will be about 50 percent
of the maximum allowable level. Neither tank chill nor the subsequent tank fill process
will be influenced whether pressure peaks at 339 kN/m2 (49. 2 psia), or at a lower level.
As a result, it will not be necessary to impose constraints on the flow process for
purposes of controlling tank pressure and, it will be possible to perform tank chill

with any constraints imposed by either prechill or tank fil. Thus it is seen that the
selected prechill process has virtually eliminated all concen s relative to an in-orbit
tank chill process.

3.2.1 TANK CHILL THERMODYNAMICS. Despite the knowledge that a no-vent tank
chill can readily be accomplished, it is still necessary to evaluate the influence of
infiow parameters upon tank pressure during this process. Tank pressure determination
Involves a complex interrelationship between the incoming liquid, ullage mass and tank
mass. A computer program (HYPRES),which is deseribed in Appendix A, has been
written to analyze the tank chill process. Briefly, it {s assumed that liquid enters the
tank as a spray, and exchanges enexgy with vapor as it flows through the ullage. Heat
exchange between the wall and ullage vapor is also permitted. Liquid droplet evapora-
tion or condensation will occur, depending upon liquid spray characteristics and
ullage-to-liquid temperature differences. Liquid-to-wall heat transfer is limited to
film boiling. The nucleate boiling process is not included because the stored wall
energy is insignificant in this temperature range.

Two variables requiring further analysis are the drop size determination and wall
boiling during the chill process. Droplet size determination is required to verify that
spray conditions reside within the acceptable analysis range. Wall boiling rates must
be identified as a function of such variables as fluid properties, velocity, drop size and
gravity.

3.2.1.1 Liquid Droplet Size Determination. Spray-nozzle drop size information is
available from manufacturer's data for air-water combination, but rarely for other
fluids. No all-purpose defining equation for the effect of physical properties exists.
The dependence of drop size on geometry, velocity, and properties is complicated by
charges in the nature of the break-up process as these variables change. The
suggested predictive route starts with manufacturer's air-water data at the desired
flow rate, and then drop size corrections are made for different physical properties.
The recommended equation for drop correction is given in Reference 3-2 as
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dvm i [i] 0.5 [uz } 0.3 [62.4 ]0. 3 -1
(dvm)wat er 73 1.0 p L
where
dvm = volume median droplet diameter
g = surface “ension, dynes/cm
By = liquid viscosity, centipoise
oy, = liquid density, lbm/'ft3
The exponential dependences in Equation 3-12 represent averages of values reported

by a number of studies.

A more significant drop size than dvm {s the Sauter mean diameter, d, which has the
same ratio of surface area to mass as the total drop population. This diameter was
used in the study because a representative surface area is critical to the chill process.
It is typically 70 to 90 percent of dvm; a value of 80% was selected for this study.

3.2.1.2 Spray Nozzle Selection. A full cone spray nozzle was selected for
propellant tank chill and fill. Typical nozzle performance characteristics were 1 ;
obtained from Spraving Systems Co., including particle size as a function of nozzle n g
inlet pressure for a variety of nozzles, Figure 3-8. Equation 3-12 was employed to <
determine drop size for the combination of liquid hydrogen flowing through gaseous 1o
hydrogen. Droplet diameter is plotted versus liquid flowrate for two spray nozzle A
configurations, Figure 3-9. These configurations were selected because of the large
drop size c-1ated during the spray process. Note that the maximum hydrogen drop
size is expected to be less than 600 u (0. 024 inches).

3.2.1.3 Liquid Splattering on a Hot Surface. The actual heat exchange process to
occur during tank chill will be that of heat transfer between an individual droplet and the
hot tank walls as contact occurs. This method of heat exchange is different from that
of pool film boiling for one obvious physical reason; film boiling is based upon a hot
surface immersed in a pool of liquid where a stable vapor film has developed, whereas ! ‘
heat transfer due to droplet splattering is of a more transient nature where a vapor a
film is created and destroyed with each impact. The following expression was ‘ '
developed in Reference 3-3 for the maximum heat transfer experienced by the impinge-
ment of a single droplet upon a hot surface ‘ E

U BT et P

9
0. v2dq 0.341
—Q—’%‘- = 8.44 x 10-4[ I; ] (3-13)
v
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E 3400 \\ :\\\\ \OZZIL . fg pV 2
£ 2200 \ \\\\\4 1 where
= \\ \ =1 H4.2 ;
5 3000 X b il
o \ \\PQ\ L Q = maximum heat transfer per drop i
% 2900 \\\\\‘\J" max |
§ 200 |\ AN N L = liquid density |
PN NAVANNTNNY ; tron 4 ]
g 2000 \\\\\ \‘\ ‘\l\i\\%§ - Crop clameter o
z 1300 \\\\\\\\\ b
< N AN \\\ \&\ A = wodified heat of evaporation by R
g 1600 | < N . Equation 3-14
= \;\\ NN N A
g 1400 \\\\ \\ \Q
; 1200 \\\ \\\\*\ NN hfg = enthalpy of evaporation
g 1000 ~ ~ ‘
£ 00 PN IS IS Cp = vapor specific heat at constant
A v
600 |FULLJET NOZZLES _ ™~ ™~ pressure
CAPACTTIES G1 THRU ]
400 | H20 BASED ON WATER
AT 294. 4K (530R) Ty = wall temperature
0 &) (100)
500
200 . 40 Tg = liquid saturation temperature
PRESSURE, wN/M? (PSLY)
Figure 3-8. Water Spray Particle \'% = drop velocity
Size Versus Pressure For Fulljet
. Nozzles PVp = vapor density evaluated at Tp
Tp = (Tw+Tg)/2, film temperature
;f" c = surface tension
"- : Equation 3-13 was based upon results of tests with water, Acetone, and Ethanol. It was
observed that the maximum heat transfer condition corresponded to a droplet impact
angle of 27 degrees as measured from the normal to the hot wall. The equation is valid
for values of the independent variable, oy 2v2d/py 7. , less than 107, Furthermore,
. it was determined that the efficiency of the process, defined as the ratio of actual heat
' transfer per drop to total energy required to evaporate the drop, is of the order of 30
percent for a single collision. Subsequent secondary collisions of splattered particles
with the hot surface tend to increase the overall «fficiency.
Observations made during the Reference 3-3 experimental effort indicated that the heat
transfer mechanism was that of conduction across a vapor film. Qualitatively, a droplet
will begin spreading on impact with the hot surface and the combination of contact
surface area, A, and film thickness, §, with time influences heat transfer rate. Both

A and § are influenced by drop size, impact velocity and impact angle, although the

exact relation is not known.
3-12
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Figure 3-9. Liquid Hydrogen Droplet Diameter Versus Flowrate
for Two Spray Nozzla Configurations

Maximum heating rate for a spray condition can be determined by combining Equation
3-13 with the following expressions

Umnax =P X Qax (3-13)
o« . . T 3
m =n x (mass/drop) = n (% P, 9% (3-16)
and X Q
: max 4. 2.9 0.341
Qnax = z d3 = (mA) x 8.44 x 10 (~ " V7 d/°VF <) (3-17)
6L
or
max _ -4 9 2 0.341
— =442 x 10 - ye T 3-
= X A "V d/ch ) (3-18)
where

maximum heat transfer rate under spray conditions

ORIGINAL PAUE IS
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n = number of droplets per second striking a hot surface f’

m - mass flowrate of spray condition col

squation 3-18 has been {ntroduced Into the HYPRES computer program. The significance
of this exprossion {8 that the splattering phonomenon appears to be (ndenandent of }
acceleration eavironment. Thus {t i3 reasonable to oxpect that chill tests, conducted {
In a normal grovity environment, will be applicable to a near zoro gravity environment. )
This 13 not to suygest that sealing or extrapolation problems may not exist. Howaver,
und ertainties in wall boiling heat transfer rate should not tnvalidate the lquid spray
approach to tank ebill. Furthermore, romrdlcss of the uncertainties of Fquation 3-18,
poeak pressure will not axceed 339 kN/m< (49,2 psta).

J.2.1.4 Peak Tank Chill Pressures. Computer runs were conducted to obtain para- }
metric data on the nfluenco of liquid tlow vartables upon maximum pressure during

tank ehill.  Figure 3-10 provides a sumnmury of these computer output results, The i
stinificant results of this Mgure are (1) peak pressures (neroase v magnitude at f
vedueed Inflow rates, and (2) peak prossures are (nsensitive to flowrate, droplet
veloeity and droplet diameter at flowrates exceeding 0. 18 kg/soe (0, 40 by, see). These
observations can ba explatned as follows: maximum pressure during tank chill occurs
when all the tank wall energy {s convected to the ullage vapor. The other pressure
extreme vceurs when tank wall energy ts absorbed by lquid. Thus, peak pressures
oveur at low flowrates beoause much of the Hquid {8 evaporated before striking the
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tank wall with the result that considerable wall-to-ullage energy transter voours.
Conversely, the high flowrate condition will maintain a liquid film on the tank walls

and absorb all the wall energy.

3.2.1.5 Summary. Analysis shows that the selected prechill procedure has virtually
eliminated all concern relative to a tank ohill procedure. This i3 because the theoratlcul
maximum pressure to ocour during a no-vent tank chill will be about 339 kN/m* \49 2
psia). Figure 3-10 indicates that the expected maximum pressure will be less than 2
KN/m= (40 psta) {f liquid i3 sprayed into the tank. There i3 no possibllltv that ventlng
will be required . sinoe the maximum allowuble pressuras {s 589 KN ‘m= {100 psia).
Furthermore, any uncertainty in film botling heat transfer rate that may exist due to
liquid impingement on a hot wall, cannot possibly result in a pressure greater than the
theoretical maximum quoted above.

3.3 TANK FILL ANALYSDS

Propellant tank f111 represents a continnation of liquid flow initiatod for the tank ohill
proocess. Tank fill i3 defined as commencing at the {nstant that tank temperature drops
to liquid temperature. This definition hus been selooted for the convenlence of analysia
aince from this time on the fill process {s not influenced by fluid managenw nt 3vstem
configuration, other than volume. That 13, propellant state conditions during fill are
only a function of the thermadynamic interaction betweon Hquid and vapor,

3.3.1 THERMAL EQUILIBRIUM TANK FILL. The single requirement for tank fill is
to maintain acceptably low pressures during the process. ‘Tank pressures will be at a
minimum if thermal equilibrium conditions are maintained during fill. Thermal
equilibrium will be approached as heat and masa exchange between the phases s
increased, which can be achieved by vreating a highly agitated flutd condition,

Jiven the assumption of a thermal equilibrium tank 11l one obtatns a shmple relation-
ship between initinl tank tempe mture at the start of no-vent chitl and (il Incoming
Hquid vapor pressure, and final Hquid vapor pressure.  This velationship {s derived
below from the Flest Law of Thermodynamies for Hquid flow {nto a-closed container

'.‘l‘:g + d[‘:[' ' dl‘:\\- = hl‘ dl‘\l‘ . \3‘ ‘D\
dl-‘.g | (ug.mg)._\ - \“g‘“g)l ~change in ullage energy REW
dip, e mp)e - g my)y = change in Hquid energy -2 h

hydmy 2 hy gmy . - my ) - enthalpy change due to entering Hauid KES
pmy by, sy, \

Al (e do = (UM )y - My, (=) THENN

a2 My Ve change (n tank wall energy
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If one assumes that the tank is initially evacuated

mg, =my, =
and
dEg = ug-2 mgz (3-24)
dEy, = upy M, -~ (3-25)
hy dmy =hy my 2 (3-26)

Combining Equations 3-19 through 3-26 we have

ug2 mg2 + “L2 mLz My AU, = hL l:nI_‘2 (3-27)

Solving Equation 3-27 for hy,, results in

hL = ugz mgz/mLz + uLz + Auw mw/mLz (3-28)

At thermal equilibrium one can relate hy, UL, and Ug, to liquid vapor pressure and
temperature. Consequently, ur, and Ugo are known once final vapor pressure is
specified. Auy, can also be determined since initial and final temperatures are given.

Finally, hy, (which is a function of entering liquid vapor pressure) can be determined
for a desired liquid fill condition.

Equation 3-28 is summarized in Figure 3-11 which gives entering liquid vapor
pressure as a functica of initial tank temperature and final tankad liquid vapor pressure
for a 90 percent and 100 percent liquid fill condition. Note that final liquid fill
condition has a minimal influence on the other variables. Note also that final vapor
pressure is less than entering liquid vapor pressure. This difference is due to the
combination of initial tank wall energy and the heat of compression which are released
to the tank fluid during ckill and fill.

3.3.2 FILL MODEL FOR LIQUID SPRAY DOMINANCE. The intent of the tank fill
process will be to create conditions conducive to attaining near-thermal equilibrium.
These conditions will be achieved by introducing liquid into the tank through spray
nozzles, which resulting spray will create a large liquid-vapor surface area. The
combination of large surface area and high droplet velocity will provide the high heat
transfer rates needed to attain near-thermal equilibrium conditions. As tank fill
continues, the internal tank fluid environment will change from one where liquid droplets
reside within the ullage volume to one where vapor bubbles are entrained within a
liquid bulk. The transition from heat transfer dominated by liquid droplets to heat
transfer dominated by vapor bubbles cannot be determined precisely, but it is
expected to occur in the range of 10 percent tc 20 percent liquid fill.
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[ ASSUMPTIONS

8 .1. TANK VOL « 0.63 M2 (23 FT3) 3. TANX PRESS. IS 0.0 kN/M3 -

LYt . 2. TANK MASS = 131.81 KO (30 LBM) (0.0 PSIA) PRIOR TO FILL ‘j_'_] 5:;
& 2219 ALUMINUM 4. NO VENTING DURING FILL :
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Figure 3-11. Fluid Management System Final Tank Pressures
for a Thermodynamic Equilibrium Chill and Fill
Process

3.3.2.1 Initial Fill Pressures. Equations describing heat and mass exchange ' .
with the ullage are those given in Section 3.2, and contained in HYPRES,for the tank chill s,
process. .

Propellant tank pressure and hydrogen temperature histories have been determined using Vo
the HYPRES computer program and results are given in Figure 3-12 and 3-13 for inflow |
rates of 0.091 kg/sec (0.2 lby/sec) and 0. 227 kg/sec (0.5 lby/sec), respectively. Note
that there i{s a gradual pressure decay rate once peak pressure has occurred. This is

due to the influence of incoming liquid as it continues to chill the ullage. Also, it is !
seen that vapor temperature approaches liquid temperature within seconds from the i
start of liquid inflow. The temperature histories show that ne-ir-thermal equilibrium |
conditions are achieved early in the tank fill process. i

3.3.3 FILL MODEL FOR VAPOR BUBBLE DCMINANCE. As the propellant tank begins
to fill with liquid, the mechanism of liquid spray in a vapor environment will change

to that of vapor bubble entrainment and dispersal within the liquid volume. Entrainment
will occur as a result of liquid impingement with the liquid bulk. Dispersal will be
caused by agitation created by liquid sprayed into the tank. It is estimated that this
mechanism will be the dominant mode of heat and mass exchange throughout most of

the tank fill process.
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TANK VOLUME = 0.62 M3 (22 FT3)
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INTTIAL TANK TEMPERATURE = 138.9K (250R)
ENTERING LIQUID VAPOR PRESSURE = 137.8 kN/M2 (20 PSIA)
LIQUID SPRAY FLOWRATE = 0, 091 KG/SCC (0.2 LBM/SEC)
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Figure 3-12. Fluid Management System Pressure and Temperature Histories During
Initial Ten Percent Fill Period (Low Flowrate) '
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. SYSTEM PARAMETERS AND FLOW CONDITIONS

1. TANK VGLUME = 0.62 37 (22 FT3)

2. TANK MASS = 13.6 KG (39 LByy) ALUMNUM

. INITIAL TANK TEMPERATURE = 138.9K (250R)

ENTERING LIQUID VAPUR PRESSURE = 137.8 kN/M2 (20 PSIA)
LIQUID SPRAY FLOWRATE = 0. 227 KG/SEC (0.5 LBM/SEC)
DROPLET DIAMETER = 762 4 (0.06 IN)

DROPLET VELOCITY = 24.38 M/SEC (80 FPS)
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Figure 3-13. Fluid Management System Pressure and Temperature Histories During

Initial Ten Percent Fill Period (High Flowrate)
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3.3.3.1 Vapor Dispersal Mechanism. There are many {ndustrial 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
coilected and summarizad in Reference 3-1. The dispersal of vapor in liquid is
brought about by fluid dynamic forces which have to overcome the static forces of
surface tension. Such surface forces resist dispersion by attempting to retain bubble
sphericity and prevent gross distortion leading to break-up. The dynamic forces
which bring about dispersion may be due to bouyancy or induced fluid flow creating
viscous or inertial force which, if they do not act equally over the surface of a bubble,
may cause it to deform and eventually break-up. Mechanical agitation is employed

in mixing vessels to create shear stress by means of turbulence, which in turn causes
bubble break-up. The empirical equations describing bubble diameter, percent vapor
volume entrained beneath the liquid surface (vapor hold-up) and heat and mass transfer
coefficients are applicable to a configuration similar to that shown in Figure 3-14. The
figure describes a cylindrical tank filled with liquid, within which is immersed a
mechan.cal device for mixing the liquid. Vapor is introduced into the tank through a
mar.fold located near the bottom of the tank. The large vapor bubbles that form near
the manifold are broken up into numerous small bubbles as a result of liquid shearing
forces counteracting and overcoming surface forces of the individual bubbles. This
bubble breakup mechanism is a Weber number phenomenon.

The equation for determining bubble diameter is given in Reference 3-2, Equation
18-138 as

0.6 0.5
2
d= 0'8“;9 2+ 0.09 (3-29)
Y (pl/ VL) POWER INPUT
TO IMMPCLLER ORIGINAL PAGE IS
where <>  OF POOR QUALITY
LIQUID LEVEL
d = mean sauter diameter, cm [ :
T . eg . DISPERSED
o = surface tension, dyne ‘cm . A o s
€ = Vg/ (Vg+’\«'L). fractional ST R . MPELLER
volumetric holdup of the . D——D‘/—_
dispersed phase . R
' ) g é : .
Vg = vapor volume entrained R o S
o0
beneath the liquid < %
surface, ft3 \—— VAPOR ENTRY
i VAPOR \— MANIFOLD

INFLOW

Figure 3-14, Apparatus for Study of Vapor
Dispersal in Liquid

V; = liquid volume, ft3
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P, liquid density

[}

' Pyoo = density of water

i

Py input horsepower to the mixing device, hp

By expressing p in watts and V1, in m3, bubble diameter can be expressed as

_1.6360 % 05

d
0.2
Y (®/Vy)

0. 4 +,09 (3-30)

described below, must be applied. This approach, which treats turbulent forces as
those which determine heat and mass transfer rates, has also been applied to fixed
bodies submerged in mixing vessels. In the case of gas-liquid dispersions it is

rces by mechanically induced turbulence since
dispersions.

Lo
ARG IIA NS Ay

agitators operate poorly in gas-liquid

Turbulence in the immediate vicini

ty of a liquid or particle in a dispersion affects heat
and mass transfer rates between t

he particle and the fluid. The theo

J n the turbulent intensity in the small fluid volume
? around the particle, which results in the following expression for turbulence Reynolds
number

. 1/3 1/6 2/3 1/2
,‘f‘: NRe=pL / (pi/VL) / d //u /

L (3-31)

L where

'L ‘ Ky, = liouid viscosity

By emploving tlie usual functional rel
1 number for heat transfer, exp
r';' (Equat! n 183, Reference 3-1)

ationship between Reynolds number and Nussult
erimenters have obtained the following expression

b 2 i
AR Pr,

h 2/3 0.13[@/"1,)“1."‘1/4.
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ORIGINAL PAGE IS
OF POOR QUALITY
where Npy = Prandtl number, and units for the variables h/ (CppL) and
((py/ VLKL L2] 1/4 gre given in m/sec. Equation 3-32 is applicable over the
range 10~ to 103 for the parameter {[(pi/VL) pL]/oL2}1/4 /NPrZ/s‘ This
equation is identical to Equation 3-9 except that liquid is used.

3.3.3.3 Bubble Diameter During Tank Fill. Equation 3-29 cannot be directly employed
to determine bubble diameter during the tank fill process because the expression

includes power input to a mixing device which agitates the fluid. However, substitution
of Equation 3-10 into 3-29, and once again assuming that mixer efficiency is 40 percent,

results in

0.6 0.5
d= 1612“ —t e+ 0.09 (3-33)
v C@ve/vL)

Bubble diameter is plotted versus ¢ and mv> in Figure 3-15 for saturated liquid
hrdrogen properties evaluated at 276 kN/m2 (40 psia). The decrease in bubble
diameter as mv> increases is expected because the increased turbulent forces will be
balanced by the higher surface tension forces of smaller bubbles. Bubble diameter
will increase as € increases due to the increased rate of bubble coalescence as the
volume percent of entrained vapor is increased.

3.3.3.4 Vapor Entrainment During Tank Fill. Vapor holdup, ¢ must be known before
Equation 3-33 can be employed to determine bubble diameter. For a typical industrial
application, the vapor inflow rate i{s an input variable. Duringtank fill, however, vapor
entrainment will be caused by the interaction of liquid jet with liquid bulk as one

penetrates the other. The following simplifying assumptions have been made in order
to determine the quantity of entrained vapor in liquid:

1. Acceleration environment results in a nearly flat liquid-vapor interface.
2, Mixing between incoming fluid and liquid bulk is for a circular jet.

3. Mixing between re-entering jet and liquid bulk is for a circular jet. This allows
for a rapid jet velocity decay and, therefore, decreased vapor penetration depth.

4. Entrained vapor flows at the average jet velocity, vy

5. Vapor penetrates liquid to a depth, X, at which time vy x = 10 vy, where vy, = bubble
rise velocity.

8. Bubble stay-time, t = X/Vh.

Figure 3-16 {llustrates a mechanism for entraining vapor during the fill process, A
liquid jet is introduced into the tank and entrains additional liquid as it flows through
3-21
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the bulk toward the ullage. The jet, which has increased in size, rises about the liquid

surface, traverses the ullage space, strikes the opposite end of the tank and is deflected

back to the liquid. Vapor is entrained into the liquid bulk as a result of jet penetration.
Vapor entrainment in liquid can be estimated as

Vg = Vgt (3-34) .

The volume rate of vapor entrainment can be approximated from the following empirical

expression (Equation 18-133, Reference 3-2)

' p L\ 0.5 ¢
Vg = 0.0316 (T- =\vL * vL) (3-35)
=7.1VL 7« v) (3-36)

{f2w LHg properties evaluated at 276 kN/m2 (40 psia)

where
\"g = volume rate of vapor entrainment into liquid pool
L = leugth oi liquid jet (defined by Figure 3-186)
VL = volume flowrate of jet re-entering bulk
vy, = velocity of jet re-entering bulk
4 = surface tension

It is reasonable to assume that \'fL and vy, remain constant as the jet travels through
the ullage before returning. It is now necessary to define Vy and vy, as a function of
the entering jet properties and tank geometry.

Jet entrainment can be described as a constant momentum process. Thus mv (entering

jet momentum) = r'nL vy, (exiting jet momentum). Furthermore, mv = pV ¥y =4 Vi *ve.
Or

VLN vy =/ ORIGINAL PAGE Ig (3=37)

OF POOR QU
Substituting Equ:tion 3-37 into Equation 3-36 QUALITY

Vg =T.1VL @ x v/p) (3-38)
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where m ang v are, respectively,

2]
Vb-'
PL=g) Vg = Cpay 5 L5 (3-39)
but
4 d 8 3
Vp = 3 hat (;) = 62d (bubble volume) (3-40)
and
™
Ay =5 d (bubble Cross-sectiona] area) (3-41)
PERCENT Liquip pyp 1
(30) —

10 30 57y o Substituting (3~40) ang (3-41) into
NS A s " 3-39) and
/ . /,! ._“.>‘./<-.-" (

recognizing that or>>
= T g Rys bubble rise veloeity ig
] // - “_‘71 determined 3

0'). m/acc (ltaluo)

: vy = (4/3) dg.'Cp  (3-42
1 . . Bl

- ~  Assum that bubb] ;
,: s . 2 SSuming that by € Revnolds

,‘\'*“43 Dumber ig Ereater than 104, for
T e ~~3 which Cp = o. 44,

. TaNk VOL = 0, g2

— Lol AV -
Pra— Vb = 174V gg (3-43)
(22 FT3) -.1
3 ENTRAINMENT RATE ' where
IS BASED on MECHANTSY T
) DESCRIBED 1y FiGtrg
ST e AND EQ, 3-38 3 2y, = vapor density
! i
0 ' N ¢ 8 5
° @0 (40) . 160 & = gravity environment
MOMENTUNM INFLOW (mv), Kg- m/sec b =ft/secd) i
Cp = bubble drag coefficient
Figure 3-17, Vapor Entrainment Rate Into Liquid
Bulk versys Li

= bubble pise velocity
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Bubble penetration depth can be determined as a

function of incoming fluid conditions
using the following expressions for jet velocity decay (Reference 3-4)

va/Vvy =3.09 D,/AX (3-44)

Dy = 0.324 aX (3-45)

; where
viand Dy = jet source velocity and diameter
Vo and D2 = average jet velocity and diameter at a distance, A X,

downstream of source

Referring to Figure 3-16, jet conditions at the liquid surface relative to the source

are
VL = 3.09 v Dor/H (3-46)
and
Dy =0.324 H (3-47)
Also, jet conditions at X relative to re-entering conditions at the liquid surface are
4} vLx = 3-09 v D /X (3-18)
Substituting (3-46) and (3-47) into (3-48) gives
vpx =3.09 v Dyp/X (3-49)
o1 Solving (3-49) for X results in
3 3
LS
¥ || X =3.09 v DoR/vy y (3-50)
Al
f From assumption 6, substituting 10 vy = VL\, into (3-50) gives
& X = 0.309 v Dog/v, (3-31)
1 Finally, bubble stay-time can be determined by substituting (3-43) and (3-51) into
IR t = X/'W,. which results in
) ORIGINAL PAGE IS
= t=0.102 Dag v (dg) OF POOR QUALITY (3-52)
; {\f ' Bubble stav-time is plotted in Figure 3-18 as a function of momentum inflew and
Y,

acceleration environment. Note that an acceleration environment of 10-1 g's will
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NOTES: 1. Vapor entrainment mudci {rom Figure 3-16 13 assumed.
2. Dw ‘¢ stay-time, t= 102 Dng. v/(dg)
3. Bubu.. digmeter = .41 cm (0.16 inches), selected because it represeats
maximum sizc (sce Figure 3-13).
10 -1

BUBBLE STAY-TIME, SECONDS
ACCELEKATION ENVIRONMENT, (g/80)

;:‘:’L"A.—_-:'; 1-,.. AT '_”‘*’—‘-";h y
+

(Y] 25) (50

MOMENTUM INFLOW (fiv), kg-m /sec? (Ibm-ft/sec?)

Figure 3-18. Fractional Volumetric Hold-Up of Vapor in Liquid Hydroger:
as a Function of Lignid Momentwin Inflow and Bubble Stay-Time for
the Fluid Management System Tank

result in bubble stay-times of five to nine seconds. Figure 3-19 provides plots of ¢
versus momentum inflow for a 50 percent liquid fill, and bubble stay-times of one,
two and three seconds. These results should be used with caution, however, because

the empirical data upon which Equaticn 3-35 is based was limited to i'g/:\/L:s 20. Thus an
uncertainty exists for ratios in excess of 20, Nevertheless, it is obvious that a mechanism

does exist for the entrainment of large quantities of vapor during the tank fill process.
ensuing discussion will show that large quantities of entrained vapor are not needed to
provide a near thermal quilibrium environment during fill.

3.3.3.5 Bubble Heat Transfer During Tank Fill. Equation 3-11 can be used to
determine heat transfer from the uispersed bubbles to the liquid bulk during fill by
introducing the appropriate liquid properties. This equation becomes

. \2/3 (@ V2V Y L
(, Npp| =0.163 ,- > .i (3-53)
J L

Cpoy L

where h {s now the heat transfer coefficient between bubble and liquid, and Vp is the
liquid volume rather than tank volume.
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Introducing liquid hydrogen properties at 273 kN/m? (40 psia) saturation, and solving
for h, we have
h = 812.1 (— ) , watt/mZ-°K (3-54)
Vi
Now, the heat transfer rate for each bubble can be expressed as

QB - b AB (TB-TL) _ ndz h (T-T. ) = 6b (TB-TL) (3-55)
Vg vy (/6) a3 B™'L d
where
QB = heat transfer rate from each bubble
Vg = bubble volume
Tg = bubble vapor temperature
Ty, = liquid bulk temperature

Total heat transfer rate from the total dispersed vapor volume can be determined from
Equation 3-55 by introducing the total number of vapor bubbles, n,

Combining Equations 3-54 and 3-56 gives

Q
T . 9 1/4 o=
s 1872 (mv /VL) (TB—TL)/d (5-57)
g
Finally,
. . . (] 1/‘4 .
QT = 4872 V, (m ve/VL) (Tg - Ty )/d (3-58)
where
QT = total heat transfer rate from the entrained vapor
Vg = total vapor volume entrained in liquid
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Equation 3-57 {s plotted in Figure 3-20 for a range of ¢ and m'wz 'VL). Equation 3-58

is plotted {n Figure 3-21 as a function of € and Hquid percent {1l of the fluid management
system tank. Each figure assumes (Tg-Ty) =.1K (0. 18R). Bubble diameter, d, is
determined from Equation 3-33.

3.3.3.6 Achieving Thermal Equilibrium During Tank Fill. An estimate can be made
of how closely thermal equilibrium will be approached during tank (i1l by determining
the ullage energy removal required to achieve equilibrium as a function of vapor to
liquid temperature difference, and comparing to the heating rates of Flgure 3-21.

Ullage energy removal is determined by employing the First Law of The modynamies
for a control region that includes the Initial ullage mass

0E, - OEL - 4Q (3-39)

where

AEg T (ug mg)g - (u - change tn ullage energy

AEL * (upmp), - (u mp)y = change in liquid energy
4Q = net heat transfer across the control region boundaries

ABLE STAY-TIME IN LRQUID, SECONDS .
BuR ) ) Since the control region encompasses

2.0 1.0

ﬂ ey r- /8 R S = Ea S K R the initial ullage mass only, m, \ 0
| ) N /." i b —'-"'”Tm \ . } .
. /,1 /[r - 1 i ,__.,,,;_.-..1 and my, - my 111g1. I'hus
] I A | 4 - 2
:.E W —— ¢ - ,~ N g .f RN st - -—-t ~—I - Y—-—«-—-:—-qi
. / U ? ) WL ), - m )
S - / o8 1 NOUES ’ ) o (.\( ,K')-) (f-l 21
IS 4o A ! . |
= [ : 1. Tank Volume  o.62,320) " .
g 14 ¥ et sl ank Valu . 1 . i C Uy my Yo (3-60)
& N PR e Vg VeV Ve e vl CT
- i ‘ [ 1
j i f/' ! i i where ! . , . . o
$ i | L ln trom Figure 3-17, i I'he vapor and liquid at condition 2
.a ~—'~f--——-'L‘ - )
3 O A ot sy Lme | are assumed to be {n equilibrium
3 [l 7 T, Vi s 0t (i for ) ‘
3 ,.// ! o a 307 il o with the Hquid bulk. Saturated
‘ i : i : i 1 ne oo
é dree - SISV O SN S S P hvdrogen properties at 275, 6 kN ‘'m=
S oo Lo bl (10 psta) were selected. The product
I ] ! ' ; ! : :
!.’ t 1 i S b : (- (m u ‘l was found to be approximately
LI : 0 3 mm'wt'mt with pressure and independent
0 (10 ( . . . .
MOMENTUM INFLOW (tiw), Kg-m/see? (bm-it/ aec?) of temperature which means that 3Q

Is n function of initial ullage pressure
Flaure 3-19. Fractional Volumetrie Hold-up of  only,
Vapor in Liquid Hydrogen Function of Liquid
Momentum nflow and Bubble Stav- Uime Fluid  Heat transfer rate between bubbles
Management Svstem Pank and Hquid s diveetly proportional to
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considerable vapor entrainment will oceur du ring fill. In spite of .ae tact that the model D
{s more applicable to a one-g environment than a very low-g environment, the belief is i
that considerable vapor entrainment in liquid will occur as a result of liquid inflow Dl

conditions.
will be substantially greater in revo-g than in one-y

; Near-thermal equilibrium conditions
‘ acceptable ravze of lquid inflow velocity and lowrate.

fraction of a second.

Fob VAPOR REMOVAL FROM SCREEN DEVICE

At the completion of propellant till, vapor will be trapped w

because procedures to prevent this are
removed from the channels,
removal,
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Furthermore, the role of vapor buoyancey s such that bubble stayv-times

This leads to the conclusion that the rmal equilibrium is more likely to oceur in OO~y
than at normal gravity for the same propellant intflow conditions.

should be expervienced du ring low-g tank fill for an
The vesults of Figure 3-21 show
that vapor to liquid heat transter rates in oxcess of 83,3 kW {60 Btu- see) can be
expected to occur for Inflow conditions of 0, 23 K see (0,5 1D see) and 24, 4 m see (320
t‘t,'s‘ec), which is equivalent to a fluid power input of 134, 3 kp-m< seesd (atoo ll\m-t‘t:
sech), This ullage chilling condition is sufficient to achieve thermal equilibrium in a :
Although svecific caleulations have not been made for lower inflow
conditions, a review of Flgure 3-20 fndicates that an Incoming flowrate of 0, 045 Ky see
(0.1 Ty, see) will still provide neanthermal equilibrium il conditions,

fthin the screen device
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Vapor condensation begins when subcooling is initiated, which will ocour when the tank o
1s pressurized with heltum from 344.5 kN/m2 (50 psta) to 413. 4 kN/m2 (50 psta). v
There is no question that the trapped vapor will eventually condense. The only b

uncertainty is the time required to complete the process.

3.4.1 BUBBLE CONDE)\. ..TION MODEL. An analysis was conducted to determine the
time required for hydrogen bubbles to collapse.

To determine bubble condensation times, a bubble collapse program was written for the

HP 9830 computer. The program calculates the collapse time of bubbles of different t \ .
initial radii for various tank pressure differentials. The equations used in the program v ;
are based on the theoretical investigation of Florschustz and Chao, presented in .
Reference 3-5. The analysis is applicable to any pressurant as long as noncondensible .
gases do not exist in the vapor bubble. The collapse rate is controlled, primarily, by S
heat transfer rather than by liquid inertia or surface tension. The analysis for heat ; .
transfer controlled bubble-collapse is based on calculating the conduction from the bubble ) j
surface into the liquid. The general equation is :" o
va1 '\'E- {3-01) ’ ,
where b
Y (nondimensional radius) = r/r, -‘
Lo
o at ! ot
TH (nondimensional time)= :-_! Ja® L5 .
‘ r, ; L]
L
Ja = Jakob number, N CL AT/(QV hfg) '
a = thermal diffusivity of liquid I 3
|
t = time
r = bubble radius '
ro = {initial bubble radius att =0 ORIGINAL PAGE IS
OF POOR QUALITY
o = lquid density
oy © vapor density
Y
\
AT = saturation temperature at final system pressure minus liquid temperature
Cr = lquid specific heat capacity
hf&‘.‘ = heat of evaporation |
3-31
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The numerical solution of the equation is

A et BOPAR B Bl R o it SRS e Sy ey §
N e »c,;% A R I s A |

presented in Figure 3-23, where nondimensional

radius is plotted versus nondimensional time.

Results of Equation 3-61 for hydrogen are presented in Figure 3-24. The curves plotted
in Figure 3-24 are the times required for complete bubble collapse (Y = 0) for a given

initial tank pressure, bubble radius,

1.
32

X T =4 oy RET. 3-3

-
! BAITD ON TLORSCHUITT-CHAC TQU,

and tank pressure differential. It is
noted that a bubble of 2.54 cm (1.0
inch) initial radius will collapse within

ATION

210 seconds. This dimension is
substantially greater than that of the
0.64 cm (0.25 in) screen channel
width, which is believed to be the

dimension for heat transfer controlled
bubble collapse. The condensation of
vapor contained within the screen

.
..

CNL L NSIONAL KALS, o

channels will be completed within
minutes after the system is pressurized.
It is unlikely that this time to complete

vapor condensation will be critical to
system performance. Guidelines have
not been established to show when

A a 2 9,7 o8

NONDIMINSIONAL TNME, *n

Figure 3-23. Heat Transfer Controlled
Bubble Collapse

pure liquid must be available within
the screen channel for propellant
transfer, nor has this study identified
a need for early availability of pure
liquid.
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3.4.2 SUMMARY. Pressurization is an acceptable means of removing vapor from the
screen channels, if the resultant condensation process is compieted within approximately

four to five minutes.

3.5 TANK REFILL

Fluid management systems will require propellant refill capability in order to extend
their useful life in space. The refill procedure must be capable of handling all operations
from topping-off a tank with liquid, to a complete refill. Such capability is mandatory

not only because propellant resupply can be a costly operation, but also because flexibility
with orbital procedures must be maintained.

There are similarities between the initial fill of a fluid management system, and
subsequent refills. Each requires pre-conditioning before liquid flow to the tank is
initiated. Once pre-conditioning is complete, propellant refill will be identical to initial
propellant fill, which is discussed in detail in Section 3. 3. This section will deal only
with the specific operations needed to pre-condition the fluid management system.

Pre-conditioning will depend solely on the use of autogenous pressurization and helium
pressurization. A helium pressurization system will require a pre-conditioniag
procedure because much of the helium must be vented prior to beginning liquid flow.
The procedure may be complicated if helium enters the screen volume. Potential
problems and solutions are discussed in Section 3. 3. 2,

Pre-conditioning will not be required for an autogenous pressurization system. Refill
can be successfully implemented, as will be shown in Section 3.5.1, by flowing liquid

hydrogen into the tank.

3.5.1 TANK REFILL (AUTOGENOUS). Refill of a system containing liquid and its own
vapor 1s a pressurant is a straightforward operation. Liquid must be introduced at the
correct vapor pressure, and fluid inflow power must be sufficiently high to assure near-
thermodynamic equilibrium conditions. A determination has already been made that
near-thermal equilibrium conditions will exist during fill. To be considered is the
relationship between initial and final tank fluid conditions, and entering liquid vapor
pressure for a thermal equilibrium process. The inlet vapor pressure can be

determined on the basis of the following First Law analysis g AT
VCAHIVAL, pAGF IS

U POOR QUALITY

dEy, + dE, = hdm (3-62)

dEy = (upmy)g - (Wy My )y = change in liquid energy (3-63)

dEg = (ug.mg)z - (ug.'a‘xg)1 = change in vapor energy {3-64)
3-33
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hdm =h (mo - mmq) = total energy of entering liquid

(3-65)

mT=mL +mg

Making the assumptions that initial and final liquid temperatures in the tank are equal,
and that phase equilibrium exists, uy o =upj =uy andu

= Ug) = U,. Combining these
assumptions with Equations 3-62 through 3-65 results in °

ur, (mLZ -myq) + Ug (mgz - mgl) =h (m.r2 = Mpq) (3-66)

Now, total mass within the tank can be expressed as

mT=VTpL-(a-l)m

g (3-67)
and
M7 = Mpy = (a - 1) (mgl - mg2) (3-68)
where
mp = mp + mg = total mass of fluid in tank
br = liquid density
pg = vapor density
o = pL/pg
Combining Equationd 3-66 through 3-68 we find that
uL(mL2 - le) + ug(mg2 -mhl) =h(y - 1)(mgl - mgg) (3-69)

Also, by adding and subtracting ungl and ungz to the left side of Equation 3-69

where
Uay = (ug»uL} = internal energy of evaporation

Combining Equations 3-68 and 3-70

uy (€ - 1)(mg1 ‘mg2) "Luev (mg._, —mgl) = hg- 1)(mg2—mg1) (3-71)
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Solving for the entering liquid enthalpy, h ORIGINAL PAGE IS -
OF POOR QUALITY
Yoy i
h=u'L-Q,-1 (3-72) :
i
Results are plotted for liquid hydrogen in Figure 3-25 as incoming liquid vapor pressure |
versus final liquid vapor pressure in the tank. It is interesting to note that this vapor & ;
pressure relationship is independent of liquid mass in the tank at the start of refill. " i - ” ‘
. 17
The above results will simplify refill because the same entering liquid vapor pressure W (
will be required regardless of initial liquid fill. For example, an entering liquid vapor A
pressure of 235. 6 kN/m2 (34. 2 psia) will be needed to maintain the tank propellant E?
vapor pressure constant at 344.5 kN/m2 (50 psia). 2
3.5.2 TANK REFILL (HELIUM PRESSURANT). Refill is complicated by the need _
to vent helium before propellants can be introduced. If helium is not vented, its g ‘ 5
partial pressure will become excessive as a liquid fill approaches 100 percent. T
This is illustrated in Figure 3-26, which shows the influence of initial liquid EEE
volume on final tank pressure, following refill to a 90 percent liquid volume. :
An initial helium partial pressure of 68.9 kN/m2 (10 psia) will increase tank 1
pressure to 964.6 kN/m2 o
fﬁ\*gr\*;‘_\‘ior A 002t e ot (140 psia) as liquid is tanked \
2: E._"Q\..\’D ‘:?OI; I:R\ES;'.IA{F(:'; '::‘-‘\.\l» RIMADTS CONSTANT. from 10 percent fill to a 90 , )
3. '::‘rcz.)"x:\\;cnzan."xn'\ CONDITIONS 2XGST AT percent fill condition. "1'
L NCRELTA BRES oA, - 1y
§. DATAIS APILICABLE TO ANY INTITAL LIQUID FILL VOLUME.  3.5.2.1 Tank Helium Vent. ‘ f '.
0 ‘» : . There are two methods for 1
SR 3 : © venting helium from the o
. ! ' tank. The first is the
, z i * transfer of liquid to a storage
z tank through the acquisition
2 i 300 - ; ,  device until unusable resid- :
z 200 : ; - uals remain, and then venting
: > ; i / : : the ullage until pressure has
g | = : / -‘ ' been reduced to a pre-
Z s 4 7 ' ~ determined level. The
Z2 ‘ ! | ' second method simply initiates
ES | | | ~ullage venting without first
=l T | ‘ expelling liquid. The n.ass
. : i of vapor vented, to achieve
& 259 i 30 ‘32 a given helium pressure
| o LIQUID VAPOR pnssgg;‘.s N TANK, kN/mS (st "% following refill, can be
R determined from Figure
Figure 3-25. Entering Liquid Hydrogen Vapor 3-27. It can be seen that
Pressure Required to Maintain a Constant Liquid vent mass r~reases with
Vapor Pressure in Tank During Fill a decreas.  liquid volume
3 3-35
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Figure 3-26. Final Fluid Management Figure3-27, Hydrogen Vent Mass Required During ‘ e
System Pressure for Propellant Refill System Blowdown to Provide Indicated Helium N
Without Prior Helium Vent Par:al Pressure Following Propellant Refill b
]
i
at the start of venting. Figure 3-28 gives the tank pressure at the end of venting as a ;
function of helium pressure following refill. This figure shows that the tank must be
vented to lower pressure levels as the initial liquid volume is reduced.

The data of Figures 3-27 and 3-28 appear to indicate that liquid should not be transferred
before venting. These results, however,, ignore the possibility of two-phase venting in

a low or zero-g environment. The likelihood of venting liquid can be reduced by i ‘,‘
decreasing vent flowrate. It is judged that an excessively long vent duration is required
before venting can be conducted in a surface tension dominated environment. i
The preferred method for venting helium is to first transfer the propellant to a storage : d
tank. Two-phase venting, for this condition, is minimized because any propellant mass V‘ i
lost overboard will be insignificant. 5 B
\ j
The most convenient method for transferring propellant appears to be the use of the . ‘:
supply tank, which will service the system, as a fluid receiver. The following g
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SONDITIONS \ . procedure will be used:
1. TANK WOLUME = 0,42 )@ (22 7T,

2. INTTLAL LIQUID VAPOR PRESSURE = 344.3 kN/u2

(50 PSTA . 1. Chilldown the propellant transfer
INITIAL HELITTI PAPTLIAL TRESSURE = €9,3 knN/\2

SLESET line connecting the system and

4. FINAL HELIUM PRESSIRE IS BASED UPCN o7

ULLAGE VOLUME FOLLOWING TANK RETILL. Supply propeuant t *
5. VAPOR ONLY I$ VENTED.

©

o T e 2. Transfer all usable propellant
S R Zf_“:f?; ;‘::\jd\'_b:n:'f’“m = Irom the system to the supply
I propellant tank., Liquid residual

will be less than five percent by

volume.

The system will be ready for helium
expulsion at the compleiion of Step 2.
Helium will be expelled by performing
a tank blowdown to reduced pressures.

b
“y
(=]

FINAL HELIIM PARTIAL PRESSURE, XH/m? (pots)

— ~The above will not overly complicate
G !‘?7//' ST T T ‘ - a refill procedure and is preferable to
iV /7_//_——' ‘"_*—_-,GQ_ introducing an extended vent duration
_.,'../_’..l/ SN Ll coupled with the uncertainty of two-
M o o~"‘ L R:} SR l~o MILLLEE 200 phase venting,
o) (10 ") Tol)) 49 .
TANK PRISSURT AT IXD OF TANK VENT, Figure 3-28 indicates that system
N sty pre-conditioning will be satisfied
Figure 3-28. Manag uent System Pressure once a tank blowdown is performed
at End of Vent Required to Provide te reduce pressure below 41. 3 kN/m2
Indicated Helium Partial Pressure (6.0psia). According to the figure,
Following Propellant Refill refill to a 90 percent level will

maintain final helium partial pressure
below 68.9 kN/m2 (10 psia), which satisfies refill criteria. Unfortunately, this

procedure does not address the potential problem of helium entry to the screen

channel device, which would violate the primary system requirement of providing
pure liquid flow to other systems.

There is a possibility that liquid hydrogen evaporation during tank blowdown will cause
helium penetration of the screen volume. All precautions must be taken to prevent
helium entering because it cannot be expelled. Thus, the primary requirement, of
providi~g pure liquid flow to ocher systems, could be violated. The following
describes the most likely mechanism for the flow of helium into the screen device:

1. During tank blowdown to 1.3 kN/m2 (6. 0 psia), the residual liquid will boil as
its vapor pressure decays from 344.5 kN/m2 (50 psia) to 34. 4 kN/m2 (5 psia).

The boiling process will result in considerable vapor generation wi thin the screen
volume, which will expel much of the contained liquid.

3-37
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4. Loss of the protective film will increase the possibility of helium diffusion into
the pure hydrogen Vapor environnient within the Screen volume,

below 6. 89 kN/m2 (1.0 psia). The Potential for liquid freezing within the vent system
cannot be ignored as tank pressure is reduced to a vacuum. Consequently, a tank
purge procedure was adopted.

3.5.2.2 Helium Dilution by Tank Charge and Vent, Helium can be diluted to
concentrations which will not interfere with the screen device's functioning by
repeated charge and vent cycles with gaseous Fropellant. A helium bubble, no more
than 0.25 cm (0.1 in) long, in each of the four channels represents a total volume

that should not interfere with the effective functioning of the device. This s equivalent
to a toial helium mass of 0.0013 kg (0. 0029 lbm). The amounts of gaseous hydrogen
expended to achieve this tota] helium mass, was based on the following procedure:

1. After transfer line chilldown and liquid transferral, the tank will be vented to
6.89 kN/m2 (1.0 psia) and 13.9K (25R). Under these conditions 0.008 kg (0. 0183
1by,) of helium remains in the tank,

2. The tank will be charged with gaseous hydrogen to a predetermined pressure,
then vented back down to 6. 89 kN/m2 (1. 0 psia),

3. Step 2 will be repeated until no more than o0, 0013 kg (0. 0029 1bp,) of helium remains,

Figure 3-29 shows the results of charging to 68, 9 kN/m2 (10 psia) and to 137. 9 kN/m?2
(20 psia). Helium mass is reduced to an acceptable level with two charge and vent
cycles, and g consumption of 0. 25 kg (0. 56 lby) and 0. 30 kg (0. 66 lby,) respectively.

period of time, with only a small loss of gaseous hydrogen. The cycle that charges the
tank to 68.9 kN/m?2 (10 psia) is selected because the helium dilution process is more
effective.

3.5.3 REFILL OF AN EVACUATED TANK. Propellant tank refill will be initiated upor
completion of the tank charge and vent Procedure. Liquid will be introduced at a
relatively high Vapor pressure due to initial conditions of an evacuated tank at liquj
hydrogen temperature. Figure 3-11 shows that the entering liquid vapor pressure must
exceed 289 kN/m?2 (42 psia) if a final Vapor pressure of 344,35 kN/m2 (50 psia) is to be

3-38
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Figure 3-29. Fluid Management System Helium Residual Following GHs Purge

attained. As discussed in Section 3. 3 near-thermal equilibrium conditions will be
experienced during refill for an acceptable range of liquid inflow velocity and mass
flowrate. The discussion of Section 3. 3 further indicates that entering flowrates as

low as 0. 045 kg/'sec (0.1 Ibm/sec) will provide near-equilibrium conditions during
refill,

3.5.4 VAPOR REMOVAL FROM SCREEN DEVICE FOLLOWING REFILL. At the
completion of propellant refill, vapor will be trapped within the screen device. The
process of vapor removal following propellant tank fill was discussed in Section 3. 1,
and the selected procedure is equally applicable to conditions following refill. The
procedure will be to pressurize the propellant tank to 413, 4 kN/m2 (60 psia) with
helium, which will subcool the liquid by 68.9 kN/m2 (10 psid). It was indicated in
Section 3. { that trapped vapor will be condensed in approximartely 210 seconds. This
same time is applicable to the post-refill condensation period.

3.5.& SUMMARY. Fluid management system refill is Identical to the Initiz] fill once
br. -conditioning is complete. For the case of initial tank fill, pre-conditioning
includes the prechill and chill process. For a system with autogenous pressurization
no pre-conditioning will be required. and it will not be necessary to transfer propellant
to a resupply tank prior to refill. Pre-condltioning will be relatively complicated for
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a helium pressurization system, however, because much of the helium must be vented
before refill is begun. The selected procedure for this case will be:

1. Transfer all usable propellant to the . <supply tank.

(8]

Vent the tank down to 6. 89 kN/m2 (1.0 psia).

3. Conduct two cycles where the tank is charged with hydrogen vapor to 68. 9 kN/m2
(10 psia) and vented down to 6. 89 kN,/m2 (1.0 psia). A total of 0.25 kg (0. 56 Ihy,)
hydrogen vapor will be consumed in the process of diluting *he helium to an
acceptably low level.

The tank is now ready for liquid refill.

Liquid refill for the system with autogenous pressurization will be conducted with liquid
entering at a vapor pressure of %35. 6 kN,/m2 (34.2 psia). This inflow condition will
provide a final vapor pressure of 344.5 kN/m2 (50 psia). It was estimated in Section
3.3, that near-thermal equilibrium condition will be maintained during initial fill,

at liquid flowrates as low as 0. 045 kg/sec i0,1 lbm/sec). Thermal equilibrium for
liquid refill is expected at the same flswvate condition.

Liquid refill conditions for the svstem with helium pressurization will be identical to
those described above, except that entering liquid vapor pressure will be approximately
289 kN/m2 (42 psia). Vapor will be trapped within the screen device at the completion
of refill. This vapor will be condensed within approximately 210 seconds after the
system is pressurized to its operational level of 413.4 kN m2 (60 psia).
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FILLING ANALYSIS FOR SELECTED CONCEPT (EARTH STORABLES) i
i

The same fluid management system described in Section 3 was evaluated for filling with
N2QOy4 under orbital conditions. This system configuration reflects design requirements ;
imposed by the problems of liquid hydrogen storage in orbit for long durations. There :
are design problems peculiar to the storage of NoO4 But these problems, in general,
are related to material compztibility and, therefore, are beyond the scope of this ; '
contract. : |

System fill with N20y in an orbital environment poses fewer problems than liquid ; }
hydrogen because of diiferences between an earth storable and cryvogen system; '
temperature environment and operating pressure level. System temperatures will
not vary significantly from NoOy temperatures at any time during a fill or refill

operation. Consequently, neither prechill nor chill will be requirec to precede tank
fill,

The management system operating pressure of 2067 kN/m2 (300 psia) is considerably
higher than for liquid hyvdrogen. This higher pressure level will simplify tank fill
because fill pressures will be maintained below the normai operating levels withou:
difficulty. This is illustrated in Figure 4-1 which gives the maximum tank pressove
as a function of percent liquid fill. Isentropic compression of the ullage is assumed,
which means that heat exchange with the iiquid and tank walls is assumed to be zero.
Note that 90 percent fill can be effected without exceeding 1378 kN /m?2 (200 psia)
pressure. Unlike cryogenics this extreinely conservative approach can be use
results are acceptubly low,

d because

P —— g e e e e -
. eal

One problem that crvogenics and earth storables have in common is that an undefined
(or poorly derined) liquid-vapor distribution will exist during low-gravity tank fill. i
This {nability to determine vapor location will make it difficult both to assure that 10 B
liquid is vented during tank fill, and to assuve that vapor is not trapped withi= .ne
screen channel device,

A second problem common to an earth storable and crvogenic management svstem i
the need to vent helium before propellant refill can be initiated. Helium venting must
be conducted with care under orbital conditions because liquid may also be vented, n
addition, helium may enter the scieen device during this pevriod, unless precautions

are taken.
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CONDITIONS ‘ !
(150) L. TANK VOLUNE - 0.62 M3 (22 pT3). =
2. INITIAL VAPOR TEMY, AND PRESSURE
R = 300K (540R) AND 151 kN/M2 (19 PSTA). : =]
E: 300 NO HELIUL. ;
2 3. THE VAPOR IS COMPRESSED =
L £=  ISENTROPICALLY DURING FILL. S —
< - . - T
Z (1000 s - = ¥
= -
o 6004= ;
5
v; 1 ;
AU =
< 300 2
@5 a0
PERCENT LIQUID FILL
Figure 4-1. Maximum Management System Pressure Luring Fill
With NaUy
+.1 THERMAL EQUILIBRIUM TANK FILL
The single requirement for tank fill !s that acceptably low pressures be maintained
during the process. Thermal equilibrium fill represents the minimum propellant tank
pressure condition and, therefore, should be maintained during fill. The thermal
aquilibrium tank fill relationship derived for liquid hydrogen (Fquation 3-29) applies
as we'l to NoOy. This equation is given below,
hy, = Ugg Mg, My, Uy, - dug my, my =1
where

e
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hy, = enthalpy of enter!ag liquid final vapor
ug2 mg2 = total internal energy
my,, = final liquid mass

Ay, m, = management system energy change during tank fill

up, final liquid internal energy

It is possible to relate hy, ur,» and ug, to liquid vapor pressure and temperature under
thermal equillibrium conditions. Thus uy» and Ugos are known once final vapor pressure
is specified. auyy can also be determined, when initial and final temperatures are
given. Finally, hy, (which is a function of entering liquid vapor pressure) can be
determined for a desired liquid fill condition.

Equation 4-1 is summarized for N204 in Figure 4-2 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 pressure
is negligible. This data illustrates that the N20y4 thermal mass will so dominate tank

CONDITIONS

1. TANK VOLUME = 0,62 md (20 23,

2. TANK MASS : 13,61 kg (30 Iby), 2219 ALUMDVUM

3. TANK PRESSURE IS 0.0 kN, nr (0. 0 PSLA) PRIOR TO FILL

A ENTONG D £ ORIGINAL PAGE IS
4. NO VENTING DURING FILL OF POOR QUALITY

Nl VAPOR PRESS{UR
E ¢ FOLLOWING 1007 FILL
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Figure 4-2. Final Storage Tank i'r. sures for N2Cy Thermodynamic
Equilibrium Fill Process
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fill that the tendency will be for final tank pressures to approach that of the incoming
liquid vapor pressure.

The same fill technique, that of liquid spray into the tank, will be employed for N20,
as for liquid hydrogen. This approach will assure that N2Oy4 will be at least as close
to thermal equilibrium ags liquid hydrogen, at the same power inflow conditions. This
assessment i{s made on the basis that the liquid-to-vapor thermal mass ratfo {s six
times greater for NaQy than for hydrogen. Thermal equilibrium {s more readily
achieved for fluids having high thermal mass ratios.

T ———— e

4.2 REFILL ANALYSIS

There are two requirements that must be satisfied during system refii], One is that SR
helium must not enter the screen channel device at any time. The second requirement S N

1s that propellant tank pressure remain below the maximum allowable of 2412 kN/m?2 ‘ ?
(350 psiay.

It is assumed that tank pressure will reside at 2067 kN, m2 (300 psia) prior to initiating |
a refill procedure. Helium partial pressure will be approximately 1936 kN m= (281 -
psia), and NaOy partial pressure will be 181 kN/m2 (19 psia). Should refill be attempted
without venting helium, its partial pressure will be increased to a level well in excess

of 2067 kN/m2 (300 psia) during liquid fill. Thus sufficient helium must be vented to
maintain tank pressure within fcceptable limits.

Tank venting must fuarantee 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 oceur
18 2 result of molecular diffusion or forced convection flow.,

e s b4 e et e e g &g 15 %
" -

T

!
|
There are two methods available for venting helium while maintaining the integrity of
the screen device. The first method requires that the tank be vented to a vacuwm prior
to each refill. Al usable propellant will be transferred to a storage tank prior to
evacuating the tank, as will be employved for ervogens. The second method initiates {
ullage venting without first expelling liquid. Metizod one ¢ guarantee no helium will
reside within the screen device because the tank has been evacuated, The disadvantage ;
of this approach is that a near-vacuum condition will result only after a lengthy vent l
period. It may even be necessary to purge the tank contents with warm vapor in order
to evaporate liquid or sublime frozen propellant,

for venting helium is to inftiate ullage venting while a pre-determined liquid mass

restdes within the tank. This procedure will aiso guarantee that helium will not enter :
the screen device because the device will remain filled with liquid throughout the 1
propellant tank vent process. The folloving steps describe the vent procedure: ]

|
|
|
1.2.1 SELECTED HELIUM VENT PROCEDURE, The second and preferred method t
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decreased. NgO, evaporation will begin at the screen surface once liquid vapor
pressure exceeds the partial pressure of NoO4 vapor.

2. Liquid will be drawn into the capillary device to replace the liquid lost due to
surface evaporation at the screen.

i

1. The partial pressure of helium and NoO4 vapor will decrease as tank pressure is " i
|

H

3. The liquid bulk cannot boil while pressure exceeds liquid vapor pressure. i
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.

A determination has been made of the amount of venting required prior to tank refill. ‘ ‘ ;
Figure 4-3 shows the final helium pressure following refill as a function of tank ;
pressure at the end of vent, and the percent liquid in the tank prior to venting. It

is noted that a firal helium pressure less than 1936 kN/m2 (281 psia) will be realized
without initially venting the tank below the N2O4 boiling pressure. Figure 4-4
indicates that approximately 3.2 kg (7 lby) to 4.5 kg (10 lbpy,) of NoO 4 vapor will be
vented during this process.

Lo e s e o

= PERCENT LIQUID BY VOLUME =222 CONDITIONS R

b
fEoes PRIOR TO TANK VENT f=mm o
: , = 1. TANK VOLUME = 0.62 m3 (22 £t3, i

et T 2. INTITAL NoOy VAPOR PRUSSURE ' f
- 133 lm\/m2 (19 psiuy

3. INTTIAL HELIUM PARTIAL I
PRESSURE = 1936 kN.'m> (281 f {
psia) P

- - -

4, INITIAL FLUID TEMPERATURE
= 300K (549R)

FINAL HELIUM PRESSURFE IS
BASED UTON 107 ULLAGE
VOLUME FCLLCWRIG TANK
REFILL

(3]

G. NO LIQUID IS VENTED.

FINAL HELIUM PARTIAL PRESSURE, kN/m? {puin)

ORIGINAL PAGE 18
OF POOR QUALITY

(10) ()] (30) (49) (50) (60) P
TANK PRESSURE AT END OF TANK VENT, kN/m? (psia)
Figure 1-3. Janagement System Pressure at End of Vent Required to Provide Indicated ‘
Helitum Pressure Following NoOy Refill |
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-y Figure 4-4. N204 Vapor Vent Mass Required During System Blowdown to Provide » N
‘SRt Indicated Helium Partia} Pressure During Propellant Refill f' 1
3 - ' ) : : . : .i ' 4
A There is a question regarding the quantity of liquid that should be in the tank during ‘ )
] helium venting, A case can be made for reducing the initial mass to 4 minimum. This

condition has the advantage of minimizing the amount of vapor to be vented, as indicated
by Figure 4-4, More importantly, liquid venting is less likely to occur when smaller
quantities are present. A requirement exists, however, to maintain communications
between the liquid bulk and the Screen channel liquid. This communication {s needed

Suffictent liquid must be present in the tank to guarantee that communications will be :
mairtained. It was judged that a ten percent liquid residual at the start of helium vent )
represents an acceptable compromise to this conflict. !

e gl

+.2.1.1 Propellants Consumed During Helium Vent. System refill will be accomplished !
at the loss of some Propellant and helium pressurant. Figure 4-4 shows that approxi- ji
mately 3. 8 kg (8. 3 lbm) of NoO4 vapor will be expelled during each refill procedure;

| 1.7 kg (3.7 lbm) of helium will also be vented. These fluid quantities will be lost 3 !

E regardless of the selected refj]] procedure. The fact {s that the helium must be f \ ' .
, vented before refill can be initiated and, a mixture of helium and propellant vapor will >
’ be vented in the process.
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4.3 VAPOR REMOVAL FROM SCREEN CHANNEL DEVICE

Upon completion of propellant fil] oy refill, vapor will he trapped within the screen

device, because Procedure= to prevent this are not known. Vapor can, however, be
easily removed from the channels by condensation. The same condensation process
will be employed for earth storables as for Cryogenics (see Section 3. 5).

Vapor removal wil] be accomplished when the system ig pressurized to jts operating
level of 2067 kN/m2 (300 psia)., The trapped vapor wil] condense due to being
immersed, or surrounded by, subcooled propellant. The general equation describing
the heat transfer controlled bubble collapse process is given by Equation 3-61, That

é 5.0 o - T . ) T

z BASED oN FLORSCHEUTZ-CHaD EQUATION ya=1.vy ™m [ ,

a (1 - INITIAL TANK PRESSURE = 413 kN/M2 (co pspa) . e - I

=] e : : g

8 ' FINAL TANK PRESSURE = INITIAL TANK - | - ;

P PRESSURE + AP ! S

3 et T . 138 kN/m2

a . . 8P;= 276 kN/m2 (20 psi)

g ‘ (40 psi) o

=} . ! . - 68, <

= 0.5 207 kv/m2 || 89 kN/m? !

= : (10 psi) [

= (30 pai) /lj/ |

g ' |

& (107 J
0

0.01 0.1 1o , 10.0 . 100
BUBBLE COLLAPSE TIME, szC

Figure 4-5, Collapse Time for Spherical Bubbles in Liquid N 204

4.4 SUMMARY %Ig%‘;LQ%AAiEI}TIYS

Fluid management system refill will be identical to the initia] fill once Pre—conditioning
has been completed. For the case of initial tank fill, no pre-conditioning will be
required. Liquid will simply be introduced into the tank at 3 sufficiently high flowrate
and veloeity to maintain near-thermal equilibrium conditions. Although specific
analyses were not conducted for N20Qy, it is estimated that liquid flowrates as low as
0.315 kg/sec (0.7 bm/sec) will maintain acceptably low tank pressures during the fii]
process. Venting will not be required during tank fi],

4-7

R Y s T aea

IR PP TP

s aeanis ke . aata

; LT T T I

o Jaailaal oo 2




e

N ‘WW}_J_L_LJ St SO s s S B B I B

Although no precautions will be taken to keep vapor from entering the screen device,
the collapse time i{s so rapid for NoO4 bubbles, that the device is expected to be filled
with liquid at the completion of tank fill. This condition will exist because fill will
require several minutes to complete, during which time the propellant will be subcooled
by more than 276 kN/m2 (40 psi). As previously indicated, vapor collapse times for
this subcooled condition will be substantially lower than the time to complete tank fill.

Pre-conditioning is required for system refill because much of the helium must be
vented before refill is begun. The selected procedure for this case will be:

1. Transfer liquid to or from the tank in order to provide a ten percent fill condition.
2. Vent the tank down to 206, 7 kN,/m2 (30 psia).

The screen channel device will remain filled with liquid during this time, as all
evaporation at the screen will be replaced by the tank liquid. A total of 3.8 kg (8.3 lbm)
of NoOy4 and 1.7 kg (3.7 lbm) of helium will be vented during each refill. These flnid
quantities will be vented regardless of the selected vent procedure.

Propellant flow conditions for tank refill will be the same as those identified above

for the initial fill condition. Tank pressures will be maintained acceptably low during

this process so that venting will not be required, Furthermore, the screen device will
remain filied with liquid throughout this time period.

1-8
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MODELLING OF PROPELLANT FILL PROCESSES

Fluid management system fill and refill is examined in this section to determine what
experimentation is required tc demonstrate this capability in a low g environment.

Emphasis is placed on identifying normal gravity tests that can be conducted to model
low gravity filling behavior. This approach was taken because of the ease with which
ground based tests can be conducted compared to the more complex, and considerably
more expensive, space based tests. The modelling and scaling techniques employed, o]
however, are also applicable to space based tests.

Based on the analysis performed in Sections 3, 4and 5 the important phases in filling
cryogenic and noncryogenic tanks containing "total control" type acquisition devices have

been identified. Refilling cryogenic tanks containing capillary devices that are partially ;)
full demonstrates the complete range of possible phenomena that must be handled. ' ;
Removal of the liquid from the tank must be accomplished prior to the removal of helium &

from the tank. As discussed, removing-the helium by purging and venting will be one of
the most difficult phases of the refilling process. Once the helium is effectively removed,
refilling is similar to the initial filling of the tank.

Prechill of the tank is accomplished by inflowing liquid or cold vapor to cool the tank to
the desired level. When the fluid in the tank has reached predetermined pressure and 1
temperature conditions the tank is vented. Venting only occurs when vapor exists in ‘ _f'\
the tank. The prechill/vent sequence cools the tank sufficientlv to allow the tank chill f -
process to subsequently be carried out with a locked up tank. This eliminates the need
to control the liquid/vapor interface for venting purposes.

After tank chill has occurred, the filling process is identical for cryogenic and non-
cryogenic tanks and efficient filling will be accomplished by maintaining thermodynamic
equilibrium. Spraving liquid into the tank at a high flowrate and velocity, provides the
fluid agitation to accomplish a low pressure rise condition, and maximize the amount
of liquid that can be put in the tank without exceeding a given tank pressure.

At this point the tank is full but the caplllary device is likely to contain trapped vapor.
This vapor will be condensible, if the helium removal has been successful. The vapor
will be condensed by subcooling the trapped vapor with pressurant. In cases where
warm vapor is used for pressurization, .he pressurization should occur just prior to the
end-use propellant outflow from the tank in order to minimize any mixing between the
liquid and vapor that could cause tenk pressure reduction and subsequent bulk beiling in

the capillary device.
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5.1 PROCESS SCREENING FOR MODELLING

A thermodynamic model was developed in Sections 3 and 4 for each of the processes
identified above. These analytical models were combined to provide a complete
description of system fill and refill, and serve as the primary basis for identifying
problem areas and developing procedures for low-g fiil. In several instances the
models provide an accurate representation of the physical process. Experimentation
will not be required for these processes. Additional data will be required for the
other processes, however, before sufficient confidence can be placed in procedures

for low-g fill and refill.

The first task, therefore, is to conduct a screening evaluation for placing processes
in the following categories: '

1. DProcess is subject to rigorous analysis.

2. Process is adequately defined, but uncertainties exist regarding analytical models
or the ability to extrapolate to low-g.

3. Process is not sufficiently well known and, therefore, extrapolation to a low-g
environment is unacceptable.

Processes that belong in the first category will not be considered for experimentation
because the analytical models are sufficiently accurate to enable evaluation. Similarly,
the third category of processes will not be subject to experimentation because in-
sufficient information is available to identify an acceptable test plan. Only processes
in the second category will-be&Valuated to determine modelling and scaling equations
from which nor gravity tests can be conducted and results extrapolated to a low-g

environmext.

/{. 1.1 PROCESSES SUBJECT TO RIGOROUS ANALYSIS. The only processes in this
category are tank vent and purge for a system which must expel helium.

5.1.1.1 Purge of Cryogenic System Prior to Refill. The ullage vapor of a nearly
empty propellant tank will contain hydrogen vapor at 344.5 kN/m2 (50 psia) and helium
at 68,9 kN/m2 (10 psia). The tank will be vented down to 6. 39 kN/m2 (1.0 psia)
preparatory to a purge that will dilute helium concentration to an acceptable level.
Two charge and vent cycles will be conducted using warm hydrogen vapor; the charge
period will increase tank pressure to 65.9 kKN/m2 (10 psia) and the vent period will
reduce pressure to 6. 89 kN,/m2 (1.0 psia).

Analyses performed to describe the above are sufficiently accurate to obviate the need
for experimentation. There is nothing in the charge and vent phenomena that is
influenced by gravity environment. It is likely that any purge tests conducted will be
vseful in establishing a more effective procedure; but, such data is not corsidered to
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be technology oriented and is, therefore, not applizable to a test plan,

5.1.1.2 Earth Storable System Vent Preceding Refill. It will be necessary to expel
much of the hellum contained within the tank before N»>O, refill can be implemented.
The analysis of Section 4.2 indicated that sufficient helium will be expelled in the

process of venting the tank from its ‘nitial pressure of 2067 kN/m2 (300 psia) to 206.7
kN/m? (30 psia). Bulk boiling of N304 will not occur during the vent process because
tank pressure will remain above the NoO,4 vapor pressure of 131 kN/m2 (19 psia). The
small liquid quantity contained within the tank will remain relatively free of disturbances
as long as tank vent is conducted slowly.

5.1.2 PROCESSES REQUIRING EXPERIMENTATION. The three processes requiring
experimentation are tank prechill, tank fill, and vapor bubble condensation. Each was
analytically modelled (see Sections 3 and 4) in an effort to identify acceptable system
fill and refill procedures. The models do require verification, however, because the
equations used represent extrapolations of existing empirical data. These processes
will be discussed in greater detail in Section 5. 2.

5.1.3 PROCESSES NOT ADEQUATELY DEFINED. One process that may be in this
category is tank chill. Boiling will occur during tank chill as liquid spray impacts the
hot tank walls. This boiling phenomenon is rather complex due to the transient nature
of a vapor film being created and destroyed with each droplet impact. Equation 3-13
describes the phenomenon of liquid splattering on a hot surface, and indicates that
heat transfer will be independent of acceleration environment. However, the equation
is considered to be unsubstantiated because there is no variable ucceleration data
available to confirm this independence.

Rather than grapple with the boiling phenomenon uncertainty, the preferred alternative
was to identify a procedural change to circumvent any uncertainty. In this case the
decision was made to establish a prechill process to eliminate any concern with
excessive pressures occurring due to boiling during tank chill. This was done by
allowing prechill to remove sufficient tank energy that peak pressure would be
acceptably low during tank chill.

5.2 MODELLING OF SELECTED PROCESSES

Modelling or scalinganalyses will be used to determine the feasibility, and subsequently
the conditions and configurations, of ground based model testing for providing data
useful to determining the filling characteristics of an earth storable and crvogenic
liquid fluid management system.

5.2.1 TANK PRECHILL. The initial management system fill procedure in low-g will
require a prechill process to reduce tank tempe cature to an acceptably low level.
Tank prechill will be accomplished by introducing low temperature hydrogen vapor at
a sufficiently high velocity that forced convection heat transfer will dominate the heat

5-3
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exchange process. The brimary advantage of maintaining a forced ccenvection
environment is that heat transfer will be independent of acceleration environment,

This provides a dua? benefit: first tank prechill can be effected within a relatively
short period, which is highly desirable; more importantly, it will be possible to conduct
normal gravity prechill experiments that will he directly applicable to a low-g
environment.

The prechill subroutine, Appendix B, was used to select a management system prechill
procedure for a low-g environment. The heat transfer correlation selected as being
representative of the heat exchange mechanism ig given by Equation 2-11, and repeated
below for convenience.

e 9 m
h mv=/v) m -
T (NpRr) =4 [ P .l (8-1)
P +p P .
where
h = heat transfer coefficient
Mv2/V) = fluid power input per urit volume

P, Cps» NPR and  are fluid properties

0, m, A are empirical coefficients where

n = 2/3
m = 1/4
A = 0,163

where tests were conducted with liquids and fixed bodies in cylindrical tanks. Further-
more, fluid agitation was provided by a mixer, Differences that exist between the
industrial mixing process and the intended space application are such that verification,
or modification, of Equation 5-1 will be necessary. These differences include fluid
phase, tank geometry, and method of fluid agitaticn. Of the three, the influence of
fluid phase is probably trivial, because fluid property effects are included in the
equation. It is expected that tank geometry will have a small influence upon the final
form of Equation 5-1. This assertion is based on the fact that empirical data upon
which the equation is based, includes a variety of eylindrical containers,

The validity of Equation 5-1 for system prechill will be influenced primarily by the
method of fluid agitation. There would appear to be a significant difference between
agitating a fluid with a mixing device, and agitating by means of fluid input power,
However, investigations indicate that heat transfer is a functicn of the fluid turbulence
Intensity, which is a function of mv2/V. It is expected that the only variation 1o
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Equation 5-1 will be in the magnitude of the empirical coefficients. The coefficient most
likely to change is A; coefficients n and m are not expected to change.

Ground-based tests for determining the validity of Equation 5-1 will be applicable only
if free convection heat transfer Is dominated by a forced convection process. It is secn
that the forced convection heat transfer coefficient, h, can be improved by increasing
the fluid input power term, mv2. Thus, a series of prechill tests will be
conducted, for a range of mv< that will provide forced convection dominance. The
feasibility of this apprcach has been demonstrated with the aid of the Appendix B
subroutine where prechill of the Centaur-0OSS model test tank was modelled. Analysis
results are plotted in Figure 5-1. It is noted that forced convection coefficients will be
about three times greater than free convection at entering fluid conditions of 0.0009
kg/sec (0.002 lby/sec) and 152 m/sec (500 ft/sec). This inflow condition is feasible

for ground test purposes.

5.2.1.1 Test Parameters. Tests w1 be conducted for a range of fluid power input
values, mv=, using gaseous hydrogen and nitrogen flow into the Centaur-OO0S test tank.
Heat transfer rates to the vapor from the hot tank will be determined using gas tempera-
ture and pressure, and tank temperature. The resultant heat transfer coefficients

will be calculated. Empirical coefficients will be selected which provides the best

match for Equation 5-1 with test data.

5.2.2 TANK FILL. The intent of the tank fill process will be to create conditions
conducive to attaining near-thermal equilibrium. These conditions will be achieved

by introducing liquid into the tank through spray nozzles, which resulting spray will
provide the high heat transfer rates needed to attain near-thermal equilibrium
conditions. As tank fill continues, the internal tank fluid environment will change

fron: one where liquid droplets reside within the ullage volume to one where vapor
bubbles are entrained within a liquid bulk. The transition from heat transfer dominated
by liquid droplets to heat transfer dominated by vapor bubbles is expected to occur in
the range of 10 percent to 20 percent liquid fill. As propellant tank fill continues, the
mechanism of liquid spray in a vapor environment will change to that of vapor bubble
entrainment ana dispersal within the liquid volume. Entrainment will occur as a result
of liquid impingement with the liquid bulk. Dispersal will be caused by agitation
created by liquid sprayed into the tank. This mechanism will be the dominant mode of
heat and mass exchange throughout most of the tank fill process, and is the only
mechanism that will influence tank pressures toward the completion of tank fill.
Consequently, this mechanism will be analyzed to determine what modelling and
scaling techniques will be applied toward the development of a test plan.
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Figure 5-1. Predicted Forced Convection and Free Convection Heat 2
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given below.

1. TANK VOLUME = 0.29 M3 (10,3 FT9) 4. ENTERINC CH FLOWRATE = 0.0003 KG/SEC |
2. TANK MASS = 39.5 KG (37 LBat), CRES {0,902 LBy /SEC) .
3. INITIAL TANK TEMD. = 300K (S40R) 3. ENTERING Glin TIMP, = 252X (149R) | ;
z-39 v C
s v = 152 M/SEC (500 FPS) 1
), 1
i 150 .
x
< :
; . - i
= I
2 "
¥ :
~ (20) v = 76.2 M/SEC 1250 FP3) i
g S
z 100 ‘3
g FREE CONVECTION (ONE O) ;
b |
i 2, . ‘
) S o !
. = 50 P
| b ' )
% 2 |
i < PR
| & &)
:; - :
:(. y
= { -

] 10 20 30

FLOW DURATION, seconds

Treusfer Coefficients During Normal Gravity Test Tank I
Prechill Test

i
The applicable expressions for determining heat transfer between the dispersed vapor (I
phase and its surrounding liquid were developed in Section 3. These equations are ‘ \
. ) 1/4
QT = 4872 Vg (mv /Vy) (T~ Ty)/d (from Equation 3-58) (5-2)
0.6 0.5
1.134 -
d= (1)3;: = 2€ 0.4 +0.09 (from Equation 3-33) (5-3)
vyt @mv /v
Vg = .?g t (5-4)
vgo, (fev/py)  (from Equation 3-38) (5-5)
ty v (Dor/dg) (from Equation 3-52) (5-6) "
€= vg/(vg +Vy) (5-7)

Py

Equations 5-+ through 5-6
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All variables influencing the thermodynamics of propellszi ank fill are contained in
Equations -2, 5-3, 5-7 and 5-8. The task now is to establish a relationship. An
inspection of thes« equaticns indicates that rigorous modelling techniques cannot be
employed to establish equivalence between normal gravity and lov:-g fill. This is due
to the unknown influence of accelerat. >a environment apon vapor entrainment, and
because vapor entrainment is an important variable in the determination of Qp and d.
The following discussion will sLow, however, that normal gravity tests will provide
data useful for evaluating and verifying low-g fill procedures.

The first step in this modelling assessment is to modify the above equations to reflect
the ratio of ~onditions between model tests and orbital application. Let

Qr* = Qra/Qrpr 4% = dny/dys Vg = Vgm/Veps ofe.

where

m one-g model test condition

P low-g protctype test condition

Thus, the equations become

. —— % 1/4 ————x
QT* = Vg* mv=/V) (Tg- T) / dx (5-9)
- = - * -

d* = f* <*0'° /(rav2 /vy 0.4 (5-10)
*

Vg* = mve (Dor*/d* g*) (5-11)
————— K

€F = Vgt / (Vg * VL, (5-12)

Flvid properties do not appear in these equations because i. is assumed that the same
fluid is emplozed for both the model and prototype test conditions.

Equation 3~11 is the key to this assessment tecause its influence is present in the
remaining equations. More important, it is subject to the greatest uncertainty because
of the acceleration influence, g*. This eauation indicates tha* Vg* will decrease as g*
| Increases. rurthermore, g* >> 1 when a one-g °nvirorment is compared to un orbital
environment. Because the influence of the other v riables of Zquation 5-11 will
| obviously bz small compared to g*, Vg < 1.0. If this is so, then it follows that,
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A physical description of the above is given by describing changes to the intermal tank Q
fluid behavior tor a test where all parameters are kept constant with the exception of ‘
weeleration environment, which is gradually being decreased. 1
)
1. A reduction in acceleration environment will increase the stav-time of entrained
vapor due to a reduction in bubble rise velocity.
2. This increased stay-time will result in a greater steady state volume of entrained {
vapor, hecause the rate at which vapoer is entrained into the Hquid does not change. !
3. The greater vohne e of enteained vapor will inerease | wod-vapor surfiace, |
Lo Finadly, tne combination of increased heat transfer area and time will result in ;
an aereased heat transfer rate between Lopiid and entrained vapor,
It is concludad that che influence of a4 lov-g eavironment will be (o {nerease the
likelibood that thermal equilibrium condittons o 1 exa st during the tank fill Process, ,
W ean, theretore, be stated that fill tests conducted in normal seavity represent 3
mere severs environment ot maintiming acceptaddy low tank pressures, /
'
1
I will <till be extremely as oful to condact normal gravity tests if the results are that
neav-egaititrium conditiens will be e ntamed during 1. Such test results will he
interpreted as reflecting a creater desiation from thermat eq.ilibrium than will occur
in aiew-g environment, With this limutation or the intempretation of test results, 1
flow test parameter can be salected, Squations 5-9 and o= 10 shew that the onlyv other
parametes to mfivesce hoat transter of the dispersed vaper phase Jurimg tank till is
ve VL the fuid power input per unit volume. This flurd power input parameter
affects eat transter coefticient as well as vapor bubble dismeter, It s recomme:sded
that tive v he cmploved for sealing cround tes? results to a low-g emironment,
Fhatre 5-2 fllustreates expected  results fer a series of tank (1 tost<, i is reasomie
toatssuree that tank pressure will approach equilibrium pressure as he uid power ‘
input parameter is fncrveased. As indicated be Ploure 5-0 a0 critical parameter value
exists fer which equilibrium will be maintained during tank fill,  Anv additional N
inerease in the paeameter valne will not further decrease propetlant tank pressure, { ‘
e test objective will be to obtain a relatioaship between the lud power input ‘
parameter and tank pressare, which (s a measure of faid equilibrium conditions,  Of
spectal nierest will be tdentification of the mintmum parameter value for which @
cquilibrium will cccurs Testa will Be condueted ustmge Yauind hvdrogen for the or open ' 1
t 1
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Figure 5-2. Expected Trend of Tank Pressure History
]

During Fill Process v

system tests, and Freon MF for the earth storable system tests.
At the completion of propellant fill or refill, vapor ;
The fluid manageme it system has a
Consequen.ly, vapor must

5.2.3 VAPOR CONDENSATION.
will be trapped within the screen channel device.
requirement to provide vapor-free liquid to other systems.

be removed fromi within the screen device.

ill be employed for vapor removal. Vapor condensation begins :
which will occur when the tank is pressurized. The condensa- ; '
ns 3 and {,was based upon conduction heat transfer controlled !

A condensation process W

when liquid is subcooled,

tion model used in Sectio

bubbie collapse and i3 expressed as
|

v - H (from Equaticn 3-61) 5-31)
where
i s INAL PAGE IS
v e OF FOOR QUALITY
4, 0 xt
“H ondimensional time) -~ 1.7 7%
- £y

- Jakob number (fluid properties)

Ta
t - time
r bubble radius at t
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T = {nitial bubble radius

Jt/ro2 = Fourier Modulus

There is 2 parallel between Equation 5-13 and unsteady state heat conduction to or from
a constant diameter, or solid, sphere.

First, each expression is a function of the Fourier Modulus, at/ ro?', which is non-
dimersional time for a constant diameter sphere. There is also a surprising similarity
in the curves for heat removal from 2 collapsing bubble and 2 solid sphere when

plotted as a function of non-dimensional time. A ccmparison is shown in Figure 5-3.

Dimensional

RCENT TOTAL ENERGY REMOVAL

B at,'rog Constant Diameter Sphere _,i

™ Collapsing Sphere ,,_‘

. 1 - ot 1.2 Infinite Slab t

- T

- BN [ -. _L_____..__—-—-—,,M_ G
% 0.2 0. o6 0.8 1.0

4
NON—DIMENSIONAL TNME
Figure 5-3. percent of Enersy Removed as 2 Function of \ondimersional Time

cied that vapor in tubble form will reside within the screen acquisition

Although it is expe
in the

device, the posslbility exists that larger quantities of vapor may be trapped and,
extreme, the device could conceivably be filled with vapor. Because one cannot ideniify

q realistic vapor entrapment condition for the acquisition device, it will be necessary to

assume the worst case condition.
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Figure 5-4 illustrates the process of vapor collapse due to condensation. It is assumed
that conduction of heat from the vapor interface and from the interface to the liquid Hulk
will control the rate of condensation. Liquid will enter the screened channels as the

vapor volume is reduced by condensation. Although flow across the screen will be o : !
uniformly distributed, the channel shape dictates that the liquid will collect at ends of sl
the channel. Thus the liquid-gas interfacial surface area will be reduced as vapor S,
collapse progresses while the vapor width remains constant. : T

There is no available analytical model for vapor collapse of the indicated condition. ]
However, it is reasonable to assume that the Fourier Modulus, ot/ L2, is the key
parameter in any evaluation, where 2L is the channel width. Because the model

indicates that vapor width will remain constant, it is likely that the relationship of
energy removed to dimensionless time will be like that for a slab. This relationship :
is given in Figure 5-4. ‘

by
C ——

This model suggests that ground tests must be performed in such a manner that free -
convection effects are less significant than conduction. Since free convection effects *'
cannot be eliminated from the propellant fill tests, a screened device will not be )
included as part of the test apparatus. Instead, a series of tests will be conducted with 1
liquid hvdrogen and Freon MF which should be adequate to verify an analytical model
both for earth-storable and crvogenic propellants. An evaluation of test results will show ;
whether the model will be more similar to unsteady state conduction heat transfer in a :
slab, or to a collapsing volume model.

G ™AL PAGE IS
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CONDUCTION FROM \_ LIQUID 4CCUMULATES
VAPOR TO LIQUID AT OPPOSITE ENDS OF

CHANNEL
Figure 5-1. Vapor Collapse Process Within Screened Device
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TEST PLAN - FILLING OF ORBITAL vLUID MANAGEMENT SYSTEMS

The discussion of Section 5 identifies three processes of fluid management system fill and
refill, which require experimentation to verify the analytical techniques developed in
Sections 3 and 4. These processes are;tank prechill, tank fill, and condensation of trapped (
vapor. A modelling analysis has identified the rlominant heat transfer and fluid mechanic wl
parameter which controls the thermodynamic ate processes during prechill and fill. This v
parameter is the fluid power input per unic volume or, mv2/V, and it is a measure of the
intensity of fluid agitation within the r.opellant tank. A determination was made that the
vapor condensation process will be controlled by conduction heat transfer.

The parameter,u'xvz,’v, will be used to determine forced convection heat transfer between . ;
the eatering propellant vapor and ho: tank walls during prechill. The basic form of the ‘
applicable heat transfer coefficient expression is given by Zquation 3-11. Its empirical
coefficients are uncertain because the expression was developed for a somewhat different
set of conditions than will be experienced during prechill. Consequently, experiments
will be conducted to identify a set of coefficients applicable to the prechill process.

The parameter, mv2/V, is the dominant variable in identifying the internal tank fluid
condition during tank fill/refill. It determines the volume fraction of vapor entrained ;

in liquid, and the bubble size population. Thus, mv2/V is the key to determining heat ‘
transfer rates between entrained vapor and liquid during tank fill. Experiments will be

conducted to identify the threshold value of mv2/V for which thermal equilibrium will occur. ;

The condensation rate of vapor trapped within the screen device will be a function of
vapor volume and shape. It is obvious that a small bubble will collapse more rapidly
than a large bubble. Furthermore, a spherical bubble will collapse more rapidiv

than a bubble of another shape duc to a greater surface area-to-volume ratio. Trapped
vapor will be spherical in shrpe for 21l diameters less than 0.64 cm (0. 25 in), the
channel width dimension. All bubbles of a greater volume will be constrained Ly the
channel width and, in the extreme, will acquire the channel shape. Vapor bubble
condensation time can be determined from Equation 3-61. No comparable equation has been !
identified for determining collapse time for a slab or block of vapor.

The test plan outlined in the follow ng paragraphs is intended to provide experimental
data to model the critical elements described above. This teut plan considered both
ground based testing and space based testing. For ground based testing, candidates
for test types were bench tests, drop tower tests and aircraft tests. Spacelab testing

was considered for space-based testung. ﬁ

Initially, the ground based testing will be described.
6-1

(3]

LU Ly L ) TS

e

. .

Ll L aaad bl R L o L s L e o BT T T S



M B | B SECHEAS Bhiiht if alAY S - y-' o .‘?’.' ‘
PR B o

DRSS Y

6.1 GROUND BASED TESTING

The ground based testing will consist of filling of a scale model test tank in order to run
prechill and fill tests. Vapor collapse tests will be run using a transpavent dewar.

Testing of the vent,/purge procedure to remove condensble pressurant from the tank
was cvonsidered as a candidate for testing. The decision was not to run tests since the
recommended purging and venting operations are well understood and do not require
any additional technology information. The vent pressure, nimber of purge cvcles and
mechanics of venting and purging can all be determined analytically.

For tank chilldown, testing is not required because prechill will lower tank temperature
to the point where excessive pressures will aot occur. Tank chilldown will essentially
be replaced by the prechill period.

Drop tower and aircraft facilities were evaluated for providing required refilling data. b
These facilities were judged to be inadequate due mainly to the short low gravity test
period obtainable with either method. Some prechill information could be obtained
using drop towers however the thermodynamic analysis and modelling techniques
indicate that normal gravity testing will provide sufficient information to verify the
analyvtical models.

f.1.1 INFLOW TESTING. Inflow testing, consisting of prechill and fill testing will

be conducted in a scale model orbit vo orbit shuttle OO tank shown in Figure

6-1.  This tank is 74 cm (29 i in diameter with a midsection length of 23.3

cm (9.2 in).  The tank mass is 39.5 kg (37 Ibyy) and the tank volume is 0,20 m 3 (1003
fi%). This tank was selected over a smaller spherical tank because of its lower tank
muiss to volume ratio. The QOS tank has a window in the evlindrical portion of the tank
3 that can be used for viewing the experiment.

6.1.1.1 Prechill Tests. The objective of these tests is to verity the suitavility of

using Equation 3-11 to model tank prechili.  Tests will be run with cold GNo and GHo
into the test tank that is initially at room temperature. The prechill test set up is shown
in Figure -2, The test tank will be insulated with multilaver insulation MU and
mounted within a1 91 cm (36 in) diameter vacuum chamber in order to minimire external
heat leak during the test period. ’

- a2

Prechill o” the tank will be used to eliminate the need for venting a receiver cank containing
liquid and vapor in low gravitv. Prechill can be accomplished by introducing liquid o
vapor into the propellant tank. For the application studied the vapor normally senemted

in chilling the transfer lines to the tank will alse be emploved to ~hill the tank.
Consequently, the prechill tests will be run with low temperiature vapos.

e D praniipdt ol

It is anticipated that svstem prechill will be conducted in the following manner: cold tluid |
vill be introduced through a sprav nozzle for a fixed time period. omee ow s terminated
i heat exchange will occur between the tank wall and fluid until temperature equilibrium
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occurs. The tank will be vented down (0 near zero pressure in preparation for a second
period of vapor inflow. The process will be repeated as many times as required to
reduce tank temperature to an acceptable level fcr no-vent chill and fill.

Ground tests can be conducted to obtain prechill data applicable to a low gravity or zero
gravity environment only if one-g free convection heat transfer effects become negligible.
This will be achieved with the oroposed test program by providing a high inflow vapor
velocity to create forced convection heat transfer as the dominant heat exchange mode
with the tark wall. (Only a small percentage of the total heat removal occurs during the
process of liquid evaporation).

A test matrix for the GH2 and GN» tests is given in Table 6-1. This test series will
explcre the variables of inflow configuration, vapor flowrate, initial tank temperature
and, of course, fluid properties. The primary inlet configuration, nozzle #1 in Table
f-1, will be a spray nozzle configuration. The high degree of agitation, mixinz znd
liquid-to-vapor heat transfer with a spray nozzle should make it an ideal inlet configura-
tion for both the prechill and fill periods. Alternately, a bare pipe will be used as
nozzle #2. Both configurations will also be tested in the fill tests. Predictions indicate
that the bare pipe may provide the required chilldown =fficiency and agitation to permit
the simpler bare pipe configuration to be used.

Instrumentation to be used in the proposed testing are listed in Table 6-2. Figure 6-3
schemraticully illustrates the instrumentatior locations. Temperature measurements
will be made with both thermocouples (copper./constantan or chromel/constantan) and
platinum resistance thermormeters (Rosemont Mode!l 134L). The platinum thermometers
will also serve as liquid gas detectors by increasing the excitation current. All
pressure measurements will be made with full bridge strain gage type pressure
transducers (Statham Model 350). Flow measurements may be made with turbine

Table 6-1. GE2 and GN» Prechill Test Matrix

" Test Tank Initial Temperature - 294, +K (330R).
. Test Tank Initial Pressure = 6.9 kN mZ (1.0 psia).

i

L
: RUN NUMBUR

CONTROLLED : : = - ,

PARAMETER 1 0 2§ 3 4 ;| a 6 | 7 | 8 9 .1

Inlet Configuration = 1 1 ' L1 22 ] 1 1 1 \
: ! ! |

\"apor Flowrare® 1007 07 ;507 [ 200 80T 0T 207 1007 €T 20

Test Fluid Gaseous Hvdrogen ;Gaseous Nitrogen

- ——- - —— b ——— ——

Entering \apor Temperature = 77. 7K (140R)
Terminate Test at 413 kN 'm<= (t0 psia) Tank Pressure.

* 1007 flowrat condition of 0. 004 kg sec (0. 009 lby, sec) for GH2 and 0. 024 kg sec
(0. 054 lby, sec) for GNo

n=5
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" {See Table 6-2 for key to Xz ‘Z type volumetric meters (Flow I
instrumentation type. ) Tp—a Technology Omniflow Model FTM-5- 1 4
- LB), orifice and pressure transducer :
combination head meters, and/or hot !
film anemometers (Thermo Systems s
Inc. Model 1053). A magnetic tape P
digital recorder (Dymec Model 150) i
or a digital punch tape recorder S
(Dymec Model 2400) will be the P
primary recorder for initial and final P
steady state data and the slowly . 5
varying test run data. An analog 0o
tape recorder (Ampex Model 1200 or
1300) will be used to record any
higher frequency transient data

. required during the test runs. }
as :
s 6.1.1.2 Tank Fill Tests. Prapellont
N i ae £- tank fill should be conducted in such

‘ equilibrium will exist. This repre-
sents the condition of minimum tauk
pressure. Equilibrium between the T
Figure 6-3. Instrumentation liqu.d and vapor will be approached S
‘ : as heat and mass exchange is e
2 ‘ increased between the phases. This condition will be promoted by creating a highly i
agitated, high velocity condition within the tank during fill. The high velocity condition !
- will serve two imporant purposes. First, a finer spray (i.e. smaller drops) will occur '
as liquid veloeity is increased. The reduced drop sizes will enhance heat and mass
exchange with the ullage. Second, an increased liquid velocity will further improve heat !
and mass exc .iange with the ullage. Of course, fill tests conducted on the ground will '

become more representative of filling in space at higher liquid velucities as free convect-
lon effects become less significant.

\l ., pa a manner that near-thermocynamic b

e

In order to promote agitation in the tank, two tnlets are used (o direct flow towards the '
ends of the tanks. Calculations indicate that if the upward facing inlet is placed at 30¢; ;
of the total height of the tank below the tank top the spray nozzle should effectively |
agitate the fluid to allow mixing uril the tark is essentially full. One of the primary
4 objectives of the testing will be to evaluate the degree of ullage agitation as the liquid
level is increased above the upper facing jet. The cxperimental data on ullage
temperature and pressure versus liquid level and spray nozzle outflow rate will be
correlated with the analyses presented in Section 2. 3.

The fill tests are applicable to both cryvogenic and noneryogenic refilling. The scale
model Centaur-00S tank shown in Figure 6-1 wili also be employec for fill tes:ing,
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Table 6-2. Instrumentation Location
Symbol | Proposed Instrumentation Type Location ~ !
01 Cu/Caon Thermocouple Test Tank 100 Level ;
02 oo 90G !
O 3 ) " " 8000 1" i,
04 oo 60 v :
0 5 " 1" 40(_‘0 "
06 oo 20% :
O 7 " " 1006 " ’
08 " " 0% .
09 Body-Valve 18 ‘ :
010 " " 19 |
O 11 1" (1} 20 i i .
012 " "o21 1 '
0O 13 " "o 99 i ‘ .
014 " "o23 | |
015 ] " 24 ’ %
016 Spray Nozzle or Bare Pipe s
017 Cu/Con Thermocouple Gas Flow Meter Temperature :
1 Platinum Resist Thermo. Test Tank 987 Level !
*" . 1] l :
2 I | ’ 90% ' : \
'y " [ lrd il " % ;
9 (O !

" " 40(‘ "

[9]]

| ~
! '
i . " 10‘1 t

6 ' .
| Y |
]
7 | Platinum Resist Therme. oo RO
8 l Platinum Resist Therme, Liquid Inflow Temperature
.9 ‘Tlatinum Nesist Therme. ' Gas Qutflow Temporature
; , P
HEAY |Ionlzation Vacuum Gage ? Vacuum Chamber '
i i ,
F i Turbine Flowmeter © Liquid In, Qut Flow
i q
— ) - . .
BN iHot Film Anamometer I Gas, Vapor Qutflow
2 '. t
"1_) Strain Gage Pressure Trans. © Liquid in, Out Flow
—— i
Pa Strain Gace Pressure Trans, Test Tank llage
ek . *
4 ! ‘
Pa "Rreain Gage Pressure frans, I Gas Vapor outflow
! P

1

— f—

- . —




The test set-up is similar to that employed for prechill tests, but with the addition of a
vacuum jacketed supply tank, Figure 6-4, that can Provide liquid saturated between
101.3 kN/m2 (14.7 psia) to 172. 3 kN/m2 (25. 0 psia). Supply tank pressure can be in
excess of 689 kN/m2 (120 psia), which is more than enough to provide the maximum
anticipated flowrate of 0. 18 kg/sec (0.4 by /sec).

The LHs fill test matrix is shown on Table 6-3. Test variables include inlet configura-
tion, LHy flowrate and velocity, entering liquid Vapor pressure and test tank initial
pressure. As for the prechill tests, the SPray nozzle will be the primary inlet
configuration and the bare pipe will be the alternate cenfiguration, Two inlets are used
for both alternates with flow directed from the middle towards the ends of the tank.
Tests to simulate tank fill with NoO4 will be conducted by employing Freon MF as the
simulant fluid. Freon MF was selected because its Pertinent physical properties were
similar to those of N204, especially liquid vapor pressure which is about 124 kN/m?2
(18 psia) at room temperature. A test matrix, given in Table 6-4, is similar to that
for LHo except that initial tank temperature is not 3 test variable,

6.1.2 VAPOR COLLAPSE TESTS. Vapor will be trapped in the acquisition device
during the propellant fill process. Once tanking is completed, pressurant will be
introduced to condense this trapped vapor, As long as no noncondensihle vapor is
trapped within the acquisition device condensation will occyr because the propellant
vapor cannot rsmain at the elevated pressure while surrounded by subcooled liquid.

The only uncertainty with this method Ir the time required for vapor to condense.
Consequently a mode] was formulated in Section 3.4. For ground tests to bhe Successf::}
Convection effects must be less significant than conduction, Since free convection

recommended,

A glass dewar as shown in Figure 6-5 will be used to permit viewing of the liquid vapor
interface while mimmizing conduction from the dewax walls. Heat transfer is allowed

to occur at the liquid/vapor interface. The volume contained within the dewa;- represents
the vapor trapped within the capillary device. The fluid/vapor contact area is known
because of the relatively flat shape produced by gravity. This test should be a worst

case because there will be negligible cooling of the vapor from the basket walls compareg
to a screen acquisition device where the screened walls provide more vapor,'liquid
contact.

Tests will be performed with buth liquid hyurogen and Freon MF in order to simulate
eryogenic and storable bropellant vapor collapse, Testing will be performed within an
air conditioned blockheuse in order to rlosely control environmentai temperatures.

A suggested matrix of tests is presented in Table 6-5, 3 typical test sequence will be
as follows:
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f Table 6-3. LHo Fill Test Matrix
S
. ? , RUN NUMBED :
1 CONTROLLED PARAMETER R O A s s | 7 ! $ | 9 U
o , i [ ; 5 | z !
ol NOZZLE §1}1,1}1;1;11§2E2 2:
dEn ‘e | ? : ! ‘ :
1 LH, FLOWRATE® 11009 | 90%| 30%| 70% | TBD | 30%] 0% 100% 0% 0% 5
! i ! [ !
x.q ! ) 1 { ' :
i ENTERING LIQUID VAP"R ‘1013 101 3'101 311013} 101.5:172. 31 101.31101.3; 101.3 172.3
f PRESSURE, kN/m? (PS1A) (14 | (4 gt 1\14.7\; (14,7} (25, 0) (14, THL4 ) (14T (25
‘ H ' H § !
3 : ! \ :
R TEST TANK INITIAL PRESSURLE, | -u.. g-& |413 ‘5413 413 413|276 413 %413. 13
J KN/m2 (PSLA) (om | (B0} 60) | (60) LA (60) fan) 16 450) 60
i . - i | H H }
i INITIAL TEST TANK TEMPERATURE IS LH, TEMPERATURE
: TEST TERMINATED AT APPROXIMATELY 90 PERCENT FILL
* 100% FLOWRATE CONDITION 1S .18 kg/se: (0.4 lb,, 'sec)
.,j,
‘ Table 6-4. Frecn MF Fill Tes. Matrix
A,
1 . ! RUN NU'MBER !
CONTROLLED PARAMETER R s 1 3 | 4 5 | 5 7
1 ] i -
5 NOZZLE P ) 1 ' 1 1 boe
' ! | :
i [} \ ! t
1 | FLOWRATE® 100% | e0% 1 80% | 70% | TBD 3y 'aor |
' . ! H : 1
]
ENTERING LIQUID VAPOR PRESSURE, } 1L3 e ' lona o3 1019 172.2 1903
KN/ M2 (PS1A) DT (T (W) T L (M (@250 LT
i TEST TANK INITIAL PRESSURE S 101.3 kN/M?® (14. 7 PSLA)
|
' >
' TEST TANK INITIAL TEMPERATURE IS 288. 9K (520R) TO 305. 6K (550R)
* 1064, FLOWRATE CONDITICN 1S 1,13 kg 'sec /2.5 by ‘sec)
I. ‘ .
Table 5-5. Proposea Test Matrix for Vapor Collapse Tes.s
r - l T 5
CONTROLLED PAR\METER 1 } : ]3 i 1 ': E ? by :
' J —— : ;
| i ﬁ T '
TEST FLUD W, , LHy Ll ng "FREON | pREOM | ruRON |
I ‘ f buar fowr DN
. } ! '
DITLAL L IQUD VABOR PRFSSURE, ; LIV ST 1 O ‘1\‘1..! HRR W A RS B Pololg w3
AN/ paid) M : (4D '.n Nl fm i ' (T : NEN
| !
TANK ) PINCREASE, 3.5 oady Tany | ed fJ A U ' 174
KN/m~ ipsid) 5 ’ (1 MR (10 5 ' I ' 200 ’
L | |
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GHe Source ——

Vapor Backfill Line

]
o
7 ~
Vacuum 8 | Rellef
, elie
source X ( / ) .’j é{ Valve
: S (Typical)
= — = | ——t
s, ~"| Source
Liquid
View X t - Regulator
and 1
o ie ' GHe or GN,
Port Glass Dewar Pressure
Source
iqui s gl
Liquid = Fluid
Xy = Storage
$ee
Q
2
Q
/
b Initial Fluid Levels Before Pressurization
INSTRUMENTATION
No. Description

Temperature Sensor, Tank Ullage

Temperature Sensor, Dewar Inner Wall
Temperature Sensor, Inside Dewar

Temperature Sensor, Test Fluid

Capacitor Type Liquid Level Sersor, Inside Dewar
Capacitor Type Liquid Level Sensor, Qutside Dewar
Pressure Gage (Typical)

Pressure Transducer, Tark Ullaze Pressure

m~lc:‘uu.o—wm._.l

Figure 6-5. Typical Vapor Collapse Test System
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1. Evacuaie the test tank and backfill with GHe to remove moisture and air.

o L
o amd A v Rt o e el A&

2. Evaucate and backfill with test fluid vapors to remove GHe.
3. Fill the tank with test fluid to the initial level.
4. Allow temperature stabilization.

5. Pressurize the tank to the desired pressure with GHe.

A.  Monitor vapor collapse inside glass dewar visually and record liquid level,
Pressure, and temperature data versus time.

6.2 SPACED BASED TESTING

One of the main features of the orbital refilling approach advocated in this study is that
the principal features of the refilling process can be verified with ground testing. Thus
the benefit of space based testing would be a combination of; demonstration of the
complete operation of the system and verifying that the gravity dependence of the
processes involved does not effect overall system operation. A spacelab experiment
would be ideally suited for obtaining this information. Several receiver tank shapes
and sizes should be studied in order to cover the full range of possible crbital

refilling applications.

Spacelab refill tests will include the major processes of draining a partially full tank,
purging and venting to remove the noncondensible pressurant, prechill or chilldown,
filling, and vapor collapse using pressurant. Liquid hydrogen is suggested as the
test fluid for reasons similar to those given for its selection in Reference -1 . The
} test system would be designed to fit on a single =;celab pallet. Fssential elements
i of the system are shown in Figure 6-6.

The system will consist of a supply tank with a channel tvpe capillory device for
acquisition of liquid in low gravity, several receiver tanks with partial (start baskets)
or total control (channel) type start baskets, and pressurant storage bottles. Plumbing,
instrumentation 2nd telemetry hardware will also be required. The test will be
designed as a complete package however, much of the instrumentation such as data
acquisition and transmitting systems would be usable for other spacelab experiments.

A portion of the experiment package showing only one of the potential receiver tunks
{s shown in Figure 6-6,

Instrumentation should include:

1.  Temperature sensors at selected locations on the test tank walls, in the tank
interior, in the inlet line, outlet line, vent line, and screen acquisition device.

6=12
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Figure 6-6. Refill Systems Test on Spacelab
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2. TFlow measurement devices and liquid/vapor sensors in the inlet, outlet, and vent
lines.

3. Devices tc monitor liquid position in the tank interior.

{. Pressure measurement devices in the test tank, screen acquisition device, inlet
line, and outlet line.

5. Acceleration measurement devices on the test tank in three axis.

8. Data acquisition system, preferably with capability of transferring datatoa
receiving station on earth for analysis between test runs.

Inflow testing would consist of chilldown and fill testing for the selected inlet configura-
tion at several flow rates. Pressure, liquid position and temperatures would be
measured. If venting is required, vent flow rate and inlet and exit quality from the vent
system would be monitored. Each of these tests would be followed by a vapor collapse
test conducted by injecting pressurant into the receiver to condense vapor trapped in the
start basket. Tests to determine whether helium could be removed from a partially

full tank would be conducted with tanks less than 10 percent full. After removing the
residual liquid, purging and venting will be undertaken in order to remove the helium.

A complete test series would consist, typically, of draining, purging and venting,
chilling, filling, and condensing trapped vapor by pressurizing.
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APPENDIX A

HYPRS COMPUTER PROGRAM

It is summarized herein

The HYPRS computer program was aeveloped witk [RAD funds.
to provide a more complete document of the study results.

The program models the filling of a tank with a liquid propellant which enters as a uniform feg
spray. Heat and mass exchange between liquid and vapor and between the propellant and
the tank walls, and the resulting temperatures and pressures are calculated. The model

can also include a fixed mass of helium pressurant.

The program is diagrammed in Figure A-1. The main program, HYPRS, reads data and
initializes variables. DIFE3 calls DERIV, which contains the computational routines, and
CONTROL, which controls output; it also integrates the time dependent variables, using
values passed from DERIV. In addition, propellant properties are accessed as Block Data. g

A more detailed flowchart of subroutine DERIV is shown in Figure A-2. Subroutine
VAPOR initializes mass, pressure, and temperature, and PROP computes vapor and
liquid properties. The other routines handle some aspect of the system heat and mass
transfer. The model can be broken into four major segments, roughly chronological

) > T 4
e RS B MR T
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/-————‘—/ DIFES
Block :

/ Data / 7§
< Properties ! T i

DELIV
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Figure A-2. SUBROUTNE DERIV
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(correapondmg tojsubroutines LOPRS, DROP, FILL, and EQUIL. Subroutine LOPRS is called
when ullage pressure is less than incoming liquid vapor pressure. This would correspond
to liquid being sprayed into an almost-evacuated tank. In this case it is assumed

: that all incoming liquid is evaporated, and that all heat for evaporation comes from

the walls. When ullage pressure is greater than or equal to incoming liquid vapor
pressure, but no liquid has accumulated, subroutine DROP is called. The routine

uses incoming liquid mass, velocity and properties, and computes forced convection
from the ullage to uniform, spherical droplets. When liquid begins to accumulate,
subroutine FILL is called. This subroutine uses the same equations to model vapor -
liquid heat and mass transfer, however liquid properties are assumed to be the result

of perfect mixing between the incoming spray and the liquid residing in the tank, and

the volume of liquid which resides as a spray is assumed to be limited to a percentage

of the uilage volume. During these two phases of the model, two other subroutines,

WALL and BALANCE, may be called. I the wall temperature is above liquid saturation
LL is called. This routine determines the area of dry

tive heat transfer from the dry wall area to the
ullage, and boiling heat transfer across the wetted area. Once the wall has reached
liquid saturation temperature, it is assumed that virtually all the heat has been
extracted from the wall, and the subroutine is henceforth by-passed. If the system

has not reached thermodynamic equilibrium, the energy balance is made by calling
subroutine BALANCE. This subroutine computes the ullage energy and mass, and
compares the pressure and temperature derived from these quantities with the pressure
and temperature initially estimated and used throughout the calculations. If the
comparison is not acceptably close, the pressure and temperature estimates are
refined, and subroutine PROP is called again, to recorapute properties, and start

the computational cycle over again. The fourth major model segmeut is contained

in subroutine EQUIL, when the system is judged to have reached thermal equilibrium.
This would correspond to the phase of tank fill during which vapor is entrained in the

liquid, and incoming spray keeps the system well mixed.

temperature, subroutine WA
and wetted wall, and computes convec

This subroutine supersedes all previous ones; it computes vapor-liquid heat and mass
transfer, ullage energy balance, and checks for convergence. In the following sections,
the four major model segments and subroutines WALL and BALANCE are presented k :

in greater detail.

A.1 SUBROUTINE LOPRS

If liquid vapor pressure exceeds ullage pressure during the initial period of liquid
flow into the tank, subroutine LOPRS is called. This subroutine assumes that a
small quantity of liquid will instantaneously evaporate as drops pass through the
ullage, and the remaining liquid will be chilled in the process. This subcooled

liquid will strike the tank and evaporate as a resu

o gL e B VRO aET oA
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1t of heat exchange with the walls.

T
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This process has been sinplified by assuming that all liquid evaporated is a result
of heat exchange with the tank walls and. the evapurated liquid enters the ullage as
a saturated vapor. For these assumptions, the rate at which heat is extracted from

the wall is:
Qw&ll = mi X hfg 1A
where:
Q = rate of heat transfer from the wall
wall
m L = liquid mass inflow rate
h{g = latent heat of evaporatior, at incoming liquid conditions

Because all liquid is assumed to be evaporeted, the rate at which liquid is added to
the ullage is equal to the liquid inflow rate, that is

m = m A-2)

and the rate at which energy is added to the ullage is then

E = 1{1. X b A-3
ull h v-sat
where:
Eull = pate of eneryy addition to the ullage
h = enthalpy of saturated vapor
v-sat

An ullage pressure, P, is estimated, and the ullage temperature, 'l‘u is looked
up as a function of the estimated pressures and computed energy. Py is then compared
to Pu‘. ullage pressure computed using the cquation ot state

'« (RT m» V
Pu \RT, l\. \u (A=

J....J,._,_.J =T d | b.-.J.__l_.J.;J-j L33 AT171 070
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R = gas coustant

m, o~ vapor mass

\’“ « ullage volume

If the two pressures are hot acceptably close, the pressure estimate is revised and the
process re-iterated until convergence is achieved.

A.2 SUBROUTINE DROP

When ullage pressure is at least as great a3 liquid vapor pressure, caleulations ave
made on the basis of a typical ot average spherical droplet. Subruutine DROP
incorporates this model fov the case uf no accumulated liquid, The typical droplet i3
assumed to be uniformly at temperature ‘I‘D. exvept for a surface layer of negligible
thickness at temperature Ty, liquid saturation temperature corresponding to ullage
pressure. Further, the druplet is assumed to move at constant velocity, v, the
liquid inflow velocity. Heat transter is muodelied as toveed convection from the ullage
to the droplet, and conduction from the surtace to the interine of the droplet. The
convective heat transfer coeflicient is given by

K . [ QI Cpoa U3
hD - (—\—) (2.0 ' 0.6('9"\.—\‘ ) ) \(—L"’\') Ret A1 A5
D Wy k\

where:
k\. - thermal conductivity
D - average droplet diameter
v «jneoming liquid velovity
u, specific volume ot vapor
W, vigeosity of vapor
Cpy apecific heat at constant pressure of vaper

A-D




10,

L,
AR EETES

oy

Se .
v he ke b
[ S IR ST NPy
A e et

03

LTI IR

g
whoy .

e o v Sl . rogoand
odet oo vima b god et
et o ) -mo‘-.r,«
s

— o . <

‘. -t

R
- b o p
AT s PEf L
postriyest

Lo

b ptedbrpn b b 0ot g b
[ .

Be: : o

S D - v 4 { Setmay bt b ‘- ;:Ef ‘«
4 8 4 * ~

- v -

Numbers on curves
are values of x, r!
is distance from
droplet center

Figure A-3. Temperature Distribution within the Droplet.

The total rate at which heat is convected to the droplets is then

Q. * h A

b D ~ "l‘n-Ts\ X n 1A-8)

D

where:

A E

D average droplet surface area

#

n number of droplets in the tank during the computation interval.
The average temperature change within the droplet due to conduction from the surface
to the interior of the droplet is modeled as a function of th2 dimensfonless parameter

K, YAaiNy,
¢ {
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Ly

where:
k. = thermal conductivity of liquid

At = computation time interval

il

v specific volume of liquid

[ #}
]

specific hieat of droplet
r = average droplet radius

This function, represented here as fix), is incorporated into the program as a
polyncminal cur.e fit to the curves derived in Reference A-2Z, and shown in Figure A-3.

The average droplet temperature change is given by

AT = (T,- T~ tw, (A ¥

and the total rate at which heat is condu “ted within the droplets is:

QKD'rn'l,\C‘\AT \A-9
i

L

Evaporation is assumed to oceur when QD excecds QKD i in this case the
evaporation rate, rib is:

n" = MD A-1h
D th, +h-h) v
¢ tx s D
where:
hfg - latent heat of evaporation at ullage pressure
h_ = enthalpy of liquid saturated at ullage pressure
=
hD = ineonmuiny droplet enthalpy

I the droplets are not totally evaporated, the change in energy of the remaiming liguid
is given by

s he=h
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If, on the other hand, QD is less than or equal to QKD’ condensation occurs, and
the condensativn rate, mD, is cxpressed as

- 12
D h ’ ’ (4 P
fg
while the change in droplet energy is
hg-ho
Q. * QR (—F—)
e - L KD ™D h_fg 1
- . — (A.u 3)
D (m ) m D)

A.3 SUBROUTINE WALL

Any liguid not evaporated in the ullage then strikes the tank wall. If the wall
temperature is greater than l'quid saturation temperature, the droplets will splatter
and boil. If the droplet mass is not sufficient to comgletely cover the wall, convection
from the walls to the ullage will take place over the unwetted area. This is modelled
in subroutine WALL. The rate of boiling heat transfer, Qw' is given by the equation.

R

. 34-'\10'5(h c Tw - Tsj xu X \ '341(51 B ) 9
Q e 0RO fg { 2 ’ o XV .2 %D (A
18

w

L

wall temperature

where: T
W

liquid surface tension

Q
1]

v = specific volume of liquid

The convective heat transfer coefficient, wgll to ullage is
12 1 4
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where:

Ve,
Py

tank volume

eff

is defined by equation 3-10, and is assumed to be 0,40 for this study

resulting in a hea* transfer rate from wall to ullage of

QWG hw X (Tw- Ty x Aw (A-16)

where:

A
w

area of dry wall

The total rate at which heat is transferred from the wall, G is the sum of Qw and
QWG , and the rate of evaporation at the wall, x‘nw.is given as

Y A-17)
hf-hs +CL(TS- TD)
where:
hf = enthalpy of liquid evaluated at film temperature, Tf
T = (T +T)/2
f w s

By the time the wall temperature reaches liquid saturation temperature, virtually
all the energy has been e:tracted from it, so after that point, the wall calculations
are bypassed.

A.4 SUBROUTINE FILL

When liquid begins to accumulate in the tank subreutine FILL is called
and the heat and mass transfer between liquid droplets and the ullage is calculated
in the same way, but the liquid properties are assumed to be the result of perfect
mixing between incoming liquid, and liquid residing in the tank. Further, the mass of
droplets is no longer computed as the mass of liquid entering during the computation

AQ" 9
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interval, but rather as a iunction of the total liquid mass in the tank and the ullage
volume. It is assumecd that the only significant heat and mass transfer between vapor :
and liquid is that which occurs between the ullage and that liquid which exists as a “;
spray. The internal energy of the mixed liquid, ug, is |

u, = u£+(mlz At (hD- ut);mﬁ) (A-18)

where:
u, = internal energy of liquid before this time step
&

m, = toisl mass of liquid - that which resided in the tank

at the previous time stcp, plus the current inflow.

:
The mass of liquid existing as a spray, m ,is defined as ;
s )
3
2
%
= -L-— ’ ~l )’
Mg [( l-p ) h \“J /vl (A-19) ;
whre: :
\’n = ullage volume |
P = droplet packing facton-that percentage of tank volume not occupied {; ‘
by bulk liquid which can be occupied by liquid spray. For simulations

run for this study a p of 0.02 was assumed.

Using liquid properties based on u ,» and the spray mass, m , heat transfer rates,
liquid evaporation or condensation ‘rates, and the resulting liquid temperature and
energy can be computed. If liquid temperature and energy exceed or are equal to
that of liquid saturated at tank pressure, it is assumed that the tank contents have
reached thermal equilibrium. If this is not the case, a different path is followed,
subroutine BALANCE is called and the ullage energy balance is made using the
mass and eneryy terms previously calculated.

Y
E‘é
)
.
3
h
;
s«.
»
p

1

A.5 SUBROUTINE BALANCE 1
. . . . Y
When equitibrium has not been reached the change in ullage cnergy is expressed as the i &
sum of the heat transferred to or from it, the product of the mass condensed or ,1 3
evaporated times the appropriate enthalpy, plus the change in ullage volume times A f_}
pressure, That is, i
AE, - IQAat + Tmhat + Pay, (A-200 i =
BN
A-10 . B




where h is equal to the enthalpy of saturated liquid if conuwnsation ocoura and the enthalpy
of saturated vapor if evaporation ocoura. The change in ullage volume ia given by

AV, =(m‘-mD-mw)xAtxvt A-21)

and the new ullage mass, m L ia given by

u

m“1 = mu + (mD +mu ) Ot (A-32)

where:
m“ = ullage maas at the previous time atep

Using these quantitiea a check is made to see if they are in agreement with the estimated
valuea of preasure and temperature used in the computations. If the agreement is
acoeptable, end-of-time atep values are tabulated and printed, otherwise, the estimates
of pressure and temperature are refined and the process repeated.

A.6 SUBROUTINE EQUIL

When thermal equilibrium has been reached, calculations of mass aad energy balance
made in subroutine EQUIL supersede previous calculations. Total mass,
My and energy, U'I“ arve computed

m_ = m_+m o)
T i v A

M = . -~
lT m xu) tom oxu ) Q\‘.’T AT A~

where m , the liquid mass includes both liquid inflow, and that mass residing

in the lan& at the beginning of the time step, and up, the specific onevgy, {8 the result
of perfeot mixing, The vapor internal energy, iy, is that corresponding to the
beginning of the time step. A system temperamre is estimated, and preasure, enerygy,
and aystem quality-and, hence, masses — ave computed. U the energy and mass do
not match U and Mopo the temperature estimate {8 refined and the process i3 vepeated
antil convergence is achieved,
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The program user can specify a nunber of differsnt termination criteria —percentage
till, liquid masa, wall chill-down, or time —and can also specify through input
the tank size and material, and the specitic propellant of intevest.

A-1 Bivd, R.B., Stewart, W.E,, and Lightfeot, E.N., Transport Phenomenon,
John Wiley and Sona, Ine., New York, 1980,

A=1 Carslow, H.S8. and Jaeger, J.C., Conduction of Heat in Solids, Oxtord
University Presa, Oxtord, 1947,
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APPENDKX B

PRE-CHILL OF CONTAINER WITH COLD GASEOUS HYDROGEN (GHg)

A achematio of prechill with QGHg i shown in Figure B-1. Cold hydrogen will flow in at
ocopatant total eathalpy (constant tamperature and preasure), Heat tranafer from the
tank wall o the QHa will cool the tank wall and heat up the GHg. When the wall tempera-
tare approwohea QHg temperature, tank venting will ooour to expei the high vapor.

Thia fill and vent proceas will be repeated until the tank wall i3 chilled to the deaired
temperature. The time vate of ohange of erergy being atored in the GHy is equal to the
time rate of energy being input during inflow or taken out during venting.

»
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Figure B-1,  Prechill schematioe
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where

W

P

H

HAL<1E09CL~=.5
fAL> LEOOCL=.13

=f( IT)

2 -L—-d:m= mh - hm

U = mu + um

fv?

g e—— e

Htotal 2gJ

mass flow rate

flow velocity

standard sea level acceleration
mechanical equivalent of heat
mass

specific enthalpy

time rate of change of h
internal energy

time rate of change of u
heating rate

gas presaure

volume of container
container wall temperature
gas density

heat transfer surtace

B-2

(B=3)

(B=6)

(B-7)
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ma3s of container
= pontainer wall temperature

T, = time rate of chunge of Ty,

NpRr = Prandtl number

u = vigoowity

Cp = oonstant pressure specific heat of GRy
Cw = 3pecific heat of container

G = acceleration

N = gharacteristic dimension
X - thermal conduetivity

Equations B-1 through R-3 wore used to determine the time (o prechill a cantatner tooa
spoctilc temperature using cold Gita. The simultansous 2otution was performed using a
digltal computer program.  The program was w ritfen in a xeries of subrowtines,

Subroutine "PRESUR" {8 the principal subroutine to be called by the matn program
SHYPRES, " Flgure R=2 {a a low chart for "PRESUR.”
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